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Emerging diseases have posed a constant threat and major challenge to human health
throughout our history. From the Black Death in the Middle Ages to the COVID-19
pandemic, these diseases have generated significant human suffering and economic dis-
ruption. The emergence of new pathogens, such as Ebola, Zika, SARS-CoV-2 or mpox, has
illustrated the potential for these diseases to spread extraordinarily rapidly. Far from dissi-
pating despite remarkable advances in medical science and public health in recent decades,
emerging diseases continue to appear and proliferate at an alarming rate. Changes in our
environment, produced primarily by human activity and the evolution of human/animal
interactions, are likely to be responsible for novel health crises in the future.

Therefore, prioritizing the prevention of emerging diseases is essential in order to
prepare for these future health crises. Preventive measures for emerging diseases involve
early detection and rapid responses, but also the development of effective vaccines and
treatments. Strengthening surveillance systems and enhancing diagnostic capacities are
essential in order to detect and respond rapidly to epidemics. In addition, it is vital to
boost investment in public health infrastructure, particularly with regard to sanitation and
hygiene in general, in order to mitigate the risk of disease transmission. In order to achieve
this, public health systems must be equipped with the necessary resources and trained
personnel to detect and respond rapidly to epidemics, which both require significant
investment. In addition to preventive measures, control measures are required in order to
contain emerging diseases. The SARS-CoV-2 pandemic has revealed to us that the contact
tracing of patients and the isolation and quarantine of infected people, all coupled with
extensive vaccination campaigns, are productive control measures. In addition, effective
communication strategies are required in order to prevent emerging diseases and must be
designed to reach all factions of the population, including isolated groups and those with
limited access to health care, particularly those who live on the streets.

Prevention measures for emerging diseases must often be implemented on a global
scale. This requires international cooperation and coordination to quickly detect and re-
spond to outbreaks. A fundamental approach to strengthening surveillance systems is
the One Health concept. This concept recognizes that human health, animal health and
environmental health are interdependent. Zoonoses represent at least 60% of infectious
diseases and no less than two-thirds of novel emerging diseases. Therefore, monitoring and
containing animal populations can greatly aid in the prevention of novel pathogens emerg-
ing. Furthermore, monitoring environmental factors, such as temperature and humidity,
may help anticipate the emergence of novel pathogens, including vector-borne diseases.

Amongst the pathogens that possess a significant potential for emergence are ar-
boviruses, whose distribution is constantly expanding in correlation with their vectors,
particularly mosquitoes. Indeed, climate change, urbanization and land use all affect the
dynamics of vectors, as well as reservoir host populations and the transmission of vector-
borne pathogens. In this context, the geographical distribution of arboviruses is expanding;
it now affects all five continents and has become a major public health concern. Among
the 26 articles collected in this SI, 10 articles attend to arboviruses. Dengue (DENV) is the
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most diffuse arbovirosis in the world, and DENV cases have been surging in recent years.
Li et al. review the literature and reveal studies that have collected age-specific DENV
serological data in China; they discover that the transmission intensity varies depending
on age in most of the study populations, and the attenuation of antibody protection was
identified in some study populations [1]. Melo et al. report the first pediatric disease in
which the use of minimally invasive autopsy has confirmed severe dengue as the cause of
death [2]. Chong et al., in a narrative review, detail the impact of DENV on pregnancy in
Southeast Asia, revealing, in particular, the specific physiological effects of dengue during
the trimesters of pregnancy [3]. Another study uses the combination of a DENV and zika
virus (ZIKV) nonstructural protein 1 IgG enzyme-linked immunosorbent assay and a ZIKV
NS1 blockade-of-binding ELISA in order to test the convalescent sera of non-flavivirus,
primary DENV, secondary DENV, and ZIKV infections. The authors discover that primary
testing via a ZIKV NS1 IgG ELISA is the prime option for large-scale ZIKV serosurvey
studies and provides relatively high sensitivity [4]. Regarding WNV, one article of this SI
details the detection of WNV lineage 2 infection in birds from the Umbria region during
the cold season; it confirms that the L2 strains of WNV that circulate in Italy are genetically
stable and provides evidence of a continuous circulation of WNV in Italy throughout
the year [5]. Another study foregrounds the correlation between oxidation and severe
disease in WNV-infected patients [6]. Mhamadi et al. illustrate the circulation of Rift
Valley fever virus in northern Senegal through human and livestock surveillance [7], while
Stevanovic et al. demonstrate the rather high seroprevalence of Tahyna orthobunyavirus, a
neglected mosquito-borne bunyavirus, in human and animal (horses and pets) serum in a
One Health approach; this evidences the criticality of studying this neglected arbovirus [8].
Another report studies the seroprevalence of DENV, ZIKV, or CHIKV in Bangphae Dis-
trict, Ratchaburi Province, Thailand, via enzyme-linked immunosorbent assays and rapid
diagnostic tests [9]. Furthermore, one review details the role of CHIKV infection in arthrito-
genic pain, which appears to be comparable to rheumatoid arthritis as both diseases share
common symptoms [10].

Five articles in this SI attend to the COVID-19 pandemic from various perspectives.
De Carvalho et al. summarize the COVID-19 infodemic on Twitter in Brazil via a study
that applies a thematic analysis across space and time with respect to public opinion
regarding the Brazilian COVID-19 immunization program [11]. Another study highlights
the influence of climatic and environmental elements on the proliferation of COVID-19
in Africa [12]. The research article by Zhang et al. proposes five models through which
to study the early COVID-19 outbreak in Shaanxi, China. They demonstrate that the
renewal equation model provides the optimum modelling and significantly enhances the
estimate of transmissibility [13]. In a brief report, Fernández-Santos et al. suggest that
vulnerable populations traveling from Latin American countries and seeking residence
in the United States are at a high risk of exposure to SARS-CoV-2 [14]. Another study
reveals that quarantine effectively diminishes the number of COVID-19 cases but induces
an escalating number people suffering from tuberculosis and diabetes; this emphasizes the
criticality of promoting a healthy lifestyle when implementing quarantine [15].

Two further articles attend to HIV; the first studies the barriers to and facilitators
of adherence to antiretroviral therapy in Indonesia by employing a socioecological ap-
proach [16]. The second evaluates the impact of COVID-19 on receiving an HIV diagnosis
in children, particularly regarding the prevention of the mother-to-child transmission of
HIV in Johannesburg, South Africa [17].

This SI also includes four articles that focus on parasite-related issues and in particular,
two articles on leishmaniasis. The first, from Israel, reveals that there is no tangible variation
regarding sex difference in leishmanial infection in humans [18]. The second article provides
novel evidence for the modification of differentially expressed circRNAs and their potential
function in leishmaniasis [19]. Kim et al. compare the efficacies of the recombinant vaccinia
viruses that express either the AMA1 or microneme protein (MIC) of Plasmodium berghei in
mice. Their results indicate that the recombinant vaccinia viruses that express MIC could
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be an advantageous candidate vaccine- antigen [20]. Another study aims to analyze the
prevalence and characteristics of malaria and influenza co-infection in febrile patients. The
prevalence of this co-infection among these patients is revealed to be heterogeneous by
country, the characteristics of the febrile participants, and the diagnostic tests for influenza
virus [21].

Four further articles attend to bacterial infections. An article from Zhong et al. reveal
that Escherichia coli ST1193 isolates have emerged as the predominant type of E. coli strain
that causes intracranial infections in Changsha, China [22]. A case report by Safiee et al.
indicates that the various infecting Leptospira species and the presence of a range of virulence
factors result in a modest variation in the clinical manifestations and laboratory findings of
leptospirosis [23]. Another study conducted in Malaysia demonstrates that women who
experience an ectopic pregnancy are more likely to have tested positive for chlamydia
than those who give birth at term [24]. Zheng et al. from Shanghai, China, investigate the
bacterial communities and the prevalence of some primary pathogens in Haemaphysalis spp.,
the dominant species of ticks in Shanghai [25]. Chakraborty et al. analyze the prescriptions
of patients suffering from diarrhea or acute respiratory infection in order to understand the
prescription pattern among various categories of prescribers in two tertiary care centers in
West Bengal, India. They reveal that irrational prescribing patterns prevail in tertiary care
centers [26].

Cumulatively, the 26 articles collected in this issue provide readers with a broad
overview of emerging diseases and foreground the advances made in our understanding of
several domains related to the knowledge, surveillance and control of zoonotic diseases. We
sincerely thank the authors, reviewers and the editorial staff members for their contributions
to this Special Issue.

Acknowledgments: Author thanks all authors for contributing their work to this Special Issue.
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Zoonotic diseases account for at least 60% of all infectious diseases and no less than
two-thirds of new emerging ones, which underlines the importance of monitoring them
as early as possible. Understanding the nature of the animal-to-human transmission of
zoonotic diseases is a fundamental requirement for their effective anticipation and control.
The SARS-CoV-2 pandemic, and more recently, the monkeypox epidemic, have revealed
our limited preparedness against a diversity of emerging and re-emerging pathogens.
There are different modes of transmission of zoonotic diseases: direct or indirect contacts,
vector-borne, or environmental (water, soil, food, etc.), making their monitoring more
complex. Effective control of zoonotic diseases requires early detection of the source of the
disease and the factors that contribute to its spread. Combining wildlife, farm animal, and
domestic animal health monitoring with human health monitoring can greatly reduce the
risk of major epidemics or pandemics of zoonotic origin.

The changes in our environment caused mainly by human activity and the evolution of
human–animal interactions are and will undoubtedly be responsible for several new health
crises. These crises will be manifested in particular by an increase in the frequency and
intensity of epidemics and epizootics. Numerous factors favor the increase in interactions
between humans, animals, and their environment, such as the increase in animal and
human population movements, or the demographic increase in the human population
and its expansion into new geographical areas (ultimately increasing human/wildlife
interactions). Over half of known human pathogenic diseases can be aggravated by climate
change, including warming, precipitation, and floods [1]. These profound changes can
have major consequences for human health. Consequently, the need to understand the
emergence of a disease in humans through an approach that integrates a large number of
environmental parameters, described as global, has been reinforced.

The links and analogies between animal health and human health have been known
since Antiquity, particularly with the transposition of anatomical knowledge from animals
(particularly from dissections) to humans. This notion was expressed more concretely in
the mid-1800s by a Prussian pathologist, Rudolf Virchow, who emphasized the lack of
distinction between animal and human medicine. The “One Health” concept has since
developed by basing the study of these issues on multidisciplinary and multisectoral
approaches [2]. Its general principle is to study the interactions between animals, humans,
and their various environments. Despite its rich content and the fact that the concept has
been around for a long time, its practical application remains very limited and is confronted
with organizational difficulties. It is in the fight against zoonoses, which are responsible
for emerging diseases that tend to become epidemic or even endemic, that the One Health
concept was applied the earliest and most effectively. Indeed, awareness of the importance
of this concept became more prevalent during health crises initially involving animal health,
particularly in Africa. There are many examples of surveillance of zoonotic diseases using
integrated approaches, particularly in areas of the world where humans, domestic animals,
and wildlife live in close contact. Examples include brucellosis in many countries, including
the Middle East; bovine tuberculosis in sub-Saharan Africa; leptospirosis in Fiji; and Ebola
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in West Africa. These examples underline the need for integrated approaches to the efficient
management of complex health problems. The COVID-19 crisis has demonstrated the need
to better implement integrated approaches to health and has prompted us to look ahead
to the post-crisis period and to anticipate the management of future crises. Historically
focused on zoonotic issues, the One Health concept has evolved into a broader disciplinary
field, including food safety, water safety, biodiversity, and climate change adaptation. This
evolution is due to the awareness that the factors at the origin of health problems are
multiple and complex and are not limited to the study of the direct or indirect interactions
between animals and humans.

In this Special Issue, we invite colleagues to submit original research articles and
scientific reviews to assemble a collection of papers highlighting the progress in our under-
standing of all aspects related to surveillance and control of zoonotic diseases, including
(1) the development of new diagnostic tools, (2) outbreak investigation and surveillance pro-
grams of emerging pathogens (including One Health approaches), and (3) understanding
the mechanisms of pathogen emergence. The first 10 papers published in this Special Issue
address topics related to viruses (SARS-CoV-2, influenza, DENV, WNV, ZIKV), bacteria
(Escherichia coli), and parasites (Leishmania, Plasmodium) [3–10].
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Abstract: HIV treatment adherence in Indonesia is a major challenge. Although previous studies
have demonstrated several barriers and facilitators to adherence, studies providing a comprehensive
analysis from both PLHIV and HIV service providers’ perspectives are limited, especially in Indonesia.
In this qualitative study with 30 people living with HIV on treatment (PLHIV-OT) and 20 HIV service
providers (HSPs), we explored, via online interviews, the barriers and facilitators to antiretroviral
therapy (ART) adherence using a socioecological approach. Both PLHIV-OT and HSPs reported
stigma as a major barrier at each socioecological level, including public stigma at the societal level,
stigma in healthcare settings, and self-stigma at the intrapersonal level. Stigma reduction must
therefore be prioritized. PLHIV-OT and HSPs also reported support from significant others and
HSPs as the foremost facilitators to ART adherence. The enablement of support networks is thus an
important key to improved ART adherence. Overall, the societal level and health system barriers to
ART adherence should be addressed in order to remove barriers and enhance the facilitators at the
subordinate socioecological levels.

Keywords: HIV; antiretroviral (ARV); antiretroviral treatment (ART); adherence; socioecological
approach; Indonesia

1. Introduction

Indonesia initiated the use of antiretroviral therapy (ART) for people living with HIV
(PLHIV) in the late 1990s. HIV is now considered a manageable chronic illness as long as
PLHIV adhere to treatment [1]. However, ART adherence among PLHIV in Indonesia is
low [2]. In terms of the 95-95-95 targets, the UNAIDS data for 2021 indicated that, of the
estimated 610.000 PLHIV in Indonesia, only 66% are aware of their HIV status, 26% on
ART, and no 2021 data was available on viral suppression [3], but earlier data also showed
very poor rates of viral suppression [4,5]. Clearly, Indonesia, as a whole, does not meet the
95-95-95 targets [6] despite efforts, such as the 2012 continuum of care government initiative
(Layanan Komprehensif Berkesinambungan) [7] and regional activities, such as the governor
of Jakarta having signed the Paris Declaration in 2015 [8]. A number of reasons have been
brought forward, such as poor retention in care [2], but also stigma and discrimination in
society, as well as criminalization of key populations (e.g., men who have sex with men
{MSM}, trans women), which creates barriers for accessing HIV services [9–13].

Adherence to ART is challenging, mainly because PLHIV are required to have 95%
or near-perfect adherence to achieve viral suppression [14]. In Indonesia, of the 21.347
individuals reported to be on treatment, only 55.7% had good adherence to ART [15,16].
Poor adherence can result in drug resistance, greater risk of onward HIV transmission, and
health deterioration leading to AIDS-related diseases or death [16–18].
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Good adherence can lead to viral suppression, and thus prevent onward transmis-
sion [1,18–21]. An undetectable viral load makes HIV untransmittable [19,22,23]. As such,
good ART adherence benefits not only the health and well-being of PLHIV; it also supports
HIV prevention. This is termed Treatment-as-Prevention (TasP) [19].

Consistent ART adherence has many advantages, but it is not easy. There are many in-
dividual and environmental factors that can impede ART adherence. To effectively support
treatment adherence in countries like Indonesia, we need a comprehensive understanding
of both that which hinders and that which enables ART adherence. For this reason, we set
out to explore the multiplicity of barriers and facilitators to ART adherence among PLHIV
in Indonesia using a socioecological approach as our framework.

The socioecological approach argues that behavior is impacted by societal, organiza-
tional, community, interpersonal, and intrapersonal factors [24–26]. Societal level influences
include values and beliefs in the society, as well as legislation and policy. Organizational
level influences, such as health systems, shape behavior indirectly through, for example,
organizational policies, protocols, and bureaucratic processes. The interpersonal level
entails the influence of direct interactions between individuals and others, such as friends,
family, support groups, and individual HIV service providers. Lastly, the intrapersonal
level reflects internal influences on an individual’s nature in ways relating to their attitudes,
beliefs, and knowledge [24].

Clearly, given the complexity of behavior and its influences, it is relevant to explore
barriers and facilitators to ART adherence across socioecological levels. In addition, to gain
a full understanding of the barriers and facilitators to ART adherence, it is also important
to explore this from multiple perspectives. For this reason, we investigated barriers and
facilitators to ART adherence in Indonesia from both the perspective of PLHIV on treatment
(PLHIV-OT) and from the perspective of HIV service providers (HSPs), something that
has not previously been done in the Indonesian context. In fact, to date, most studies
investigating ART adherence in Indonesia focused only on one perspective, either the
perspective of PLHIV or the perspective of HIV service providers [10,21,27–34]. We believe
that understanding the barriers and facilitators from multiple perspectives is essential to
effective interventions to improve ART adherence in Indonesia.

2. Materials and Methods

2.1. Study Design and Context

We conducted a qualitative study with semi-structured interviews among PLHIV-OT
and HSPs to investigate barriers and facilitators of ART adherence. Data were collected in
the greater Jakarta area, which covered five main areas of Jakarta as the capital (Central
Jakarta, South Jakarta, West Jakarta, North Jakarta, East Jakarta) and the metro Jakarta
area, namely Bogor, Depok, Tangerang, and Bekasi, abbreviated as Jabodetabek. Jakarta is
characterized by a highly diverse population as well as a high proportion of growth every
year due to migration from other provinces [35,36].

Ethical approval was provided by the Ethics Review Committee at Maastricht Univer-
sity’s Faculty of Psychology and Neuroscience (reference number: 188_11_02_2018_S17)
and by the Health Research Ethics Committee at the National Institute of Health Research
and Development in Indonesia (Badan Penelitian dan Pengembangan Kesehatan; No:
LB.02.01/2/KE.139/2020). Research permits were provided by Dinas Penanaman Modal
dan Pelayanan Terpadu Satu Pintu, Pemerintah Provinsi Daerah Khusus Ibukota Jakarta
(No: 60/AF.1/1/-1.862.9/e/2020) and Dinas Kesehatan Pemerintah Provinsi DKI Jakarta
(No: 2271/-1.779.3).

2.2. Sampling and Recruitment

We recruited a convenience sample of 50 participants for semi-structured interviews.
Thirty were PLHIV on ARV treatment (PLHIV-OT) and twenty were HIV service providers
(HSPs) including physicians, nurse practitioners, psychologists, and treatment compan-
ions or counselors working voluntarily at NGOs. Inclusion criteria for PLHIV-OT were:
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(1) having received an HIV diagnosis; (2) being on ART for at least one year; and (3) being
willing and able to provide informed consent. Inclusion criteria for HSPs were: (1) working
in HIV care for at least one year in a community health center, public hospital, or private
clinic; (2) being willing and able to give informed consent.

Recruitment occurred initially purposively at community health centers (Puskesmas),
public hospitals, and private HIV clinics, and then through snowball sampling from par-
ticipants who had completed an interview. To recruit, we first sent documentation (i.e.,
research permits, ethical approval, and recruitment posters) to the targeted health centers,
who put us in contact with eligible HIV service providers (e.g., physicians, nurse prac-
titioners, treatment companions, and counselors) and PLHIV-OT. Once connected with
potential participants, we explained the purpose and procedure for the study, the potential
to withdraw at any time, and the fact that all data would be handled confidentially.

2.3. Participant Characteristics

The mean age of PLHIV-OT was 38.7 years with the average of 6.7 years for people on
ARV treatment. Among them, more than half were cisgender men and self-identified as
straight. The HIV service providers had a mean age of 34.7 years while more than half of
them had between 7 to 14 years of professional experience in HIV care. In terms of formal
educational attainment, 35% of the HSPs had vocational training and 25% had a bachelor’s
degree, with only one of them never received any HIV-related formal training. Additional
details are depicted in Table 1.

Table 1. Participant characteristics.

Characteristics PLHIV-OT
(n = 30)

HIV Service Providers
(n = 20)

N % N %

Age
25–35 12 40 11 55
36–45 11 37 8 40
46–59 7 23 1 5

Gender identity
Cis male 17 57 10 50
Cis female 10 33 10 50
Trans woman 3 10 na na

Educational background
Below High School 2 7 - -
High School 15 50 4 20
Vocational School 7 23 7 35
Bachelor 6 20 5 25
Master - - 4 20

Sexual orientation
Straight 19 63 na na
Gay 6 33 na na
Bisexual 5 17 na na

Key population/most widely handled key population
MSM (men who have sex with men) 11 37 7 35
PWID (people who inject drugs) 7 23 6 30
Female sex workers and their clients 3 10 3 15
Waria (trans women) 2 7 2 10
Others 7 23 2 10
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Table 1. Cont.

Characteristics PLHIV-OT
(n = 30)

HIV Service Providers
(n = 20)

N % N %

HIV clinic location
Central Jakarta 11 37 6 30
South Jakarta 3 10 3 15
East Jakarta 6 20 7 35
North Jakarta 6 20 1 5
Bekasi 4 13 - -
Depok - - 1 5
Bogor - - 1 5
Tangerang - - 1 5

Region of origin
Java 18 60 8 40
Sumatera 6 20 6 30
Jakarta 3 10 3 15
Sulawesi 2 7 2 10
Nusa Tenggara 1 3 - -
Bali - - 1 5

Time since HIV diagnosis
<10 years 19 63 na na
>10 years 11 37 na na

ARV initiation (months after diagnosis)
<1 month 9 30 na na
<12 months 12 40 na na
>12 months 9 30 na na

Time on ARV
<10 years 21 70 na na
>10 years 9 30 na na

ARV access/location of work
Public hospital 20 67 7 35
Community health center (Puskesmas) 9 30 10 50
Private clinic 1 3 3 15

Perceived health condition (past 4 weeks)
Bad 2 7 na na
Fair 4 13 na na
Good 7 23 na na
Very good 7 23 na na
Extremely good 3 10 na na

Profession/role in HIV care
GP (general practitioner) na na 5 25
Nurse na na 5 25
Treatment companion/buddy/counselor na na 8 40
Psychologist na na 2 10

Professional experience in HIV care
<7 years na na 9 45
>7 <14 years na na 11 55

Received training/workshop regarding HIV/ARV
Yes na na 19 95
No na na 1 5

na = not assessed/not applicable.
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2.4. Data Collection

Interview guides were first developed in English based on the socioecological ap-
proach [24,25]. For PLHIV-OT, the main topics were participants’ experiences with an HIV
diagnosis, and the barriers and facilitators to ART adherence at each socioecological level.
For HSPs, the main topics were their views on their experiences caring for PLHIV, including
challenges, and their views on barriers and facilitators to ART adherence.

The interview guides were then pre-tested with two English-speaking professionals
working in HIV. After the pre-test, adjustments were made based on the feedback provided.
Then, we translated the interview guides into Bahasa Indonesia and pre-tested them with
two Indonesian colleagues, both of whom were HIV counselors, one of whom was also
a researcher.

Single, face-to-face, semi-structured online interviews of approximately one hour
were conducted between March and June of 2020 by the first author with assistance from
four female postgraduate students who had extensive experience conducting qualitative
research. Interviews were conducted in Bahasa Indonesia at a location chosen by the
participants, usually the participant’s house or bedroom for PLHIV-OT or at the HIV clinic
for the HSPs. No other people were present at the time of the interview. Interviews were
preceded by informed consent, guided by the semi-structured interview guide with follow-
up probes, and followed by a short survey measuring demographic and HIV-related or
occupational characteristics for PLHIV-OT and HSPs, respectively.

Data collection coincided with the beginning of the worldwide COVID-19 outbreak.
As a result, Jakarta and the metro Jakarta area imposed a large-scale social restriction policy
(Pembatasan Sosial Berskala Besar [PSBB]) in March of 2020. The new measures limited social
contact, and the interviews thus needed to take place online or by telephone. We utilized
online mobile applications such as WhatsApp audio or video call, or online chat and video
telephony software platforms such as Zoom to avoid direct contact with participants and
ensure their safety from any COVID-19 risks. The participants who were willing to be
involved in this study could choose the online platform that was most suitable for them. All
participants agreed to their interviews to be recorded with a digital voice recorder. Video
was not recorded.

2.5. Data Analyses

All of the interview recordings were transcribed verbatim in Bahasa Indonesia. Subse-
quently, all of the HSP transcripts and two of the PLHIV-OT transcripts were translated
into English by a professional translator. The first author and the translator also reviewed
the translated transcripts to ensure that the translations adequately reflected the original
text. All authors were involved in the coding of the English transcripts and the first author
coded the rest of the transcripts. We coded all of the transcripts using Atlas Ti V.8.4.5.

Thematic analyses was employed to identify, analyze, and report the recurring pattern
of themes within the data [37]. We followed all six stages of thematic analyses [37]. First,
we familiarized ourselves with the data by transcribing, reading, and making notes of the
initial codes. Second, after the initial codes emerged, we collated the relevant data with
each code. Third, we organized the codes into potential themes and merged the relevant
data to each potential theme. Fourth, we reviewed the themes, resulting in an analysis
thematic ‘map’. Fifth, we defined and gave names to each theme. Sixth, we generated
the report of the analysis for this article. Selected quotes were translated to English and
reviewed for the originality of meaning by the first author and the translator, who is fully
bilingual in English and Bahasa Indonesia. An example of our theme development is
provided in Table 2.
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Table 2. Example of theme development.

Quotes
Category Theme

PLHIV-OT HSP

“We don’t want to think of it
(ARV) as a drug, but consider it
a vitamin. If we take vitamins,
we want to be healthy, right?”

“I’ve always told PLHIV that this drug
is a ‘vitamin’. Drug or medicine has
such a bad stigma in their mind.”

Lightening the “load” with
euphemistic terminology

Intrapersonal level
facilitators of treatment

adherence at an advanced
HIV age

“I told my friends in the peer
support group, that ARV is . . .
beauty pills (laughing), because
we can be beautiful and
productive again with the pills.”

“They (PLHIV-OT) need to think of it
as doing daily activities such as
brushing their teeth every night,
having dinner, or taking
daily vitamin.”

“My kids, my mom. My kids
mostly. I want to be able to watch
them grow up, finish college.
That’s everyone hope I guess.”

“Like I’ve said before, the things that
can help them (PLHIV-OT) to comply
is their desire to live, their desire to be
productive, and their desire to live with
their family.” Meaning-making through

goals and spirituality
“All I know that I’m committed
to always pick up the ARV
whenever it’s available for me as I
still want to be alive.”

“When someone has a spirit of life, he
must has a purpose in life. For example,
he wants to have a family one day, or he
wants to stay alive until the children
get old. That’s a motivation.”

3. Results

Various barriers and facilitators to ART adherence emerged, some cross-cutting and
some particular to one or more socioecological levels. Stigma was the main barrier appear-
ing at every level. It manifested as public stigma at the societal level, stigma in healthcare
settings at the health system level, stigma toward PLHIV-OT from significant others at the
interpersonal level, and self-stigma at the intrapersonal level. Below, we outline the barriers
and facilitators from the perspectives of both PLHIV-OT and HSPs at each socioecological
level and describe how barriers and facilitators were interrelated.

3.1. Societal Barriers and Facilitators

Public stigma and discrimination in society colored adherence to ART. PLHIV-OT
stated that stigma and discrimination were the major barriers that they had to face. They
reported that society has an insufficient and incorrect understanding about HIV and PLHIV,
which results in substantial stigma and discriminatory attitudes against PLHIV.

“The challenge is from the society. There are still many people who look down on PLHIV,
many people who stay away when they hear (HIV), many people still discriminate . . .
We (PLHIV-OT) feel that we are just the same like everybody else, but they (society) still
judge us.” (PLHIV-OT, 31, public hospital)

“Well, the things that prevent them (PLHIV-OT) from complying is their own fears about
what they’re going to deal with, including stigma and discrimination from the society in
general.” (Psychologist, 26, community health center)

Stigma and discrimination in society created fear of being ostracized among PLHIV-
OT, resulting in the non-disclosure of HIV status or being secretive about ART. However,
the collectivistic culture in Indonesia makes it difficult as people in one’s neighborhood are
likely to question why someone is secretive. This situation makes PLHIV-OT uncomfortable
about doing anything related to HIV treatment (e.g., taking ARV medication, going to
the clinic) around the neighborhood. They thus prefer to go to a clinic much further
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away, which leads to downstream hurdles that can potentially decrease their adherence.
Moreover, PLHIV-OT who had already made an effort to adhere to ARV to reach viral
suppression felt that their effort was unavailing when they were still being stigmatized and
discriminated against.

“ . . . One of the challenges in undergoing the (ARV) treatment is the society. They still
look us (PLHIV) one-sided or avoid us while we try to interact with them. Why is that a
challenge? We (PLHIV-OT) take the meds, we cannot transmit the virus to others, but
they (society) are afraid to shake our hands, let alone to have a conversation with us . . . ”
(PLHIV-OT, 31, public hospital)

“These patients’ adherence can be influenced from the stigma in the society. All of this
time, the neighborhood might not notice if this patient doesn’t show any symptoms. But
if he always goes to the hospital with his family for a routine check, there must be a
question from the neighborhood: “Why does he always go to the hospital?” (GP, 52,
public hospital)

“Stigma from the society since they are lacking of understanding about HIV population.
This stigma can weaken PLHIV (adherence), lower their motivation, and make them slide
back to where they were before.” (Counselor, 38, public hospital)

The substantial stigma and discrimination in society also creates fear of being con-
demned, which affected PLHIV-OT’s willingness to continue ART, disclose their HIV status,
or just be comfortable living with HIV. As a hope voiced by many PLHIV-OT and HSPs,
less stigma and discrimination in society could contribute to better adherence. Moreover,
less stigma and discrimination could contribute to support almost all of the facilitators at
the subordinate levels, and certainly could help to overcome most of the barriers.

3.2. Health System Barriers and Facilitators

The health system barriers to adherence were stigma in healthcare settings, insufficient
healthcare system coverage, complicated bureaucracy, and problems with ART access. Both
PLHIV-OT and HSPs indicated that NGOs and HSPs have important roles in the provision
of better healthcare coverage and easy access to ARV as the facilitator to adherence.

3.2.1. Stigma in Healthcare Settings

PLHIV-OT and HSPs reported that there were many stigma-free and discrimination-free
HIV clinics. However, stigma and discrimination at certain HIV clinics was still reported.

“ . . . I think some of them (HSP) still have stigma against PLHIV that it can make
patients feel uncomfortable coming to the care center.” (PLHIV-OT, 38, private clinic)

“All I can think about is the healthcare providers who still have stigma against PLHIV.
We have to be able to create a comfortable environment for PLHIV so that they’d feel
welcome. If we fail to do that, then they will move somewhere else or find another center
or hospital to get treatment, or worse, they completely stop the medication out of fear of
being treated in the same manner as at the previous clinic they went to.” (Nurse, 38,
public hospital)

Even though many HSPs are knowledgeable about HIV and know standard proce-
dures for interacting with PLHIV in the clinic, stigmatizing and discriminating attitudes
and procedures in the health system were reported. These directly and indirectly affect
adherence, particularly for men who have sex with men (MSM) and trans women. For
example, trans women reported being called on by HSPs with their birth name listed on
their identity card rather than their acquired name (i.e., deadnaming), and MSM who
experienced stigmatization in clinics opted not to return and thus could not access ARV.

“The transgender patients felt that they already put such effort to dress up like a lady
so that people should address them as such. It’s a discomfort for them, but we have
rigid system. If system allowed some changes to the rule, then they could add ‘alias’
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next to birth name on ID card so that there’s option how or what to address a person.”
(Psychologist, 31, community health center)

“For example, there was an experience of my colleague who took my shift, I didn’t really
understand what happened, maybe she mistakenly said something that was considered as
stigma for those MSM patients. They (MSM patients) didn’t want to come (to the clinic)
again.” (GP, 31, community health center)

3.2.2. Healthcare System Coverage

The HIV healthcare system in Indonesia has improved over the years, but our par-
ticipants still hoped that the government would provide more solutions to overcome the
insufficient universal coverage in HIV care. ARV medication is provided for free by the
government, but PLHIV who do not have a social security card (BPJS Kesehatan) still need
to pay an administration fee of around IDR 15.000 (+/− USD 1) when they come to the
HIV clinic in the community health center or public hospital. This amount is considered
high, and thus is certainly a barrier, especially for PLHIV-OT who live in remote areas and
have financial difficulties, considering Indonesia’s national income per capita in 2019 was
around IDR 161.917 (+/− USD 11) per day, while the average national expenditure per
capita was around IDR 40.195 (+/− USD 3) per day [38]. As a consequence, PLHIV-OT
preferred to spend their money on groceries or basic needs rather than spending it on
administration fees or transportation costs to get to their HIV clinic.

“They (HIV patients) only pay retribution when they come into the clinic to register. It’s
quite cheap—only IDR 15.000. However, for some people in Indonesia, IDR 15.000 is a
lot of money to spend, in addition to transport cost of going back and forth from clinic to
home.” (Counselor, 38, community health center)

“ . . . It is really burdening for us (PLHIV-OT) when we have to pay for the CD4 and VL
tests. Not everyone has enough money or BPJS . . . ” (PLHIV-OT, 37, public hospital)

In addition, those without social security have to pay for CD4 and viral load (VL)
tests, which is often beyond their means. Even though there were some externally funded
programs by the Indonesian AIDS Commission and other NGOs that provide free post-ARV
tests, only a few PLHIV-OT could benefit from these programs. Moreover, the information
available about these programs was not shared widely or came too late for them to make
use of free tests.

“ . . . Indeed, the VL test is important, but I had an experience when they informed me about
the free VL test two days before the event! It was definitely hard for the patients to get a
permission from their daily job. If they want to make such an event, it will be better if they
announce it weeks before the event . . . ” (PLHIV-OT, 26, community health center)

3.2.3. Bureaucracy

PLHIV-OT with more income reported more choices for accessing ART, including
private clinics which charged more in terms of administration fees and other laboratory
tests, but the bureaucracy was less complicated compared to HIV clinics in public hospitals
or community health centers. Meanwhile, PLHIV-OT who accessed ART in public hospitals
or community health centers had to deal with more complicated bureaucracy as a tradeoff
for a more affordable service.

“First, most hospitals still require PLHIV patients to pay for registration fee. We need to
waive the registration fee as most PLHIV are poverty-stricken. Second, we need to cut
down bureaucracy and find a simple way to let patients get medication in any community
health center or hospitals they want. We need to integrate the reporting and filing system
so that patients can just show their registration serial number to get access to medication
everywhere . . . ” (Counselor, 38, public hospital)

Unsurprisingly, HSPs reported that having less bureaucracy by cutting certain proce-
dures could certainly facilitate adherence. One example would be allowing trans women
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or anyone without an ID card to access ART without their ID card. Even though the regula-
tions state that patients always need to show their ID card, in order to access ARV, some
community health centers have chosen to not comply with this regulation so that trans
women in particular can access ARV without having to show their ID card. Participants also
reported that some HIV clinics, particularly private clinics, already tackled bureaucratic
barriers and provided faster access to ART and less queueing. This would also help to
overcome the stigma in healthcare settings that we mentioned earlier.

“ . . . we (HIV service providers) also try to simplify the procedure. We have administra-
tion team who handle the (patient’s) data in our clinic. I usually give the administration
staff number to the patients, so that they don’t have to queue every time they come to the
clinic. These patients just have to make an agreement with my friend (the administration
staff), and then he will register the patients. So, they don’t need to queue . . . ” (GP, 31,
community health center)

“There are many community health centers running different procedures with ours. We
have a more flexible procedure because we think of what’s best for patients’ health. We
bend a couple of regulation here and there such as we allow patients to come for VCT
and ARV at our clinic without ID card because we know a lot of transgender community
don’t have it.” (Counselor, 38, community health center)

3.2.4. ART Access

Faster access to ART as a result of less bureaucracy would be more complete with
easy access to ART, which could be implemented in three ways. First, based on the data,
it is advisable to implement a one-stop service where PLHIV-OT could come to the clinic,
register, consult with the doctor, do tests if necessary, and acquire ARV at the same time
and in the same place. This way, PLHIV-OT could access the medication with minimal
effort by picking up their ARV medication easily in the clinic instead of the pharmacy. This
is not only advantageous because it is more efficient; PLHIV-OT also reported feeling more
comfortable going to just one place, which reduces the chances of running into people they
know. Evidently, internalized and anticipated stigma as barriers to ART can be minimized
by enabling one-stop access to ARV medication in the clinic.

“ . . . I’ve heard there is this Puskesmas which has a very simple system. It’s really good.
Starting from the registration, then the weight and blood pressure measurement, then
directly to the consultation with the doctor, and the doctor gives the medication directly
to the patient. All at one place. So, they don’t have to pick up the medication at the
pharmacy. That’s really comfortable.” (PLHIV-OT, 50, community health center)

“ . . . At the time being, what is helpful is giving the medication at VCT clinic directly,
not at the pharmacy counter . . . Most transgender patients, if not all, like to be called
by their female’s name, not with their old male’s name on ID card. When they pick up
medication at pharmacy, the counter will always use patient’s real name from ID card,
and transgenders population don’t like that very much. So, they are very happy to pick up
medication at our clinic because no one there is exposing their real male’s name.” (Nurse,
27, community health center)

“ . . . One-door service! The medical devices should be provided more to be able to give
‘one-door service’. The patients just have to come to ‘one door’ when they want to do an
X-ray, VL, CD4 test, or get a TB and STDs treatment. They can feel more comfortable
and don’t have to run back and forth just to take those tests . . . Thank God we already
have it all here in Puskesmas X.” (GP, 38, community health center)

The second way in which access to ART can be facilitated at the health system level is
by providing ARV supplies to PLHIV-OT for two or three months at once, instead of for
only one month, so that the patients do not have to come to the clinic every month. This
was really helpful for PLHIV-OT with financial constraints that limit their ability to travel
back and forth to the clinic.
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“ . . . Nowadays, when the healthcare providers see good progress from a patient, they
give meds for 2-month supply. It helps patient’s adherence to the medication and avoid
them coming every month . . . .”

(PLHIV-OT, 34, private clinic)

Third, easy access to ART can be implemented by allowing the patients with good adherence
to have their ARV medication delivered using an online taxi bike application (ojek online).
This ARV medication delivery service is an informal collaboration between HIV clinics and
treatment companions from the NGOs (Pendamping Minum Obat; PMO). However, PLHIV
still need to come and consult with an HIV physician one month after ARV medication
delivery for a routine check. PLHIV-OT who have a good relationship with their health care
provider can ask for their help for ARV medication delivery or ask the treatment companion
to deliver it. Therefore, having a good client–provider relationship at the interpersonal
level, which we will explain later, can support easier access to ART for better adherence.

“ . . . We make things easier too nowadays. NGO also steps up and helps deliver the
medication to them. So, there’s no excuses to not taking it.” (Counselor, 25, community
health center)

“We do have a lot of requests for delivery during this corona pandemic, but only with
one condition: compliance to taking the medication regularly . . . For example, if we see
that the patient has a good viral load, then we will hire a delivery service to send the
medication for him. But if we see that his last VL result is bad, and he is always a week
or 2 weeks late to pick up medication, then we ask the patient to come to the clinic for
re-consultation.” (Nurse, 27, community health center)

Despite increased opportunities for easy access to ART, PLHIV-OT who experienced
the ARV stock crisis in 2015 or 2017, and when the COVID-19 outbreak happened in early
2020, voiced concerns. Insufficient ARV stock made it difficult for them to access ART for a
one-month supply as usual. Instead, physicians prescribed them for only one or two weeks
with different types or amounts of ARV, which led to patients having to adjust to a new
regimen, including side effects.

“ . . . That’s right, I got more than one pills (when there was ARV stock crisis). I was
even a bit worried whether there would be another side effects or not . . . ” (PLHIV-OT,
28, public hospital)

It was very inefficient and time-consuming, especially for PLHIV-OT who had inflexi-
ble schedules but had to come to the clinic almost every week, which brought about extra
transportation costs. PLHIV-OT with financial constraints often waited until the ARV stock
was back to normal again before reinitiating ART. This created an adherence gap. Although
the ARV stock crisis is not currently an ongoing barrier, it still can create lingering anxieties
for PLHIV-OT.

“ . . . I’m grateful for the free ARV, but I think the government needs to rethink its
management plan on ARV national stock supply as these meds need to be taken for a
lifetime. In addition, there’s been rare stock supply in region of Aceh, Padang, Ambon,
Bali, and Manado. Most PLHIV there only get 14-day supply and not a full 1-month
supply.” (PLHIV-OT, 30, private clinic)

In conclusion, health system level barriers to ART adherence include stigma, insuffi-
cient universal coverage in HIV care, and complicated bureaucracy. Informal collaboration
between HSPs and NGOs that enables ARV medication delivery, as well as reduced bu-
reaucracy and easy one-stop access to ART, can serve to overcome some of the barriers
to ART.

3.3. Interpersonal Barriers and Facilitators

Interpersonal level barriers were stigma from the PLHIV-OT’s significant others or
their own HSP, which led to, among other things, poorer client–provider relationships
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and, consequently, lowered the adherence. PLHIV-OT reported support from significant
others as a major facilitator and, surprisingly, HSPs mentioned that the use of fear appeals
facilitates adherence.

3.3.1. Significant Others

Significant others, such as friends, family members, and (ex)partners, played impor-
tant roles both as barriers and as facilitators to ART adherence. As a barrier, significant
others who stigmatized and discriminated against PLHIV by rejecting or excluding them
(i.e., enacted stigma) directly and indirectly affected adherence. For example, PLHIV-
OT who were ostracized by their family or friends or rejected by a partner or potential
partners after disclosing their HIV status were at risk of discontinuing ART because they
would potentially feel depressed and thus did not come to the clinic to pick up their ARV
medication.

“I once dated a guy and just being straight forward by telling him my (HIV) status. He
said: “Maybe I’m not your match. I hope you’re healthy.” And then he ran away (laugh).
I thought I might just tell him than regret it, right?” (PLHIV-OT, 48, public hospital)

“ . . . We have several patients who were shunned by their family. They got so depressed
and never picked up medication again. That’s how we lost contact with the patients. We
don’t know where they are until today.” (Counselor, 38, community health center)

Significant others who accepted the HIV status of their partners functioned as a
facilitator to ART adherence. They could provide sufficient emotional and instrumental
support, but this was reported to not be immediate. PLHIV-OT who disclosed their
HIV status to friends and family often reported initial difficulties gaining acceptance
from others, but then receiving support later, and this helped facilitate their adherence to
ART. Specifically, they described emotional support, such as acceptance and listening to
treatment challenges, and instrumental support, such as accompaniment to the HIV clinic
or pharmacy. According to HSPs, PLHIV-OT receiving support, particularly from their
family, had a better adherence than those who did not.

“ . . . The form of support is not only about reminding us to take the medicine on time,
but also about accepting our condition, that we are different, we have a ‘special’ situation
. . . ” (PLHIV-OT, 31, public hospital)

“Family maybe is more important (than friends). Most patients are brought to the clinic
by their family member, the closest family member . . . I think they can help reminding
patient to take medication.” (Nurse, 27, community health center)

3.3.2. Client–Provider Relationships

Not surprisingly, given its presence at the societal and health system levels, stigma was
also apparent in interactions between HSPs and PLHIV. A poor client–provider relationship,
caused by patients who were not very communicative or stigmatizing HSPs, often led
PLHIV-OT to discontinue consultation. Examples included HSPs who disrespectfully
told a trans PLHIV that trans PLHIV almost always fail to adhere to ART and HSPs who
expressed judgment about sex between men.

“The doctor saw my ID card (listed as a male) and asked me why do I look like this
(female appearance). He said that my chance (as a trans woman) of not complying to the
treatment would be much greater throughout this lifetime treatment. He didn’t respect
me at all. And I think he did this not only to the trans patients, but also to the MSM
community.” (PLHIV-OT, 26, community health center)

[Telling stories before moving to the current HIV clinic] “I realize that we (patients)
have to be honest to our providers during consultation. So, I told my doctor that I am gay.
He instantly said: “Why are you gay? Aren’t you afraid of sins, being punished, this and
that? You must repent from your sins!” I came to him not to listen to his religious lecture.
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If you are a healthcare provider, just do your job as a healthcare provider.” (PLHIV-OT,
31, public hospital)

To overcome poor client–provider relationships, HSPs encouraged their patients to be
more proactive in asking questions and discussing matters regarding their treatment. They
observed that the PLHIV-OT who speak up, ask questions, or complain more tended to
have better adherence.

“ . . . I noticed that the more they (PLHIV-OT) complain, the more adhere they are to the
treatment. Because when they start to complain, they will text us through WhatsApp,
asking lots of questions etc., and it’s easier for us to do a little bit of counseling through
the text and always remind them to adhere.” (GP, 38, community health center)

In other words, PLHIV-OT who felt comfortable being assertive showed that their
providers facilitated a safe atmosphere for them to ask questions during clinic visits, by
dedicating more time to patients, providing more information, and acting in a friendly
manner. This safe atmosphere created a good client–provider relationship that motivated
PLHIV-OT to interact more with their providers, come to the clinic, and adhere to treatment.
This healthy relationship could also be a form of adherence support, which was a prominent
facilitator mentioned by both PLHIV-OT and HSPs.

“The truth is, when we’re building a good relationship with patients, they’ll be comfortable
enough to talk about anything with us. We need to have that kind of relationship in
order to keep this medication going. It’s a way to reach out to them and support them.”
(Counselor, 35, community health center)

Lastly, in addition to HSPs in the clinic, PLHIV-OT also needed to maintain a good
relationship with other HSPs such as the NGOs that explicitly provided a “helping hand”
to support adherence.

3.3.3. The Role of NGOs and Use of Fear Appeals

To be able to receive additional support from outside the clinic, PLHIV have to disclose
their HIV status to people they can trust. Unfortunately, not all PLHIV-OT were willing
to disclose their HIV status to family or friends, mostly because they, justifiably, feared
being stigmatized and discriminated against. In order to overcome this, PLHIV-OT could
join peer support groups (Kelompok Dukungan Sebaya) which commonly exist under the
umbrella of certain NGOs. These groups usually comprise PLHIV who do not know each
other before joining the group but that become friends who share treatment experiences
and support one another. Having this opportunity to experience affinity with other PLHIV
can make patients feel more comfortable sharing their stories and may help them feel
supported. Within the context of these support groups (but also beyond), other PLHIV’s
success stories regarding ARV served as positive examples and were perceived to have an
advantageous influence on adherence.

“ . . . these support group and HIV organization can also be a support system. Some
patients don’t have any support at all; the family totally rejected them. In this case,
the friends from NGO can be their support system - not in picking up their medication
or anything, but in a sense of what support system really does.” (GP, 36, community
health center)

“I believe I’m most comfortable with the testimonial from the people living with HIV.
They shared not only on their life story, but also the side effects of the ARV treatment.
The doctor can only give me the explanation about it, but not actually feeling what I’m
going through as none of them are HIV positive.” (PLHIV-OT, 35, private clinic)

“ . . . I think they (peer support group) are great. When someone with HIV feels the
world is rejecting them, it gives them a place to go when they want information or simply
just to have a sanctuary, or to be comfortable knowing that they are not the only one.”
(Psychologist, 26, community health center)
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Nonetheless, HSPs reported that apprehensive stories or pictures, such as reminding
a patient not to stop ARV by sending pictures of untreated PLHIV taken from the inter-
net, could serve as “good” role models for the PLHIV-OT as it would keep them from
discontinuing ART. HSPs felt that PLHIV-OT would be more likely to adhere if they were
exposed to messages of how other PLHIV suffered after discontinuing treatment. These are
termed, in psychology, fear appeals, and are known to be usually ineffective in the absence
of self-efficacy and skills.

“ . . . I haven’t found out how to manage boredom. I am now back to taking the medicine
not because I am obedient, but because I am afraid . . . Thankfully, my adherence is getting
better these past two months because of fear, fear of death, fear of creating problems to
other people . . . ” (PLHIV-OT, 45, public hospital)

“ . . . If we have a patient died, we share it on the group chat to encourage them not to
forget to take medicine routinely . . . If they (HIV patients) don’t want to take it (ARV),
we show them a picture of someone without taking medication. That usually does the
trick. Thankfully, we have some that started taking it again yesterday.” (Nurse, 28,
community health center) (Nurse, 28, community health center)

3.3.4. Influence of (Social) Media

The content of some social media accounts was also reported to be a barrier to ART
adherence. Unreliable social media accounts (e.g., the anti-ARV Facebook group called
Mahastar) provided incorrect information regarding HIV and ART. They suggested PLHIV
stop ARV and use alternative medication as the way to cure HIV so that PLHIV would not
be dependent on it and provided testimonies from PLHIV who apparently discontinued
ART but were still healthy.

“ . . . There are so many anti-ARV movements in Facebook. That kind of wrong informa-
tion will make them unstable in making decisions to start or even to undergo the (ARV)
treatment.” (GP, 38, community health center)

“Nowadays, we can easily ‘ask’ Google about anything, even about the medicine to cure
HIV, or herbal medicine. There were lots of unfortunate cases from our friends (PLHIV)
who stopped taking ARV and decided to take the herbal medicine because they thought
that it could cure them. In the end, they caught typhoid, got AIDS, and then regretted
and realized that ARV was the only medicine that they needed, not the herbal medicine.”
(PLHIV-OT, 36, community health center)

“It’s never proven successful clinically. I advise the patients to fight this notion on
herbal medicine . . . So, we do have a lot of challenges, and one of them is the anti-ARV.”
(Counselor, 35, community health center)

Despite the incorrect information about HIV and ART on social media, there were
still credible HIV-related social media accounts on Instagram, Twitter, or other platforms
that could facilitate PLHIV-OT to gain more reliable information and potentially help them
adhere to ART. For example, participants described PLHIV disclosing their HIV status on
Instagram or YouTube, sharing their stories of accepting HIV, talking about being on ART,
and showing that they could live healthy lives with HIV by taking ART. By viewing these
inspiring stories, PLHIV-OT felt they had more knowledge about HIV and ART, and looked
up to the living-proof examples of ART adherence, which increased their own adherence.
As an additional form of support, HSPs shared examples of credible social media accounts
with PLHIV.

“I can ask them (social media accounts) about some things. For example, before I moved
to Jakarta, I asked (certain social media) “Is there any HIV clinic in Jakarta that provides
access to the medicine on weekends?” They gave me choices ‘here, here, here’ and so, I kept
looking on the internet too, and it turns out that they (HIV clinics) have social media.”
(PLHIV-OT, 28, public hospital)
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“ . . . Most PLHIV know these accounts and the accuracy of the information there,
therefore it can help PLHIV to comply with ARV medication. These accounts give a clear
idea of the risk if they don’t take the medication.” (Nurse, 30, community health center)

Distributing correct information about HIV and ART through social media not only
had a direct influence on the PLHIV-OTs’ adherence; it also indirectly increased awareness
in society, offering increased opportunities for the provision of better support to PLHIV
and hopefully decreasing stigma and discrimination.

“ . . . When the public has good education, they tend to be able to process new information
logically. They will use critical thinking and they’ll want to recheck the information given
from those platforms further. It’s absolutely beneficial having these platforms spreading
news about it.” (Psychologist, 31, community health center)

In sum, the interpersonal level barriers to ART adherence included poor client–
provider relationships and incorrect information regarding HIV and ARV from unreliable
social media accounts. Facilitators to ART adherence were often the opposite or the absence
of the barriers and frequently took the form of support. Being proactive with HSPs was
also a strong facilitator for improved client–provider relationships, and disclosure of HIV
status, when safe, was claimed to be helpful in helping PLHIV gain more support outside
the clinic. Internet or social media content also played an important role both as barriers
and as facilitators, depending on the aim and content provided.

3.4. Intrapersonal Barriers and Facilitators

Intrapersonal level barriers and facilitators to ART adherence were the most mentioned
by both groups of participants, starting from self-stigma, with barriers and facilitators
starting from the moment they initiate treatment, but also occurring after years of treatment.

3.4.1. Self-Stigma

PLHIV-OT reported that HIV is often thought of as a “cursed disease” and, not
unsurprisingly or unjustifiably, they were scared that people would ostracize them. This
internalized and anticipated stigma made them approach treatment in a complicated way
that required efforts to hide their HIV status so that others would not know they had
HIV. For instance, PLHIV-OT reported choosing clinics much further from their home and
disposing of empty ARV boxes in public waste bins away from their home so that others
would not find out they have HIV. Clearly, PLHIV-OT spend subsantial time and effort
concealing their HIV treatment.

“Every time I want to disclose or share my stories to others, I have an automatic answer
in my head: “They will alienate me.” That’s why I choose to be secretive . . . I don’t want
to be ostracized. If I disclose my (HIV) status, is it possible that people would accept me?
I think it’s impossible.” (PLHIV-OT, 46, public hospital)

“ . . . But not all patients want to get the treatment in their hometown, with many
reasons, mostly because they feel ashamed..” (GP, 31, community health center)

“Every month, I never throw the ARV box in the household waste because I am afraid
that my family would find the box and search the info about the medicine.” (PLHIV-OT,
33, public hospital)

Self-stigma in PLHIV was driven by perceived stigma in society, having observed
stigma in healthcare settings, and previous experiences with enacted stigma. By internal-
izing negative beliefs about HIV and PLHIV, PLHIV-OT often alienated themselves from
their surroundings and did not see that there might be people who would not reject them
and were even willing to support them. Self-stigma thus precluded them from seeing
possibilities to gain acceptance and support from others.
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3.4.2. Side Effects and Knowledge Gaps

Both PLHIV-OT and HSPs reported that challenges related to ART initiation were one
of the major barriers to later ART adherence. Side effects (e.g., fever, nausea, vomiting,
or feeling sluggish and tired), experienced by most PLHIV-OT, impacted their attitude
towards ART adherence later.

“A lot of patients complain about the horrible side effects they’ve been experiencing. There
are some that cut the meds off completely, thus, lost to follow up due to the problematic
side effects that they couldn’t endure . . . ” (PLHIV-OT, 39, community health center)

“ . . . Secondly, the side effects can stop their adherence. The patients who just start
the treatment barely can stand the side effects; hence, it will make them stop to take the
medication.” (GP, 38, community health center)

HSPs believed that PLHIV-OT who had a better understanding of HIV and ART would
also be more willing to continue ART despite initial side effects. PLHIV-OT commonly
thought, upon receiving their HIV diagnosis, that they would have a short life and in-
evitably die. That changed after HSPs explained how ART could suppress their viral load
and increase their life expectancy. Some PLHIV-OT then sought out more information on
the internet or social media, and/or had more discussions with their HSP leading to better
knowledge about HIV and ART.

“ . . . the person’s knowledge on HIV really affects his adherence to meds. Once he knows
how to treat his illness, it’s easier for him to adhere to the meds given.” (PLHIV-OT, 34,
private clinic)

“ . . . By getting more information about HIV from social media, it empowers them
more to stay healthy and therefore, adhering to the medication . . . ” (Counselor, 35,
community health center)

3.4.3. Reduced Motivation

Problems with adherence can also arise later in life, long after HIV diagnosis. PLHIV-
OT who had been on ART for five years or more said the major barriers were a lack of
motivation to continue treatment or simply feeling lazy, bored, or forgetful. In general,
taking ART on a daily basis for the entire duration of one’s life was considered tedious.

“I think it’s really human when we (PLHIV-OT) are bored of taking these meds every
day. It’s the same feeling when we have with eating rice with the same side dish every day
. . . ” (PLHIV-OT, 50, community health center)

“I’m adhering to the meds, but still, I sometimes forget whether I have taken one in a day,
so yes, I kind of skip a couple of times because I forget.” (PLHIV-OT, 39, community
health center)

According to HSPs, a lack of motivation, laziness, boredom, and forgetfulness might
reflect mental health issues. HSPs claimed that many PLHIV develop depressive symptoms
after HIV diagnosis and, correspondingly, ART initiation, but also much later in their care
trajectories. It is possible that PLHIV-OT are also in denial about their HIV status, which
leads to dissonance with ART adherence. Additional, ongoing substance use dependence
can further impede ART adherence.

“ . . . I think they (PLHIV-OT) are prone to experience a psychological disorder and when
it’s not properly treated, that will certainly affect how they’re going to conduct their daily
routines. That’s why they need a well-balanced and stable mental health on day to day
basis . . . When there’s hindrance psychologically to initiate or maintain medication, that
can cause thought blocking. A negative behavior will create itself . . . ” (Psychologist,
30, community health center)

“They (IDU) don’t think the way normal people do. They only think about how to get to
the next drug or syringe. They only come (to the clinic) when they’re already in a bad
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condition. Even then, they will discontinue the ARV medication once they don’t feel the
need of taking it again.” (Counselor, 35, community health center)

3.4.4. Lightening the Load with Euphemistic Terminology

Some PLHIV-OT reported unique ways to make ART adherence more bearable and
less tedious. For example, some used euphemistic terminology by addressing ARV as
“vitamins”, “supplements”, or “beauty pills” because ARV medication, like vitamins or
supplements, is taken every day, and because ARV medication can make PLHIV-OT
healthier and physically more aligned with beauty ideals. Clearly, the use of euphemistic
terminology was employed to ‘lighten’ the load of daily ART adherence.

“ . . . We don’t want to think of it as a drug, but consider it a vitamin. If we take vitamins,
we want to be healthy, right?” (PLHIV-OT, 33, public hospital)

“I’ve always told PLHIV that this drug is a ‘vitamin’. Drug or medication has such a
bad stigma in their mind. By switching the term to ‘vitamin’, they don’t really think of it
as an obligation, rather, as daily activity that they need to do every day . . . .” (Nurse, 35,
community health center)

3.4.5. Meaning-Making through Goals and Spirituality

Having clear goals or intentions, such as wanting to get married and have children,
seeking a promotion at work, or pursuing higher education, was also reported to facilitate
ART adherence. Having goals demonstrated hope for the future, feeling motivated, and
having reasons to live through ART adherence.

[Talking about the things that can help to adhere to ART] “ . . . My kids, my mom.
My kids mostly. I want to be able to watch them grow up, finish college. That’s eveyone’s
hope, I guess. I’ll use the rest of my time given by the highest power above to continue
this therapy if that is what it takes to be with my kids.” (PLHIV-OT, 39, community
health center)

“Like I’ve said before, the things that can help them (PHIV-OT) to comply is their desire
to live, their desire to be productive, and their desire to live with their family. For example,
a sex worker patient has a desire to get married, to have a new life. That’s really helpful
for her to comply to ARV. Another example is from a housewife who has a child: She
thinks that she has to stay healthy in order to work and raise her child. That’s also really
helpful for her to stay on ARV . . . ” (GP, 38, community health center)

Having hope and a reason to live as the result of having goals was supported by
other facilitators, namely religion and spirituality. Some PLHIV-OT believed that their HIV
diagnosis provided them with a “second chance” in life, particularly for those who realized
that their engagement with risky behaviors had led to their HIV diagnosis. These PLHIV-
OT tended to view ART adherence as a necessary way to demonstrate their gratitude to
God for their new ‘chance’ at a “second life”. PLHIV-OT set goals after realizing that they
could live long and healthy lives with HIV, and they reported trying to live life to the fullest.

“ . . . In fact, I am increasingly convinced that this (ART) is proof of God’s love for me.
God’s love is universal. I was given a second chance to continue living. So, I have to do
my best (by adhering to the treatment).” (PLHIV-OT, 33, public hospital)

“I believe in God, and I believe God always ask us to cooperate. At least that’s what
they always remind us about during the worship session. We cannot just ask, ask, ask
for a healthy life from God, but we don’t try to live a healthy life.” (PLHIV-OT, 37,
public hospital)

3.4.6. Fatalism

Although having goals and spirituality brought about more hope and motivation to
adhere to ART for some PLHIV-OT, for others, a belief that all things in life, including
having HIV, is predetermined and therefore inevitable, served as a barrier to ART adherence.
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HSPs reported that some PLHIV hold the fatalistic belief that their health destiny is in the
hands of God and, because of that, there is no reason to take ARV medication.

“ . . . I heard couple of patients hopelessly said: “What will be, will be.” Some undisci-
plined patients also tend to use the same tone of language and adding: “We all eventually
will die anyway. I know there’s a widely spread notion out there that there’s no hope for
them. That’s why a lifetime commitment doesn’t register well in their brain, especially for
the depressed patients. They tend to say: “Why am I still not cured? I’ve been taking this
medication for ages.” (Psychologist, 28, community health center)

Similarly, PLHIV-OT experiencing depression and the impacts of stigmatization felt
that lifetime treatment was useless and made them feel even more hopeless, which impeded
adherence.

“ . . . Once, I had a difficult patient who liked to throw cynical remarks at us by saying:
“Death is on God’s hands . . . so relax . . . ” Sometimes, that kind of remark hurts our
feelings because it defies our continuous effort to keep them safe and alive . . . Compliance
is the ultimate challenge.” (Nurse, 27, community health center)

In conclusion, intrapersonal level barriers to adherence included self-stigma, side
effects, knowledge gaps, reduced motivation, mental health difficulties, and fatalistic
beliefs. These barriers could be overcome by improving knowledge about HIV and ARV,
referring to ART euphemistically, setting goals or intentions, and making meaning through
religion and spirituality which provides a sense of hope for PLHIV-OT.

4. Discussion

This study presents, from the perspectives of both PLHIV-OT and HSPs, facilitators
and barriers to ART adherence in Indonesia across socioecological levels. The findings
clearly show that stigma and discrimination are the main barriers to ART adherence at each
socioecological level, and that reduced stigma and discrimination in the future can facilitate
ART adherence. Furthermore, the role of treatment companions or buddies from NGOs can
help to reduce barriers at the health system level, and peer support groups can facilitate
PLHIV-OTs’ adherence at the interpersonal level. Additionally, intrapersonal level barriers
such as side effects, knowledge gaps, reduced motivation, mental health difficulties, and
fatalistic beliefs can be tackled by improving knowledge or lightening the ‘load’ of ART
adherence by creating a sense of purpose through goal setting and spirituality.

Across the findings, participants reported perceiving substantial public stigma in
society, institutional stigma in the health system, discrimination in contact with HSPs,
enacted stigma from significant others, and anticipated and internalized stigma in PLHIV
themselves. That HIV stigma is a major impediment to ART adherence is well established
in the literature [9,13,39], as is the fact that HIV stigma in health care is highly prevalent and
highly detrimental for PLHIV [40–43]. As such, our findings dovetail with previous studies
reporting that stigma in any form hinders treatment adherence [3,11,27,30–32,42,44–59]. PL-
HIV also often experience intersectional stigma or stigmatization due to multiple identities
within marginalized groups (e.g., gender or sexual orientation) [60,61].

Indeed, our study has shown that the many forms of stigma—perceived, enacted,
anticipated, and internalized—serve as barriers to ART adherence and interact with one
another [9,13,62]. Therefore, if we are to improve adherence, we must reduce HIV stigma
and discrimination in Indonesia [48,60,63,64]. There are several ways to successfully reduce
stigma [65]. Some include activating self-acceptance through empowerment and educa-
tion to reduce self-stigma at the intrapersonal level, improving HIV and ART knowledge
through peer support and training for HSPs at the interpersonal and health system level,
and collaborating with community leaders (e.g., religious leaders) to implement a more
humanistic approach towards PLHIV at the societal level [65,66]. The utilization of tech-
nology, such as the internet, social and mass media, in ways that provide more positive
information, as well as articles reflecting a human perspective on HIV can bring about
greater empathy in society and can actively help to alleviate public HIV stigma [41,67].
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Additional efforts that seek to change beliefs, such as beliefs that HIV is highly contagious
and a condemned disease, and breaking cultural taboos on HIV and sexuality, should also
be embedded in stigma reduction interventions [43,65,68].

In addition, ascertaining that stigma is the foremost barrier to ART adherence, our
findings have illuminated additional, sometimes temporary, barriers, such as the ARV stock
crisis. During the initial outbreak of COVID-19 in Indonesia, significant delays in the ARV
shipments from India to Indonesia occurred [69]. The pandemic had a substantial negative
impact on PLHIV-OT who were prescribed different and often less ideal drug regimens. As
a result, thousands of PLHIV-OT discontinued treatment [70]. Even though the pandemic
is now well handled, our participants strongly voiced the need for better policies to ensure
that ARV stock remains stable even when unforeseeable circumstances arise.

In terms of facilitators to ART adherence, our findings showed that support is a
prominent facilitator to ART adherence at the interpersonal level. Previous studies have
also reported that receiving sufficient support can, and does, facilitate adherence and can
act as a buffer against psychological distress and other mental health issues (e.g., depression,
anxiety) in PLHIV [11,12,21,71,72]. However, in order to receive support, disclosure of
HIV status is often necessary [56]. This can be difficult, and potentially unsafe, for PLHIV-
OT who anticipate stigma and discrimination from others. Several studies reported that
PLHIV-OT who want to disclose their HIV status should receive counseling where they
can weigh the risks and benefit of disclosure, and mentally prepare for a wide range of
reactions to their status disclosure [73]. Furthermore, counseling can improve their ability
to provide accurate information about HIV and ARV to others after disclosing their HIV
status [12]. It is important to state that HSPs should not immediately think that a disclosure
of HIV status is the best (and only) choice for PLHIV-OT [74,75].

Our interpersonal level findings on facilitators to ART adherence indicated that the
HSPs in this study felt that PLHIV-OT could experience support and increased motivation
through the provision of fear appeals. The WHO HIV treatment guidelines state that
this is unethical [76], and a previous review has clearly demonstrated that it is generally
ineffective in the absence of self-efficacy and skills [77]. We strongly advise against the use
of fear appeals.

Overall, this study provides a comprehensive overview and interpretation of barriers
and facilitators to ART adherence in Indonesia. We believe this study adds important
theoretical and practical knowledge to previous studies on ART adherence, particularly in
resource-limited settings such as Indonesia. We also hope that our findings can provide
input and impetus to adjust policies on ART supply, stock, and treatment procedures, as
well as non-discrimination of PLHIV. We further suggest that both PLHIV-OT and HSPs
work on enhancing the facilitators described in our study and reducing the barriers. For
example, HSPs can offer suggestions to PLHIV-OT, even practical and seemingly minor
coping strategies such as speaking about ARV medication euphemistically. They can further
help PLHIV-OT to set clear goals to increase hope and motivation to adhere to ART. PLHIV-
OT can proactively seek out HIV and ARV knowledge through reliable sources to have a
good understanding on why ART adherence is important. In addition, both PLHIV-OT and
HSPs should work on establishing and maintaining a good relationship with one another.

Our findings also have additional implications for clinical practice. First, we strongly
recommend that HCPs provide a reliable and easy to access, one-stop treatment service for
PLHIV-OT with consistent long-term follow-up. This requires significant effort to address
barriers to ART adherence that can be overcome (e.g., lack of discipline or forgetting to
take the ARV, lack of knowledge and awareness). Additionally, it is advisable to create
optimal conditions for the establishment and maintenance of a solid support system for
PLHIV-OT either from their significant others or a peer support group. Furthermore, it is
important that HSPs continuously improve their awareness and knowledge of HIV care
and counseling, potentially through training sessions and workshops, so that they can
provide the most optimal service.
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Our study has several strengths. One is our comprehensive approach where we
investigated barriers and facilitators to ART adherence from both the perspectives of PLHIV-
OT and the perspectives of HSPs. This allowed us to effectively identify the overarching
and unifying theme of stigma as the major barrier to ART adherence. We believe that our
triangulation of data across PLHIV-OT and HSPs is a major strength. Both perspectives
are extremely crucial for successful ART adherence. Another strength is our sample size.
We successfully recruited and included a robust number of participants (n = 50), which
provided the basis for comprehensive results, and offered insights into unexpected barriers
and facilitators such as social media (both positive and negative) and spirituality (again
with both facilitating and inhibiting effects).

In spite of these strengths, our study also has limitations. First, sampling occurred
mostly in Jabodetabek, which is located in the metro Jakarta area, or inside and around the
capital of Indonesia. We did not sample in other provinces. However, based on our noting
of places of origin, our participants did represent the diversity of people in the Indonesian
population relatively well. However, it would be advisable to conduct similar work in other
provinces, particularly those with high HIV prevalence and/or low levels of adherence. A
second limitation is the fact that our participants are a convenience sample. We recruited
purposively based on inclusion and exclusion criteria and followed this up with snowball
sampling. The risk of this approach is that new participants were referred by participants
with similar opinions. However, it is important to note that generalizability is not the
goal of qualitative research [78] and that our 50 participants were a diverse group in terms
of age, gender, educational attainment, and professional and HIV-related characteristics.
Another possible limitation was that PLHIV-OT, by virtue of them being on treatment,
have experience with treatment and may have more favorable views on ART. It is therefore
important to also explore barriers and facilitators to ART initiation.

5. Conclusions

Stigma is the foremost barrier to ART adherence across every socioecological level,
and it converges with a number of other barriers starting from treatment initiation until
after years of treatment. These barriers can be overcome by complementary facilitating
factors that ameliorate the barriers at each socioecological level, and, for this to be effective,
collaboration between PLHIV-OT, their significant others, HSPs, and NGOs is necessary.
Overall, it is crucial to intervene by starting from the most abstract societal level, so that
facilitators can be bolstered and barriers can be overcome at the subordinate levels.
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Abstract: Background: Drug utilisation studies are relevant for the analysis of prescription rationality
and are pertinent in today’s context of the increasing burden of antimicrobial resistance. Prescriptions
for patients with diarrhoea or Acute Respiratory Infection (ARI) have been analysed in this study
to understand the prescription pattern among various categories of prescribers in two tertiary care
centers. Methods: This cross-sectional study was conducted from August 2019 to December 2020 in
the medicine and pediatrics outpatient departments of two government teaching hospitals in West
Bengal, India. A total of 630 prescriptions were evaluated against WHO standards. Prescriptions were
assessed by a ‘Rational Use of Medicine Consensus committee’ approach. Results: The Fixed Dose
Combination (FDC) was used in half of the patients (51%). Both the generic prescription (23.3%) and
adherence to hospital formulary rates (36.5%) were low. The antibiotics prescription rate was high
(57%), and it was higher for diarrhoea than ARI. Deviations from the standard treatment guidelines
were found in 98.9% of prescriptions. Deviations were commonly found with prescriptions written
by the junior doctors (99.6%). Conclusion: Irrational prescribing patterns prevail in tertiary care
centers and indicate the necessity of awareness generation and capacity building among prescribers
regarding AMR and its unseen consequences.

Keywords: prescription pattern; diarrhoea; acute respiratory infection; antibiotics prescription rate;
rational use of medicine; antimicrobial resistance

1. Introduction

Rational use of medicine (RUM) is an extremely desirable requirement in the health-
care delivery system. The World Health Organization (WHO) has defined RUM as “patients
receive medications appropriate to their clinical needs, in doses that meet their own individ-
ual requirements, for an adequate period of time, and at the lowest cost to them and their
community” [1]. RUM not only reduces the chance of adverse drug reactions, undesirable
drug interactions, mortality, morbidity, and the cost of treatment, but also helps in better
utilization of resources, prevents ‘financial toxicity’, antimicrobial overuse, and hence, may
prevent antimicrobial resistance (AMR) [1,2]. However, it was noted that, globally, even up
to 50% of prescriptions suffer from irrationality [3]. Several factors were noted behind the
irrational use of drugs, ranging from poor knowledge to pharmaceutical promotions [4,5].
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RUM is strongly promoted by the WHO, and a set of ‘recommended optimums’ were set
by the WHO as indicators of rational prescriptions [1].

Evaluation of prescription patterns comprises studies mentioning drug utilization,
with the main emphasis on rational use of medicine. The problem of irrational use of drugs,
especially antibiotics, is prevalent worldwide [6,7]. The problem is further complicated
in developing countries [8]. In developing countries, respiratory illnesses and diarrhoeal
diseases remain the main causes of morbidity and mortality, particularly in children,
accounting for one in five deaths and resulting in 1.5 million annual fatalities [9]. The
majority of diarrhoea cases in children, especially under the age of five, are caused by
viruses, whereas both bacterial and viral diarrhoeas are found in adults. Although it has
been estimated that antibiotics are required in 5% of diarrhoea cases, the use of antibiotics
in practise is rampant [10]. According to the WHO, in developing countries, half of all viral
respiratory tract infections and viral diarrhoea were treated with antibiotics. Furthermore,
antibiotics were not found to be prescribed in 70% of pneumonia cases where their use was
an absolute necessity [11]. However, overuse or underuse of medicines, prescribing wrong
or ineffective medicines, polypharmacy practices, use of expensive fixed-dose combination
products, and misuse of antibiotics are the common forms of irrational prescription [12,13].
Since both diarrhoea and acute respiratory infections are major public health problems,
particularly in children, specific management guidelines were developed by the WHO.
Countries such as India came up with their own guidelines to be used in different State
Government Health Departments as well [9,14,15]. However, such guidelines are actually
tailormade for public health practitioners practicing in low-resource peripheral health
settings. In a country such as India, where both the government and private healthcare
systems look at the health issues of its 1.3 billion population, achieving RUM remains a
daunting task. The primary objectives of this study were to assess prescribing patterns
using the WHO criteria for prescription evaluation and to determine the appropriateness of
the prescription and the acceptability of the deviations from standard guidelines through a
consensus committee approach.

2. Materials and Methods

2.1. Study Design, Setting

This multicentre cross-sectional study was conducted at two Government teaching
hospitals in West Bengal, India from August 2019 to December 2020. The prescriptions were
collected from the OPDs of Medicine, Pediatrics, and the Urban Health Training Centre
(UHTC) clinic.

2.2. Sample Size Calculation

For prescription evaluation studies, according to the WHO, a minimum of 600 pre-
scriptions [16] are required to be studied. Consecutive sampling was conducted to collect
the required number of prescriptions.

2.3. Study Enrolment
2.3.1. Inclusion & Exclusion Criteria

We included the prescriptions of patients (adults or children) presenting with symp-
toms of acute diarrhoea or ARI in the OPD of the study sites and provided written consent
to capture and copy the prescription for review. The prescriptions included in the study
had details such as the signs and symptoms and/or provisional or final diagnosis of acute
diarrhoea/ARI. Prescriptions from critically ill patients or those who did not give consent
were excluded.

2.3.2. Data Collection

Prescriptions of the patients attending the study sites were screened for eligibility and
enrolled for the study after application of inclusion criteria by capturing a photograph
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of it. The photographed prescription, demographic details, relevant clinical information,
diagnosis, and medication details were abstracted in the case record forms.

2.3.3. Data Management and Analysis Plan

The data management system is comprised of data entry, cleaning, back-up, and the
generation of regular reports. Built-in quality control mechanisms were developed to ensure
data quality and confidentiality. Prescriptions were analysed using the mentioned WHO
indicators. Information was collected about the prescriber also in terms of their hierarchical
designation, e.g., general resident doctors, post-graduate residents, and senior doctors
(Medical officer/Demonstrator/Clinical Tutor, Assistant Professor, Associate Professor
and Professor).

A house staff is a junior resident who has completed undergraduate medical de-
gree (MBBS) and internship but yet to join for a post graduate course. Faculty in clinical
disciplines include Residential Medical Officer (RMO) cum Clinical Tutor, Assistant Pro-
fessor, Associate Professor, and Professor. All have qualified with post-graduate medical
degrees (MD).

All the above proportions were compared across age groups (pediatric and adult) and
different categories of prescribers. The prescriptions were assessed using a “Consensus
Committee approach”.

2.3.4. Assessment of Prescription through Consensus Committee Approach

A Rational Use of Medicine Consensus Committee was formed, including clinicians
and clinical pharmacologists, with the objective of developing the assessment framework
for diarrhoea and ARI prescriptions. Both clinicians and pharmacologists evaluated the
prescriptions independently for appropriateness and the identification of deviation from the
standard treatment guidelines (WHO, Ministry of Health & Family Welfare, Government of
India, ICMR, 2019 and Standard Treatment Guideline, Institute of Health & Family Welfare,
Govt. of West Bengal, 2011) [9,14,15,17].

Since all the guidelines are mostly targeted at general practitioners in public health
settings, they do not cover many additional drugs, such as probiotics, antihistamines,
leukotriene receptor antagonists, bronchodialators, mucolytics, etc., which are commonly
prescribed in medical college settings. In such cases, both pharmacologist and clinician
performed the assessment based on the scientific rationale and their clinical expertise.

Furthermore, the pharmacologist judged the prescriptions as appropriate or inappro-
priate on the basis of the signs and symptoms prescribed, the adverse effects of drugs, the
route of administration, the dose (appropriate as per age and body weight, individualiza-
tion, and the maximum dose per day mentioned for acute drugs), duration being correct
as per documented indication, the possibility of drug interaction, and the prescription of
generic names. The clinician judged the prescriptions independently as appropriate or
inappropriate according to the above criteria as well as their clinical judgement, particularly
optimising symptom remission and tolerating adverse effects. Acceptability of Deviation
was determined using the Table 1:

Table 1. Assessment framework for deviation of prescription through Rational Use of Medicine
Consensus Approach.

Clinician

Appropriate Inappropriate

Pharmacologist
Appropriate Acceptable/No deviation Ref to Consensus committee

Inappropriate Ref to Consensus committee Unacceptable

In case of a disagreement between pharmacologist and clinician, acceptability of the
prescription was discussed in the RUMC committee and a case-to-case decision was taken
based on the understanding of significant harm over benefit.
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Statistical Analysis: descriptive statistics were used to analyse and present the data in
terms of proportion (percentage), and mean with standard deviation (SD). The percentage
of prescriptions adhering to each indicator was calculated overall and in the subgroups
of patient age (below and above 18 years) and different types of prescribers. Agreement
between clinicians and pharmacologists for the appropriateness of prescriptions was deter-
mined by Cohen’s Kappa statistics.

3. Results

Out of total collected 630 prescriptions, 37.3%, 47.5%, and 15.2% were from medicine
OPDs, Paediatric OPDs, and UHTC OPD. The prescriber pattern obtained showed a
majority of prescriptions (42.9%) written by senior doctors, followed by 39.7% written by
general resident doctors, and 17.5% written by post-graduate residents.

ARI was more common among the collected prescriptions, with 511 (81.1%) prescrip-
tions, and 119 (18.9%) prescriptions were for diarrhoea. It was found that the majority of the
patients (63.2%—ARI and 64.7%—diarrhoea) were below the 18-year age group. Around
56% and 49.6% of patients suffering from ARI and diarrhoea, respectively, were female. The
majority of ARI prescriptions were written by faculties (43.8%), while maximum diarrhoea
prescriptions were written by interns and housestaff (42.9%).

Assessments of prescribing patterns were completed utilizing the WHO criteria. De-
viation from WHO criteria were notable in one or more criteria in majority prescriptions
(Table 2). Some of the major contributors to deviations were “no mention of signs and
symptoms” (90%), “antibiotic prescription rate” (57%), “no mention of body weight” (56%)
and Use of FDC (51%).

Table 2. Completeness of prescriptions as per different criteria according to disease and comparison
with WHO core indicators.

Broad Group Criteria Mentioned in Prescription
Total (n = 630)

WHO Core
Indicators

n (%) (%)

Patient and Disease Related
Information

Body weight 354 (56.2)

Signs and symptoms 569 (90.3)

Provisional diagnosis 31 (4.9)

Follow up 302 (48.0)

Drug related information

Mean (SD) no.of drugs prescribed per pescription 4.2 ± 1.9 ≤2

Prescription having all Drugs with generic name 147 (23.3) 100

Prescription of all Drugs from Hospital schedule list 230 (36.5) 100

Prescription of all drugs having Fixed Dose Combiation 321 (51.0)

Drug formulation not mentioned 4 (0.6)

Drug frequency not mentioned 45 (7.2)

Drug duration not mentioned 96 (15.3)

Injectables and antibiotics related
information

Prescriptions with injectables 0 (0.0) 13.4–21.1

Antibiotic Prescription Rate 359 (57.0) <30

The antibiotic prescription rate (APR) was observed to be higher for diarrhoea (65.5%)
than ARI (55.2%). The multiple antibiotic prescription rate (MPR) was also high in cases
of diarrhoea (30%) as compared to ARI (3.9%). Among the diarrhoea cases, antibiotics
were prescribed in 64.4% of acute watery diarrhoea and 66.7% in dysentery. Antibiotics of
nitroimidazole class followed by quinolones, cephalosporins were mostly prescribed. Fixed
Dose Combination of ciprofloxacin, tinidazole/ofloxacin, ornidazole and ofloxacin, metron-
idazole was also used. The antibiotics most commonly used in ARI were a combination
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of Amoxycillin and Clavulinic acid (Beta lactamase inhibitor), followed by Azithromycin,
Cephalexin, Cefixime, Co-trimoxazole and Amoxycillin alone.

3.1. Appropriateness of the Prescription and Acceptability of the Deviations through a Consensus
Committee Approach

Deviation from the standard guideline as evaluated by the RUMC consensus commit-
tee was present in 623 (98.9%) prescriptions (Figure 1). Among them, only 60 (9.5%) were
found acceptable. Out of 563 unacceptable deviations, 357 (63.4%) suffered the possibility
of Adverse Drug Reactions (ADR), whereas 421 (74.8%) prescriptions had inconsistent
or irrational indications. The majority of the unacceptable deviations were due to antibi-
otics, followed by bronchodilators, antihistaminics, Proton Pump Inhibitor/H 2 receptor
blocker/Antacids, Probiotics (Table 3).

630 prescriptions assessed

Deviations found in 623 prescriptions (98.9%)

Acceptable deviation in 60 prescriptions 
(9.6%)

Unacceptable deviation in 563 prescriptions (90.4%)

7 prescriptions complete (1.1%)

Figure 1. Acceptability of the deviations in assessed prescriptions through a consensus committee
approach.

The appropriateness of prescriptions as per clinician and pharmacologist revealed an
“agreement between them” in 90.4% of prescriptions (Kappa—0.14) (Table 4). However,
only 1.1% of total prescriptions were appropriate according to both clinicians and pharma-
cologists. There were 9.6% prescriptions that were inappropriate as per a pharmacologist’s
recommendation but appropriate as per a clinician’s recommendation. Some common
points of disagreement were:

(a) The prescription of antihistaminics in ARI in children has been identified as inappro-
priate by pharmacologists; however, a 2nd generation antihistaminic (cetirizine) may
be considered an acceptable deviation, but a 1st generation (Chlorpheniramine) is
unacceptable due to excessive sedation.

(b) The prescription of Azithromycin in URTI was identified as inappropriate by the
pharmacologist, as Azithromycin is not a first-line antibiotic, but it was considered an
acceptable deviation by the clinician as standard practice.

(c) Drugs prescribed by brand names are considered inappropriate by the pharmacologist,
but it was considered an acceptable deviation.

(d) Prescription of albendazole in children or Vitamin D in infants less than 6 months of
age, though considered inappropriate by pharmacologists when there is no indica-
tion, is considered as acceptable deviation by consensus and adheres to the national
program guideline.

(e) ORS prescribed without specific indication is also an acceptable deviation as it causes
no apparent harm.
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Table 3. Distribution of Drug responsible for unacceptable prescription. (n = 563 prescriptions,
proportions are not mutually exclusive).

Drug Group Specific Agents Prescribed No %

Antibiotics Amoxycillin, Cefuroxime, Azithromycin,
Ofloxacin, Co-trimoxazole. 246 43.7

Bronchodilators Salbutamol, Terbutaline, Theophylline 240 42.6

H1-Antihistaminics Chlorpheniramine, Cetrizine, Fexofenadine 128 22.7

Probiotics Lactobacillus, Bifidobacterium 87 15.4

Proton pump inhibitors Omeprazone, Pantoprazole, Esomeprazole 70 12.4

Vitamins and mineral
supplements Water soluble vitamins, Iron, Calcium, Zinc. 56 9.9

Leukotrine receptor
antagonists Montelukast 49 8.7

Rehydrating agent Oral rehydrating salt 44 7.8

H2 receptor blockers Ranitidine, Famotidine 31 5.5

Non- steroidal
anti-inflammatory drugs Paracetamol, Nimesulide, Diclofenac 28 4.9

Antacids Magaldrate, Aluminium hydroxide 15 2.6

Anti spasmodic agents Dicylomine, Drotavarine 15 2.6

Anti-emetic agents Ondansetron, Domperidone 12 2.1

Corticosteroids Prednisolone, Deflazacort 7 1.2

Digestive enzymes Amylase, Lipase 6 1

Nasal decongestants Oxymetazoline, Xylometazoline 4 0.7

Mucolytic agents Ambroxol, Guiaphenesin 2 0.3

Non-specific
anti-diarrhoeal agent Racecodotril 1 0.2

Table 4. Appropriateness of prescriptions according to clinician and pharmacologist.

Pharmacologist
Clinician

Total Kappa
Appropriate Inappropriate

Appropriate 7 (1.1) 0 (0.0) 7 (1.1)
0.14Inappropriate 60 (9.5) 563 (89.4) 623 (98.9)

Total 67 (10.6) 563 (89.4) 630 (100.0)

3.2. Completeness of Prescriptions—‘Age-Wise’

Body weight was mentioned in 88.5% of prescriptions of patients below 18 years
age group. None of the adult prescriptions had body weight mentioned in them. Higher
proportion of prescriptions with generic name (27% vs. 17%), and from hospital schedule
list (41% vs. 29%) and lower FDC (44% vs. 63%) were observed in prescriptions of <18 years
as compared to adults. APR was also lower for children than adults (48% vs. 71%).

Prescriptions with deviations were slightly lower in children (98.5% vs. 99.5%). How-
ever, proportion of acceptable deviations were more in <18 years age group (12% vs. 6%).

3.3. Completeness of Prescriptions across Types of Prescribers

Body weight, signs and symptoms, follow up visit was mentioned most commonly by
residents while provisional diagnosis was commonly mentioned by faculties. Prescriptions
of all drugs with generic names and from the hospital schedule list were mostly prescribed
by residents, while fixed-dose combinations and antibiotics were mostly prescribed by
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faculties. Deviations were most commonly observed in the prescriptions of junior resi-
dents (99.6%), whereas acceptable deviations were more common among the PG residents
(15%) (Table 5).

Table 5. Completeness of prescriptions as per different criteria across types of prescriber.

Criteria Mentioned in Prescription

Intern & Housestaff
(n = 250)

Residents
(n = 110)

Faculty
(n = 270)

n (%) n (%) n (%)

Body weight 106 (42.4) 89 (80.9) 159 (58.9)

Signs and symptoms 247 (98.8) 109 (99.0) 213 (78.8)

Provisional diagnosis 5 (2.0) 1 (0.9) 25 (9.2)

Follow up 146 (58.4) 92 (83.6) 64 (23.7)

Prescription having all Drugs with
generic name 41 (16.4) 59 (53.6) 47 (17.4)

Prescription of all Drugs from
Hospital schedule list 81 (32.4) 61 (55.5) 88 (32.6)

Prescription of all drugs having FDC 132 (52.8) 29 (26.4) 160 (59.2)

Prescription with antibiotics 133 (45.2) 29 (26.4) 197 (73.0)

Drug formulation not mentioned 1 (0.4) 1 (0.9) 2 (0.7)

Drug frequency not mentioned 20 (8.0) 3 (2.7) 22 (8.2)

Drug duration not mentioned 45 (18.0) 14 (12.8) 37 (13.7)

Prescription With ORS *
n = 51 n = 22 n = 46

43 (84.3) 19 (86.3) 35 (76.0)

Prescriptions with deviations 249 (99.6) 106 (96.3) 268 (99.2)

Prescriptions with acceptable
deviations **

n = 249
11 (4.4)

n = 106
16 (15.0)

n = 268
33 (12.3)

Prescriptions with chance of ADR *** n = 238
156 (65.5)

n = 90
66 (73.3)

n = 235
131 (55.7)

Prescriptions with
inconsistent/irrational indication ***

n = 238
163 (68.4)

n = 90
45 (50.0)

n = 235
213 (90.6)

* Proportion of prescriptions with ORS has been computed for diarrhoea cases only. ** Proportion of acceptable
deviations have been computed out of total deviations in each category. *** Proportion of prescriptions with
chances of ADR and inconsistent/irrational indication have been computed out of Unacceptable deviations in
each category.

4. Discussion

In this study, polypharmacy emerged as a major concern as the average number of
drugs prescribed per patient was 4.2 ± 1.9 which is much higher than the WHO standard
of ≤2 [18]. However, a few studies have also mentioned a higher average number of
drug prescriptions [10,19] per patient, whereas much lower estimates (1.5) were also
observed [20]. Several other studies also reported an average range of 2.8–3.2 drugs
per patient [21–25]. The higher number of drugs may enhance the chance of adverse
drug reactions, antimicrobial resistance, healthcare expenditure and also interfere with
prescription adherence.

Only 23.3% drugs were prescribed by generic names in this study. This is much lower
than the standard cut-off of 100% [18]. Higher proportions of generic names were found in
studies by Viswanath et al. [26] (62.3%) and Shankar PR et al. [19] (58.1%). Furthermore,
in various other studies the proportion of generic names in the prescriptions ranged from
46.2–100% [21,22,27]. The use of generic names is recommended by the government to
reduce healthcare costs. It was observed that 53.6% of residents prescribed generic names,
compared with only 18% for interns and faculties. However, drugs with Fixed Dose
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Combinations (FDC) were prescribed in little more than half of the prescriptions and
similar findings had been reported by others also [27].

Injectable drugs were not prescribed in any of the prescriptions in this study, as
the patients were first-time OPD attendees. The standard value of the proportion of
prescriptions where injectables can be prescribed lies between 13.4% and 24.1% [18]. The
WHO also recommends lesser use of injectable medications as it increases the cost as well as
morbidity and mortality from infections viz. HIV, Hepatitis B and C, air embolism etc. [28].

Overall, 57.0% of prescriptions have at least one antibiotic prescribed. Considering
the higher magnitude of infectious diseases in developing countries, WHO has limited the
use of antibiotics to <30% of prescriptions for all infectious diseases [18,29]. Consequently,
we observed a very high APR and significantly higher in case of diarrhoea and adult
patients compared to their counterparts in the study (p < 0.05). In India, irrational antibiotic
prescription is a serious concern, as reflected by the rates (20% to 72.8%) reported by
different studies [21–24,27]. Antibiotic prescriptions without a provisional diagnosis in a
first-time patient support the notion that physicians should cover for immediate medical
catastrophes rather than consider backing up antibiotics for future implications in the
era of rapidly emerging antimicrobial resistance. We reported a MPR of 10%, which is
much lower than studies by Ashraf et al. [30] and Panchal et al. [10]; however, much lower
usage of antibiotics of 1 per prescription was reported by Bordoloi et al. [31]. In most
of the prescriptions, antibiotics have been prescribed as an empirical therapy without
mentioning any provisional diagnosis. A study by Hekster et al. also reported similar
findings, where diagnosis was not the deciding factor for prescribing antibiotics in half of
the prescriptions [32]. Most episodes of watery diarrhoea in children and sometimes in
adults are supposed to be of viral aetiology, where the use of antibiotics is inappropriate;
even Acute Respiratory Infection may also be of a viral origin with no indication for
antibiotic prescription. This will ultimately contribute to antimicrobial resistance [33–36].
Also according to ICMR guidelines, antibiotics should not be used for viral respiratory
infections and watery diarrhoea and their use should be limited to Streptococcal pharyngitis,
bacterial sinusitis and diarrhoea caused due to cholera, amoebiosis, Giarrdiasis, Shigellosis
and those caused by Campylobacter or Aeromonas [17]. The Guidelines issued by the
State of West Bengal in 2011 also inhibit the inadvertent empirical use of antibiotics [15].
However, our observations are not in accordance with those guidelines.

The most commonly used antibiotic for respiratory infections was a combination
of Amoxycillin and Clavulinic Acid, which was corroborated by other studies [37,38].
The most commonly used antibiotics for diarrhoea were Metronidazole alone or with
Ciprofloxacin. The easy availability of metronidazole and ciprofloxacin combined with
prescriber’s inclination towards a broad spectrum to eliminate the possibility of mixed
infection may drive such type of prescriptions.

Deviations from the available treatment guidelines were found in 98.9% of prescrip-
tions, with 90.3% being unacceptable deviations. The unacceptable deviations were in the
form of preventable ADR, documentation errors, or drugs prescribed for which rationality
could not be explained. A study completed at outpatient clinics in Saudi Arabia reported
omissions of various components of the treatment regimen, with some reaching up to 91%
incompleteness [39]. Higher adherence to guidelines will actually lead to treatment regi-
men completion, possibly because of the institutional culture of emphasising the treatment
regimen prescription writing [40].

In conclusion, the pattern of prescriptions for diarrhoea and ARI revealed inappro-
priate practises and non-adherence to the available guidelines (ICMR, state, and WHO).
Some common forms of inappropriateness were the use of multiple drugs, the use of
brand names, prescribing fixed dose combinations, and the overuse of antibiotics without
any rationale.

At the same time, it came to our attention that the available guidelines are more
suitable for ‘primary care settings’ where simpler cases are expected to be managed, and
probably not the best for managing the ‘complicated’ or ‘referred cases’ in the ‘higher tiers
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of healthcare’. Hence, healthcare tier specific, evidence-based treatment guidelines may be
formulated to minimise the subjective variations in the management approach.

However, the outcome of irrational prescriptions, such as cure rate, drug-drug interac-
tion, or adverse events, was beyond the scope of the present study. Moreover, diarrhoea
and ARI cases are mostly self-limiting and viral in nature. Irrational antimicrobial pre-
scription and consumption not only affect human health adversely but also contribute to
environmental contamination with antibiotic residues, Antibiotic Resistant Bacteria (ARBs)
and Antibiotic Resistant Genes (ARGs). Judicious use of antibiotics is a prerogative in
not only the human health sector but also in animal sectors such as animal husbandry,
fisheries, poultry, etc. Unless the problem of Antimicrobial Resistance is tackled through
multisectoral involvement, the problem of One Health cannot be fully addressed. In this
study, we identified a need for training and education among junior doctors, particularly
interns and house staff, regarding rational antibiotic practices, and the findings can be
applied to similar practises in other sectors as well. Holistically, in order to establish a
One Health approach for the problem of AMR, it requires standardised guidelines, regular
capacity strengthening, behaviour change communication, and periodic evaluation at all
levels. Our study is a small attempt towards achieving this larger goal.
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Abstract: The mosquito-borne disease caused by the Rift Valley Fever Virus (RVFV) is a viral hemor-
rhagic fever that affects humans and animals. In 1987, RVFV emerged in Mauritania, which caused
the first RVFV outbreak in West Africa. This outbreak was shortly followed by reported cases in
humans and livestock in Senegal. Animal trade practices with neighboring Mauritania suggest
northern regions of Senegal are at high risk for RVF. In this study, we aim to conduct a molecular and
serological survey of RVFV in humans and livestock in Agnam (northeastern Senegal) by RT-PCR
(reverse transcription real-time polymerase chain reaction) and ELISA (Enzyme-Linked Immunosor-
bent Assay), respectively. Of the two hundred fifty-five human sera, one (0.39%) tested RVFV IgM
positive, while fifty-three (20.78%) tested positive for RVFV IgG. For animal monitoring, out of
30 sheep recorded and sampled over the study period, 20 (66.67%) showed seroconversion to RVFV
IgG antibodies, notably during the rainy season. The presence of antibodies increased significantly
with age in both groups (p < 0.05), as the force of RVF infection (FOI), increased by 16.05% per year
for humans and by 80.4% per month for livestock sheep. This study supports the usefulness of setting
up a One Health survey for RVF management.

Keywords: Rift Valley Fever Virus; survey; humans; livestock; northeastern Senegal

1. Introduction

Rift Valley Fever Virus (RVFV) is an arthropod-borne virus belonging to the Phlebovirus
order in the Phenuiviridae family which infects humans and animals, including animal
livestock. The virus is transmitted mainly by infected mosquito bites during a blood meal,
yet humans can also acquire RVFV infection through contact with an infected animal or
handling of contaminated animal products, as well as in the healthcare setting during the
care of infected patients [1].

RVF was first documented in 1930 in the Rift Valley region of Kenya in East Africa [2];
the disease has since been reported throughout Africa and the Arabic peninsula, and the
diffusion is likely attributed to livestock trade. In 1987, RVFV emerged in Mauritania and
caused the first RVFV outbreak in West Africa [3]. Due to the high risk of RVF introduction
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by livestock trade with neighboring Mauritania, Senegal’s northern regions are the most
exposed. In Senegal, serological and molecular evidence of RVFV circulation has been
reported in humans, livestock, and mosquitoes [4–11]. Aedes vexans, Culex quinquefasciatus,
and Culex poicilipes can transmit the disease [12].

In humans, after infection and a few days of incubation, clinical signs and symptoms
such as fever, headache, backache, vertigo, anorexia, and photophobia appear. In a few
cases, additional severe clinical manifestations can appear, including hepatitis, jaundice,
further neurological disease, and hemorrhagic disease [13]. RVFV infects a wide range of
animals with signs including fever, bloody diarrhea, and abortion, as well as behaviors
indicative of listlessness, loss of appetite, disinclination to move, and abdominal pain [13].
A differential influence of age on mortality was reported, with juveniles more susceptible
to severe outcomes than adults [13]. RVFV remains detectable by reverse transcription
real-time polymerase chain reaction (RT-PCR) 10 days after symptom onset. Antibody
levels start to increase at day four (4) after symptom onset for immunoglobulin M (IgM)
and on day seven (7) after symptom onset for immunoglobulin G (IgG). These antibodies
remain detectable by serological assay for at least forty-two (42) days for IgM and several
years for IgG [14].

The RVFV genome is a ribonucleic (RNA) genome that is composed of three seg-
ments: small (S), medium (M), and large (L). The S segment encodes the nucleocapsid
(N) protein and non-structural proteins (NS), which are translated from overlapping open
reading frames (ORF). The M segment encodes for the glycoproteins (Gn and Gc) and a
non-structural protein (NSm). Lastly, the L segment encodes the RNA-dependent RNA
polymerase (RDRP) [15].

Several commercialized vaccines are available to protect against RVFV infection,
including the live attenuated MP-12 and the inactivated vaccine TSI-GSD-200 for human
immunization [16], as well as the ancestral live attenuated vaccine Smithburn strain and
the newly developed live attenuated vaccine Clone 13 for livestock animal vaccination [17].
Even so, thus far, no specific pharmaceutical treatment for RVF exists, which prompts an
urgency to assess the circulation of the disease. Here we used a One Health site to assess
the circulation of RVFV in Agnam, an area near Mauritania at risk of infection in animals
and humans related to the importation of infected livestock.

2. Materials and Methods

2.1. Study Sites

This survey was established in the Matam region (15◦06′18′′ N and 13◦38′30′′ W), more
particularly in Agnam, in the villages located around Agnam Civol (16◦00′18′′ N, 13◦41′35′′ W)
and Idite (15◦55′09.5′′ N 13◦43′05.1′′ W) (Figure 1). These Sudano-Sahelian areas are located
in the northeast of the country on the border of Mauritania with an estimated population
of 654,951 inhabitants. Within Agnam, Agnam Civol constitutes the urban environment,
which includes markets and hospitals. In contrast, Idite contains pastoral activities such as
grazing and livestock breeding.

In Agnam, the rainy season starts in June and ends in October, with a low amount of
369 mm of rainfall per year.

2.2. Blood Sampling in Humans and Animals

During this study, to assess the potential circulation of RVFV in Agnam, human and
animal samples were collected.

Every febrile patient who signed their consent was blood sampled in the Agnam Civol
healthcare sentinel site between June 2021 and December 2021 as already described [18].
Blood samples were transiently conserved at +4 ◦C then transferred to the arbovirus and
viral hemorrhagic fever virus unit at the Institut Pasteur de Dakar as part of the ongoing
Syndromic Sentinel Surveillance network in Senegal (4S network) [19]. In the laboratory, ar-
boviral and viral hemorrhagic fever infections were tested by RT-PCR (reverse transcription
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real-time polymerase chain reaction) and ELISA (Enzyme-Linked Immunosorbent Assay)
for the research of the antibodies immunoglobulin M (IgM) and immunoglobulin G (IgG).

 

Figure 1. Study sites (Idite for animal survey represented by the black dot and Agnam Civol
for human survey represented by the red dot) located in Matam (colored in green) in Northern
Senegal. Download from (https://d-maps.com/carte.php?num_car=25271&lang=fr, accessed on
7 January 2023) and edit.

For the animal survey, 30 sheep located in Idite (15◦55′09.5′′ N 13◦43′05.1′′ W) were
blood sampled by jugular routes and tested for RVFV infection by RT-PCR and anti-RVFV
IgG by ELISA in February 2021 to include individuals without any contact with the virus.
Only the sheep that tested negative for RVFV infection were included in this subsequent
study. These sheep were blood sampled every 2 weeks up to day 56 and then monthly from
February to December 2021 to monitor RVFV infection. The sheep were also monitored for
typical signs of RVFV infection, symptoms such as abortion and an increased mortality rate
in young animals.

2.3. Serological Assay for RVFV

The presence of anti-RVFV immunoglobulin M (IgM) was tested in human sera with an
in-house immunocapture Enzyme-Linked Immunosorbent Assay (ELISA) [18]. Goat anti-
human IgM (Sera care, Milford, MA, USA) was diluted at 1/1000 in carbonate–bicarbonate
buffer (0.015 M sodium carbonate, 0.035 M sodium bicarbonate, pH 9.6) as coating buffer.
Coated plates (Immulon II 96-well microtiter plates; Dynatech Industries, Inc., Rockdale,
Australia) were incubated overnight at 4 ◦C. After the incubation step, the plates were
washed thrice using phosphate-buffered saline (PBS, Gibco, Ph 7.4) 1X at 0.05% Tween 20.
Sera and homologous positive and negative antibody controls were added to the wells at a
dilution of 1:100. The diluent used was phosphate-buffered saline with 0.05% Tween 20
and 1% non-fat dry milk. After one-hour incubation at 37 ◦C and 3 washing steps, viral and
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normal antigens of infected suckling mouse liver obtained from the WHOCC collection
were added at dilutions of 1:100. After one-hour incubation at 37 ◦C and 3 washing steps,
polyclonal Mouse Ascitic Fluids specific to RVF Ag were prepared at 1:1000 in diluent
solution. Plates were incubated for a further 1 h at 37 ◦C and washed 3 times. Peroxidase-
conjugated anti-mouse IgG horseradish was subsequently added at a dilution of 1/30,000
in the diluent buffer.

After one-hour incubation at 37 ◦C and 3 washing steps, 3, 3′, 5, 5′-tetramethylbenzidine
(TMB SIGMA Aldrich, USA) was used as a substrate and the reaction was stopped 5 min
later with 1 N sulfuric acid. Reactions were measured using a MultiSkan microplate reader
(Thermofisher Scientific, Waltham, MA, USA) at an absorbance of 450 nm with 620 nm as a
passive reference.

The difference (ΔDO) was measured between the optical density yielded by the sample
viral antigen OD and the sample negative antigen OD; any ΔDO > 0.2 was considered
positive and any lower value was considered negative.

For anti-RVFV IgG detection in human and animal sera, we used an indirect in-house
Enzyme-Linked Immunosorbent Assay (ELISA) test [18]. Plate wells were sensitized by
adding 100 μL per well of 50 ng of RVF glycoprotein (Abcam) diluted in phosphate-buffered
saline (phosphate-buffered saline (PBS, Gibco, Ph 7.4)) 1X and incubated overnight at 4 ◦C.
Plate wells were then washed 3 times with a washing buffer composed of PBS 1X and
0.005% Tween 20. After this washing step, the antigen residues were blocked by adding
200 μL per well of a blocking buffer composed of PBS 1x, 0.05% Tween 20, and 5% non-
fat skimmed milk. After 1 h of incubation at 37 ◦C, the plate wells were washed thrice
with the washing buffer, and 1/100 diluted sera and antibody controls (negative and
positive) were added to the plate wells. Then, the plates were incubated at 37 ◦C for 1 h.
After a washing step, 100 μL of a species-specific antibody conjugated with horseradish
peroxidase (rabbit anti-sheep IgG (Biorad) or a goat anti-human IgG (KPL)) was added to
each well, then the plates were incubated for 1 h at 37 ◦C. The Tetramethylbenzidine (TMB)
substrate was added after three final washing steps, and then the reaction was stopped
with 1 N sulfuric acid. The plate well was read using the absorbance 450/620 filters using a
Multiskan microplate reader, and the generated data were processed in Microsoft Excel.
RVFV glycoprotein ELISA cut-off was determined with a finite mixture model.

2.4. Reverse Transcription Real-Time Polymerase Chain Reaction for RVFV

Ribonucleic acid (RNA) was extracted from human and sheep sera sampling using the
QIAamp RNA Viral Kit (Qiagen GmbH, Heiden, Germany). Briefly, RNA was extracted
from 140 μL of sera using AVL lysing buffer and eluted in 60 μL using AVE buffer according
to the manufacturer’s instructions. Then, extracted RNA was immediately stored at −80 ◦C
until further use. The presence of the RVFV virus non-structural (NSs) gene of the small
segment was tested by RT-PCR using the AgPath-ID One-step RT-PCR kit (Thermofisher)
mixed with primers (forward primer TGCCACGAGTYAGAGCCA and reverse primer
GTGGGTCCGAGAGTYTGC) and probe (probe TCCTTCTCCCAGTCAGCCCCAC), as
previously described [20]. The reaction mixture consisted of 5 μL RNA, 12.5 μL of buffer,
4 μL of RNase-free water, 1 μL of each primer at 10 μm, 0.5 μL of the probe at 10 μm,
and 1 μL of enzymes for a total volume of 25 μL. The RVFV NSs gene detection was
performed on QuantStudio 5 (Applied Biosystems, Foster City, CA, USA) thermocycler
platform using the following cycling conditions: reverse transcription step at 50.0 ◦C for
10 min, denaturation at 95.0 ◦C for 15 min, 40 cycles’ hybridization for 15 s at 95.0 ◦C, and
elongation for 1 min at 60 ◦C.

2.5. Statistical Analysis

Data were processed in Microsoft Excel. Data analysis was carried out in R software
version 4.1.1 (2009–2022 RStudio, PBC). The risk of RVFV exposure was evaluated by logistic
regression with statistical significance set up as p < 0.05. The rate at which susceptible
individuals become infected, which is called the force of infection (FOI), was evaluated as
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previously described [21]. The FOI is an important public health parameter for measuring
the weight or the burden of disease and the effect of outbreak management programs. The
analysis of the human survey (one serosurvey) replicated the methodology of the Colombo
survey as previously described [21]. Alternatively, the animal survey (multiple serosurveys)
replicated the methodology of the Medellin survey as previously described [21].

We use the finite mixture model to determine the cut-off of RVFV glycoprotein ELISA
assay. Finite mixture models are classes of statistical models for addressing the heterogene-
ity of data and characterizing the unobserved class of each observation. It is well-studied
in the field of statistics and has a wide range of applications in the fields of biostatistics,
bioinformatics, medical care, and computer science. Particularly, the finite mixture model
can be used to model bimodal data and derive a cut-off value that separates the two peaks.
In this case, the main task of data analysis is clustering, i.e., using numerical vectors (IgG
concentration, Optic Density (OD) ELISA) to identify positive and negative samples. We
can model such a bimodal distribution by a finite mixture model that uses continuous
distributions from the exponential family [22]. In the absence of clear expectations on the
shape of these distributions, we can consider the normal, the gamma, and the Weibull
distributions. In this paper we use the normal distribution. The normal distribution is
defined on all real numbers and is characterized by 2 parameters: a location parameter μ
and a scale parameter σ. The first parameter accounts for the location of most of the data
and corresponds to the mean of the normal distribution. The second parameter accounts
for the spread of the data around the location parameter and corresponds to the standard
deviation. We refer to μ1 and σ1 for the location and scale parameters of the peak of the
lower optic density (OD ELISA) and μ2 and σ2 for the location and scale parameters of the
peak of the higher optic density (OD ELISA). The density of the bimodal distribution of
optic density ELISA thus reads as follows.

f (x|λ, μ1, σ1, μ2, σ2) = λ × D1(x|μ1, σ1) + (1 − λ)× D2(x|μ2, σ2)

The parameters of the finite mixture model are estimated by the expectation maximiza-
tion algorithm [23] as coded by the function. These parameters include two parameters for
each of the two probability distributions and a mixture parameter.

We use the fitted finite mixture model to identify a cut-off value that discriminates the
two modes of the dataset. For that, we compute the probability for a datum to belong to
distribution D1 as

p1 =
λ × D1(x|μ1, σ1)

λ × D1(x|μ1, σ1) + (1 − λ)× D2(x|μ2, σ2)

and the probability for a datum to belong to distribution D1 as

p2 =
(1 − λ)× D2(x|μ2, σ2)

λ × D1(x|μ1, σ1) + (1 − λ)× D2(x|μ2, σ2)

We equate this probability to the type I error we aim at to find the cut-off value.

3. Results

3.1. Human Survey

During the survey, 255 human sera were collected from febrile patients between
June 2021 and December 2021. The median temperature was 38.5 ◦C with a sex ratio of
0.84 (46.27% for men and 53.73% for women). The patient’s median age was 19 years,
with a minimum age of 2 months and a maximum age of 98 years. Analysis of the signs
and symptoms shows that headache (91.78%) was the most documented sign/symptom
followed by myalgia (65.72%), arthralgia (30.87%), asthenia (7.36%), and rashes (5.66%).
The most sampled age group was 0–20 years, and the most febrile patients sampled were
in October (81/255 or 31.76%).
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One febrile patient tested positive for a recent RVFV infection by testing positive for
the anti-RVFV IgM test. We noticed that 53 were positive for anti-RVFV IgG, and none
of the collected human sera were positive by RVFV NSs RT-PCR test. The anti-RVFV
IgM-positive patient was a 60-year-old woman from Bagonde village located in Idite, and
she had contact with livestock animals. She had a consultation 2 days after the symptoms’
onset. Her clinical signs and symptoms were headache and arthralgia with a temperature
of 38.6 ◦C, and her malaria histidine rich protein (HRP) rapid diagnostic test (RDT) was
negative. The anti-RFVV IgG detection test performed 20 days later was positive, and the
patient regained good health without any complications. We also noticed that 30 years old
was the median age of the positive tested (IgM and IgG) patients, with comparable rates
between women and men (sex ratio = 0.89). The overall seroprevalence (IgM + IgG) was
21.17% in this study.

We estimated the force of infection to be 16.05% per year with a credible interval of
11.22 to 22.11%, with sensitivity and specificity both varying (Figure 2).

Figure 2. The force of infection among Agnam’s tested human population is calculated for each
value of sensitivity or specificity, which is considered to be fixed. Figure 2 shows that the 95%
credible intervals are represented in the grey zones. When specificity reaches 100% sensitivity is less
than 100%, with the converse also being true. On the right side of the plot of Figure 2, as accuracy
approaches 100%, the credible interval approaches the statistical significance of 5% from the standard
binomial (vertical dashed line).

The seropositivity rates between men and women did not show a statistical difference.
Still, the RVFV exposure or infection risk becomes significatively higher with increasing age
(p-value = 0.027), and anti-RVFV immunoglobulins (IgM + IgG) rates were significatively
higher in Bele village (Table 1), which is a pastoral area like Idite.

3.2. Animal Survey

From February to December 2021, 314 sera were sampled from a study group of
30 sheep located in Idite. This population principally consisted of females (94.11%), and the
ages ranged from a minimum of four (4) months to a maximum of eighteen (18) months,
with a median age of eight (8) months. The analysis shows that 20 of the 30 (66.67%)
animals seroconverted to RVFV during the eleven (11) monthly surveys (Figure 3).
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Table 1. Risk factors of RVF infection among the human study group. N IgG (%) = number of people
with anti-RVFV IgG antibodies (percentage of people with anti-RVFV IgG).

N IgG (%) OR (CI, 95%) p-Value

Sex

Male 25 (47.17%)
1.04 (0.56, 1.91) 0.883Female 28 (52.83%)

Age

NA 1.02 (1.00, 1.04) 0.027

Season

Rainy 36 (67.92%)
1.36 (0.72, 2.63) 0.348Dry 17 (32.08%)

Months

June 4 (7.54%) 1.27 (0.28, 5.22) 0.736
July 2(3.77%) 1.91 (0.22, 13.74) 0.515

August 8 (15.09%) 0.65 (0.22, 2.00) 0.445
September 7 (13.20%) 0.69 (0.21, 2.20) 0.534

October 17 (32.07%) 0.76 (0.29, 2.08) 0.548
November 9 (16.98) 0.60 (0.20, 1.80) 0.356
December 6 (11.32%) 0.55 (0.16, 1.81) 0.335

Location

Agnam Civol 22 (41.50%) 1.75 (0.63, 5.69) 0.308
Agnam Godo, Agnam Sinthou Cire,
Badiya, Idite, Ngouloum, Thilogne,

Yero Yabe
1 (1.88%) 8.50 (0.04 6.32) 0.888

Agnam Ouro Ciré 13 (24.52%) 2.94 (0.98, 1.00) 0.063
Bagonde 5 (9.43%) 2.61 (0.63, 1.09) 0.176

Bele 4 (7.54%) 6.80 (1.26, 3.89) 0.024
Toulel Thiale 2 (3.77%) 1.51 (0.19, 8.40) 0.652
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Figure 3. Temporal occurrence of anti-RVFV IgG among Sheep.

Furthermore, the typical clinical signs of RVFV infection, such as abortion storm among
pregnant females, were not observed in the sentinel sheep. Additionally, mortality rates did
not abnormally increase among lambs or young sheep during the livestock sheep survey.
Reverse transcription real-time polymerase chain reaction (RT-PCR) for RVFV NSs detection
shows that no sheep was positive for RVFV infection. We noticed that RVFV seroconversion
occurred mostly in the rainy season (p = 0.0152), particularly in August (p = 0.002786) and
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September (p = 0.000191). The presence of anti-RVFV IgG was significatively higher in
adult sheep (p = 0.0000000387) (Table 2). During the survey, two deaths were recorded,
but neither was positive for RVFV by RT-PCR and Enzyme-Linked Immunosorbent Assay
(ELISA) tests (Table 2).

Table 2. Risk factors for RVF in livestock sheep. N IgG (%) = sheep with anti-RVFV IgG antibodies
(percentage of sheep with anti-RVFV IgG).

N IgG (%) OR (CI, 95%) p-Value

Age

Juvenile 2 (10%)
1.21 (1.14, 1.31) 0.0000000387Adult 18 (90%)

Season

Dry 3 (15%)
1.84 (1.12, 3.03) 0.0152Rainy 17 (85%)

Months

February 0 1.38 (7.96, 1.33) 0.988
March 0 1.38 (2.19, 6.91) 0.988
April 2 (10%) 2.13 (3.86, 1.62) 0.401
May 0 1.00 (1.14, 8.75) 1
June 2 (10%) 2.13 (3.86, 1.62) 0.401
July 4 (20%) 4.14 (9.12, 2.94) 0.0915

August 6 (30%) 1.12 (2.75, 7.62) 0.002786
September 5 (25%) 2.02 (5.03, 1.38) 0.000191
November 1 (5%) 2.02 (5.03, 1.38) 0.000191
December 0 2.02 (5.03, 1.38) 0.000191

Sex

Male 0 (0%)
6.39 (NA, 1.30) 0.985Female 20 (100%)

Analysis shows that the force of infection (FOI) increased by 80.4% per month (CI: 53.6
to 100%) (Figure 4).

Figure 4. Force of infection (FOI) among livestock sheep. The density is determined by the proportion
of individuals (sheep) contained in each age group.
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4. Discussion

Rift Valley Fever Virus (RVFV) remains a major threat to human and livestock health.
To survey RVFV emergence, a molecular and serological pilot survey study of RVF was
undertaken in Agnam, a northern Senegal area with a high risk of RVFV emergence.
Among the two hundred fifty-five human patients tested, one (1) was positive for anti-
RVFV immunoglobulin M (IgM) (0.39%), and the anti-RVFV IgG test performed 20 days
after the anti-RVFV IgM test became positive. To our knowledge, this patient represents
the first ever reported case of acute human RVFV infection in the Agnam area and shows
the usefulness of monitoring emerging disease surveillance through a human survey. The
anti-RVFV IgM patient reported having contact with livestock animals such as cattle,
goats, sheep, horses, and donkeys, which classed her at high risk of RVF infection or
exposure. Ultimately, this woman recovered without complications. Importantly, our
results show that 53 (20.78%) patients presented anti-RVFV IgG, which means they were
already exposed to RVFV. This finding shows that RVFV actively circulates among the
human population in this area. Human overall seroprevalence (IgM + IgG) is 21.17%,
which is a comparable rate to the 21.30% found in Rosso (northern Senegal) [24], the 22.30%
found in Yonofere (central Senegal) [25], and the 21% found in Moudjeria (Mauritania) [26].
However, the 20.78% rate is lower than the seroprevalence reported in Kenya [27], at a
rate of 36.40%. This difference could be explained by the fact that during the Kenyan
study, they sampled a high-risk population, unlike our study where only febrile patients
were tested. Still, our seroprevalence is higher than those found in Nigeria (5.3% [28]) and
in Senegal (6.5% in Linguere (central Senegal), Mbour (western Senegal), and Kedougou
(southern Senegal) [29], 0.89% in Kedougou (southern) [30], and 5.2% in Diawara (southern
Senegal) [31]). This difference could be due to the different epidemic factors or profiles
between our study areas. Historically, northern Senegal including Agnam is known to be
at high risk for RVFV emergence because of its proximity to endemic areas. Furthermore,
Agnam is located in the Matam region, one of the main paths of human transport of
livestock into Senegal, Mauritania, and Mali [32]. Interestingly, previous studies show that
transboundary livestock trade between countries has been related to the Comoros island
RVFV outbreak [33] and the reemergence of RVFV in Somalia [34]. Indeed, epizootics
(amplification of the virus in an animal population such as livestock animals) acting as a
vector have usually preceded human RVFV epidemics [22].

The animal survey showed that seroconversion to RVFV occurred in 20 of the 30 livestock
sheep (66.67%), and anti-RVFV IgG persisted until the end of the study (December 2021).
Furthermore, high mortality rates among the sheep, including abortion storms, were not
observed during the livestock animal survey. These results could indicate that RVFV
circulates sub-clinically in our livestock sheep. The high seroprevalence (66.67%) found in
this study is comparable to the 75% reported in Senegal [29], 55% from Mauritania [35], and
45% from Uganda [34]. Our prevalence is higher than that reported in Senegal (14.3%) [8],
Mauritania (3.8%) [36], the Central African Republic (12.9%) [37], and Uganda (4%) [38],
which could be explained by the long exposure time (11 months) of the sentinel sheep in
natural settings. The increasing seroprevalence in sheep (Figure 3) has preceded the only
anti-RVFV IgM human case found in this study (Figure 2), which, in conjunction with her
contact with livestock, suggests RVFV replication in sheep could have also led to the first
human acute case of RVFV.

Our results show that seropositivity was significatively higher in the older population
in both humans and sheep, which supports previously documented studies [16,22,38]. A
study conducted in the lower Senegal river basin demonstrated that children born after the
1987 RVF outbreak have a small anti-RVFV IgG antibody rate (5%) compared to the elder
population (25.3%) [22]. Our age-associated results are supported by the increased FOI
with time (years or months in each group). The first recorded human acute case of RVF in
Agnam is a 60-year-old woman in our study whose disease was detected in October 2021,
which is in line with age and rainfall being major factors in RVF epidemiology. Likewise,
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nearly all seroconversion occurred in adult animals and during the rainy season (28 of
30 animals).

5. Conclusions

This study provided evidence of RVF circulation in humans and livestock. These
results highlighted the importance of RVFV surveys in both humans and animals for
averting potential RVF outbreaks. Our findings show that in Agnam, the highest RVFV
seroconversion rates occur in the rainy season, and the elder population is the most at risk
of RVFV exposure. Accordingly, an immunization campaign for RVFV vaccine implemen-
tation should be established in the dry season. Lastly, to improve RVFV epidemiological
studies in Agnam, a survey of mosquitoes/vectors and other hosts needs to be conducted
alongside human and animal surveys for the elucidation of the mechanisms underlying
RVFV emergence in the northern Senegal area and beyond.
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Abstract: The context of the COVID-19 pandemic has brought to light the infodemic phenomenon
and the problem of misinformation. Agencies involved in managing COVID-19 immunization
programs are also looking for ways to combat this problem, demanding analytical tools specialized
in identifying patterns of misinformation and understanding how they have evolved in time and
space to demonstrate their effects on public trust. The aim of this article is to present the results of
a study applying topic analysis in space and time with respect to public opinion on the Brazilian
COVID-19 immunization program. The analytical process involves applying topic discovery to
tweets with geoinformation extracted from the COVID-19 vaccination theme. After extracting the
topics, they were submitted to manual annotation, whereby the polarity labels pro, anti, and neutral
were applied based on the support and trust in the COVID-19 vaccination. A space and time analysis
was carried out using the topic and polarity distributions, making it possible to understand moments
during which the most significant quantities of posts occurred and the cities that generated the
most tweets. The analytical process describes a framework capable of meeting the needs of agencies
for tools, providing indications of how misinformation has evolved and where its dissemination
focuses, in addition to defining the granularity of this information according to what managers
define as adequate. The following research outcomes can be highlighted. (1) We identified a specific
date containing a peak that stands out among the other dates, indicating an event that mobilized
public opinion about COVID-19 vaccination. (2) We extracted 23 topics, enabling the manual polarity
annotation of each topic and an understanding of which polarities were associated with tweets.
(3) Based on the association between polarities, topics, and tweets, it was possible to identify the
Brazilian cities that produced the majority of tweets for each polarity and the amount distribution of
tweets relative to cities populations.

Keywords: COVID-19; infodemic; misinformation; Twitter; topic analysis; immunization program;
public trust; Brazil

1. Introduction

The pandemic has significantly impacted people’s daily lives worldwide, affecting
work, education, and social interactions and leading to the enforcement of distancing mea-
sures worldwide [1–3]. Physical distancing made people interact predominantly through
virtual and online platforms such as social networks, video-conference software, and in-
stant messenger applications [4]. In addition to adopting home-based work [5], these
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interactions generated large volumes of data that can be retrieved for various types of anal-
ysis [6,7], supporting strategies to mitigate the COVID-19 outbreak, from early detections
to monitoring infodemic phenomena based on people’s opinions and emotions, and the
misinformation spread through the social web [8].

The opinions and sentiments expressed by people about aspects of the pandemic have
triggered worldwide research seeking to analyze the associated patterns and generate infor-
mational inputs to support actions in favor of combating the social effects of COVID-19 [9].
Among the themes studied by researchers worldwide based on opinions and sentiment
analysis, the construction of corpora about the pandemic can be considered a starting point
for any related analysis (see, for instance, [10–14]).

In this context, Cotfas et al. [15] analyzed public opinion about COVID-19 vaccination
in the United Kingdom. Topics were extracted using latent Dirichlet allocation (LDA) to
support the analysis of the opinions. The authors suggested that their findings can be used
to combat public hesitation with respect to vaccines, as information about the causes of
such hesitation can be extracted through topics.

Abdulaziz et al. [10] also focused on sentiment analysis of COVID-19, using LDA to
extract topics from Twitter texts and the Valence Aware Dictionary and Sentiment Reasoner
(VADER) lexicon model to classify text sentiments. Using these techniques, they identified
trending topics during the pandemic, including “drugs research”, “news”, “losses”, ‘econ-
omy”, “lockdown”, “updated cases”, “school closures”, and “rules”, separating the topics
according to positive, neutral, and negative labels.

Melton et al. [16] applied public sentiment analysis using information shared in
Reddit communities about COVID-19 vaccines, using the LDA to model and extract topics,
classifying them according to their sentiment polarity (“positive”, “negative”, or “neutral”).
The study results showed that Reddit communities expressed more positive than negative
opinions about vaccine-related content, maintaining this tendency over time.

Shi et al. [17] developed a study on emotional analysis based on public opinion among
the Chinese population, using posts from the Weibo microblog platform. In their analytical
process, they applied LDA for topic discovery and text emotion extraction using a pre-
existing emotional ontology vocabulary and analyzed the evolution of emotional timelines
for Chinese cities, in addition to identifying the most discussed topics during the first wave
of the COVID-19 pandemic.

In a study with a medical infoveillance orientation, Mackey et al. [18] applied topic
modeling using the Biterm Topic Model (BTM) to detect and characterize conversations
among Twitter users that were COVID-19-related. The authors reported that tweets could
be separated into five kinds: those related to reports of symptoms, those involving symp-
tom reporting concurrent with lack of testing, those containing discussions about recovery,
those containing discussions about test confirmations reporting a negative COVID-19 diag-
nosis, and those recalling symptoms and questioning whether they had already contracted
the disease.

Daradkeh [19] presented an analytical framework for topic modeling COVID-19
misinformation on social media using LDA, sentiment analysis, and VADER. The topic
model consisted of vaccination policy and strategy, society and community, organizations
and institutions, family and friends, vaccination behavior, and vaccination experience.
Sentiment analysis separated tweets into four classes: misinformation combined with
positive sentiment, misinformation combined with negative sentiment, non-misinformation
with positive sentiment, and non-misinformation with negative sentiment, enabling the
generation of a sentiment trend timeline over six months.

Wang et al. [20] analyzed topic and feature distribution relative to the need for public
information on COVID-19 using texts extracted from a Chinese online question-and-answer
community. Their methodology applied LDA and the k-means clustering algorithm, obtain-
ing as results keywords related to the public information about vaccination, a co-keywords
network, and an “information needs framework” based on the results of both methods,
elucidating, for instance, the information needs of various social groups.
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Zhu et al. [21] developed a public opinion analysis framework based on LDA for
topic modeling and Bidirectional Encoder Representations from Transformers (BERT) with
Functional Data Analysis (FDA) for sentiment classification using data collected from
Weibo platform in China. A remarkable result of their research was the distinction between
positive and negative posts, revealing differences in the topics with vaccine-support and
vaccine-hesitant orientations.

Xie et al. [22] reviewed the Chinese government’s information about COVID-19 to
identify scientific communication topics. They applied LDA, correlation analysis, and
analysis of variance (ANOVA) on a collection of news briefings composing a science-
related corpus. They found topics related to communication about (1) prevention, control,
epidemiological investigation, and personal health according to the popularization of
scientific knowledge models; (2) research on Chinese medicine, vaccines, and medical
resources according to the public understanding of scientific knowledge; and (3) citizen,
community, and enterprise participation in scientific knowledge co-production.

Another interesting study related to the pandemic was developed by Zhou et al. [23]
in China to assess the spatio-temporal characteristics of public sentiments about COVID-19
in small cities, supporting public agencies to decide on anti-pandemic measures. They
applied a dictionary-based sentiment analysis, local Moran’s index, and kernel-density
analysis to support analyzing non-linear evolution and clustering characteristics of public
sentiment in space and in time.

The vaccination campaign against COVID-19 in Brazil was marked by the division
of public opinion, with discussions and confrontations between pro- and anti-vaccination
groups on social networks and the notable dissemination of misinformation about vac-
cines [24,25]. Political interference in support of both movements in Brazil took this
discussion to a different level, leading to an investigation by the Brazilian Senate into
potential crimes committed throughout the entire process of fighting COVID-19, from
sanitary and isolation measures to the vaccines’ purchasing [26] and even considering
politicians’ negationism about the pandemic [27].

The dissemination of misinformation about COVID-19 vaccination in Brazil and
the world brought to light the need for immunization program management agencies
to properly analyze the infodemic phenomenon [27]. It includes analytical tools able to
demonstrate how misinformation evolves in time and space, ensuring the understanding
of where and when it emerged, understanding the effects on the population, and making it
possible to replace “wrong” with “right” information [24,28,29].

Some recent studies have indicated paths to be followed to address this need. We
highlight those that are most associated with the research we carry out: applying methods
to discover patterns in comments and opinions indicating the commenter’s behavior [30];
systematizing the assessment of underlying exogenous variables related to people’s belief
in misinformation [31]; building datasets with significant amounts of texts to be used by
analytical tools, providing reliable results, considering texts with geographic information,
and obtaining them from multiple channels to extend the studies validity [10,25,32].

The present article reports a new study expanding the findings of de Carvalho
et al. [33], who applied temporal opinion analysis to tweets about COVID-19 vaccina-
tion in Brazil. The main objective is to present the results of a spatio-temporal analysis of a
set of geocoded tweets, demonstrating which topics were discussed between 2020 and 2021
through an interface that considers the distribution of posts over time and the Brazilian
geographic space.

This study attempts to address the needs identified above by applying a methodologi-
cal approach that public agencies managing the COVID-19 immunization program can use
to combat the spread of misinformation, considering natural language processing tools,
text mining, and machine learning to provide structured and helpful information.

Four research questions can be defined regarding our research problem:

(1) What topics were discussed during 2020 and 2021 on COVID-19 immunization
in Brazil?
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(2) What can be understood/interpreted about the extracted topics?
(3) How did topics evolve over time?
(4) How are they distributed in Brazilian territory, and which places have generated the

most tweets?

Among the research findings, we highlight the most interesting: (1) the highest peak
in the number of tweets for most of the topics and all polarities on 17 January 2021, the date
of the first COVID-19 vaccine applied in Brazil; (2) twenty-three topics were extracted and,
after manual annotation, fifteen of them received the pro-vaccination label, five the neutral
label, and three the anti-vaccination label, indicating a predominance of topics supporting
vaccination in Brazil within the period studied, according to the annotators’ judgments;
(3) through the association polarity → topic → tweet, it was possible to identify the Brazilian
cities that produced the most tweets according to each polarity, and the distribution of the
number of tweets according to the cities’ population.

2. Methods

The methodological approach applied in our research was based on a social web
mining framework [34] with the following main elements:

(1) Texts collection from Twitter
(2) Texts preprocessing
(3) Feature selection
(4) Topic modeling and discovery
(5) Spatio-temporal topic analysis

Figure 1 describes the workflow of this framework, divided into four parts, starting
with the data acquisition and ending with the exploration of topic distribution in space
and time.

 

Figure 1. Workflow for the spatio-temporal topic analysis.

2.1. Texts Collection and Storage

The texts were collected using Twitter API 2.0 through a scraping script developed in
Python, applying functions from the “requests” library. Larger corpora were constructed,
as reported in de Carvalho et al. [33], but a subset containing only geocoded tweets was
extracted, composing a georeferenced corpus. Table S1 in the Supplementary Materials
presents the parameters used in the scraping script. The blocks of keywords applied for
scraping are based on the studies by de Oliveira et al. [35] and de Carvalho et al. [33,36].
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In the final steps of the scraping process, there is a preliminary treatment to exclude
fields from tweets unrelated to this search. The final georeferenced corpus was stored in a
comma-separated values (csv) file with the following fields:

(1) Tweet text (text field)
(2) Place name (place_name field)
(3) Country name (country field)
(4) Geographic coordinates (point field)
(5) Creation date (created_at field)

The geographic coordinates field consists of latitude and longitude, and it was later de-
composed into specific vectors for each part of the coordinate. The dates were transformed
into a readable format by the temporal analysis scripts.

2.2. Initial Treatment

A set of preprocessing functions was applied to minimize textual noise effects: case
folding; duplicities exclusion; tasks for eliminating punctuation, emojis/emoticons, num-
bers, stop words, links/URLs; and tokenization. The preprocessing was developed through
another Python script using mainly the Spacy library [37], which implements all the listed
functions, and the Pandas library [38] for data frame manipulation and to convert data
frames to the final storage file format (csv).

After preprocessing, the texts were vectorized using simple term counting (defining
the frequency of the term) and the term frequency-inverse document frequency (TF-IDF).
Both vectorization processes were applied using the respective functions available through
the Scikit-Learn framework [39].

Each vectorization method received the lemmatized tokens extracted from the tweets.
So, for the subsequent topic modeling and analysis phases, the words (treated as uni-grams)
were the selected features.

2.3. Topic Model Setup

Topic modeling methods consist of converting numeric (document × term) vectors
representing documents to (topic × term) and (document × topic) vectors [40]. The topic
modeling applied in our study was based on the Latent Dirichlet Allocation (LDA), a
hierarchical probabilistic model to decompose a collection of documents in topics based on
probability distributions of vocabularies [41].

The model was proposed and described by Blei et al. [42] and can be represented
by the generative process in Algorithm 1, where N denotes a sequence of words w = (w1,
w2, . . . , wn), θ is a k-dimensional Dirichlet random variable that can assume values in the
(k—1)-simplex vector. In our study, we used Scikit-Learn’s LDA implementation considering
the online variational Bayes method [43], using mini-batches of training data to update the
number of components incrementally.

Algorithm 1 Latent Dirichlet Allocation Generative Process

1. For each document w in a corpus D:
1.1 Choose N ∼ Poisson(ξ)
1.2 Choose θ ∼ Dirichlet(α)
1.3 For each of the N words wn:
1.3.1 Choose a topic zn ∼ Multinomial(θ)
1.3.2 Choose a word wn from p(wn|zn, β) , a multinomial probability related to the topic zn

A hyperparameter tuning using Scikit-Learn’s Grid Search function was performed,
considering learning decays of 0.5, 0.7, and 0.9 for between 3 and 30 topics. The learning
decays are parameters that control the learning rate when using the LDA online variational
Bayes method and can vary from 0.3 to 1.0.

The Grid Search can deliver test scores such as the model perplexity and the log-
likelihood (log p(wd)) for hyperparameter combinations. We can interpret the perplexity
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as a measure of the possibilities of the collection of unseen words of a text belonging to
a topic, and the lower it is, the better the LDA model’s performance [44]; the higher the
log-likelihood, the better the model [42]. Scikit-Learn’s perplexity function calculates the
related score as exp(−1 × log p(wd)).

2.4. Topic Analysis

The previous phase outputs enable the topic analysis. For the overall topic visual-
ization, we used (1) intertopic distance mapping, (2) the most salient terms evidencing,
and (3) topic segregation. For the intertopic distance mapping and the most salient terms,
we used a Python library called pyLDAvis [45,46], automatically creating dashboards for
topic visualization.

In the intertopic distance map, the extracted topics are represented by circles, and
their area corresponds to each topic’s term prevalence. The center of each topic is defined
by calculating the distance between the topics, using a multidimensional scaling process
to represent the distances on a two-dimensional plane [47]. The process to obtain the
most salient terms consists of applying a saliency measure to filter and rank the terms,
considering Equations (2) and (3) described by Chuang et al. [48]:

istinctiveness(w) = ∑
T

P(T|w)× log
P(T|w)

P(T)
(2)

saliency(w) = P(w)× distinctiveness(w) (3)

According to Chuang et al. [48], Equation (2) describes how informative the specific
term w is for determining the generating topic T, versus a randomly-selected term w’.
Equation (3) describes how to calculate the salience measure, considering that given the
number of words, the list of the most probable terms contains more generic words than the
list of specific terms [48].

For topic segregation, we used the t-distributed stochastic neighbor embedding (t-SNE)
implemented in Scikit-Learn and the Bokeh library [49] for plotting. The t-SNE was de-
signed to alleviate the crowding problem in the traditional stochastic neighbor embedding
(SNE) using a symmetric version of the SNE cost function [50]. Joint probabilities pij de-
scribed by Equations (4) and (5) are defined to measure similarities between objects xi
and xj, symmetrizing two conditional probabilities, where σi represents the bandwidth of
Gaussian kernels defined so that the perplexity of the conditional distribution Pi is equal to
a predefined perplexity u [50,51].

pi|j =
exp(−d

(
xi, xj

)2/2σ2
i

∑k �=i exp
(
−d(xi, xk)

2/2σ2
i

) (4)

pi|j =
pj|i + pi|j

2N
(5)

The final part of the methodologic workflow is the space and time topic analysis.
Using the results of the previous phase, we can perform the following tasks:

(1) Manual topic polarity labeling, dedicated to annotating the polarity trend associated
with each topic into three types:

(1) Supportive topic (pro), with positive relation, denoting trust about the
COVID-19 vaccination.

(2) Negationist or unsupportive topic (anti), with negative relation, denoting
mistrust about vaccination.

(3) Neutral topic (neutral), not associated with the types above.

(2) Geographical Topic Analysis is dedicated to visualizing and understanding the topics’
distribution in a geographic area. There are two possible ways to perform this analy-
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sis [52]: (1) discovering different topics of interest that are coherent across geographic
regions and (2) comparing several topics across different geographical locations.

(3) Time Topic Analysis is dedicated to visualizing and understanding the topics’ dis-
tribution over time. One example of this application can be seen in the study by
Martin et al. [53].

In our research, the manual topic polarity annotation was performed by an initial group
of three scholars, from different research areas, with different backgrounds: Informatics,
Economics, and Life/Health Sciences. This manual labeling becomes necessary to ensure
an alignment based on human knowledge and the consequent reliability of the topics
concerning their positioning on the investigated theme. The use of three annotators is a
way to ensure that, if there is a disagreement between the labels of two of them, the labeling
of a third one can serve as a basis to define which polarity label will be defined [54]. If there
is still a tie, even with the judgments of the three annotators, a fourth annotator will be
invited to perform the tiebreakers only for the topics that caused indecision.

The Brazilian geographic space is considered for the analysis performed in this study,
and the geographical topic analysis is aligned with the idea of discovering topics of in-
terest across the Brazilian geographic regions. Using data collected from June 2020 to
October 2021, we could perform the time topic analysis, demonstrating the evolution of
the discussions. Graphs were developed using the Python Matplotlib library [55], and the
geographical features were handled using the GeoPandas library [56].

3. Results and Discussion

The results will be presented following, divided into (1) the general findings, consid-
ering initial data about the corpus constructed for the spatio-temporal analysis; (2) the
topic modeling results according to the Grid Search applied; and (3) topic analysis findings,
considering the manual labeling, and the spatio-temporal analysis.

3.1. General Findings

Considering the geocoded tweets extracted from one of the corpora presented by
de Carvalho et al. [33], the initial corpus composition for the present study contained
62,873 tweets. We applied a cleaning process to eliminate tweets that escaped location
and language filters, resulting in 55,758 tweets. Table S2 in the Supplementary Materials
contains an example of georeferenced corpus content, with its first five lines. Figure 2
presents the tweets’ amounts over the seventeen months (from June 2020 to October 2021).

Figure 2. Overall tweets distribution over 17 months.
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The number of tweets started to increase in mid-December 2020; in addition, there
was a peak with 1224 tweets on 17 January 2021, identified by analyzing the collected data.
Both situations were also noted in the study by de Carvalho et al. [33]. Figure 3 presents the
general distribution of tweets according to the cities that generated them in the Brazilian
municipal grid.

Figure 3. Overall tweets distribution in Brazilian territory.

There are twenty-five cities with at least 300 tweets registered in the corpus; among
them, twenty cities are state capitals, including Brasília (the country capital), and the others
are major urban centers in their respective states. Table S3 in the Supplementary Materials
presents the list of these twenty-five cities with the associated number of tweets. In this
map and all the others along the results, the cities are represented in the Brazilian municipal
grid. In other words, for figures with maps, although we refer to the cities, the graphical
representations are the municipalities.

3.2. Topic Modeling Results

The topic modeling process considered two word-vectors, one obtained using the
count vectorizer and the other the TF-IDF vectorizer. The main results for the Grid Searches
using these vectors were:

(1) For the words vector obtained with the count method: a topic model with only three
components (topics), using a learning decay equals 0.7. This result is corroborated by
the best log-likelihood of −840,183.6751 and perplexity of 1479.7684.

(2) For the words vector obtained with TF-IDF method, a topic model with only three com-
ponents, and in this case, using a leaning decay equals 0.5. This result is corroborated
by the log-likelihood of −281,057.5610 and perplexity of 4225.0856.

However, the results of this test require a sensitivity analysis that can be applied using
the learning decay’s performance graphs. This analysis can help define a more significant
number of topics within the determined limits. Although the increase in the number of
topics for each learning decay may cause a decrease in the log probability (whose values
are negative) regardless of the applied vectorization, there will be a better margin of topics
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for analysis based on the diversification of the sub-themes involved. The graph grid in
Figure 4 contains the overall performance curves for each of the three learning decays.

A2 

B1 B2 

A1 

Figure 4. Learning decay curves for both words’ vectors: graphs (A1,B1) contain the overall
curves for the traditional count (frequency), and the TF-IDF vectorized words, successively; graphs
(A2,B2) present the regions where the last overcome between the curves occurred, supporting defining
the best topic model.

Graphs A1 and B1 in Figure 4 corroborate the best topic models with only three
topics, but we can refine these results by looking for the graphs’ regions where the initial
best-performing learning decay curves are overcome.

Learning decay curves for the words vector obtained using the count vectorizer
presented the definitive overcoming of the learning decay curve of 0.7 between 22 and
22.5 for the number of topics. The curve initially containing the best result was surpassed
by the learning decay curve of 0.9, as presented in Graph A2 (Figure 4). So, for this case,
we can define 23 as the number of topics, rounding this number after 22.5. The learning
decay curve of 0.5 in this analysis always remained below the other two.

For the learning decay curves related to the words’ vectors obtained using the TF-IDF
vectorizer, there were several points where the curves of 0.5 and 0.7 crossed each other.
For instance, the first time was between 3.10 and 3.15 topics, where the learning curve
of 0.5 (containing the initial best model) was overcome by the curve of 0.7. However, as
recorded in Graph B2 (Figure 4), the learning curve of 0.7 was overcome by 0.9 between
4.60 and 4.70 topics. After this, there was no other overcoming among the curves. It
indicated a model with five topics, rounding this number of topics immediately after
4.7 and the learning decay of 0.9.

Based on this sensitivity analysis, we opted to use a model with 23 topics according to
the words’ vector obtained through the count method.

3.3. Topic Analysis Findings

The initial output of the topic modeling and extraction is the overall topic structure.
There are several forms to present this structure. Table S4 in the Supplementary Materials
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presents the 15 most frequent terms for each topic, and Table S5 translates these terms into
English. A graphical visualization for the topics is given in Figure 5.

Figure 5. Intertopic distance map and the most salient terms found in the extraction process [45,48].

The graphs in Figure 5 support understanding the distribution and proximity of each
topic in a two-dimensional projection and the most salient terms that can be interpreted as
the most frequent words between all the topics. The thirty most salient terms, translated
to English, are: vaccination, day, shot, vaccineyes, vaccineforeverybody, vaccine, years,
vaccinenow, vaccines, today, covid, health, to vaccinate, shots, to take, people, outbolsonaro,
queue, hailthesus, pandemic, president, population, vaccinated, comevaccine, coronavirus,
year, [we] will, country, government, and days. Some of these terms, before preprocessing,
contained hashtags (#):

• vaccineyes → vaccine yes
• vaccineforeverybody → vaccination for everybody
• vaccinenow → vaccine now
• outbolsonaro → out Bolsonaro (the family name of the Brazilian president at the time

this study was carried out)
• hailthesus → hail the SUS (the last part is the acronym for Sistema Unico de Saúde, the

Brazilian Public Health System)
• comevaccine → come vaccine

See Table S6 in the Supplementary Materials for the interpretations of what each topic
can mean. The number of tweets on each topic is presented in Table S7 in the Supplementary
Materials. Figure 6 presents the distribution of tweets among topics.

For each topic, we also could extract the weights of the terms presented in Table S4 in
the Supplementary Materials. Figure 7 presents the plot of the 15 terms with the highest
weights in each topic (see the translations to English in Table S5).
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Figure 6. Tweets distributions among the 23 extracted topics.

Figure 7. Cont.

85



Trop. Med. Infect. Dis. 2022, 7, 425

Figure 7. The fifteen terms with the highest weights in each topic.

The segregation of clusters of tweets according to related topics was generated from
the results of the t-SNE method, allowing another kind of visualization of the topics’
distributions in a two-dimensional projection. These clusters are shown in Figure 8.

Figure 8. Tweets’ clusters in a two-dimensional plane, according to the topics they are related.
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3.3.1. Manual Annotation Results

The manual annotation of topics according to the three defined polarities did not
generate ties for most topics. Only two topics (9 and 17) presented label ties as each of the
three annotators applied a different label. A fourth annotator (an Engineering researcher)
was invited to support resolving the indecision in the two topics. The results of the polarity
label annotation are shown in Table 1.

Table 1. Results of the manual annotation process.

Topic Label Topic Label

1 Pro 13 Pro
2 Pro 14 Pro
3 Pro 15 Neutral
4 Pro 16 Neutral
5 Neutral 17 Anti
6 Pro 18 Anti
7 Pro 19 Pro
8 Pro 20 Pro
9 Neutral 21 Neutral
10 Pro 22 Pro
11 Pro 23 Pro
12 Anti - -

After resolving the ties, the labels’ distribution defined fifteen pro-vaccination topics,
five neutral, and only three anti-vaccination. These labels enable the visualization of
opinion distributions associated with the topics in space and time, helping to complete
the analysis of the support and trust orientation regarding the COVID-19 immunization
program in Brazil. After applying these labels to the corpus, the tweets’ counts were:
41,868 pro-vaccination, 9725 neutral, and 4165 anti-vaccination.

3.3.2. Topics Timeline

The topic extraction process allowed the determination of the timelines for each of the
23 topics according to the number of tweets posted over the 17 months. As we obtained
the topic → tweet association, it was possible to compute the totals of tweets collected
according to each day for each topic.

The graph grid in Figure 9 presents the timelines, sharing the same axes (for the x-axis,
the dates, and the y-axis, the tweets count). Each topic showed different peaks in the
number of tweets on specific dates, with the highest peak in Topic 3 between January and
February 2021, specifically on January 17, which is in line with the peak in the overall
timeline of tweets (see Figure 2). Several smaller peaks in this same period can be observed
in all other topics, whether they are the most significant peaks or not when we look inside
each one.

The topic analysis over the seventeen months showed the trend of a significant peak
in the count of tweets on several topics between January and February 2021. On 17 January
2021, the first vaccine application was carried out in Brazil, which had repercussions on
social media and may be associated with this peak. Among the topics with peaks in this
period, Topic 13 had the highest among all peaks, reaching 150 tweets.

All graphs show a trend toward fewer tweets between June and December 2020. As of
December, the number of tweets on each topic started to grow. The month of December was
marked by the launch of the National Vaccination Campaign against COVID-19, precisely
on 16 December 2020. Therefore, from that date onwards, an intensification of online
discussions on the subject was expected.
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Figure 9. Timeline for each extracted topic, counting the number of tweets per day within the
considered period.

It is interesting to note that in the period between June and December 2020, some
topics had salient peaks in the number of tweets: Topic 2 between August and September
2020, Topic 6 between June and July 2020, and Topic 14 between July and August 2020.
These peaks may indicate, for instance, periods of interest in more specific investigations,
supporting the discovery of public discussion trends.

It was possible to create a timeline for each label based on the association between
polarities and topics. The graph grid in Figure 10 presents these timelines.
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Figure 10. Timeline for each polarity, counting the number of tweets per day within the considered period.

The graphs show that most tweets are pro-vaccination according to the topic-polarity
association. Each polarity presented a most significant peak in the tweets number which
we zoomed to show more detail. Note that the peaks occurred on 17 January 2021.

3.3.3. Topics in Brazilian Geographic Space

The topic analysis in a geographic space has several levels of scope, ranging from the
analysis of cities and neighborhoods to entire regions of a country. The granularity of the
geographic information collected through the tweets allowed us to reach the municipal
level, as seen in Figure 3.

Altogether, tweets from 3917 cities were retrieved, but not all of them had all the
associated topics. It is also important to remember that only twenty-five cities had at least
300 tweets. As it is impossible to analyze the geographic distribution of all twenty-three
topics in a shorter and more objective text such as this, we selected the two with the highest
number of tweets to exemplify the analysis. Figures S1–S21 in the Supplementary Materials
present the other topics’ spatial distributions.

Topic 3, “Vaccination as a priority government action to combat COVID-19”, with
pro-vaccination polarity, has the most significant number of tweets (n = 7165). The map in
Figure 11 presents the distribution of Topic 3 in Brazilian cities. In the areas with darker
red, there are the highest amounts of tweets from Topic 3.

Topic 13, about “Vaccine saving lives concerning COVID-19” also with pro-vaccination
polarity, has the second most significant number of tweets (n = 4815). Figure 12 contains
the distribution of this topic in the Brazilian territory.
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Figure 11. Topic 3 distribution on the Brazilian territory.

Figure 12. Topic 13 distribution on the Brazilian territory.

From the topic polarity annotation, in addition to analyzing the evolution of these
polarities over 17 months, it is possible to visualize the geographic distribution of tweets
according to the labels applied. The grid in Figure 13 contains maps according to polarity,
making the distribution of tweets per city.
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Figure 13. Distribution of tweets throughout the Brazilian territory according to polarities.

It was also possible to extract the ten cities with the highest number of tweets on
each map according to polarities. Table 2 details these cities, separating them according to
the polarity labels and presenting the tweets counting and percentual distributions. The
populations presented for the cities came from the last population census of the Brazilian
Institute of Geography and Statistics, which occurred in 2010.

The data in Table 2 highlights that São Paulo and Rio de Janeiro (both capitals of
homonymous states and the two biggest cities in terms of population) had the highest
number of pro-vaccination and neutral tweets. However, compared to other cities, which
have smaller populations, they also have the smallest distribution of the amounts according
to the population size, as seen through the percentual distribution column in the table. In
the anti-vaccination polarity, Porto Alegre (capital of Rio Grande do Sul) had the highest
number of tweets and the third highest percentual distribution score. São Paulo, followed
by Rio de Janeiro, had the smallest distribution scores for the same polarity.

The percentual distribution scores represent interesting information to understand the
opinions’ penetration according to each city’s population size. In cities with large popula-
tions, such as São Paulo and Rio de Janeiro, which also had some of the highest numbers of
tweets, it is noted lower percentual distributions of tweets, a fact that may indicate that
the extension of opinion effects is smaller than in cities with smaller populations and large
amounts of tweets.
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Table 2. Tweets’ counts and percentual distributions for each of the ten cities with the highest number
of tweets by polarity.

Pro Neutral

City Population Count Distribution * (%) City Population Count Distribution * (%)

São Paulo 11,253,503 338 0.00300 São Paulo 11,253,503 84 0.00075
Rio de Janeiro 6,320,446 321 0.00508 Rio de Janeiro 6,320,446 78 0.00123

Curitiba 1,751,907 279 0.01593 Belém 1,393,399 67 0.00481
Salvador 2,675,656 276 0.01032 Campinas 1,080,113 66 0.00611
São Luís 1,014,837 273 0.02690 Fortaleza 2,452,185 65 0.00265

Belo Horizonte 2,375,151 269 0.01133 Florianópolis 421,240 64 0.01519
Porto Alegre 1,409,351 267 0.01894 Brasília 2,570,160 63 0.00245

Goiânia 1,302,001 266 0.02043 Uberlândia 604,013 63 0.01043
Brasília 2,570,160 265 0.01031 Macapá 398,204 63 0.01582
Recife 1,537,704 265 0.01723 Salvador 2,675,656 62 0.00232

Anti

City Population Count Distribution * (%)

Porto Alegre 1,409,351 35 0.0025
Brasília 2,570,160 32 0.0012

Uberlândia 604,013 32 0.0053
Rio de Janeiro 6,320,446 31 0.0005
Belo Horizonte 2,375,151 30 0.0013

Aracaju 571,149 30 0.0053
Vila Velha 414,586 29 0.0070
São Paulo 11,253,503 29 0.0003

Recife 1,537,704 29 0.0019
Belém 1,393,399 28 0.0020

* Defined in the form of percentages according to the population of each city.

For example, looking at the pro-vaccination polarity, the city with the smallest popula-
tion, São Luís (capital of the state of Maranhão), had a higher percentual distribution than
São Paulo and Rio de Janeiro, indicating that the opinions may have had better penetration.
Regarding opinions supporting vaccination, it is potentially desirable for the agencies
managing the programs.

On the other hand, Porto Alegre, the city with the second highest population in the
southern Brazilian region and the highest number of anti-vaccination tweets, had the
third highest percentual distribution, demonstrating a greater tendency for penetration of
negationist opinions. Still within the anti-vaccination polarity, the city of Vila Velha, despite
having the smallest population among the ten cities listed, has the highest percentual
distribution score, indicating that there may be a potential domain of negationist opinions
shared by Twitter users.

Considering the ten cities with the highest number of tweets for each polarity, we can
see that all cities are state capitals for the pro-vaccination polarity. In the neutral polarity,
there is a predominance of capitals, except for two cities: Campinas and Uberlândia.
Campinas has the third-largest population in the state of São Paulo, and Uberlândia has
the second-largest population in the state of Minas Gerais. Finally, for the anti-vaccination
polarity, there is also a predominance of the capital, except for two cities: Uberlândia and
Vila Velha. Vila Velha is the second largest city in terms of population of the state of Espirito
Santo, even ahead of the state capital, Vitória, which does not appear in Table 2.

3.4. Theoretical and Practical Implications

From a theoretical point of view, our study provides a methodological approach
to analyze topics in space and time, using data obtained from Twitter about the Brazil-
ian COVID-19 immunization program. However, the methodology was designed to be
independent of research themes, contributing to the development of other research to
understand how public opinion on the subject of interest evolves in space and time. There
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are other methods specifically for topic modeling and extraction; however, we rely on the
literature when using LDA (see, for instance, [10,15,57–59]) since it corrects problems that
occur in other similar methods, enabling us to achieve our study’s objectives.

From a practical point of view, this work follows the same line as de Carvalho et al. [33].
It intends to present solutions for agencies and authorities related to immunization cam-
paigns, to carry out analyzes to identify foci of misinformation, applying measures to
mitigate the damage caused in the long-term public opinion. We presented a toolbox with a
coherent and well-interconnected stepwise to generate reliable results in combating misinfor-
mation. This toolbox is a highlighted practical implication in infodemic-related research [60].

Authorities focused on combating this negative aspect of the large data volumes have
the potential benefits of understanding the opinions distribution, the topics discussed, and
analyzing the evolution of these discussions from the desired point in time, in addition to
identifying which locations generate the most misinformation. Identifying which entities
(people or organizations) are responsible for creating and spreading misinformation also
becomes possible, delimiting the analysis to more particular levels. Based on these last
comments, the infodemic opening space for cybercrimes or generating situations of civil
danger is an issue to be explored by further studies [61,62].

In this context, while in our previous study we dealt only with the opinion classification
based on a textual training dataset containing tweets with pro, anti-vaccination, or neutral
orientation, manually searching for correlated events on social web and news search
engines, in the current work we sought to deepen the investigation with new elements.
We identified the main topics discussed so that researchers from different areas can apply
manual annotation of polarity labels, no longer using machine classification, but now
classification based on human judgment, for later automation of the hierarchical association
polarity → topic → tweet.

From the previous work, we only used two sets of informational elements that we
consider fundamental: (1) a part of one of the textual bases that contained geocoded tweets
so that we could expand our developments with the distribution of topics in the Brazilian
geographic space; and (2) the three-category classification scheme, with the pro, anti, and
neutral labels.

The framework in the current study used different models than the previous one,
although they were machine learning models in both cases. The present study applied
topic modeling, using the Latent Dirichlet Allocation, and consequently clustering for
visualization, with the t-SNE, enabling a more detailed view of the distribution of topics
and polarities, according to the number of tweets, in time and Brazilian geographic space.
In contrast, our previous work applied only classification models allowing the polarities
evolution over time. The use of topic modeling was fundamental to increasing the specificity
of the results obtained concerning the previous study.

One last implication to be mentioned is the development of new epidemiologic anal-
yses of the COVID-19 outbreak [63]: infodemic and misinformation analysis can bring
exciting findings about how people’s opinions evolved in association with the evolution
of the disease, using the numbers of infections and deaths over the time, for instance, as
parameters to be associated with the collected opinion and related trust. It also should be
noted that although we have dedicated the study to vaccination against COVID-19 in Brazil,
the analytical framework can be used for other purposes in other domains, considering the
guarantee of public health and security. We understand that even the private sector can use
this process, for example, to understand how opinions about brands or products evolve
over time and in a given geographic space.

3.5. Difficulties, Challenges, and Limitations

Although our methodological approach is based on techniques and tools implemented
through secure and robust software, there is a need for subsequent refinements, especially
in the text preprocessing and the definition and extraction of the features used in the
process. There are several difficulties involved, listing some of them: we need to deal with
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texts outside the formal standard of the Portuguese language, which generates several
noises such as abbreviations, the use of emojis/emoticons, and even the expansion of the
stop words lists to include also associated abbreviations, and grammatical errors [64].

In this way, the construction of preprocessing scripts becomes challenging [65], even
though there are already methods implemented in libraries and frameworks such as those
applied in this study. There is a need to define a viable strategy for texts to be processed
and transformed into a workable format by topic modeling methods. There are important
decisions to be made about what should remain in the text and what should be removed,
especially if we consider the indication made by Silva et al. [66] to keep the text as close as
possible to the usage pattern from which it was extracted.

Another difficulty is related to the geocoding of tweets. We extracted geographic
information as described in the methodological section, but we need to complete the infor-
mation about the coordinates through points with latitude and longitude using Google’s
geographic API. The geographic information we could extract directly via the Twitter API
brought us polygonal coordinates when our objective was the points referring to cities. As
we also obtained the names of cities through Twitter API, we developed a process that
retrieves the geographic points referring to these cities via Google API. Furthermore, the
number of tweets obtained with geocoding was much lower than the number of tweets we pa-
rameterized to be searched and retrieved, as we reported in our previous work [33], implying
that we obtained all the geocoded tweets according to the defined scraping parameters.

Thus, a critical limitation was the low number of geocoded tweets, with informa-
tion from specific points to determine which cities generated the posts. It is crucial to
retrieve more extensive amounts of geocoded tweets, to ensure statistical significance to
the corpus to train topic extraction methods and consequently to ensure reliable analyses
and results. Using tweets containing geographic information allows new studies to apply
methods for analyzing correlations between variables identified through the texts with
the variables traditionally used by management agencies, as in the case of vaccination
programs. For example, the influence that pro- and anti-vaccination texts can exert on the
flow of people receiving vaccinations can be studied using methods such as those applied
by Huang et al. [67].

Even though the LDA fixes existing problems in methods prior to it [68], there are
criticisms of its performance when applied to short texts, caused by the sparseness problem,
which occurs with this kind of text [69]. Other models, more suitable for short texts,
can be used as substitutes for the LDA in our framework: the Dual-sparse Topic Model
(Dsparse TM) proposed by Lin et al. [70], the Biterm Topic Model (BTM) proposed by
Cheng et al. [71], and the Pseudo-document-based Maximum entropy discrimination Latent
Dirichlet Allocation model (PSLDA) proposed by Sun et al. [72] are three state-of-art examples.

Another issue that still needs further development concerns the psychological effects
of COVID-19 and related issues on people and the way they manifest on the social web.
In this study, although we are considering people’s opinions, we have not developed any
analysis of psychological effects in parallel with the study of opinions. Several studies have
demonstrated the need to investigate the effects of the pandemic on people’s mental health,
evaluating, for example, effects such as anxiety and the causes of hesitation to receive the
vaccine (see, for instance, [23,31,73,74]).

Although our study sought the judgments of researchers from different areas to act
as polarity labels annotators, there are still many gaps about this type of annotation to
be addressed, including the annotators’ suggestions for refining the process we intend to
follow for future research. Using only three labels on topic polarity also restricted the scope
of related analyses. A more extensive list of labels referring to the emotions perceived by
the annotators concerning the topics can improve the analyses.

4. Final Considerations

This article presented a study developed to identify topics discussed on Twitter be-
tween 2020 and 2021 about the COVID-19 immunization program in Brazil. The main
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contribution of the research was the definition of a framework containing a set of tools to
deliver structured and helpful information, supporting agencies and authorities involved
in the immunization program to understand the evolution of public opinion on vaccination
and identifying cities with significant numbers of posts according to the extracted topics.

The methodology considered a manual annotation process on the topics, attributing
polarity labels concerning support and trust in vaccination. Based on this labeling, it
was possible to present both the evolution of polarities over time and their geographic
distribution in Brazilian cities.

Interesting results were obtained regarding information surveillance (or infoveillance)
about vaccination on social networks in the infodemic context, which can help guide efforts
to combat potentially harmful information (or misinformation, as we have been calling it)
to society and vaccination programs.

The temporal evolution analysis allowed the visualization of the moment when Brazil-
ian posts started intensifying on the explored theme: from the launch of the national
vaccination campaign in December 2020. It was also possible to detect when the highest
peak of posts occurred: on 17 January 2021, when the first vaccine was applied in Brazil.
There was a tendency for most of the topics to present peak on the same date.

Regarding the evolution of tweets for polarities, the peak on 17 December 2021, was
more marked in the pro-vaccination orientation. However, they are also perceived in the
anti-vaccination and neutral polarities on minor scales.

In the analysis of the distribution in the Brazilian geographic space, a greater concen-
tration of tweets was identified in large cities, especially in the two largest cities in the
country: São Paulo and Rio de Janeiro. However, based on the data collected, these two
cities also had the lowest tweet percentual distributions according to their populations.
The spatial analysis of the hierarchical association polarity → topic → tweet allowed the
observation of the potential of some cities concerning the penetration of each opinion
polarity in their populations.

It is worth mentioning that any other immunization program for other diseases can use
the methodological approach presented. If we further expand this vision, the agencies in-
volved in managing any crisis in any critical public sector are potential methodology users.

Further Research

As directions for further research, we highlight: (1) improvement of the technical data
scraping process to extract more significant amounts of geocoded tweets about the desired
topic; (2) development of an improved process for manual annotation on the opinion
polarities, also considering labels referring to emotions such as happiness, anger, anguish,
anxiety, fear, sadness, surprise, etc. Additionally, we highlight [75] for new space and time
analyses; (3) testing and comparing the performance of other topic modeling algorithms
specifically designed to work with short texts; (4) combining prospects of social distancing
and mobility restrictions in different categories within the geographical locations [76]; and
(5) analysis from the perspective of the psychological effects of public discussion on the
social web on how the individual develops his opinion on the immunization programs.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/tropicalmed7120425/s1, Table S1: Parameters used in the scraping
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Abstract: Ticks can carry and transmit a large number of pathogens, including bacteria, viruses and
protozoa, posing a huge threat to human health and animal husbandry. Previous investigations
have shown that the dominant species of ticks in Shanghai are Haemaphysalis flava and Haemaphysalis
longicornis. However, no relevant investigations and research have been carried out in recent decades.
Therefore, we investigated the bacterial communities and tick-borne pathogens (TBPs) in Haema-
physalis spp. from Shanghai, China. Ixodid ticks were collected from 18 sites in Shanghai, China,
and identified using morphological and molecular methods. The V3–V4 hypervariable regions of
the bacterial 16S rRNA gene were amplified from the pooled tick DNA samples and subject to
metagenomic analysis. The microbial diversity in the tick samples was estimated using the alpha
diversity that includes the observed species index and Shannon index. The Unifrac distance matrix
as determined using the QIIME software was used for unweighted Unifrac Principal coordinates
analysis (PCoA). Individual tick DNA samples were screened with genus-specific or group-specific
nested polymerase chain reaction (PCR) for these TBPs and combined with a sequencing assay to
confirm the results of the V3–V4 hypervariable regions of the bacterial 16S rRNA gene. We found
H. flava and H. longicornis to be the dominant species of ticks in Shanghai in this study. Proteobacteria,
Firmicutes, Bacteroidetes and Actinobacteria are the main bacterial communities of Haemaphysalis
spp. The total species abundances of Proteobacteria, Firmicutes and Bacteroidetes, are 48.8%, 20.8%
and 18.1%, respectively. At the level of genus analysis, H. longicornis and H. flava carried at least
946 genera of bacteria. The bacteria with high abundance include Lactobacillus, Coxiella, Rickettsia and
Muribaculaceae. Additionally, Rickettsia rickettsii, Rickettsia japonica, Candidatus Rickettsia jingxinensis,
Anaplasma bovis, Ehrlichia ewingii, Ehrlichia chaffeensis, Coxiella spp. and Coxiella-like endosymbiont
were detected in Haemaphysalis spp. from Shanghai, China. This study is the first report of bacterial
communities and the prevalence of some main pathogens in Haemaphysalis spp. from Shanghai,
China, and may provide insights and evidence for bacterial communities and the prevalence of the
main pathogen in ticks. This study also indicates that people and other animals in Shanghai, China,
are exposed to several TBPs.

Keywords: Ixodidae; bacteria; TBPs; metagenomics; PCR; China

1. Introduction

Ticks are the second largest infectious agent in the world after mosquitoes, with a
wide variety of species and a wide range of animal hosts [1]. They can carry and transmit
a large number of pathogens, including bacteria, viruses and protozoa, posing a huge
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threat to human health and animal husbandry [2]. Ticks are known to harbor a number
of veterinary and medically important bacterial species within the Rickettsia, Anaplasma,
Bartonella, Coxiella and Ehrlichia genera [2,3]. As most ticks exhibit two-host or three-host
life cycles, they are capable of supporting the transmission of pathogens between hosts,
in which humans frequently serve as accidental hosts [4]. Multiple pathogenic agents
may also be carried by an individual tick, which could transmit these pathogens to the
human hosts bitten by ticks [3,4]. The main tick-borne diseases reported in China are
forest encephalitis, Crimean Congo hemorrhagic fever, Lyme disease, rabbit fever, Q fever,
North Asian tick-borne spotted fever, rickettsiosis, ehrlichiosis, anaplasmosis, babesiosis
and Taylor disease [5–8]. Ticks of Haemaphysalis spp. have been implicated as potential
disease vectors to humans and animals worldwide [3,9]. Various pathogenic bacteria have
been previously detected in Haemaphysalis spp., including the disease agents for rickettsia
spotted fever, tick typhus, anaplasmosis and ehrlichiosis [3,10–12].

Traditional detection methods (PCR, culture and serological methods), which have
played a very important role in previous pathogen detection and identification, cannot
detect all pathogens, especially when in low abundance and with unknown pathogens.
Additionally, traditional detection methods are extremely dependent on known pathogens.
However, metagenomic sequencing can identify a large number of micro pathogens, in-
cluding unknown pathogens, in tick microflora captured in the field and does not depend
on known nucleic acid sequences [13–15]. This method can be used not only to monitor
microbial communities in infectious insect vectors but also as an ideal tool for monitoring
emerging tick-borne diseases [13,15]. It can also provide a more thorough understand-
ing of the ecological factors related to the prevalence and persistence of the vector-related
microbial pedigree, which will help to predict and prevent the spread of diseases [13,15–17].

More and more tick-borne diseases and pathogens have been discovered. Recently, a
new species of Yezo virus of the genus Nairobi virus was discovered in ticks in Hokkaido,
Japan, and caused multiple infections [18]. Since the early 1980s, 34 pathogens of tick-borne
diseases have been identified in mainland China, including eight species of spotted fever
group Rickettsia, seven species of Anaplasma, six species of Borrelia burgdorferi, 11 species
of Babesia and severe fever with thrombocytopenia syndrome new Bunyavirus (SFTSV)
and Alongshan Virus (ALSV) [7,19]. Tick-borne diseases and tick bites frequently occur in
provinces and cities around Shanghai, China, which seriously endangers the life and health
of local residents. Human granulocytic anaplasmosis was first reported in Anhui Province
in 2006. From 2010 to 2015, 286 cases of severe fever with thrombocytopenia syndrome
(SFTS) were diagnosed in Jiangsu and Anhui provinces, with a fatality rate of 16.1% [20].
Li et al. (2021) predicted that most areas of Shanghai are highly suitable for ticks, and
previous investigations have shown that the dominant ticks in Shanghai are H. flava and
H. longicornis [21]. However, no relevant investigations and research have been undertaken
in recent decades. Therefore, we expect that the metagenomic analysis of Haemaphysalis
spp. in this region may provide an extensive list of pathogens carried by this important
vector, thereby highlighting the potential risk of human infection caused by tick bites.

In our study, we first investigate the bacterial variability between populations of
H. flava and H. longicornis from Shanghai, China. We sequenced the amplicons of the
eubacterial 16S rRNA to (1) determine the baseline bacterial diversity from ticks collected
from within a relatively small geographic area, (2) confirm the species identity of key taxa
using taxon-specific PCR and Sanger sequencing and (3) estimate the relative abundance of
the key bacterial taxa by PCR in the pooled DNA of ticks collected from Shanghai, China.

2. Materials and Methods

2.1. Study Area

These ticks were collected from 18 sampling sites in Shanghai. Shanghai, China, is
located in the front of the alluvial plain of the Yangtze River Delta, with soft soil and low
and flat topography, with an average elevation of 4 m from east to west. Except for a few
hills nearly 100 m above sea level in the west, Shanghai is a large and low-level plain, and
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the whole plain river port is similar to a net. Shanghai, China, belongs to the northern
subtropical humid monsoon climate zone, warm, humid and rainy, with four distinct
seasons. A suitable natural environment provides favorable conditions for the survival of
ticks. The sample points are selected from random sites in each functional area of the city
(Figure 1). (Central cities (CC): 121◦45′ E, 31◦16′ N; 121◦37′ E, 31◦19′ N; 121◦47′ E, 31◦22′
N; 121◦45′ E, 31◦28′ N; 121◦41′ E, 31◦23′ N; 121◦48′ E, 31◦24′ N; Out suburban districts
(OSD): 121◦21′ E, 31◦11′ N; 121◦19′ E, 31◦08′ N; 121◦48′ E, 30◦92′ N; 121◦18′ E, 31◦07′ N;
Inner suburban districts (ISD): 121◦33′ E, 31◦14′ N; 121◦21′ E, 31◦37′ N; 121◦52′ E, 31◦41′ N;
121◦38′ E, 31◦15′ N and Chongming island (CMI): 121◦49′ E, 31◦71′ N; 121◦51′ E, 31◦72′ N;
121◦47′ E, 31◦69′ N; 121◦52′ E, 31◦73′ N).

Figure 1. Map of the sampling sites in Shanghai, China. The black dots indicate the sampling regions
in this study.

2.2. Ticks Collection and Species Identification

Wild ticks were collected by dragging flags on the vegetation layer during the day.
Additionally, parasitic ticks (90 H. flava and 22 H. longicornis) were collected from animals
(dogs, goats, sheep, cows, etc.). For the first step, different morphological characteristics
were observed to identify the species and development stages of the collected ticks by an
entomologist (Zhu Dan) [22], and then 12S rDNA [23] and Cytochrome C oxidase subunit
I (CO I) gene [24] identification was used to further determine the species of ticks, as
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previously described. All ticks of the genus Haemaphysalis from each site were included in
the study. Secondly, in the lab stage, the ticks were rinsed with 75% ethanol for 1 min to
remove any environmental contaminants; then, they were rinsed with deionized water for
5 min to remove 75% ethanol and finally stored in a refrigerator (−80 ◦C).

2.3. DNA Extraction

After morphological identification, the ticks collected from the same site were pooled
according to developmental stages. Overall, 2102 H. flava (80 adults, 295 nymphs and
1727 larvae) were divided into 211 pools, and 151 H. longicornis (65 adults, 8 nymphs
and 78 larvae) were divided into 15 pools. The total genomic DNA was extracted using
the DNeasy Blood & Tissue Kit (Qiagen, Hilden, Germany) following the manufacturer’s
instructions. The DNA concentration and integrity were measured using a NanoDrop
2000 spectrophotometer (Thermo Fisher Scientific, Waltham, MA, USA) and agarose gel
electrophoresis, respectively.

2.4. Molecular Identification of Tick Vectors by PCR

To further confirm the results of the morphological classification of Haemaphysalis spp.,
multi-locus sequence typing depending on five tick’s genomic DNA markers amplified
fragments was carried out, which included: one nuclear gene CO I gene and a mitochondrial
gene 12S rRNA. The PCR primers for the two genes are presented in Table 1.

Table 1. Primers used in this study.

Target Gene Primer Name Sequence (5′-3′) Reference

Tick 12S rDNA T1B AAACTAGGATTAGATACCCT [23]
T2A AATGAGAGCGACGGGCGATGT

Tick CO I HCO2198 TAAACTTCAGGGTGACCAAAAAATCA [24]
LCO1490 GGTCAACAAATCATAAAGATATTGG

Microbiome 16S rDNA 343F TACGGRAGGCAGCAG [25]
798R AGGGTATCTAATCCT

Coxiella spp. 16S rDNA Cox16SF1 CGTAGGAATCTACCTTRTAGWGG [16]
Cox16SR1 ACTYYCCAACAGCTAGTTCTCA
Cox16SF2 TGAGAACTAGCTGTTGGRRAGT
Coc16SR2 GCCTACCCGCTTCTGGTACAATT

Rickettsia spp. ompA Rr190.70p ATGGCGAATATTTCTCCAAAA [26]
Rr190.602n AGTGCAGCATTCGCTCCCCCT

Ehrlichia spp. 16S rRNA Eh-out1 TTGAGAGTTTGATCCTGGCTCAGAACG [16,27]
Eh-out2 CACCTCTACACTAGGAATTCCGCTATC
Eh-gs1 GTAATACTGTATAATCCCTG
Eh-gs2 GTACCGTCATTATCTTCCCTA

Anaplasma spp. 16S rRNA Eh-out1 TTGAGAGTTTGATCCTGGCTCAGAACG [27]
Eh-out2 CACCTCTACACTAGGAATTCCGCTATC
HGA1 GTCGAACGGATTATTCTTTATAGCTTG
HGA2 TATAGGTACCGTCATTATCTTCCCTAC

2.5. DNA Amplification

PCR amplification of the V3–V4 hypervariable regions of the bacterial 16S rRNA gene
was carried out in a 25 μL reaction system using universal primer pairs (343F and 789R)
(Table 1). The reverse primer contained a sample barcode, and both primers were connected
with an Illumina sequencing adapter (Illumina Inc., San Diego, CA, USA).

2.6. Library Construction and Sequencing

The Amplicon quality was visualized using gel electrophoresis. The PCR products
were purified with Agencourt AMPure XP beads (Beckman Coulter Co., Breya, CA, USA)
and quantified using a Qubit dsDNA assay kit. The concentrations were then adjusted for
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sequencing. The sequencing was performed on an Illumina NovaSeq6000 with two paired-
end read cycles of 250 bases each (Illumina Inc.; OE Biotech Company, Shanghai, China).

2.7. Bioinformatics Analysis

Raw sequencing data were in the FASTQ format. Paired-end reads were then pre-
processed using cutadapt software to detect and cut off the adapter. After trimming, the
paired-end reads were filtered for low-quality sequences, denoised, merged and detected
and cut off the chimera reads using DADA2 [28] with the default parameters of QIIME2 [29]
(November 2020); last, the software outputs, the representative reads and the ASV abun-
dance table was generated. The representative read of each ASV was selected using the
QIIME 2 package. All of the representative reads were annotated and blasted against Silva
database Version 138 using q2-feature-classifier with the default parameters. The microbial
diversity in the tick samples was estimated using the alpha diversity that includes the
observed species index and Shannon index. The Unifrac distance matrix performed by
QIIME software was used for unweighted Unifrac Principal coordinates analysis (PCoA).

2.8. Specific PCR for Detection of Some Pathogens in Ticks

Based on the results of 16S rRNA gene amplicon sequencing, genus-/group-specific
PCR was performed to confirm the presence of TBPs in individual ticks. PCR was per-
formed using a PCR System 9700 (Applied Biosystems, GeneAmp®, Carlsbad, CA, USA).
For PCR, 2 μL of each DNA sample (150–330 ng) was used as the template for the first
round, and 1 μL of the primary PCR product was used as the template for the second round.
For the first round, a negative control (ddwater) and an extraction control mentioned above
were included in each PCR experiment. Tube strips with individual caps were used in the
amplification steps to prevent cross-contamination, and all PCR amplifications were carried
out using PrimeSTAR® HS (Premix) (TaKaRa, Beijing, China). All of the operations were
carried out in a biological safety cabinet. The amplified products were then electrophoresed
on a 1.5% agarose gel, and the positive amplicons were sent to TSINGKE Biological Tech-
nology (Beijing, China) for sequencing. The PCR primers for Rickettsia spp., Anaplasma spp.
and Ehrlichia spp. and Coxiella spp. are presented in Table 1.

2.9. Phylogenetic Analysis

The obtained nucleotide sequences were compared with those available in GenBank
using the National Center for Biotechnology Information (NCBI; Bethesda, MD, USA) Basic
Local Alignment Search Tool (BLAST) search engine (http://blast.ncbi.nlm.nih.gov/blast.
cgi, accessed on 30 October 2022), and multiple sequence alignment was performed using
the MEGA X (version 10.0) multiple alignment tool with the default parameters in MEGA
X. The phylogenetic analysis was performed using MEGA X, and the tree was constructed
using neighbor-joining (NJ) methods. The phylogenetic analysis of 12S rRNA and CO I
gene for ticks, ompA for Rickettsia spp., 16S rRNA for Anaplasma spp., 16S rRNA for Ehrlichia
spp., and 16S rRNA for Coxiella spp. was performed using the neighbor-joining method
(NJ method) based on MEGA X. Bootstrap values were estimated for 1000 replicates.

3. Results

3.1. Taxonomic Classification and Sequencing Data Statistics

A total of 2253 hard ticks were identified as H. flava (n = 2102) and H. longicornis
(n = 151) based on morphological identifications and confirmed by species-specific PCR
and sequencing assays. There were 20 groups of H. flava (CCF1-5, OSDF1-5, ISDF1-5 and
CMIF1-5) and 10 groups of H. longicornis (CCL1-5 and CMIL1-5) analyzed by amplicon
sequencing on an Illumina NovaSeq6000 platform. The raw read data of the sequencing
machine were distributed between 78,084 and 81,941, and the clean tag data after quality
control were distributed between 4449 and 67,697. The valid tags (the final data used for
analysis) data of clean tags were distributed between 4395 and 64,359, and the Amplicon
Sequence Variant (ASV) numbers of each sample were distributed between 16 and 1191.
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3.2. Alpha Diversity

Rarefaction curves were obtained for each tick group to determine if the sequencing
depth was sufficient for each sample. Although the rarefaction curves for the observed
ASVs approached saturation (Figure 2A), the Shannon diversity index curves reached a
stable value (Figure 2B). The Good’s coverage values for each group of samples ranged from
91.69% to 100%, indicating that the majority of the ASVs had been discovered. Altogether,
these results suggest that the sequencing depth was sufficient to represent the majority of
bacterial communities in these samples.

Figure 2. Rarefaction curves of observed species (A) and Shannon diversity index (B) for group
tick samples.

3.3. Bacterial Microbiome Composition

All of the valid sequences were classified with 100% identity, and species information
was obtained by comparison with the SILVA-138SSUrRNA database. A total of 15,903 ASVs
were detected in this study, with a total of 1872 species belonging to 33 phyla, 91 classes,
235 orders, 403 families and 946 genera. A total of 10674ASVs were detected in H. flava,
with a total of 1872 species belonging to 32 phyla, 84 classes, 209 orders, 358 families and
801 genera. A total of 6010ASVs were detected in H. longicornis, with a total of 1162 species
belonging to 31 phyla, 81 classes, 201 orders, 333 families and 696 genera.

Proteobacteria, Firmicutes, Bacteroidetes and Actinobacteria are the main compo-
nents of bacterial communities of Haemaphysalis spp. The total species abundances of
Proteobacteria, Firmicutes and Bacteroidetes, are 48.80%, 20.80% and 18.10%, respectively.

The bacteria in H. flava with high abundance include Proteobacteria, 48.80%; Firmi-
cutes, 21.60%; Bacteroidetes, 17.70% and Actinobacteria, 6.70%. The bacteria in H. longicor-
nis with high abundance include Proteobacteria, 48.8%; Firmicutes, 19.20%; Bacteroidetes,
19.00% and Actinobacteria, 9.00% (Figure 3).
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Figure 3. Relative abundances of potential top 30 pathogens at the phylum level in grouped H. flava
and H. longicornis samples. The groups of H. flava are CCF, OSDF, ISDF and CMIF, and the groups of
H. longicornis are CCL and CMIL.

At the level of genus analysis, H. longicornis and H. flava carried at least 946 genera
of bacteria. The bacteria in H. flava with high abundance include Lactobacillus, Rickettsia,
Coxiella, Serratia and Muribaculaceae. The bacteria in H. longicornis with high abundance
include Ochrobactrum, Coxiella, Lactobacillus and Sphingobacterium. Additionally, some
groups of OSDF, CCF and CCL include Serratia (Figure 4).
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Figure 4. Relative abundances of potential top 30 pathogens at genus level in grouped H. flava and
H. longicornis samples. The groups of H. flava are CCF, OSDF, ISDF and CMIF and the groups of
H. longicornis are CCL and CMIL.

3.4. Species and Location-Specific Differences in Microbial Diversity

We examined the effects of location and tick species on the bacterial diversity of the
grouped samples. Diversity indices CCF, ISDF, CMIF and CMIL clustered tightly, while
OSDF and CCL were more diffused (Variable), and some of them were significant (Figure 5).
In the principal coordinates analysis, decreased variability could be accounted for across
two axes (6.05% × 4.42%) (Figure 6). We detected a significant difference in the bacterial
community between locations and species.
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Figure 5. Plots of Alpha diversity indices of grouped H. flava and H. longicornis samples. Plot (A) the
Shannon diversity index and plots (B) the Simpson diversity index (* p < 0.05, ** p < 0.01). The groups
of H. flava are CCF, OSDF, ISDF and CMIF and the groups of H. longicornis are CCL and CMIL.

Figure 6. Principal coordinates analysis (PCoA) plot of 16SrRNA data from grouped samples of
H. flava and H. longicornis samples of sample-based ecological distance. The groups of H. flava are
CCF, OSDF, ISDF and CMIF and the groups of H. longicornis are CCL and CMIL.
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3.5. Bacterial Relative Abundance Differences

Of special interest is the identification of members of the genera Coxiella, Legionella,
Anaplasma, Ehrlichia, Rickettsia and Sphingomonas, some of which are pathogenic and can be
transmitted by ticks. The relative abundances of Lactobacillus, Coxiella, Sphingobacterium
and Rickettsia differed significantly between the two groups (Figure 7).

Figure 7. Relative titers of bacterial 16SrRNA gene from Lactobacillus (A), Coxiella (B), Sphingobacterium (C)
and Rickettsia (D) between groups of H. flava and H. longicornis samples (* p < 0.05, ** p < 0.01). The groups
of H. flava are CCF, OSDF, ISDF and CMIF and the groups of H. longicornis are CCL and CMIL.

3.6. Prevalence of Tick-Borne Pathogens in Individual Pools

The important pathogenic bacterial genera Rickettsia and Coxiella were found in the
grouped tick samples. Each pool was detected by the genus-/species-specific PCR com-
bined with sequencing in order to identify the TBPs carried by it. In addition, Anaplasma
and Ehrlichia were often detected in ticks, so each pool was screened by Anaplasma/Ehrlichia-
specific PCR.

As a result, R. rickettsii (2.37%, 5/211), R. japonica (3.32%, 7/211), Candidatus R. jingx-
inensis (16.59%, 35/211), A. bovis (1.42%, 3/211), E. ewingii (0.95%, 2/211), E. chaffeensis
(1.90%, 4/211), Coxiella spp. (1.90%, 4/211), C.-like endosymbiont (2.37%, 5/211) were
detected in H. flava. from Shanghai and R. rickettsii (20.00%, 3/15), R. japonica (20.00%,
3/15), Candidatus R. jingxinensis (20.00%, 3/15), A. bovis (26.67%, 4/15), E. ewingii (13.33%,
2/15), E. chaffeensis (6.67%, 1/15), Coxiella spp. (6.67%, 1/15), C.-like endosymbiont (20.00%,
3/15) were also detected in H. longicornis from Shanghai (Table 2).
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Table 2. Prevalence of Rickettsia, Anaplasma, Ehrlichia and Coxiella in H. flava and H. longicornis.

H. flava H. longicornis

R. rickettsii 2.37% (5/211) 20.00% (3/15)
R. japonica 3.32% (7/211) 20.00% (3/15)

Candidatus R. jingxinensis 16.59% (35/211) 20.00% (3/15)
A. bovis 1.42% (3/211) 26.67% (4/15)

E. ewingii 0.95% (2/211) 13.33% (2/15)
E. chaffeensis 1.90% (4/211) 6.67% (1/15)
Coxiella spp. 1.90% (4/211) 6.67% (1/15)

C.-like endosymbiont 2.37% (5/211) 20.00% (3/15)

3.7. Symbiotic Interaction of Bacterial Communities

The study also predicted the correlation among the top 30 genera in abundance. There
is a positive correlation between Acinetobacter, Clostridia_UGG-014, Romboutsia, Corynebac-
terium, Enterobacter, Escherichia-Shigella, Lactobacillus, Bacteroides, Muribaculaceae, Alistipes
and Lachnospiraceae_NK4A136_group. There is a negative correlation between one of Al-
caligenes, Orchrobactrum, Achromobacter, Serratia, Stenotrophomonas and one of the above
that has a positive correlation between them. There also is a positive correlation between
Achromobacter, Serratia, Stenotrophomonas and Brucella, and there is a positive correlation
between Coxilla, Luteimonas, Luteibacter and Mycobacterium (Figure 8).

3.8. Phylogenetic Analysis

The phylogenetical analyses of 12S rDNA and CO I of the two tick species sequences
(H. flava and H. longicornis) agreed with their morphological identification. Constructing a
phylogenetic tree based on 12S rDNA, H. flava and H. longicornis were placed in the same
clades with H. flava (OK054521, ON954856, KJ747360, JQ625665, MT013252, OM368276) and
H. longicornis (JQ346678, KF583588, OM368281), respectively (Figure 9), and H. flava and
H. longicornis were also placed in a clade with H. flava (MN066331, JQ737097, MN784164,
MN650208) and H. longicornis (JQ737092), respectively, in the COI tree (Figure 10). By
phylogenetic analysis, Coxiella spp. and C.-like endosymbiont, identified in both H. flava
and H. longicornis, were shown to be clustered with Coxiella spp. (KC776319, MG906671)
and C.-like endosymbiont (JQ480822), respectively (Figure 11). E. ewingii and E. chaffeensis,
identified in both tick species in the study, were also placed in a clade with E. ewingii
(NR_044747, U96436) and E. chaffeensis (AF147752, NR_074500, MZ433238) (Figure 12).
A. bovis, identified in H. flava and H. longicornis, were shown to be clustered with A. bovis
(GU556626) (Figure 13). R. japonica, R. rickettsii and Candidatus R. jingxinensis, identified
in both tick species in the study, were also placed in a clade with R. japonica (U83440),
R. rickettsii (AY319290) and Candidatus R. jingxinensis (MN550905) (Figure 14).
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Figure 8. Correlation heatmap of Spearman coefficient of the top 30 genera of the groups of H. flava
and H. longicornis samples (* p < 0.05, ** p < 0.01,*** p < 0.001). The groups of H. flava are CCF, OSDF,
ISDF and CMIF and the groups of H. longicornis are CCL and CMIL.
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Figure 9. Phylogenetic tree of H. flava and H. longicornis based on partial 12S rDNA gene sequence
similarity. The sequence from H. flava obtained in this study is indicated with a black triangle, and
the sequence from H. longicornis obtained in this study is indicated with black dots. Sequences were
aligned using the MEGA X (version 10.0) software package. Phylogenetic analysis was performed
by the neighbor-joining method (NJ method), and bootstrap values were estimated for 1000 repli-
cates. Kimura’s two-parameter model was used as a substitution model for the calculation of the
phylogenetic trees.
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Figure 10. Phylogenetic tree of H. flava and H. longicornis based on partial CO I gene sequence
similarity. The sequence from H. flava obtained in this study is indicated with a black triangle, and
the sequence from H. longicornis obtained in this study is indicated with black dots. Sequences were
aligned using the MEGA X (version 10.0) software package. Phylogenetic analysis was performed
by the neighbor-joining method (NJ method), and bootstrap values were estimated for 1000 repli-
cates. Kimura’s two-parameter model was used as a substitution model for the calculation of the
phylogenetic trees.
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Figure 11. Phylogenetic tree of Coxiella spp. in ticks based on partial 16S rDNA gene sequence
similarity. The sequence from H. flava obtained in this study is indicated with a black triangle, and
the sequence from H. longicornis obtained in this study is indicated with black dots. Sequences were
aligned using the MEGA X (version 10.0) software package. Phylogenetic analysis was performed by
the neighbor-joining method (NJ method), and bootstrap values were estimated for 1000 replicates.
The Kimura two-parameter model was used as a substitution model for the calculation of the
phylogenetic trees.
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Figure 12. Phylogenetic tree of Ehrlichia spp. in ticks based on partial 16S rDNA gene sequence
similarity. The sequence from H. flava obtained in this study is indicated with a black triangle, and
the sequence from H. longicornis obtained in this study is indicated with black dots. Sequences were
aligned by using the MEGA X (version 10.0) software package. Phylogenetic analysis was performed
by the neighbor-joining method (NJ method), and bootstrap values were estimated for 1000 replicates.
The Kimura two-parameter model was used as a substitution model for the calculation of the
phylogenetic trees.
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Figure 13. Phylogenetic tree of Anaplasma spp. in ticks based on partial 16S rDNA gene sequence
similarity. The sequence from H. flava obtained in this study is indicated with a black triangle, and
the sequence from H. longicornis obtained in this study is indicated with black dots. Sequences were
aligned using the MEGA X (version 10.0) software package. Phylogenetic analysis was performed by
the neighbor-joining method (NJ method), and bootstrap values were estimated for 1000 replicates.
The Kimura two-parameter model was used as a substitution model for the calculation of the
phylogenetic trees.

Figure 14. Phylogenetic tree of Rickettsia spp. in ticks based on partial ompA gene sequence similarity.
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The sequence from H. flava obtained in this study is indicated with a black triangle, and the sequence
from H. longicornis obtained in this study is indicated with black dots. Sequences were aligned using
the MEGA X (version 10.0) software package. Phylogenetic analysis was performed by the neighbor-
joining method (NJ method), and bootstrap values were estimated for 1000 replicates. The Kimura
two-parameter model was used as a substitution model for the calculation of the phylogenetic trees.

4. Discussion

In recent years, more and more attention has focused on emerging TBPs and ticks.
Additionally, a wide variety of pathogenic and non-pathogenic bacteria have been identi-
fied. In this study, the bacterial community diversity of Haemaphysalis spp. in Shanghai
was analyzed and compared based on the 16S rDNA high-throughput sequencing tech-
nique combined with nested PCR to survey TBPs in Haemaphysalis spp. collected from
Shanghai, China. It is found that the 16S rDNA V3–V4 variable region sequence of bacteria
can effectively detect the bacterial community composition and diversity of H. flava and
H. longicornis. At the same time, sequencing data can also be used to evaluate the relative
abundance of bacteria and the differences in flora structure between different groups.

In this study, two species of Haemaphysalis ticks: H. longicornis and H. flava, were
collected. H. flava often lives in mixed forests and fields, and their hosts are mainly pigs,
pig badgers, horses and sheep, while H. longicornis mainly live in secondary forests, moun-
tains, or hilly marginal areas, and their hosts are mainly cattle, horses, sheep, goats, bears,
hedgehogs, etc.) [22]. However, in the past, H. longicornis was the main tick species in
Shanghai [21], but today, H. flava, which has spread all over Shanghai, is the main tick
species. In light of the ongoing geographical expansion of ticks caused by climatic change,
as well as their increased ability to harbor new pathogens, public health concerns have been
raised for both humans and animals [21,30–32]. Many new tick-borne pathogens have been
discovered in recent decades, indicating the serious public health threat that tick-borne
diseases have imposed on China [30]. The main pathogens reported in H. flava are Ehrlichia,
Rickettsia japonica, Crimean–Congo hemorrhagic fever virus (CCHFV), Pseudomonas aerug-
inosa and Rickettsia raoultii [9,30]. Additionally, H. longicornis carries pathogens such as
SFTSV, Anaplasma, spotted fever group Rickettsia (SFGR), Babesia, etc. [33,34]. The number
of species of Haemaphysalis ticks in Shanghai is small, but its potential harm to human and
animal husbandry should not be ignored.

In this study, the diversity of bacterial communities of H. flava and H. longicornis was
different in species and regions. The α diversity analysis of metagenomics also showed that
the combinations of tick bacteria were different with different biological factors (such as
different developmental stages, age and sex) and differed from the tissue and environmental
conditions investigated in other studies [17,35,36]. However, some regional differences were
detected in most of the metagenomics β diversity indexes of male and female ticks [17],
and any regional and gender differences were also found in the relative abundance of
different bacterial groups [35–38]. The core bacterial communities may be influenced by
maternal inheritance, the vertebrate animal skin microflora, host blood or the environment
on physical contact [39,40]. However, a more specific and long-term association between
some blood-feeding arthropods and their bacterial associate is likely mediated by the
immune system of the host rather than by their external environment [40–42]. Bacterial taxa
such as Bacillus, Clostridium, Methylobacterium, Mycobacterium, Pseudomonas, Sphingomonas
and Staphylococcus, some of which were found in high abundance in our samples, contain
species that may be commonly associated with the environment or as part of the mammalian
skin flora [3,40–42]. Therefore, more stringent washing procedures, such as washing with
sodium hypochlorite, or limiting sampling to internal organs, such as the salivary glands
and mid-gut, may be necessary to determine the internal flora of ticks in further studies [3].

The bacteria in all the arthropod species were dominated by the phylum Proteobac-
teria, with proportions ranging from 48% to 72%, and their major bacteria phyla that
were shared among all the arthropod species included Firmicutes, Bacteroidetes and Acti-
nobacteria [40]. Our results are generally similar to those obtained in previous studies,
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where arthropod vectors species were dominated by Proteobacteria, including Gammapro-
teobacteria, Betaproteobacteria, Alphaproteobacteria, and to a lesser extent, Firmicutes,
commonly Bacilli and Actinobacteria [40,43–46]. The taxonomic profiles at the genus level
confirmed that genera Rickettsia, Anaplasma, Ehrlichia and Coxiella existed in the pooled
sample, which all predominated in the top six in relative abundance [30]. The mutual
connection of symbiotic bacteria hosts exists widely in nature. In recent years, the rela-
tionship between symbiotic bacteria and the host has received more and more attention;
especially, the mode and mechanism of interaction between symbiotic bacteria and the
host have aroused widespread concern. A past study has shown that Coxiella-like bac-
teria are frequently detected in Haemaphysalis ticks, although not all species carry them,
and Coxiella-like endosymbionts have also been reported in other tick species such as
H. shimoga, Rhipicephalus sanguineus, Amblyomma americanum, and the soft tick, Ornithodoros
rostratus [3,47–50]. The significance of Coxiella in tick physiology is still unclear. Ticks may
depend on bacteria, such as Coxiella-like bacteria and Coxiella-like endosymbionts (CLE),
which play important roles in the processes of food digestion, biosynthesis, growth and
development, reproductive regulation and the immune defense of ticks [51]. Studies have
confirmed that the CLE genome has complete coding genes of the key coenzyme factor
(B vitamins) biosynthesis pathway, which provides a stable source of vitamins for host
ticks [52,53]. Removing CLE will significantly reduce the fertility of host ticks [53,54]. The
host tick provides CLE with a stable growth environment and nutrition, which makes CLE
grow and propagate in ticks and spread to offspring ticks. However, not all individuals of
the same tick species will harbor endosymbionts at a similar abundance; some individuals
may not carry any Coxiella-like endosymbionts at all according to other studies [3,54].

Coxiella-like bacteria, Legionella, Sphingomonas and other strains were detected. Coxiella-
like bacteria are common in all tick samples, and the content is very high, which indicates
that it may be an endosymbiont [55]. So far, in addition to focusing on the study of microbial
communities and specific symbionts in ticks, attention has also been paid to bacterial
interactions in ticks. There was a negative correlation between symbiotic bacteria and the
serous edge of pathogens and a positive correlation among endosymbionts, Clostridium
novyi and Corynebacterium cereus [56]. There also is a repulsion between symbiotic Rickettsia
and pathogenic Rickettsia [35,57]. A detailed understanding of the interaction among
microflora in ticks is helpful in developing new strategies for pathogens and tick vector
control [17].

After sequencing the DNA fragments amplified by PCR and the sequence compari-
son, three Rickettsia species (Candidatus R. jingxinnensis, R. rickettsii and R. japonica), one
Anaplasma species (A. bovis), two Coxiella species (Coxiella spp. and C.-like endosymbiont)
and two Ehrlichia species (E. chaffeensis, E. ewingii) were found in both H. flava and H. longi-
cornis. In Jiangsu province, China, which is close to Shanghai, Chian, R. japonica (81.1%),
novel Rickettsia spp. (5.1%), A. bovis (12%), A. platys (6.3%), novel Ehrlichia spp. (16.6), C.
burnetii (10.9%), and a novel Coxiella-like endosymbiont (CLE) strain (61.1%), detected in H.
flava [30], are higher than in Shanghai, China. Especially, R. japonica has still been prevalent
in China and Japan in recent years and can cause Oriental spotted fever. Interestingly,
H. flava had a high positive rate (81.1%) of R. japonica in Jiangsu province, China [31],
compared to the 3.32% detected in this tick species in Shanghai, China, in this study.

At present, there are three known species of Rickettsia japonica, Rickettsia rickettsii
and Candidatus Rickettsia jingxinensis in Shanghai, as well as new species of Rickettsia
that have not been identified or cultivated successfully, which have certain public health
risks. Japanese spotted fever (JSF) caused by Rickettsia japonica infection is an acute febrile
eruptive disease with ticks as the vector. The pathogen can also be detected in H. longicornis
collected in Shandong, and researchers in Fujian province, China, have also amplified
highly similar genes of Rickettsia japonica. Japan and South Korea have reported confirmed
cases of Japanese spotted fever, and there are reports of Rickettsia japonica infection in
Hebei, Anhui provinces, China [58]. Rocky Mountain Spotted Fever (RMSF) is caused
by R. rickettsii infection. It has been observed that Candidatus R. jingxinensis can infect
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humans, showing the clinical features of fever, erythema rash and eschar [59]. Previous
studies have shown that the main vectors of Rickettsia japonica are H. flava, H. formosensis,
H. longicornis, H. cornigera, Ixodes ovatus, Rhipicephalus haemaphysaloides and Dermacentor
taiwanensis. The vectors of RMSF are Amblyomma sculptum, Amblyomma aureolatum and
Dermacento anderson. Candidatus R. jingxinensis were also detected in H. longicornis in
Yunnan, Liaoning, Hebei and Jiangsu provinces, China, and Korea [60,61]. In Shanghai,
Candidatus R. jingxinensis was detected in not only H. longicornis but also H. flava. In
this study, Candidatus R. jingxinensis was detected from two tick species of Haemaphysalis
spp., especially H. flava, which has spread all over Shanghai, China, which indicated that
Candidatus R. jingxinensis had the characteristics of wide distribution. The deficiency of
this study is that all three Rickettsia species have been detected in new tick species, but the
genotype cannot be further confirmed and isolated by culture.

The two predominant human pathogens within the Ehrlichia genus are E. chaffeensis,
the etiologic agent of human monocytic ehrlichiosis (HME) distributed in the United
States, Asia and Europe, and E. ewingii, the agent of human E. ewingii granulocytic
ehrlichiosis [62–64]. In southern and northern China, clues of E. chaffeensis were found,
which indicated that E. chaffeensis might exist in China [65,66]. E. ewingii, one of the
causative agents of canine granulocytic ehrlichiosis, has been reported in dogs and humans
in the USA [67]. However, previous investigations and studies in China have found no
clues of E. ewingii.

A. bovis is mainly distributed in Asia and South America. Cattle and buffalo are
considered the main hosts of A. bovis, but A. bovis has also been found in dogs in China. The
intangible disease is a tick-borne disease that is mainly prevalent in tropical and subtropical
areas. It is not only healthy for livestock. Additionally, it will also threaten human health.
Qin [41] investigated in Jiaonan, Shandong Province, China, the infection rate of the blood
of ticks was found to be 0.10% for A. pagocytophilum, 1.55% for A. bovis and 0.33% for
A. capra [68].

This study has shown that high-throughput 16S rDNA sequencing analysis can de-
tect multiple pathogens at the same time, which can indicate the main local tick-borne
pathogens, but it also has the disadvantage of incomplete detection and is unable to match
species. Combined with pathogen-specific detection methods, we can more comprehen-
sively understand the status of local Haemaphysalis spp.-carrying pathogens, so we need to
combine PCR and metagenomics analysis.

In this study, it is worth noting that Serratia was detected in the medical tick group.
Serratia infection can activate the mosquito’s immune system, significantly improve the
mosquito’s resistance to Plasmodium berghei infection and reduce the malaria parasite load
in Anopheles. A recent research report showed that Serratia isolated in the laboratory
could promote insect-borne virus infection in mosquitoes [69,70]. This bacterium secretes
a protein called SmEnhancin, which can bind mucin on intestinal mucosa to promote the
colonization and spread of the virus in mosquitoes [71]. However, the research on ticks is
blank, so we need to further study the interaction between ticks, hosts and the bacterial
communities in ticks and pathogens and further explain their interaction mechanism.

5. Conclusions

This study reports on the bacterial communities and the prevalence of some TBPs in
Haemaphysalis spp. from Shanghai, China. The results provide insight into the potential
roles of Haemaphysalis ticks in the epidemiology of pathogens of veterinary and public health
significance. Further studies are needed to elucidate the implications of these findings
on animals and humans in Shanghai, China. However, these findings are preliminary.
Further studies are required to determine the interaction and roles of some of the bacterial
communities in tick survival and vector competence.

120



Trop. Med. Infect. Dis. 2022, 7, 413

Author Contributions: Y.Z. and W.Z. designed the study. W.Z., Z.L., T.J., D.C., L.Y., T.H., L.D. and
D.Z. collected the tick sample. W.Z. performed all the experiments and analyzed the data, and
prepared draft figures. W.Z. and Z.L. prepared the manuscript draft with important intellectual input
from Y.F. and Y.Z. All authors have read and agreed to the published version of the manuscript.

Funding: This study was financially sponsored by the Fifth Round of the Three-Year Action for
Public Health System Construction in Shanghai (No. GWV-10.1-XK13); The Special Foundation of
Basic Science and Technology Resources Survey of Ministry of Science and Technology of China (No.
2017FY101203); Shanghai sailing program (No. 21YF1452200).

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: The DNA sequencing data has been uploaded to GeneBank.

Acknowledgments: We are very grateful to the staff from Shanghai Center for Disease Control and
Prevention, as well as Fan Mingqiu, Wen Heyi and Lin Chen for the tick sample collection.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Dantas-Torres, F.; Chomel, B.B.; Otranto, D. Ticks and tick-borne diseases: A One Health perspective. Trends Parasitol. 2012, 28,
437–446. [CrossRef] [PubMed]

2. Mrzljak, A.; Novak, R.; Pandak, N.; Tabain, I.; Franusic, L.; Barbic, L.; Bogdanic, M.; Savic, V.; Mikulic, D.; Pavicic-Saric, J.; et al.
Emerging and neglected zoonoses in transplant population. World J. Transplant. 2020, 10, 47–63. [CrossRef] [PubMed]

3. Khoo, J.J.; Chen, F.; Kho, K.L.; Shanizza, A.I.A.; Lim, F.S.; Tan, K.K.; Chang, L.Y.; AbuBakar, S. Bacterial community in
Haemaphysalis ticks of domesticated animals from the Orang Asli communities in Malaysia. Ticks Tick Borne Dis. 2016, 7, 929–937.
[CrossRef] [PubMed]

4. Carmichael, J.R.; Fuerst, P.A. A rickettsial mixed infection in a Dermacentor variabilis tick from Ohio. Ann. N. Y. Acad. Sci. 2006,
1078, 334–337. [CrossRef] [PubMed]

5. Zhao, G.P.; Wang, Y.X.; Fan, Z.W.; Ji, Y.; Liu, M.J.; Zhang, W.H.; Li, X.L.; Zhou, S.X.; Li, H.; Liang, S.; et al. Mapping ticks and
tick-borne pathogens in China. Nat. Commun. 2021, 12, 1075. [CrossRef]

6. Wu, X.B.; Na, R.H.; Wei, S.S.; Zhu, J.S.; Peng, H.J. Distribution of tick-borne diseases in China. Parasites Vectors 2013, 6, 119.
[CrossRef]

7. Fang, L.Q.; Liu, K.; Li, X.L.; Liang, S.; Yang, Y.; Yao, H.W.; Sun, R.X.; Sun, Y.; Chen, W.J.; Zuo, S.Q.; et al. Emerging tick-borne
infections in mainland China: An increasing public health threat. Lancet Infect. Dis. 2015, 15, 1467–1479. [CrossRef]

8. Chen, Z.; Li, H.; Gao, X.; Bian, A.; Yan, H.; Kong, D.; Liu, X. Human Babesiosis in China: A systematic review. Parasitol. Res. 2019,
118, 1103–1112. [CrossRef]

9. Fang, L.Z.; Lei, S.C.; Yan, Z.J.; Xiao, X.; Liu, J.W.; Gong, X.Q.; Yu, H.; Yu, X.J. Detection of Multiple Intracellular Bacterial Pathogens
in Haemaphysalis flava Ticks Collected from Hedgehogs in Central China. Pathogens 2021, 10, 115. [CrossRef]

10. Liu, L.M.; Liu, J.N.; Liu, Z.; Yu, Z.J.; Xu, S.Q.; Yang, X.H.; Li, T.; Li, S.S.; Guo, L.D.; Liu, J.Z. Microbial communities and symbionts
in the hard tick Haemaphysalis longicornis (Acari: Ixodidae) from north China. Parasites Vectors 2013, 6, 310. [CrossRef]

11. Tijsse-Klasen, E.; Hansford, K.M.; Jahfari, S.; Phipps, P.; Sprong, H.; Medlock, J.M. Spotted fever group rickettsiae in Dermacentor
reticulatus and Haemaphysalis punctata ticks in the UK. Parasites Vectors 2013, 6, 212. [CrossRef]

12. Yu, Z.; Wang, H.; Wang, T.; Sun, W.; Yang, X.; Liu, J. Tick-borne pathogens and the vector potential of ticks in China. Parasites
Vectors 2015, 8, 24. [CrossRef]

13. Luo, J.; Ren, Q.; Liu, W.; Li, X.; Hong, Y.; Song, M.; Bo, Z.; Guan, G.; Luo, J.; Liu, G. Micropathogen community identification in
ticks (Acari: Ixodidae) using third-generation sequencing. Int. J. Parasitol. Parasites Wildl. 2021, 15, 238–248. [CrossRef]

14. Zhao, T.; Gong, H.; Shen, X.; Zhang, W.; Shan, T.; Yu, X.; Wang, S.J.; Cui, L. Comparison of Viromes in Ticks from Different
Domestic Animals in China. Virol. Sin. 2020, 35, 398–406. [CrossRef]

15. Ng, T.F.; Willner, D.L.; Lim, Y.W.; Schmieder, R.; Chau, B.; Nilsson, C.; Anthony, S.; Ruan, Y.; Rohwer, F.; Breitbart, M. Broad
surveys of DNA viral diversity obtained through viral metagenomics of mosquitoes. PLoS ONE 2011, 6, e20579. [CrossRef]

16. Jiao, J.; Lu, Z.; Yu, Y.; Ou, Y.; Fu, M.; Zhao, Y.; Wu, N.; Zhao, M.; Liu, Y.; Sun, Y.; et al. Identification of tick-borne pathogens by
metagenomic next-generation sequencing in Dermacentor nuttalli and Ixodes persulcatus in Inner Mongolia, China. Parasites
Vectors 2021, 14, 287. [CrossRef]

17. Batool, M.; Blazier, J.C.; Rogovska, Y.V.; Wang, J.; Liu, S.; Nebogatkin, I.V.; Rogovskyy, A.S. Metagenomic analysis of individually
analyzed ticks from Eastern Europe demonstrates regional and sex-dependent differences in the microbiota of Ixodes ricinus.
Ticks Tick Borne Dis. 2021, 12, 101768. [CrossRef]

18. Kodama, F.; Yamaguchi, H.; Park, E.; Tatemoto, K.; Sashika, M.; Nakao, R.; Terauchi, Y.; Mizuma, K.; Orba, Y.; Kariwa, H.; et al. A
novel nairovirus associated with acute febrile illness in Hokkaido, Japan. Nat. Commun. 2021, 12, 5539. [CrossRef]

121



Trop. Med. Infect. Dis. 2022, 7, 413

19. Wang, Z.D.; Wang, B.; Wei, F.; Han, S.Z.; Zhang, L.; Yang, Z.T.; Yan, Y.; Lv, X.L.; Li, L.; Wang, S.C.; et al. A New Segmented Virus
Associated with Human Febrile Illness in China. N. Engl. J. Med. 2019, 380, 2116–2125. [CrossRef]

20. Liu, Q.; He, B.; Huang, S.Y.; Wei, F.; Zhu, X.Q. Severe fever with thrombocytopenia syndrome, an emerging tick-borne zoonosis.
Lancet Infect. Dis. 2014, 14, 763–772. [CrossRef]

21. Li, Z.Q.; Li, L.H.; Yin, H.J.; Wei, Z.X.; Guo, Y.H.; Ma, B.; Zhang, Y. Distribution and suitable habitats of ticks in the Yangtze River
Delta urban agglomeration. Chin. J. Schistosomiasis Control 2021, 33, 365–372. [CrossRef]

22. Yamaguti, N.; Tipton, V.J.; Keegan, H.L.; Toshioka, S. Ticks of Japan, Korea and the Ryukyu islands. Brighan Young Univ. Sci. Bull.
1971, 15, 1–226.

23. Abdullah, H.H.; El-Molla, A.; Salib, F.A.; Allam, N.A.; Ghazy, A.A.; Abdel-Shafy, S. Morphological and molecular identification of
the brown dog tick Rhipicephalus sanguineus and the camel tick Hyalomma dromedarii (Acari: Ixodidae) vectors of Rickettsioses in
Egypt. Vet. World 2016, 9, 1087–1101. [CrossRef] [PubMed]

24. Chitimia, L.; Lin, R.Q.; Cosoroaba, I.; Wu, X.Y.; Song, H.Q.; Yuan, Z.G.; Zhu, X.Q. Genetic characterization of ticks from
southwestern Romania by sequences of mitochondrial cox1 and nad5 genes. Exp. Appl. Acarol. 2010, 52, 305–311. [CrossRef]
[PubMed]

25. Nossa, C.W.; Oberdorf, W.E.; Yang, L.; Aas, J.A.; Paster, B.J.; Desantis, T.Z.; Brodie, E.L.; Malamud, D.; Poles, M.A.; Pei, Z. Design
of 16S rRNA gene primers for 454 pyrosequencing of the human foregut microbiome. World J. Gastroenterol. 2010, 16, 4135–4144.
[CrossRef]

26. Regnery, R.L.; Spruill, C.L.; Plikaytis, B.D. Genotypic identification of rickettsiae and estimation of intraspecies sequence
divergence for portions of two rickettsial genes. J. Bacteriol. 1991, 173, 1576–1589. [CrossRef]

27. Cicuttin, G.L.; Brambati, D.F.; Rodríguez Eugui, J.I.; Lebrero, C.G.; De Salvo, M.N.; Beltrán, F.J.; Gury Dohmen, F.E.; Jado, I.; Anda,
P. Molecular characterization of Rickettsia massiliae and Anaplasma platys infecting Rhipicephalus sanguineus ticks and domestic
dogs, Buenos Aires (Argentina). Ticks Tick Borne Dis. 2014, 5, 484–488. [CrossRef]

28. Callahan, B.J.; McMurdie, P.J.; Rosen, M.J.; Han, A.W.; Johnson, A.J.; Holmes, S.P. DADA2: High-resolution sample inference
from Illumina amplicon data. Nat. Methods 2016, 13, 581–583. [CrossRef]

29. Bolyen, E.; Rideout, J.R.; Dillon, M.R.; Bokulich, N.A.; Abnet, C.C.; Al-Ghalith, G.A.; Alexander, H.; Alm, E.J.; Arumugam, M.;
Asnicar, F.; et al. Reproducible, interactive, scalable and extensible microbiome data science using QIIME 2. Nat. Biotechnol. 2019,
37, 852–857. [CrossRef]

30. Qi, Y.; Ai, L.; Zhu, C.; Ye, F.; Lv, R.; Wang, J.; Mao, Y.; Lu, N.; Tan, W. Wild Hedgehogs and Their Parasitic Ticks Coinfected with
Multiple Tick-Borne Pathogens in Jiangsu Province, Eastern China. Microbiol. Spectr. 2022, 10, e0213822. [CrossRef]

31. Cun, D.J.; Wang, Q.; Yao, X.Y.; Ma, B.; Zhang, Y.; Li, L.H. Potential suitable habitats of Haemaphysalis longicornis in China under
different climatic patterns. Chin. J. Schistosomiasis Control 2021, 33, 359–364. [CrossRef]

32. Zhao, L.; Li, J.; Cui, X.; Jia, N.; Wei, J.; Xia, L.; Wang, H.; Zhou, Y.; Wang, Q.; Liu, X.; et al. Distribution of Haemaphysalis longicornis
and associated pathogens: Analysis of pooled data from a China field survey and global published data. Lancet Planet. Health
2020, 4, e320–e329. [CrossRef]

33. Yan, Y.; Wang, K.; Cui, Y.; Zhou, Y.; Zhao, S.; Zhang, Y.; Jian, F.; Wang, R.; Zhang, L.; Ning, C. Molecular detection and phylogenetic
analyses of Anaplasma spp. in Haemaphysalis longicornis from goats in four provinces of China. Sci. Rep. 2021, 11, 14155. [CrossRef]

34. Jiang, J.; An, H.; Lee, J.S.; O’Guinn, M.L.; Kim, H.C.; Chong, S.T.; Zhang, Y.; Song, D.; Burrus, R.G.; Bao, Y.; et al. Molecular
characterization of Haemaphysalis longicornis-borne rickettsiae, Republic of Korea and China. Ticks Tick Borne Dis. 2018, 9,
1606–1613. [CrossRef]

35. Gomard, Y.; Flores, O.; Vittecoq, M.; Blanchon, T.; Toty, C.; Duron, O.; Mavingui, P.; Tortosa, P.; McCoy, K.D. Changes in Bacterial
Diversity, Composition and Interactions During the Development of the Seabird Tick Ornithodoros maritimus (Argasidae). Microb.
Ecol. 2021, 81, 770–783. [CrossRef]

36. Van Overbeek, L.; Gassner, F.; van der Plas, C.L.; Kastelein, P.; Nunes-da Rocha, U.; Takken, W. Diversity of Ixodes ricinus
tick-associated bacterial communities from different forests. FEMS Microbiol. Ecol. 2008, 66, 72–84. [CrossRef]

37. Carpi, G.; Cagnacci, F.; Wittekindt, N.E.; Zhao, F.; Qi, J.; Tomsho, L.P.; Drautz, D.I.; Rizzoli, A.; Schuster, S.C. Metagenomic profile
of the bacterial communities associated with Ixodes ricinus ticks. PLoS ONE 2011, 6, e25604. [CrossRef]

38. Thapa, S.; Zhang, Y.; Allen, M.S. Effects of temperature on bacterial microbiome composition in Ixodes scapularis ticks. Microbiolo-
gyOpen 2019, 8, e00719. [CrossRef]

39. Lim, F.S.; Khoo, J.J.; Tan, K.K.; Zainal, N.; Loong, S.K.; Khor, C.S.; AbuBakar, S. Bacterial communities in Haemaphysalis,
Dermacentor and Amblyomma ticks collected from wild boar of an Orang Asli Community in Malaysia. Ticks Tick Borne Dis. 2020,
11, 101352. [CrossRef]

40. Bennett, K.L.; Almanza, A.; McMillan, W.O.; Saltonstall, K.; Vdovenko, E.L.; Vinda, J.S.; Mejia, L.; Driesse, K.; De León, L.F.;
Loaiza, J.R. Habitat disturbance and the organization of bacterial communities in Neotropical hematophagous arthropods. PLoS
ONE 2019, 14, e0222145. [CrossRef]

41. Bonnet, S.I.; Binetruy, F.; Hernández-Jarguín, A.M.; Duron, O. The Tick Microbiome: Why Non-Pathogenic Microorganisms
Matter in Tick Biology and Pathogen Transmission. Front. Cell. Infect. Microbiol. 2017, 7, 236. [CrossRef] [PubMed]

42. Narasimhan, S.; Fikrig, E. Tick microbiome: The force within. Trends Parasitol. 2015, 31, 315–323. [CrossRef] [PubMed]

122



Trop. Med. Infect. Dis. 2022, 7, 413

43. Duguma, D.; Rugman-Jones, P.; Kaufman, M.G.; Hall, M.W.; Neufeld, J.D.; Stouthamer, R.; Walton, W.E. Bacterial communities
associated with culex mosquito larvae and two emergent aquatic plants of bioremediation importance. PLoS ONE 2013, 8, e72522.
[CrossRef] [PubMed]

44. Menchaca, A.C.; Visi, D.K.; Strey, O.F.; Teel, P.D.; Kalinowski, K.; Allen, M.S.; Williamson, P.C. Preliminary assessment of
microbiome changes following blood-feeding and survivorship in the Amblyomma americanum nymph-to-adult transition using
semiconductor sequencing. PLoS ONE 2013, 8, e67129. [CrossRef]

45. Muturi, E.J.; Ramirez, J.L.; Rooney, A.P.; Kim, C.H. Comparative analysis of gut microbiota of mosquito communities in central
Illinois. PLoS Negl. Trop. Dis. 2017, 11, e0005377. [CrossRef]

46. Osei-Poku, J.; Mbogo, C.M.; Palmer, W.J.; Jiggins, F.M. Deep sequencing reveals extensive variation in the gut microbiota of wild
mosquitoes from Kenya. Mol. Ecol. 2012, 21, 5138–5150. [CrossRef]

47. Ahantarig, A.; Malaisri, P.; Hirunkanokpun, S.; Sumrandee, C.; Trinachartvanit, W.; Baimai, V. Detection of Rickettsia and a novel
Haemaphysalis shimoga symbiont bacterium in ticks in Thailand. Curr. Microbiol. 2011, 62, 1496–1502. [CrossRef]

48. Noda, H.; Munderloh, U.G.; Kurtti, T.J. Endosymbionts of ticks and their relationship to Wolbachia spp. and tick-borne pathogens
of humans and animals. Appl. Environ. Microbiol. 1997, 63, 3926–3932. [CrossRef]

49. Jasinskas, A.; Zhong, J.; Barbour, A.G. Highly prevalent Coxiella sp. bacterium in the tick vector Amblyomma americanum. Appl.
Environ. Microbiol. 2007, 73, 334–336. [CrossRef]

50. Almeida, A.P.; Marcili, A.; Leite, R.C.; Nieri-Bastos, F.A.; Domingues, L.N.; Martins, J.R.; Labruna, M.B. Coxiella symbiont in the
tick Ornithodoros rostratus (Acari: Argasidae). Ticks Tick Borne Dis. 2012, 3, 203–206. [CrossRef]

51. Dall’Agnol, B.; McCulloch, J.A.; Mayer, F.Q.; Souza, U.; Webster, A.; Antunes, P.; Doyle, R.L.; Reck, J.; Ferreira, C.A.S. Molecular
characterization of bacterial communities of two neotropical tick species (Amblyomma aureolatum and Ornithodoros brasiliensis)
using rDNA 16S sequencing. Ticks Tick Borne Dis. 2021, 12, 101746. [CrossRef]

52. Klyachko, O.; Stein, B.D.; Grindle, N.; Clay, K.; Fuqua, C. Localization and visualization of a Coxiella-type symbiont within the
lone star tick, Amblyomma americanum. Appl. Environ. Microbiol. 2007, 73, 6584–6594. [CrossRef]

53. Smith, T.A.; Driscoll, T.; Gillespie, J.J.; Raghavan, R. A Coxiella-like endosymbiont is a potential vitamin source for the Lone Star
tick. Genome Biol. Evol. 2015, 7, 831–838. [CrossRef]

54. Tsementzi, D.; Castro Gordillo, J.; Mahagna, M.; Gottlieb, Y.; Konstantinidis, K.T. Comparison of closely related, uncultivated
Coxiella tick endosymbiont population genomes reveals clues about the mechanisms of symbiosis. Environ. Microbiol. 2018, 20,
1751–1764. [CrossRef]

55. Tufts, D.M.; Sameroff, S.; Tagliafierro, T.; Jain, K.; Oleynik, A.; VanAcker, M.C.; Diuk-Wasser, M.A.; Lipkin, W.I.; Tokarz, R. A
metagenomic examination of the pathobiome of the invasive tick species, Haemaphysalis longicornis, collected from a New York
City borough, USA. Ticks Tick Borne Dis. 2020, 11, 101516. [CrossRef]

56. Gall, C.A.; Reif, K.E.; Scoles, G.A.; Mason, K.L.; Mousel, M.; Noh, S.M.; Brayton, K.A. The bacterial microbiome of Dermacentor
andersoni ticks influences pathogen susceptibility. ISME J. 2016, 10, 1846–1855. [CrossRef]

57. Macaluso, K.R.; Sonenshine, D.E.; Ceraul, S.M.; Azad, A.F. Rickettsial infection in Dermacentor variabilis (Acari: Ixodidae) inhibits
transovarial transmission of a second Rickettsia. J. Med. Entomol. 2002, 39, 809–813. [CrossRef]

58. Li, W.; Liu, S.N. Rickettsia japonica infections in Huanggang, China, in 2021. IDCases 2021, 26, e01309. [CrossRef]
59. Kim, Y.S.; Kim, J.; Choi, Y.J.; Park, H.J.; Jang, W.J. Molecular genetic analysis and clinical characterization of Rickettsia species

isolated from the Republic of Korea in 2017. Transbound. Emerg. Dis. 2020, 67, 1447–1452. [CrossRef]
60. Qi, Y.; Ai, L.; Jiao, J.; Wang, J.; Wu, D.; Wang, P.; Zhang, G.; Qin, Y.; Hu, C.; Lv, R.; et al. High prevalence of Rickettsia spp. in

ticks from wild hedgehogs rather than domestic bovine in Jiangsu province, Eastern China. Front. Cell. Infect. Microbiol. 2022,
12, 954785. [CrossRef]

61. Park, H.J.; Kim, J.; Choi, Y.J.; Kim, H.C.; Klein, T.A.; Chong, S.T.; Jiang, J.; Richards, A.L.; Jang, W.J. Tick-borne Rickettsiae in
Midwestern region of Republic of Korea. Acta Trop. 2021, 215, 105794. [CrossRef] [PubMed]

62. Cohen, S.B.; Yabsley, M.J.; Freye, J.D.; Dunlap, B.G.; Rowland, M.E.; Huang, J.; Dunn, J.R.; Jones, T.F.; Moncayo, A.C. Prevalence of
Ehrlichia chaffeensis and Ehrlichia ewingii in ticks from Tennessee. Vector Borne Zoonotic Dis. 2010, 10, 435–440. [CrossRef] [PubMed]

63. Koh, F.X.; Kho, K.L.; Kisomi, M.G.; Wong, L.P.; Bulgiba, A.; Tan, P.E.; Lim, Y.A.L.; Nizam, Q.N.H.; Panchadcharam, C.; Tay, S.T.
Ehrlichia and Anaplasma Infections: Serological Evidence and Tick Surveillance in Peninsular Malaysia. J. Med. Entomol. 2018, 55,
269–276. [CrossRef] [PubMed]

64. Shibata, S.; Kawahara, M.; Rikihisa, Y.; Fujita, H.; Watanabe, Y.; Suto, C.; Ito, T. New Ehrlichia species closely related to Ehrlichia
chaffeensis isolated from Ixodes ovatus ticks in Japan. J. Clin. Microbiol. 2000, 38, 1331–1338. [CrossRef] [PubMed]

65. Zhang, X.C.; Zhang, L.X.; Li, W.H.; Wang, S.W.; Sun, Y.L.; Wang, Y.Y.; Guan, Z.Z.; Liu, X.J.; Yang, Y.S.; Zhang, S.G.; et al.
Ehrlichiosis and zoonotic anaplasmosis in suburban areas of Beijing, China. Vector Borne Zoonotic Dis. 2012, 12, 932–937.
[CrossRef] [PubMed]

66. Cao, W.C.; Gao, Y.M.; Zhang, P.H.; Zhang, X.T.; Dai, Q.H.; Dumler, J.S.; Fang, L.Q.; Yang, H. Identification of Ehrlichia chaffeensis
by nested PCR in ticks from Southern China. J. Clin. Microbiol. 2000, 38, 2778–2780. [CrossRef]

67. Yabsley, M.J.; Varela, A.S.; Tate, C.M.; Dugan, V.G.; Stallknecht, D.E.; Little, S.E.; Davidson, W.R. Ehrlichia ewingii infection in
white-tailed deer (Odocoileus virginianus). Emerg. Infect. Dis. 2002, 8, 668–671. [CrossRef]

68. Qin, X.R.; Han, F.J.; Luo, L.M.; Zhao, F.M.; Han, H.J.; Zhang, Z.T.; Liu, J.W.; Xue, Z.F.; Liu, M.M.; Ma, D.Q.; et al. Anaplasma
species detected in Haemaphysalis longicornis tick from China. Ticks Tick Borne Dis. 2018, 9, 840–843. [CrossRef]

123



Trop. Med. Infect. Dis. 2022, 7, 413

69. Bai, L.; Wang, L.; Vega-Rodríguez, J.; Wang, G.; Wang, S. A Gut Symbiotic Bacterium Serratia marcescens Renders Mosquito
Resistance to Plasmodium Infection through Activation of Mosquito Immune Responses. Front. Microbiol. 2019, 10, 1580.
[CrossRef]

70. Bando, H.; Okado, K.; Guelbeogo, W.M.; Badolo, A.; Aonuma, H.; Nelson, B.; Fukumoto, S.; Xuan, X.; Sagnon, N.; Kanuka, H.
Intra-specific diversity of Serratia marcescens in Anopheles mosquito midgut defines Plasmodium transmission capacity. Sci. Rep.
2013, 3, 1641. [CrossRef]

71. Wu, P.; Sun, P.; Nie, K.; Zhu, Y.; Shi, M.; Xiao, C.; Liu, H.; Liu, Q.; Zhao, T.; Chen, X.; et al. A Gut Commensal Bacterium Promotes
Mosquito Permissiveness to Arboviruses. Cell Host Microbe 2019, 25, 101–112.e105. [CrossRef]

124



Citation: Nuraini, N.; Fauzi, I.S.;

Lestari, B.W.; Rizqina, S. The Impact

of COVID-19 Quarantine on

Tuberculosis and Diabetes Mellitus

Cases: A Modelling Study. Trop. Med.

Infect. Dis. 2022, 7, 407. https://

doi.org/10.3390/tropicalmed7120407

Academic Editor: Yannick Simonin

Received: 13 October 2022

Accepted: 23 November 2022

Published: 29 November 2022

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2022 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

Tropical Medicine and 

Infectious Disease

Article

The Impact of COVID-19 Quarantine on Tuberculosis and
Diabetes Mellitus Cases: A Modelling Study

Nuning Nuraini 1,2,†, Ilham Saiful Fauzi 3,*,†, Bony Wiem Lestari 4,5 and Sila Rizqina 1

1 Department of Mathematics, Faculty of Mathematics and Natural Sciences, Institut Teknologi Bandung,
Bandung 40132, Indonesia

2 Center for Mathematical Modeling and Simulation, Institut Teknologi Bandung, Bandung 40132, Indonesia
3 Department of Accounting, Politeknik Negeri Malang, Malang 65141, Indonesia
4 Department of Public Health, Faculty of Medicine, Universitas Padjadjaran, Bandung 40161, Indonesia
5 Department of Internal Medicine, Radboud Institute for Health Sciences, Radboud University Medical Centre,

6525 GA Nijmegen, The Netherlands
* Correspondence: ilham.fauzi@polinema.ac.id
† These authors contributed equally to this work.

Abstract: COVID-19 has currently become a global pandemic and caused a high number of infected
people and deaths. To restrain the coronavirus spread, many countries have implemented restrictions
on people’s movement and outdoor activities. The enforcement of health emergencies such as
quarantine has a positive impact on reducing the COVID-19 infection risk, but it also has unwanted
influences on health, social, and economic sectors. Here, we developed a compartmental mathematical
model for COVID-19 transmission dynamic accommodating quarantine process and including
tuberculosis and diabetic people compartments. We highlighted the potential negative impact
induced by quarantine implementation on the increasing number of people with tuberculosis and
diabetes. The actual COVID-19 data recorded in Indonesia during the Delta and Omicron variant
attacks were well-approximated by the model’s output. A positive relationship was indicated by
a high value of Pearson correlation coefficient, r = 0.9344 for Delta and r = 0.8961 for Omicron
with a significance level of p < 0.05. By varying the value of the quarantine parameter, this study
obtained that quarantine effectively reduces the number of COVID-19 but induces an increasing
number of tuberculosis and diabetic people. In order to minimize these negative impacts, increasing
public awareness about the dangers of TB transmission and implementing a healthy lifestyle were
considered the most effective strategies based on the simulation. The insights and results presented in
this study are potentially useful for relevant authorities to increase public awareness of the potential
risk of TB transmission and to promote a healthy lifestyle during the implementation of quarantine.

Keywords: COVID-19; tuberculosis; diabetes; mathematical model; quarantine; control strategy

1. Introduction

Since 2020, the coronavirus disease 2019 (COVID-19) pandemic has impacted countries
globally [1–4]. As of 11 November 2022, about 630 million cases and 6.5 million deaths
have been reported [5]. The unprecedented infection and mortality rates have led to the
implementation of various public health measures, i.e., lockdowns and social distancing
regulations. While these efforts are well-intended to break the chain of transmission, several
deleterious health and socioeconomic consequences have been observed [6].

In the field of tuberculosis (TB) management, the COVID-19 pandemic has reversed
decades of progress toward TB eradication. Quarantines and stay-at-home measures have
increased the risk of TB transmission, particularly among household members [7,8]. This
is reflected by the findings from Aznar et al. [9] that observed a significant increase in
active TB cases among household contacts in 2020, when compared to 2019. Given that
the pandemic also causes a general decrease in healthcare access and increasing poverty
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rates, both known TB determinants. The number of tuberculosis incidence and mortality
are projected to increase by 5–15% within the next five years. This equals hundreds of
thousands of additional TB deaths globally [7,8].

The dire situation is potentially exacerbated by comorbidities resulting from quarantine-
related lifestyle changes. Several systematic reviews reported that globally, the COVID-19
quarantine measures have led to less physical activity, poorer diet, and a more sedentary
lifestyle, all of which are risk factors for many comorbidities, including diabetes [6,10]. In
addition, another systematic review reported that lockdowns are associated with deterio-
rating glycemic control among patients with type-2 diabetes mellitus [11]. Uncontrolled
diabetes is a known risk factor for TB infections, poor treatment outcomes, and mortality.
In six countries with the highest TB cases, about 10–18% of TB cases can be attributed to
diabetes. Overall, diabetes increases the risk of active TB by two- to four-fold [12]. Despite
this relationship between TB, diabetes, and COVID-19, however, no study has attempted to
model the impact of the pandemic on TB-DM co-occurrence and case management.

This paper aims to investigate the impacts of lockdowns and regional quarantines
during the COVID-19 pandemic on TB-DM patients through a modelling study in Indonesia,
a country with high burden of TB. Here, we established a mathematical model that divides
human population into compartments of three diseases: COVID-19, tuberculosis, and
diabetes mellitus. The unobserved parameters were estimated to obtain the best data fitting
between the COVID-19 data and the model’s output that accommodates the quarantine
process. The actual data used in this study is a weekly report of the COVID-19 cases
in Indonesia during June 2021-September 2021 and December 2021-April 2022, when
Indonesia experienced the Delta and Omicron variant attacks, respectively. The Indonesian
government decided to implement the emergency social activity restriction (PPKM darurat)
during these periods. In addition, we proposed some strategies that play essential roles in
both limiting COVID-19 infection and reducing the negative impacts on TB-DM patients.

2. Material and Methods

2.1. Mathematical Model

In our mathematical model, we made some modifications to the standard disease
transmission model that describes the dynamic of infection. The model includes com-
partments of three diseases: COVID-19, tuberculosis, and diabetes. TB and diabetes were
selected in this model because of the significant impact of the COVID-19 pandemic on
TB medical treatment and diabetes progression, especially during the implementation
of quarantine and public activity restriction. TB is an infectious disease whose risk of
transmission increases during home quarantine among household members. Meanwhile,
diabetes is not a contagious disease but it is a co-morbid disease that increases the mortality
rate of COVID-19 patients. Public and social measures that restrict residents’ activities at
home possibly change lifestyles that implicate the development of diabetes.

The actual problem is complex and complicated, so we establish a model that simpli-
fies it by considering only the basic and essential compartments for COVID-19, TB, and
diabetes. The human population (N) was divided into twelve compartments: susceptible
(S); quarantined susceptible (Q1); exposed coronavirus (Eco) i.e., individuals were recently
exposed by coronavirus and not infectious; infected coronavirus (Ico) i.e., individuals
were infected and infectious; quarantined infected coronavirus (Q2) i.e., individuals were
infected, infectious, and treated; recovered coronavirus (Rco) i.e., individuals were recov-
ered from coronavirus infection; latent tuberculosis (Ltb) i.e., individuals were recently
exposed tuberculosis and not infectious; infected tuberculosis (Itb) i.e., individuals were
active TB and infectious; diagnosed tuberculosis (Dtb) i.e., individuals were active TB and
treated; recovered tuberculosis (Rtb) i.e., individuals were recovered from tuberculosis
infection; diabetes without complications (Ddm); and diabetes with complications (Cdm).
The complete transmission process is shown as transfer diagram in Figure 1.
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Figure 1. A schematic diagram of the disease transmissions including COVID-19, tuberculosis, and
diabetes mellitus. The dashed line indicates the indirect effect of the quarantine implementation.

The resulting transmission model is given by the following nonlinear ordinary differ-
ential equations system:

dS
dt

= μN −
(

β1 Ico + β2Q2

N

)
S −

(
ρ1 Itb + ρ2Dtb

N

)
S − (δ1 + θ1 + μ)S

dQ1

dt
= θ1S −

(
ε1 Ico + ε2Q2

N

)
Q1 −

(
τ1 Itb + τ2Dtb

N

)
Q1 − (δ2 + μ)Q1

dEco

dt
=

(
β1 Ico + β2Q2

N

)
S +

(
ε1 Ico + ε2Q2

N

)
Q1 − (α + μ)Eco

dIco

dt
= αEco − (θ2 + γ + d1 + μ)Ico

dRco

dt
= γ(Ico + Q2)− μRco

dQ2

dt
= θ2 Ico − (γ + d1 + μ)Q2

dLtb
dt

=

(
ρ1 Itb + ρ2Dtb

N

)
S +

(
τ1 Itb + τ2Dtb

N

)
Q1 − (φ1 + γ1 + μ)Ltb

dItb
dt

= φ1Ltb − (Kφ2 + γ2 + d2 + μ)Itb

dDtb
dt

= Kφ2 Itb − (γ3 + d2 + μ)Dtb

dRtb
dt

= γ1Ltb + γ2 Itb + γ3Dtb − μRtb

dDdm
dt

= δ1S + δ2Q1 + ωCdm − (ν + μ)Ddm

dCdm
dt

= νDdm − (ω + d3 + μ)Cdm

(1)

The recruitment rate of susceptible is equal to human average life expectancy, μh.
Compartments Q1 and Q2 are the additional compartments to accommodate the implemen-
tation of the COVID-19 quarantine. Persons in compartment S are transferred into Q1 with
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quarantine rate θ1 and persons in compartment Ico are transferred into Q2 with quarantine
rate θ2. Quarantined susceptibles Q1 are still possible to be infected by coronavirus when
they have a contact with Ico and Q2, but at a different infection rate with susceptible S.
Persons in compartment Q1 can be transferred into latent tuberculosis Ltb when they are in
a close contact with infectious and active TB individuals, Itb or Dtb, during the quarantine
at home. The portion of susceptibles (S) who develop diabetes without complication is
δ1 which is shown by green dashed lines in Figure 1 considering that diabetes is not an
infectious disease. Persons in compartment Q1 also can develop diabetes as an indirect
effect of quarantine through lifestyle changes and be transferred into compartment Ddm
with portion δ2. In addition, people with diabetes who initially do not expose a complica-
tion can progress into diabetes with complications (Cdm) at rate ν, and diabetic people who
recover from complications are assumed to still suffer from diabetes with rate ω.

There are disease-related deaths caused by the COVID-19 with rate d1, tuberculosis
with rate d2, and diabetes with rate d3, then we assumed that the total population N is not
constant. The dynamic of the total population N is given by the following equation:

dN
dt

= μ(N − X)− d1(Ico + Q2)− d2(Itb + Dtb)− d3Cdm

where X = S + Q1 + Eco + Ico + Rco + Q2 + Ltb + Itb + Dtb + Rtb + Ddm + Cdm.
Furthermore, to accommodate the inability of health center to optimally diagnose

and treat the infected tuberculosis during the implementation of quarantine, we defined a
constant K influencing the diagnosis rate φ2 as follow:

K =

{
1 if θ1 = 0
0.5 if 0 < θ1 ≤ 1

In this model, the population change proportion for each compartment is described
by the dynamic of equation system (1). The descriptions and values of each parameter are
shown in Table A1 for the fixed parameter values.

2.2. Data Fitting

The raw data used in the present study is a weekly recorded COVID-19 cases. The
mathematical model will be fitted to a data recorded by Indonesian Health Ministry during
the Delta variant and Omicron variant attacks. The Delta variant of the coronavirus has
been detected in Indonesia since early June 2021 and the high cases were reported in
July 2021 to August 2021, followed by high number of deaths. Indonesia experienced the
third wave of the COVID-19 infection with the Omicron variant of the coronavirus in mid-
December 2021 to April 2022. The Indonesian government announced a plan to implement
the emergency social activity restriction (PPKM darurat) in early July 2021 and mid-January
2022 to anticipate the worst possible consequences caused by the infection of these two
variants. Infected corona patients become the priority to get medical treatment during
the implementation of quarantine to reduce the number of viral transmission as soon as
possible. The inability of health centers to provide optimal services during quarantine
induces the other acute health threats to not be handled and treated properly.

The values of unobserved parameter, (β1, β2, ε1, ε2, ρ1, ρ2, τ1, τ2, δ1, δ2, φ2), were esti-
mated by minimizing error between the result of numerical simulation and the actual
data. We used Spiral Dynamics Optimization (SDO) method developed by Tamura and
Yasuda [13] to minimize root-mean-square error (RMSE) between the data of infected
COVID-19 and the model output (Ico + Q2). Further, we implemented 100 bootsrap re-
alizations to obtain the values of parameter with 95% confidence interval. The values of
the remaining parameters were obtained from the literature and the references were cited
therein (see Table 1 for the value of the fixed parameters).

The initial value of the total population, N(0), approximates the total population in
Indonesia at 270 million people. The initial values of COVID-19 compartments were ob-
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tained from data retrieved from https://www.covid19.go.id (accessed on 10 July 2022) [14]
in the first week of June 2021 for Delta period and third week of December 2021 for Omi-
cron period. In early June 2021, the number of infected was approximately 40 thousand
and the number of recovered was 1.7 million, while in mid-December 2021, there were
1287 infected people and around 4.1 milion people recovered from the coronavirus infec-
tion. We assumed that only 25% of infected people are quarantined in hospital to receive
medical treatment. The number of people exposed by coronavirus but not infectious were
considered to be 100 thousand in first week of June 2021 and 50 thousand in third week of
December 2021. Using the information obtained from https://www.tbindonesia.or.id (ac-
cessed on 10 July 2022) [15], we set the initial value Itb(0) = 200, 000 and Dtb(0) = 150, 000
at the beginning of Delta period. In the numerical simulation, we also used the initial
value Ltb(0) = 500, 000 and Rtb(0) = 2, 000, 000. The number of people with diabetes in
Indonesia is about 10.8 million, and we assumed that about 25 percent of diabetics have
complications. For the Omicron period in mid-December 2021, the initial values were
adjusted with some increases from the Delta period.

Furthermore, to accomodate the implementation of quarantine by government, we
defined parameter θ1 that denotes the quarantine rate of susceptible who stay at home to re-
strict social interaction, and parameter θ2 that represents the quarantine rate of coronavirus
infected people who get medical treatment from health services during the pandemic. In
this research, the quarantine refers to public and social measures that restrict people’s
movements and isolate them at home. The implementation of emergency social activity
restriction (PPKM darurat) by Indonesian government was considered as the macro quar-
antine, because it restricted most of non-critical public activities. We assumed that the
higher the quarantine level, the lower the ability of health services to accommodate and
provide medical treatment for infected people due to the increased number of hospital
visits during the COVID-19 pandemic. Further, the value of parameter θ2 decreases when
the quarantine was implemented. Table 1 shows the value of quarantine parameters used
in numerical simulation for three quarantine scenarios.

Table 1. The variations of quarantine rate value based on the level of quarantine.

Parameter Description
Level of Quarantine

No Micro Macro

θ1 Quarantine rate from susceptible to quarantined susceptible 0.00 0.30 0.75
θ2 Quarantine rate from infected coronavirus to quarantined infected 0.95 0.85 0.75

2.3. Control Strategies

Some continuous controls were modelled by adding a reduction or addition, ui(t)
where t represents time in weekly unit, in the differential equation of state related to the
controls. The proposed control strategies in this work help to reduce the risk of tuberculosis
infection and the risk of diabetes developement during the implementation of quarantine.
We added to the mathematical model three control functions (u1(t), u2(t), u3(t)) associated
to tuberculosis interventions and two control functions (u4(t), u5(t)) related to diabetes
interventions. The interpretation of each control is given as follow:

1. Control u1(t): proportion of awareness program for quarantined susceptible to restrict
the interaction with tuberculosis suspects in the environment.

2. Control u2(t): proportion of awareness program for latent tuberculosis by intensifying
the latent identification and putting under treatment.

3. Control u3(t): proportion of diagnosis program for infected tuberculosis by managing
a specific team for diagnosis or optimizing the use of telemedicine.

4. Control u4(t): proportion of awareness program for quarantined susceptible by im-
plementing healthy lifestyle and exercising inside the house.

5. Control u5(t): proportion of awareness program for diabetic people without compli-
cations by applying healthy diet and diet tracking in quarantine period.
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The resulting states completed by the controls for each compartment are given by the
equations shown in Appendix A.2. In the numerical simulation, we also combined controls
(u1, u2, u3) to reduce the risk of tuberculosis and controls (u4, u5) to minimize the risk of
diabetes. We measured the efficacy of each control strategy by calculating the percentage of
reduced cases for some noticed compartments during the time observation.

3. Results

In this section, we present the result of numerical simulation using the estimated
parameter values that minimize error between the actual COVID-19 data during the Delta
and Omicron variant outbreaks with the model’s output. The actual COVID-19 data is data
that indicates the weekly number of people infected with COVID-19 recorded by Indonesian
government. The output of mathematical model refers to the result of numerical simulation
that shows the number of COVID-19 infected people, Ico + Q2, in a week. We examined
the effect of quarantine implementation by comparing the dynamic of TB and diabetes
compartments in three scenarios: no quarantine, micro quarantine, and macro quarantine.
In addition, we suggested the implementation of some control strategies to reduce the
risk of tuberculosis transmission and diabetes development in quarantine period. We
considered the variations of control parameter separately, and interpreted the simulation’s
result for each proposed control.

3.1. Numerical Simulation of Mathematical Model Accomodating Quarantine Process

The weekly data of COVID-19 cases during the observation time was fitted with the
output of mathematical model to obtain the estimated parameters. Table 2 displays the
estimated values for each unobserved parameter with 95% confidence interval obtained
from 100 bootstrap realizations. As can be seen in Figure 2a,b, the results of simulation
produced a good data fitting in both of Delta period and Omicron period. In order to assess
the goodness of fit, we calculated the Pearson correlation coefficient between the actual
data and the model’s output, denoted by coefficient rd for Delta and ro for Omicron. The
calculation yielded rd = 0.9343 and ro = 0.8961 with significance level p < 0.05, indicating
a strong positive relationship between data and simulation result.

Table 2. Description of parameters used in mathematical model with estimated value.

Parameter Description Delta (95% CI) Omicron (95% CI)

β1 Infection rate of susceptible by contact with infected 4.411 (4.077, 4.745) 5.569 (5.313, 5.825)
β2 Infection rate of susceptible by contact with quarantined infected 6.125 (5.671, 6.580) 6.371 (6.001, 6.742)
ε1 Infection rate of quarantined susceptible by contact with infected 3.595 (3.414, 3.776) 4.429 (4.372, 4.486)
ε2 Infection rate of quarantined susceptible by contact with quarantined infected 5.985 (5.528, 6.442) 5.129 (4.763, 5.494)
ρ1 Infection rate of susceptible by contact with infected TB 0.335 (0.291, 0.378) 1.884 (1.624, 2.144)
ρ2 Infection rate of susceptible by contact with diagnosed TB 0.349 (0.307, 0.391) 1.628 (1.302, 1.954)
τ1 Infection rate of quarantined susceptible by contact with infected TB 0.486 (0.426, 0.545) 2.101 (1.869, 2.333)
τ2 Infection rate of quarantined susceptible by contact with diagnosed TB 0.492 (0.436, 0.548) 2.839 (2.672, 3.007)
φ2 Diagnosis rate of infected TB 0.497 (0.438, 0.555) 2.237 (1.905, 2.569)
δ1 Probability of susceptible developing diabetes 0.091 (0.084, 0.098) 0.067 (0.062, 0.072)
δ2 Probability of quarantined susceptible developing diabetes 0.129 (0.121, 0.136) 0.085 (0.076, 0.093)

For the Delta period, the actual data and model’s output indicate same period of
infection peak, the second week of July 2021. The highest number of COVID-19 cases
shown in the recorded data was 341,749, while the model resulted 288,169 cases at the
peak of infection. The number of COVID-19 cases started to decline significantly in the
subsequent weeks. For the Omicron period, the peak of infection shown by data and
model’s output is in the third week of February 2022. The number of infected people on
this infection peak that recorded in actual data is 385,769 cases, whereas the simulation
result indicates that the potential highest case number is only 286,566 cases.

We used the estimated parameter values in Table 2 to simulate the dynamic of TB and
diabetes compartments in three scenarios. In Figure 2c,d, we observed that the number of
COVID-19 infected people, (Ico + Q2), decreased when the quarantine was implemented
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during the Delta and Omicron variant outbreaks. The implementation of quarantine not
only reduced positive cases but also led to the early occurrence of infection peak; thereby,
the emergency period lasted shorter. The summary of simulation results without or with
accomodating the implementation of quarantine was given in Table 3. The implementation
of micro quarantine reduced 51.48 percent of COVID-19 cases in the Delta period and
69.76 percent in the Omicron period. As expected, a higher decrease in the number of
COVID-19 cases was resulted from the implementation of macro quarantine that is 64.17%
and 79.60% for the Delta and Omicron period, respectively. When micro and macro
quarantine were implemented in Delta period, the number of infected individuals on the
peak of infection were 47.40% and 60.76%, respectively, lower than no quarantine scenario.
In Omicron period, the percentages of case reduction in the infection peak affected by micro
and macro quarantine implementation were 69.19% and 79.27%. The peak of infection
shifted two weeks later when the quarantine was not implemented. These implied that
quarantine enforced by the government could significantly limiting the spread of COVID-19
infection, particularly during the Delta and Omicron variant outbreaks.
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Figure 2. The results of data fitting between the actual COVID-19 data in Indonesia and the output of
model during the period of Delta and Omicron variant were shown in (a,b), respectively. Further,
figure (c,d) show the number of COVID-19 infected people, Ico +Q2, based on the simulation results of
some quarantine scenarios when Indonesia experienced Delta and Omicron variant attacks. (a) Data
fitting during Delta period. (b) Data fitting during Omicron period. (c) The number of COVID-19
infected people for each quarantine scenario during Delta period. (d) The number of COVID-19
infected people for each quarantine scenario during Omicron period.

In Table 2, we observed that infection rate parameters of quarantined susceptible by
contact with infected and diagnosed TB, τ1 and τ2, were higher than the infection rates
of susceptible, ρ1 and ρ2, in both the Delta and Omicron periods. This implied a higher
number of tuberculosis cases during the quarantine. Figure 3 illustrates how micro and
macro quarantine increase the number of TB cases, Itb and Dtb. We considered three values
for θ1 : 0, 0.3, and 0.75. We noticed that as the quarantine rate (θ1) increases, the number of
Itb and Dtb increase. When micro and macro quarantine were implemented during Delta
variant outbreak, the number of active infected TB were 13.24% and 14.09%, respectively,
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higher than the number Itb of no quarantine scenario at the end of observation time. Similar
results were also seen in the Omicron period where Itb during micro and macro quarantine
scenarios were 36.18% and 37.5% higher than no quarantine. The significant increase
in the number of compartment Itb led to the increment in the number of tuberculosis
diagnosed individuals despite the diagnosis ability of health services decreased during
pandemic. In the last week of September 2021, the number of diagnosed TB of micro
and macro quarantine were 8.04% and 9.91%, respectively, higher than the scenario of
no implementation of quarantine. In the last week of April 2022, there were 47.10%
and 55.21% higher potential diagnosed TB for micro and macro quarantine, respectively.
Table 4 displays the summary of quarantine effect on the increasing number of people with
tuberculosis and diabetes during the observation time, the Delta and Omicron periods.

Table 3. The summary of COVID-19 infected people, Ico + Q2, in three scenarios of quarantine.

Variant Indicator No Quarantine Micro Quarantine Macro Quarantine

Delta (B.1.617.2)

Total infected individuals in 17 weeks 6,691,270 3,246,557 2,397,179
Peak of infection 4th week of July 2021 3rd week of July 2021 2nd week of July 2021
Highest potential number of cases 734,323 386,249 288,169
Number of cases at the end of observation 117,673 16,968 9201
Percentage of reduced cases - 51.48% 64.17%

Omicron (B.1.1.529)

Total infected individuals in 19 weeks 11,188,961 3,383,183 2,282,320
Peak of infection 1st week of March 2022 4th week of February 2022 3th week of February 2022
Highest potential number of cases 1,382,465 426,239 286,566
Number of cases at the end of observation 88,804 4155 2021
Percentage of reduced cases - 69.76% 79.60%
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Figure 3. The negative impact of quarantine during Delta variant and Omicron variant of the COVID-
19 pandemic to the increasing number of tuberculosis infected people, Itb and Dtb. (a) The number of
Itb during Delta period. (b) The number of Itb during Omicron period. (c) The number of Dtb during
Delta period. (d) The number of Dtb during Omicron period.
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Table 4. The number of infected tuberculosis and diabetic people in the end of observation time.

Variant Compartment No Quarantine Micro Quarantine Macro Quarantine

Delta (B.1.617.2)

Infected tuberculosis (Itb) 4.39 × 105 4.97 × 105 5.01 × 105

Diagnosed tuberculosis (Dtb) 1.38 × 106 1.49 × 106 1.51 × 106

Diabetes without complications (Ddm) 1.77 × 108 1.93 × 108 1.96 × 108

Diabetes with complications (Cdm) 2.72 × 107 2.96 × 107 3.03 × 107

Omicron (B.1.1.529)

Infected tuberculosis (Itb) 3.04 × 106 4.14 × 106 4.18 × 106

Diagnosed tuberculosis (Dtb) 2.59 × 107 3.81 × 107 4.02 × 107

Diabetes without complications (Ddm) 1.35 × 108 1.38 × 108 1.39 × 108

Diabetes with complications (Cdm) 2.50 × 107 2.63 × 107 2.66 × 107

In Table 2, the probability of quarantined susceptible developing diabetes, δ2, was
higher than the probability of susceptible developing diabetes, δ1. This indicated that
the implementation of quarantine possibly caused the increase in the number of people
with diabetes. We presented the effect of quarantine rate θ1 to the number of diabetic
without complication (Ddm) and diabetic with complications (Cdm) in Figure 4. Here,
we also considered three values of susceptible quarantine rate: θ1 = 0 (no quarantine),
θ1 = 0.3 (micro quarantine), and θ1 = 0.75 (macro quarantine). We observed that the
stricter quarantine implementation, that was, greater values for θ1, the higher number
of individuals developing diabetes (see Table 4 for the number of people with diabetes
without and with complications). More precisely, at the end of Delta variant observation
time, micro quarantine increased the number of diabetes without complications 9.53%
higher than no quarantine scenario, and macro quarantine led 10.93% increased cases. On
the other hand, the number of diabetes with complications in the last week of September
2021 increased 8.94% and 11.62% in case the government decided to enforce micro and
macro quarantine. For the Omicron period, micro quarantine resulted 2.22% and 5.20%
higher number of Ddm and Cdm, respectively. When the macro quarantine option was
selected, it was possible that the number of diabetic without complications increases 2.96%
and the number of diabetic with complications increases 6.40% in the end of observation.

3.2. Effect of Tuberculosis and Diabetes Control Strategies during COVID-19 Quarantine

We proposed some control strategies in this work to reduce the risk of tuberculosis and
diabetes during the implementation of quarantine that focus at mitigating the COVID-19
disease transmission. We added three control functions (u1, u2, u3) related to the reduction
of infected tuberculosis, and two controls (u4, u5) intended to minimize the probability of
developing diabetes. We assumed that the controls were continuous defined by a constant
rate. Each control simulated both separately and combined. Here, the percentage of
reduction in the total number of cases during observation time compared to no quarantine
scenario was chosen to illustrate the efficacy of each control strategy.

For the first scenario, we used merely the control u1(t). This control intended to
increase public awareness to protect them from tuberculosis risk during quarantine at
home. The awareness program were carried out by direct campaigns or by using mass
media and social media to inform the citizens about the dangers of TB transmission in the
close environment when they stayed at home. Using constant rate u1 = 0.5, Figure 5a,b
display significant reduction of latent TB during Delta and Omicron period. The variations
in the value of control u1, ranging 0 ≤ u1 ≤ 1, showed the efficacy in reducing latent TB up
to 72.28% for Delta variant and 98.01% for Omicron variant (see Figure 5c,d). Also, reduced
cases can be seen in the number infected TB (Itb) during both Delta and Omicron variant
outbreaks (see Figure 6a,b). In Figure 6c,d, we can see that the efficacy of control u1(t) to
reduce the number of active infected TB during the pandemic of Delta and Omicron variant
was up to 58.64% and 97.19%, respectively.
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Figure 4. The negative impact of quarantine during Delta variant and Omicron variant of the COVID-
19 pandemic to the increasing number of people with diabetes, Ddm and Cdm. (a) The number of Ddm
during Delta period. (b) The number of Ddm during Omicron period. (c) The number of Cdm during
Delta period. (d) The number of Cdm during Omicron period.

Next, we used only the control u2(t) for the second scenario. This control represented
the proportion of latent individuals Ltb that was identified and received medical treatment.
The expansion of the screening test and diagnosis for latent TB or people at high infection
risk could be adopted. In Figure 5a,b, using constant rate u2 = 0.5, we observed that
the decrease in the number of latent Ltb in both periods were less significant than the
first proposed TB control strategy. Now, by varying control rate value, 0 ≤ u2 ≤ 1, the
percentage of reduced cases were only up to 6.519% for Delta and only up to 4.463% for
Omicron, as can be seen in Figure 5b,d. In addition, control u2 also was not more effective
than u1 in reducing the number of infected TB (Itb). In Figure 6c,d, the effectiveness
measurement showed that the efficacy of this type of control was only up to 4.938% during
Delta period and 6.301% during Omicron period.

The third control proposed to reduce tuberculosis risk was u3(t). In this strategy, the
diagnosis program for the infected individuals was intensified. A specific team could be
formed to continue TB diagnosis and treatment program even though COVID-19 was a
priority during the pandemic. This control was focused on the diagnosis of infected, so the
latent was not significantly reduced. Even, in the Omicron period there was no decrease in
the number of latent TB.In Figure 5c, we observed that the number of latent decreased only
up to 0.115%. Although control u3 was not significantly affecting latent TB, this control has
potential to reduce the number of infected TB quite notably. The efficacy of this control in
reducing Itb was up to 41.17% for Delta period and 48.62% for Omicron period as shown in
Figure 6, with the values of control u3 ranging [0, 1].
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Figure 5. The impact of TB controls implementation (ui = 0.5) to the number of latent people Ltb
during Delta period (a), and Omicron period (b). Next, the efficacy of tuberculosis controls with the
variations of control value, 0 ≤ u1, u2, u3 ≤ 1 to reduce the number of latent Ltb were shown in figure
(c) for Delta and in figure (d) for Omicron. (a) The number of Ltb during Delta period. (b) The number
of Ltb during Omicron period. (c) Controls efficacy reducing Ltb during Delta period. (d) Controls
efficacy reducing Ltb during Omicron period.

For the last scenario of tuberculosis control strategy, we combined all proposed control,
u1, u2, and u3. We assumed that all controls were implemented with equal rate, that was,
u1 = u2 = u3. As expected, Figures 5 and 6 show that this combination decreased the
number of Ltb and Itb more significant than three previous single controls. More precisely,
the latent individuals decreased up to 73.99% and 98.17% during Delta and Omicron
period. For the infected individuals, there were reductions by 77.93% and 98.48% during
the observation time starting from June 2021 to September 2021 for Delta variant and from
December 2021 to April 2022 for Omicron variant, respectively.

One of the important indicators that need to be considered regarding the effectiveness
of a TB control strategy was the ratio between Dtb and Itb. The high ratio of diagnosed
who receive medical treatment from health services over the infected indicated that the
strategy was more effective. In Appendix A, Figure A1 shows the number of Dtb during the
observation time, and we observed that the highest ratio of Dtb over Itb was shown by the
combination of all controls. The control u3 significantly increased the ratio because it was
focused on the increase of diagnosis rate. The control u2, aimed to reduce the number of
latent, showed low value of Dtb/Itb and did not significantly influence the diagnosis rate.

For the first diabetes reduction scenario, we compared the number of diabetic with
complications (Cdm), with and without control u4(t). The goal of this strategy was to
increase public awareness to implement healthy lifestyle, set a good diet, and exercise at
home regularly in quarantine period. The implementation of constant control u4 = 0.5
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reduced the number of Cdm as shown in Figure 7a,b. Figure 7c,d show that the upper bound
of this control efficacy was equal to 61.28% and 59.04% for Delta and Omicron period,
respectively. This implied a reduction in the number of people with diabetes of more than
half of the total cases when control u4 was not considered.
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Figure 6. The impact of TB controls implementation (ui = 0.5) to the number of infected people Itb
during Delta period (a), and Omicron period (b). Next, the efficacy of tuberculosis controls with
the variations of control value, 0 ≤ u1, u2, u3 ≤ 1 to reduce the number of infected Itb were shown
in figure (c) for Delta and in figure (d) for Omicron. (a) The number of Itb during Delta period.
(b) The number of Itb during Omicron period. (c) Controls efficacy reducing Itb during Delta period.
(d) Controls efficacy reducing Itb during Omicron period.

Next, we used only the control u5(t) to reduce the probability of diabetics developing
complications during the implementation of quarantine. Diet tracking, regular diet, and
healthy lifestyle in the quarantine period could be adopted to prevent the emergence of
complications. In Figure 7a,b, we observed that the number of Cdm reduced more significant
than control u4. By using constant rate 0 ≤ u5 ≤ 1 shown in Figure 7c,d, the percentage of
reduced cases was up to 78.11% for Delta and 76.08% for Omicron.

In addition, we combined control u4 and control u5. In this strategy, the two controls
were applied at the same time in order to obtain better numerical results. We assumed that
the controls had equal rate, u4 = u5. In Figure 7a,b, we used controls u4 = u5 = 0.5 in the
numerical simulation. The uppper bound of the efficacy of this control combination was
equal to the upper bound of single control u5, but lower values of this combination yielded
higher efficacy than control u5 as shown in Figure 7c,d.
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Figure 7. The impact of diabetes controls implementation to the number of diabetic people with com-
plications Cdm, figure (a) for Delta period and figure (b) for Omicron period. The efficacy of diabetes
controls to reduce the number of diabetics Cdm with the variations of control value, 0 ≤ u4, u5 ≤ 1
were shown in figure (c) and (d) for Delta variant and Omicron variant, respectively. (a) The number
of Cdm during Delta period. (b) The number of Cdm during Omicron period. (c) Controls efficacy
reducing Cdm during Delta period. (d) Controls efficacy reducing Cdm during Omicron period.

In Appendix A, Figure A2 shows that control u4 significantly reduced the number of
diabetic without complications but this control did not detain the progression from Ddm
to diabetic with complications, Cdm. The implementation of control u5, that was aimed to
reduce the probability of developing complications, showed the low percentage of Ddm
becoming Cdm. The fatal impact of diabetes with complications could be minimized by
implementing strategy u5 during quarantine period. On the other hand, control u5 was not
effective to decline the number of diabetic without complications Ddm. The combination
of control u4 and u5 could be considered as the best strategy to reduce the risk of diabetes
development during quarantine implementation. These strategies decreased the number of
Ddm and Cdm, and reduced the possibility of Ddm developing complications.

4. Discussion

In order to control the COVID-19 transmission during pandemic, numerous countries
have decided to adopt lockdown and regional quarantine policies. It had been a consider-
able time since such strategies were last introduced, and currently they were implemented
on global scale. Despite the fact that quarantines have been implemented relatively recently,
some contributions have already appeared in the literature, aimed at evaluating how this
policies work, along with its efficacy in terms of controlling virus infection. Lau et al. [16]
have analysed the Wuhan case and have highlighted the significance of these measures to
reduce the contagion probability by significantly decrease the growth rate and increase the
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doubling time of cases. Guzzetta et al. [17] have reported that national lockdown in Italy
brought net reproduction ratio (Rt) below 1 within 2 weeks and the epidemic was brought
under control only after the implementation of lockdown. A similar finding was reported
by Megarbane et al. [18] that lockdown and quarantine were considered as an effective
intervention to halt coronavirus epidemic progression in nine different countries (UK, USA,
Germany, Spain, New Zealand, Italy, France, Netherlands, and Sweden).

Delta (B.1.617.2) and Omicron (B.1.1.529) are two variants of SARS-CoV-2 that causes
high infection during COVID-19 pandemic. The Delta variant was originally found in
India in December 2020 and the Omicron variant was firstly observed in South Africa
in the early days of November 2021 [19,20]. The Delta variant has spread over very fast
because of its capability to invade the host’s immune system, but the Omicron variant has
been reported to be more infectious than previous variants with a short doubling time.
In this work, we found that the infection rates of Omicron variant, (β1, β2, ε1, ε2), were
approximately 1.04–1.26 times higher than the infection rates of Delta variant. This finding
is in accordance with the results of research conducted by Lyngse et al. [21] in Denmark
that the rate of Omicron virus infection was 1.17 times higher than Delta variant, especially
for unvaccinated people. Chaguza et al. [22] also reported that Omicron variant is 1.3 times
more infectious than Delta due to the increased transmission acquired from the mutation.

The implementation of lockdown and regional quarantine to control COVID-19 pan-
demic have influenced tuberculosis clinical management and health services related to
TB. In the countries and territories where healthcare personnel assigned in TB programs
have been diverted to handle COVID-19 patients, the impact of pandemic on tuberculosis
treatments is estimated to be severe. Numerous countries have ruled out TB programs
because COVID-19 control programs are priority and urgently needed. Health facilities
throughout the country become the battleground for COVID-19. To decrease the poten-
tial risk of viral transmission to either health care workers or patients during their visits,
hospitals are minimizing the number of daily outpatient visits. Several health services are
prepared to meet the demands of the overwhelming number of COVID-19 patients.

Migliori et al. [23] have reported that COVID-19 pandemic has interfered TB-related
services globally. Data from 33 TB centers in 16 countries indicated the reductions in the
diagnosis of newly active TB and total outpatient visits of active or latent TB during lock-
down and regional quarantine in the first 4 months of 2020. The study by Lange et al. [24]
showed a significant decline in emergency department visits such as TB centers, suggesting
that patients may be avoiding care or unable to access care during the pandemic. The
reduction in the number of outpatient visits may be due to the patient’s fear of exposure
severe acute respiratory syndrome COVID-19 [25]. Because of lockdown and quarantine,
progression to active TB from latent TB who did not obtain preventive measure and medical
treatment was possibly occurred [26]. Despite the number of outpatient TB visits decreased,
the implementation of lockdown and regional quarantine have increased the interest to
use telemedicine. TB programs offered new service called telehealth. The use of telehealth
services in the United Kingdom, India, Russia, and Australia was considerably higher in
2020, driven by social distancing policies and in accordance with the innovation program to
answer challenges during the pandemic [27,28]. In Indonesia, some examples of telehealth
services are https://www.temenin.kemkes.go.id (accessed on 14 November 2022) provided
by Indonesian Health Ministry and Halodoc, an application developed by PT Media Dokter
Investama. These services bring together patients with expert doctors for online consul-
tations, diagnosing the patient’s condition, and providing medicine recommendations or
other medical treatments.

In tuberculosis epidemiology, the duration and proximity of exposure to an active
TB as the source of infection led to an increased risk of TB infection. It should be noticed
that the implementation of lockdown and regional quarantine may possibly increase the
risk of TB infection during COVID-19 pandemic. The government enforced stay-at-home
policies and confined the citizens in their family environment. In the family-household
setting, a persistent close contact with family members suffering from active TB and still
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undiagnosed increased the transmission risk to susceptible persons [29]. The prevention
method and awareness program should be adopted, through the campaign of awareness
directly or indirectly using mass media or social media to inform the citizens about the
dangers of TB transmission in the close environment when they stay at home. By taking
preventive measures such as applying health lifestyle, covering coughs and sneezes, and
keeping hands clean, the risk of TB infection could be reduced. Family members who show
TB symptoms should immediately visit the health service or contact the health care by
using telehealth facility to avoid wider transmission caused by undetected case.

The change in nutritional habits and lifestyle are unavoidable negative consequences
of lockdown and quarantine. Limited access to food and reduced availability of goods
caused by restricted opening hours of store lead to the changing in nutritional habits
and the switching to unhealthy food. A recent review by Brooks et al. [30] reported
negative psychological effects of quarantine including stress and anxiety. Mental health
issues such as stress and anxiety are considered to be associated with unhealthy lifestyle
that drive people to eat and drink in an attempt to get better feeling. Eating unhealthy
foods regularly such as snacks, chocolates, junk foods, fast foods, and soda cola, and
drinking spirits and wine more frequently are more likely to be new habits of these stress-
driven eaters and drinkers. This leads to weight gain that may possibly contributes
to development of diabetes. In order to reduce diabetes risk as the side effect of the
implementation of lockdown and quarantine, a healthy diet should be applied. Vegetarian
diet and Mediteranian diet are the examples of healthy diet that give important metabolic
advantages for preventing and treating diabetes and its complications [31,32].

Other than the unhealthy eating habits, the reduction of physical activity also con-
tributes the weight gain in quarantine period. Pandemic-related closure of public exercise
facilities such as sports centers, gymnasiums, and swimming pools may disproportionately
influence active individuals. Notwithstanding the guidances to exercise at home, only
few citizens comply. Regular physical activity is mandatory to maintain health status.
The human body’s metabolism is strongly influenced by physical activity. Doing more
physical activity is one important factor to lowering the risk of diabetes because it decreases
the glucose level in blood circulation by increasing glucose uptake [33,34]. Promotion of
physical activity in home needs to be intensified during the implementation of lockdown
and regional quarantine. In addition, wherever and whenever possible and allowed, while
following the government rules, people should be suggested to be more active outdoors,
preferably in green open space. As in all other situations, regulations of wearing mask and
social distancing are also essential in outdoors to reduce the COVID-19 infection risk.

5. Conclusions

In this paper, we proposed a mathematical model and used numerical simulation to
describe the impact of quarantine on tuberculosis and diabetic people during COVID-19
pandemic. A compartmental nonlinear deterministic epidemic model, including three
diseases: COVID-19, tuberculosis, and diabetes, was formulated. We aimed to point out
the potential negative effects, particularly on tuberculosis and diabetic people, when the
government implemented isolation measures such as lockdown and regional quarantine.
The mathematical model fitted with the actual data of COVID-19 cases in Indonesia when
the Delta and Omicron variants were identified. We also suggested some control strategies
to reduce the negative impact in both tuberculosis and diabetic people during quarantine.
The results of numerical simulation indicate different effectiveness and efficacy of each
control strategy. By increasing public awareness about the dangers of TB transmission
in environment when they stayed at home, the number of newly infected TB during
quarantine can be reduced significantly. In addition, in order to minimize the risk of
diabetes progression with or without complications, the implementation of healthy lifestyle
and exercise inside the house are considered as the most effective strategy.

This study has several limitations that can be developed for future research. The
actual problem is complex and this study aims to simplify it. Therefore, the mathematical
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model that we developed only consists of the basic compartments and variables of the
COVID-19 disease that we consider essential. Immunity level due to vaccination, time
between infection and the acute phase of disease, symptomatic or asymptomatic infected
individuals, and other important variables can be taken into account in further studies. The
second limitation is the realtionship between TB and diabetes mellitus is not accommodated
in the mathematical model, even though diabetes is an important factor and a comorbid
of TB. Thirdly, the availability of TB and diabetes data during the COVID-19 pandemic is
potentially improve the output of model, where the results of the data fitting are not only
in accordance with the COVID-19 data but also the TB and diabetes data. In our study, we
were unable to obtain the proper TB and diabetes due to the lack of data recording.
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Appendix A

Appendix A.1

Table A1. Description of parameters used in mathematical model with fixed value.

Parameter Description Value Unit References

μh Human natural birth or mortality rate 1/(65 × 52) week−1 [35–37]
α Rate of progression to infected from exposed 7/6.5 week−1 [38–40]
d1 Mortality rate caused by COVID-19 infection 0.00039 week−1 data
γ Recovery rate of infected and quarantined of COVID-19 7/3.6 week−1 [40–42]
φ1 Rate of progression to infected from latent 7/60 week−1 [43,44]
γ1 Recovery rate of latent tuberculosis 0.01285 week−1 [43,44]
γ2 Recovery rate of infected tuberculosis 0.00122 week−1 [43]
γ3 Recovery rate of diagnosed tuberculosis 0.00764 week−1 [43]
d2 Mortality rate caused by tuberculosis infection 0.00111 week−1 [45]
ν Probability of diabetic people developing complications 0.01303 week−1 [46]
ω Probability of diabetic people recovered from complications 0.00714 week−1 [46]
d3 Mortality rate caused by diabetes mellitus 0.00013 week−1 [46]

Appendix A.2

The resulting states completed by the controls for each compartment are given by the
following equations:

dQ1

dt
= θ1S −

(
ε1 Ico + ε2Q2

N

)
Q1 − (1 − u1(t))

(
τ1 Itb + τ2Dtb

N

)
Q1 − ((1 − u4(t))δ2 + μ)Q1

dLtb
dt

=

(
ρ1 Itb + ρ2Dtb

N

)
S + (1 − u1(t))

(
τ1 Itb + τ2Dtb

N

)
Q1 − (φ1 + (1 + u2(t))γ1 + μ)Ltb
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dItb
dt

= φ1Ltb − ((1 + u3(t))Kφ2 + γ2 + d2 + μ)Itb

dDtb
dt

= (1 + u3(t))Kφ2 Itb − (γ3 + d2 + μ)Dtb

dRtb
dt

= (1 + u2(t))γ1Ltb + γ2 Itb + γ3Dtb − μRtb

dDdm
dt

= δ1S + (1 − u4(t))δ2Q1 + ωCdm − ((1 − u5(t))ν + μ)Ddm

dCdm
dt

= (1 − u5(t))νDdm − (ω + d3 + μ)Cdm

where the remaining states did not change.
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Figure A1. The impact of tuberculosis controls implementation to the number of diagnosed peo-
ple Dtb for Delta period (a), and Omicron period (b). The ratios of diagnosed people Dtb over
infected people Itb during quarantine during Delta and Omicron variant attacks were shown in figure
(c) and (d), respectively. (a) The number of Dtb during Delta period. (b) The number of Dtb during
Omicron period. (c) The ratio of Dtb to Itb during Delta period. (d) The ratio of Dtb to Itb during
Omicron period.
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Figure A2. The impact of diabetes controls implementation to the number of diabetic people without
complications Ddm during Delta period shown in (a) and during Omicron period shown in (b). The
percentage of diabetic people with complications Cdm over the diabetic without complications Ddm
on Delta and Omicron quarantine were shown in figure (c) and (d), respectively. (a) The number of
Ddm during Delta period. (b) The number of Ddm during Omicron period. (c) Percentage of Cdm to
Ddm during Delta period. (d) Percentage of Cdm to Ddm during Omicron period.
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Abstract: Arboviruses, particularly dengue virus (DENV), Zika virus (ZIKV), and Chikungunya
virus (CHIKV), pose a growing threat to global public health. For disease burden estimation and
disease control, seroprevalence studies are paramount. This study was performed to determine
the prevalence of DENV, ZIKV, and CHIKV on healthy individuals aged from 1–55 years old in
Bangphae district, Ratchaburi province, Thailand. Enzyme-linked immunosorbent assays (ELISAs)
and rapid diagnostic tests (RDTs) were performed on archived samples from a dengue serological
survey conducted from 2012–2015. All 2012 samples had been previously tested using an anti-
DENV immunoglobulin (Ig)G ELISA, and 400 randomly selected samples stratified by age, sex, and
residential area were assessed by an in-house anti-ZIKV IgG ELISA and a commercial anti-CHIKV
IgG ELISA to determine virus-specific antibody levels. An RDT (Chembio DPP® ZCD IgM/IgG
System) was also used to investigate the presence of antibodies against DENV, ZIKV, or CHIKV. The
ELISA results indicate that the seroprevalences of DENV, ZIKV, and CHIKV were 84.3%, 58.0%, and
22.5%, respectively. The youngest age group had the lowest seroprevalence for all three arboviruses,
and the seroprevalences for these viruses were progressively higher with increasing participant age.
The DPP® IgG sensitivities, as compared with ELISAs, for DENV, ZIKV, and CHIKV were relatively
low, only 43.92%, 25.86%, and 37.78%, respectively. The ELISA results indicate that 16% of the study
population was seropositive for all three viruses. DENV had the highest seroprevalence. ZIKV and
CHIKV were also circulating in Bangphae district, Ratchaburi province, Thailand. The DPP® ZCD
rapid test is not sensitive enough for use in seroprevalence studies.

Keywords: dengue virus; zika virus; chikungunya virus; seroprevalence; ELISA; RDT; Thailand

1. Introduction

Arboviruses are maintained in nature principally through their biological transmission
between susceptible vertebrate hosts by blood-sucking arthropod vectors. These viruses
are found worldwide but are more common in tropical and subtropical countries. There
are ~500 known arboviruses, of which ~100 cause disease in humans and ~40 cause disease
in domestic animals [1]. Although they are predominant in tropical and subtropical re-
gions, owing to population growth and urbanization, international travel and trade, vector
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adaption, and global warming in recent decades, arbovirus infections have spread world-
wide. Travelers have played a particularly important role in the worldwide transmission of
mosquito-borne viruses [2,3]. Three major arthropod-borne viruses, dengue virus (DENV),
Zika virus (ZIKV), and Chikungunya virus (CHIKV), are becoming public health concerns
because of the growing threat they pose to global health and socioeconomic development.

DENV and ZIKV are mosquito-borne single-stranded RNA viruses in the genus
Flavivirus, family Flaviviridae. Dengue, an infection caused by four antigenically distinct
DENVs, has caused a huge disease burden in tropical and subtropical regions [4,5]. Due to
a dramatic increase in DENV incidence over recent decades, it is estimated that there are
now approximately 390 million DENV infections each year worldwide, with 500,000 cases
of severe dengue requiring hospitalization and 20,000 deaths [6–8]. ZIKV was first isolated
from a rhesus monkey in the Zika forest in 1947 [9], and the first case of human infection
was reported from Nigeria in 1954 [10]. The first outbreak of ZIKV infection was reported
from the Yap islands and Federal states of Micronesia in 2007 [11]. The pandemic of ZIKV
in Brazil began in Bahia, a northeastern state, and became a large outbreak throughout
the Americas [12]. More than 3000 cases of microcephaly were identified, and ZIKV was
isolated from the autopsy brain tissue from a ZIKV infected infant [13]. On February
2016, the World Health Organization declared ZIKV infection a public health emergency of
international concern [14].

CHIKV belongs to the genus Alphavirus in the family Togaviridae. The primary vectors
of this virus are the Ades aegypti and Aedes albopictus mosquitoes, the same vectors that
spread DENV and ZIKV. The main symptoms of CHIKV infection are high fever and
joint pain in the acute phase, often accompanied by headache, diffuse back pain, myalgia,
nausea, vomiting, polyarthritis, rash, and conjunctivitis; these symptoms are similar to
those observed in dengue fever, especially in the acute phase. The first clinical report of
CHIKV fever was as early as the 1770s, and the first CHIKV outbreak in Asia was reported
from Bangkok in 1958 [15]. CHIKV epidemics later occurred in Cambodia, Vietnam,
Malaysia, and Taiwan. In the 2005–2006 outbreak of CHIKV in La Reunion Island in
the Indian Ocean, infected patients presented with severe complicated manifestations,
primarily associated with encephalopathy and hemorrhagic fever [16]. Owing to challenges
in accurately diagnosing the disease, there is no accurate estimate for the number of people
affected by this virus. Because of the severe debilitating nature of the disease and the
discovery of a new mutant in Caribbean countries and territories in 2013, CHIKV has
become a global threat [17].

In Thailand, which has a well-established national dengue surveillance system, the
prevalence and incidence rates of dengue are documented. However, similar to other coun-
tries in Southeast Asia, information regarding the periodic outbreaks of other mosquito-
borne viral infections, such as those caused by ZIKV or CHIKV, is scarce [18,19]. Moreover,
the acute stages of arboviral infections usually cause undifferentiated clinical manifesta-
tions, ranging from asymptomatic to severe illness, such that these diseases cannot be
accurately differentiated from each other [20,21]. Despite the evidence that the arboviral
diseases caused by DENV, ZIKV, and CHIKV contribute substantially to morbidity in Thai-
land, there are only a few studies that investigated the seroprevalence of these three major
arboviruses [22]. A regular confirmatory laboratory test for arbovirus infection is generally
not performed in healthy or mildly ill individuals. Consequently, the actual disease burdens
and their spreading natures cannot be accurately estimated and the distributions of these
viruses in Thailand remain uncertain.

A seroprevalence study can provide important information for disease control, and
the development of a rapid diagnostic test (RDT) for use in such studies would ensure
that low- and middle-income countries have a diagnostic tool for clinical management
and surveillance, providing early alert against future outbreaks. The Chembio Dual Path
Platform (DPP) ZCD (Zika/Chikungunya/Dengue) immunoglobulin (Ig)M/IgG system
is a rapid immunochromatographic test for the separation and detection of IgM and IgG
antibodies against DENV, ZIKV, and CHIKV in 10 μL of whole blood, serum, or plasma. Its
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results are read 10–15 min after adding buffer. Here, we investigated the seroprevalences
of DENV, ZIKV, and CHIKV by testing archived samples from a dengue cohort study
conducted in children and adults of central Thailand from 2012 to 2015 [23]. The present
work aimed to explore the seroprevalence of DENV, ZIKV, and CHIKV by using ELISAs
and the DPP® ZCD IgM/IgG System to detect antibodies against DENV, ZIKV, and CHIKV
in archived samples from a dengue cohort study of children and adults in Bangphae district,
Ratchaburi province, Thailand.

2. Materials and Methods

2.1. Study Site and Serum Samples

This seroprevalence study was performed by using archived data and serum samples
collected (stored at −80 ◦C) from a cohort study of DENV conducted in Bangphae district,
Ratchaburi province, Thailand from 2012 to 2015 (Figure 1). This previous study enrolled
2012 healthy children and adults aged between 1 and 55 years in 2012. The subjects were
prospectively followed for six visits during the period from 2012–2015. The longitudinal
serosurvey study of DENV was performed using an indirect IgG ELISA against DENV as
described previously [23]. It was found that the overall prevalence of past DENV infection
as measured by IgG ELISA was 74.3% in 2012 and had increased to 79.4% by 2015. Because
DENV, ZIKV, and CHIKV can be transmitted by the same mosquito vector and co-circulate
in the same area, we selected the serum samples from the first visit in this Bangphae study
for use in our research. The minimum sample size for the present arbovirus seroprevalence
study was calculated from an estimated prevalence of 50% for ZIKV and CHIKV, with a
95% confidence level and 5% absolute precision. The estimated minimum sample size was
then adjusted by 4% to allow for possible error, resulting in an estimated necessary sample
size of approximately 400 samples. The DENV ELISA results were taken from the previous
cohort study. All selected samples were assessed using ZIKV and CHIKV IgG ELISAs. The
samples were also tested with the RDT (DPP® ZCD IgM/IgG System).
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Figure 1. Schematic diagram of the study design and procedures. Four hundred serum samples were
selected and used to perform ZIKV and CHIKV immunoglobulin (Ig) G enzyme-linked immunosor-
bent assay (ELISA) tests (DENV ELISA results were used from previous study) and the DPP® ZCD
IgM/IgG system.

The protocol for this study was reviewed and approved by the Ethics Committee of
the Faculty of Tropical Medicine, Mahidol University (protocol TMEC 22-016). Procedures
conducted in this study were in accordance with the standard criteria of the Human Ethical
Research committee of Faculty of Tropical Medicine, Mahidol University.

2.2. In-House DENV IgG ELISA

The present study used the in-house indirect sandwich DENV IgG ELISA using a
dengue monoclonal antibody 2H2 and an equal mixture of inactivated DENV 1–4 anti-
gen. The data from a previous report, in which the method used to acquire these data is
described [23,24].

2.3. In-House ZIKV NS1 IgG ELISA

An in-house ZIKV NS1 IgG ELISA was performed using the ZIKV NS1 protein, a
recombinant protein produced in E. coli BL21(DE3), to evaluate the immune status against
ZIKV of the study participants [25,26]. Briefly, 96-well ELISA plates were sensitized with
60 μL/well of ZIKV NS1 protein (500 ng) in 0.018 M carbonate buffer. After an overnight
incubation at 4 ◦C, the plates were washed six times with 300 μL/well of phosphate-
buffered saline (PBS) containing 1% Tween 20 (PBS-T) and then blocked with assay buffer
(5% skim milk in PBS-T) for 1 h at 37 ◦C. After additional washing procedures were
conducted, 50 μL/well of the tested serum diluted 1:100 with assay buffer and controls
were added in duplicate and then the plates were incubated at 37 ◦C for 1.5 h. After being
washed again, the plates were filled with 50 μL/well of a goat anti-human IgG antibody
conjugated to horse radish peroxidase (KPL Inc., Gaithersburg, MD, USA), diluted at 1:5000
in assay buffer. After being incubated at 37 ◦C for 90 min, the plates were washed six
times, and the substrate SureBlue™ TMP (KPL Inc., Gaithersburg, MD, USA) was added
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for 30 min incubation at room temperature. The colorimetric reaction was stopped by the
addition of 50 μL of 0.2 M sulfuric acid to each well, and the optical density (OD) at 450 nm
was read using an ELISA plate reader.

2.4. CHIKV IgG ELISA

The EUROIMMUN CHIKV ELISA test kit (EUROIMMUN Co., Lubeck, Germany) is
a semi-quantitative in vitro assay for the detection of human IgG-class antibodies against
CHIKV in serum. The kits contain microtiter strips, each with eight break-off reagent
wells coated with CHIKV antigens. First, 10 μL of the sample was diluted into 1.0 mL
of sample buffer. The Euroimmun anti-CHIKV IgG ELISA was performed as following
the manufacturer’s instructions. The results were evaluated by calculating the ratio of the
extinction value of the control or sample divided by the extinction value of the calibrator.
This assay was evaluated on an ELISA plate reader.

2.5. Chembio DPP® ZCD IgM/IgG System

The DPP® ZCD IgM/IgG System employs Chembio’s patented DPP technology (Dual
membrane Path Platform), consisting of a sample path that distributes samples onto two
test strips. The upper test strip (window labelled “1, 2, 3”) is for detecting IgM antibodies
against DENV, ZIKV, and CHIKV, respectively, and the bottom test strip (window also
labelled “1, 2, 3”) is for the detection of IgG antibodies against DENV, ZIKV, and CHIKV,
respectively. To initiate the test, a 10-μL specimen is diluted with a buffer and applied to
the SAMPLE + BUFFER well located in the middle of the sample transfer strip of the DPP®

ZCD IgM/IgG Test Device. The DPP® ZCD IgM/IgG System was performed according to
manufacturer’s instructions. At the time of reading the results, the DPP® Micro reader and
cassette adapter must be used to obtain the test results.

2.6. Criteria for Seropositivity

For DENV and ZIKV IgG ELISA results, the criterium for seropositivity was the
sample OD greater than or equal to twice over the OD from the negative control [23,25].
For the CHIKV ELISA results, a sample was classified as seropositive when the sample OD
greater than or equal to 1.1 times over the OD from the calibrator. In accordance with the
DPP® ZCD IgM/IgG system protocol, a sample was classified as positive when the level of
the sample from the reader was greater than or equal 22. The DPP® ZCD IgG levels were
used to compare with the ELISA results.

2.7. Statistical Analysis

A descriptive summary of study participant characteristics is presented stratified
by sex, location, and age group; participant age was divided into five age groups for
comparative purposes. The Mann-Whitney U-test was performed to compare continuous
variables between study groups. The correlation coefficient was used to compare the
DPP® and ELISA results. Sensitivity, specificity, and predictive values were calculated
for the DPP® using the corresponding ELISA as a standard. Differences were considered
statistically significant if the p-value was less than 0.05. All analyses were performed using
SPSS software version 18.0 (SPSS Inc., Chicago, IL, USA).

3. Results

3.1. Demographic Data

The demographic data for our study participants were described previously [23]. The
serosurvey of dengue in Bangphae district, Ratchaburi province, Thailand from 2012 to
2015 was conducted by performing an indirect DENV IgG ELISA. Over that study period,
approximately 2000 children and adults were enrolled in the dengue serosurvey. Archived
serum samples from visit 1 (Y2012) and the associated demographic data were used for
the present study. From each of the five age groups, a group of 80 serum samples with an
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equal sex and location distribution was randomly selected (total: 400 serum samples) for
use in this study (Table 1).

Table 1. Demographic characteristic of subjects [n (%)].

Visit 1 Selected

number/samples 2012 400

Male:Female
903:1109 200:200

0.81:1 1:1
Sub-district
Wang-Yen 348 (17.30) 57
Bang-Phae 301 (15.00) 58
Wat-Kaew 250 (12.40) 57
Hau-Pho 254 (12.60) 57
Don-Kha 152 (7.60) 57
Don-Yai 203 (10.00) 57
Pho-Hak 504 (25.00) 57

Age group
1–10 695 (34.54) 80
11–20 733 (36.43) 80
21–30 180 (8.95) 80
31–40 170 (8.45) 80
41–55 234 (11.63) 80

3.2. Arbovirus Seroprevalences

The seroprevalence of DENV, ZIKV, and CHIKV according to the ELISA results and
a descriptive summary of participant characteristics are presented in Table 2. The IgG
ELISA results show that the arbovirus with the highest seroprevalence was DENV (84.25%),
followed by ZIKV (58.00%) and CHIKV (22.50%). According to the ELISA results, the
DENV seroprevalence was very high in all tested areas (77.19–92.98%).

Table 2. Seropositivity to three arboviruses according to ELISA [n (%)].

DENV ZIKV CHIKV

number/samples 337 (84.25) 232 (58.00) 90 (22.50)
Male:Female 163:174 117:115 39:51

0.94:1 1.02:1 0.76:1
Sub-district
Wang-Yen 53 (92.98) 45 (78.95) 12 (21.05)
Bang-Phae 49 (84.48) 31 (53.45) 13 (22.41)
Wat-Kaew 49 (85.96) 24 (42.11) 8 (14.04)
Hau-Pho 45 (78.95) 40 (70.18) 20 (35.09)
Don-Kha 45 (78.95) 23 (40.35) 10 (17.54)
Don-Yai 44 (77.19) 23 (40.35) 15 (26.32)
Pho-Hak 52 (91.23) 46 (80.70) 12 (21.05)

Age group
1–10 37 (46.25) 25 (31.25) 4 (5.00)
11–20 65 (81.25) 51 (63.75) 5 (6.25)
21–30 76 (95.00) 40 (50.00) 6 (7.50)
31–40 80 (100.00) 57 (71.25) 26 (32.50)
41–55 79 (98.75) 59 (73.75) 49 (61.25)

Among the three arboviruses, DENV had the highest seroprevalence, according to the
ELISA results, in all sub-districts (77.19–92.98%), while CHIKV had the lowest seropreva-
lence, particularly in the youngest three age groups. The pattern of seroprevalence for the
three tested arboviruses varied in different areas. Wang-Yen sub-district had the highest
percentage of DENV seropositivity (92.98%), Pho-Hak had the highest percentage of ZIKV
seropositivity (80.70%), and Hau-Pho had the highest percentage of CHIKV seropositivity
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(35.09%). Don-Kha and Don-Yai had the lowest percentage of ZIKV seropositivity (40.35%),
and Wat-Kaew had the lowest percentage of CHIKV seropositivity (14.04%).

Overall, the seroprevalence for each of the three arboviruses was progressively higher
with increasing age. The age-specific seroprevalence of DENV reached its peak level in
those aged 31–40 years old. For ZIKV, the seroprevalence dropped from 63.75% in the
11–20 years old age group to 50% in the 21–30 years old age group, but trended upward
again in the remaining older age groups (Figure 2). For CHIKV, the seroprevalence was
5% in the 1–10 years old age group, 6.25% in the 11–20 years old age group, and 7.50%
in the 21–30 years old age group. The seroprevalence of CHIKV was dramatically higher
in the 31–40 years old age group (32.5%) and higher again in the 40–55 years old age
group (61.25%).

Figure 2. Seroprevalence of three arboviruses by age group. (A) The ELISA results; (B) The DPP®

ZCD IgG results. The x-axes describe the DENV (red), ZIKV (blue), and CHIKV (green) distributions
for five age groups in Bangphae district, Ratchaburi province, Thailand. The y-axes represent the
seroprevalence, as shown by the number of cases.

The Chembio DPP® ZCD results indicate overall DENV, ZIKV, and CHIKV seropreva-
lences lower than those estimated from the ELISA results. There were 160, 64, and 37 cases
determined by the Chembio DPP® ZCD as being seropositive for anti-DENV, -ZIKV, and
-CHIKV IgM or IgG, respectively; the numbers of cases seropositive for only virus-specific
IgG were 148, 62, and 36, respectively (Table 3). When judging the seroprevalence by the
DPP data instead of the ELISA data, the areas with the highest seroprevalence of DENV and
ZIKV were Don-Yai instead of Wang-Yen and Don-Kha instead of Pho-Hak, respectively,
but the area with the highest seroprevalence of CHIKV (Hau-Pho) remained the same
(Figure 3). The pattern of age-specific seroprevalence for these arboviruses in children and
adults according to the DPP data was similar to those estimated from the ELISA data but
with lower seroprevalences (Table 3, Figure 2).
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Table 3. Seropositivity for three arboviruses according to DPP® ZCD system [n (%)].

DENV
IgM

DENV
IgG

ZIKV IgM ZIKV IgG
CHIKV

IgM
CHIKV

IgG

number/
samples

28 (7.00) 148
(37.00) 5 (1.25) 62 (15.50) 14 (3.50) 35 (8.75)

Male:Female 17:11 72:76 3:2 30:32 6:8 14:21
1.55:1 0.95:1 1.50:1 0.94:1 0.75:1 0.67:1

Sub-district
Wang-Yen 4 (7.02) 21 (36.84) 1 (1.75) 9 (15.79) 2 (3.51) 6 (12.53)
Bang-Phae 2 (3.45) 22 (37.93) 0 (0.00) 10 (17.24) 2 (3.45) 4 (6.90)
Wat-Kaew 1 (1.75) 8 (14.04) 1 (1.75) 2 (3.51) 3 (5.26) 2 (3.51)
Hau-Pho 1 (1.75) 17 (29.82) 1 (1.75) 7 (12.28) 2 (3.51) 9 (15.79)
Don-Kha 3 (5.26) 26 (45.61) 1 (1.75) 10 (17.54) 1 (1.75) 5 (8.77)
Don-Yai 11 (19.30) 30 (52.63) 1 (1.75) 7 (12.28) 2 (3.51) 6 (10.53)
Pho-Hak 6 (10.53) 24 (42.11) 0 (0.00) 7 (12.28) 2 (3.51) 3 (5.26)

Age group
1–10 3 (3.75) 13 (16.25) 1 (1.25) 2 (2.50) 4 (5.00) 0 (0.00)
11–20 6 (7.50) 30 (37.50) 2 (2.50) 14 (17.50) 2 (2.50) 0 (0.00)
21–30 8 (10.00) 33 (41.25) 1 (1.25) 11 (13.75) 3 (3.75) 1 (1.25)
31–40 5 (6.25) 33 (41.25) 1 (1.25) 18 (22.50) 2 (2.50) 10 (12.50)
41–55 6 (7.50) 39 (48.75) 0 (0.00) 17 (21.25) 3 (3.75) 24 (30.00)

Figure 3. Seroprevalence of three arboviruses by residential area. (A) The ELISA results; (B) The
DPP® ZCD IgG results. The x-axes describe the DENV (red), ZIKV (blue), and CHIKV (green)
distributions for the seven sub-districts of Bangphae district, Ratchaburi province, Thailand. The
y-axes represent the seroprevalence, as shown by the number of cases.

3.3. Co-Seropositivity for DENV, ZIKV, and CHIKV

According to the ELISA results, 115 (38.75%) individuals were jointly positive for
DENV- and ZIKV-specific IgG antibodies, and 64 (16.00%) were jointly positive for DENV-,
ZIKV-, and CHIKV-specific IgG antibodies (Figure 4). The prevalence of IgG antibodies
against all three arboviruses (DENV, ZIKV, and CHIKV) was highest in Hau-Pho sub-
district (18 cases), followed by Bang-Phae sub-district (12 cases), and Pho-Hak sub-district
(9 cases). The age group with the highest joint seroprevalence of DENV and ZIKV was
the 11–20-years-old group at 52.50%, whereas the highest joint seropositivity for DENV-
specific and CHIKV-specific antibodies was 15.00% in the 41–55-years-old age group. The
prevalence of IgG antibodies against all three arboviruses showed a gradual rise with
age during early life (i.e., slightly higher prevalence in young adults than in children);
however, the prevalence of these antibodies rapidly became higher with increasing ages
above 30 years (Table 4). The highest co-seropositivity (38.75%) was seen for DENV-specific
and ZIKV-specific antibodies. In contrast, only 25 (6.25%) of study participants were jointly
seropositive for DENV-specific and CHIKV-specific antibodies. The Chembio DPP® IgG
revealed 87 (21.75%) individuals as seropositive for DENV-specific IgG, 14 (3.50%) for
ZIKV-specific IgG, and 10 (2.50%) for CHIKV-specific IgG. Moreover, the co-seropositive
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for both DENV and ZIKV IgG, and for DENV, ZIKV, and CHIKV IgG were 35 (8.75%) and
13 (3.25%), respectively.

Figure 4. Co-circulation of three ELISA-positive arboviruses in Bangphae district, Ratchaburi
province, Thailand. Number and percentage (%) of samples found to be positive by ELISA for
immunoglobulin G (IgG) antibodies to single or multiple exposures of DENV, ZIKV, and CHIKV.

Table 4. Co-circulation of three arboviruses according to ELISA [n (%)].

DENV ZIKV CHIKV D + Z D + C Z + C D + Z + C

number/samples 93 (23.25) 13 (3.25) 1 (0.25) 155 (38.75) 25 (6.25) 0 (0.00) 64 (16.00)
Age group

1–10 17 (21.25) 6 (7.50) 1 (1.25) 17 (21.25) 1 (1.25) 0 (0.00) 2 (2.50)
11–20 18 (22.50) 6 (7.50) 0 (0.00) 42 (52.50) 2 (2.50) 0 (0.00) 3 (3.75)
21–30 33 (41.25) 0 (0.00) 0 (0.00) 37 (46.25) 3 (3.75) 0 (0.00) 3 (3.75)
31–40 16 (20.00) 0 (0.00) 0 (0.00) 38 (47.50) 7 (8.75) 0 (0.00) 19 (23.75)
41–55 9 (11.25) 1 (1.25) 0 (0.00) 21 (26.25) 12 (15.00) 0 (0.00) 37 (46.25)

3.4. Comparison of ELISA and Chembio DPP® ZCD IgG

Among the three arboviruses, DENV had the highest seroprevalence, according to
both the ELISA and Chembio DPP® ZCD system results. Comparing the ELISA and
Chembio DPP® ZCD IgG results revealed that the sensitivity of the Chembio DPP® IgG
for DENV was relatively low, only 43.92% (95% confidence interval (CI): 38.54–49.40%).
Additionally, although the specificity was 100% (95% CI: 94.31–100.00%), the accuracy was
only 52.75% (95% CI: 47.73–57.73%). The sensitivity and specificity of the Chembio DPP®

IgG for ZIKV as compared with ELISA were 25.86% (95% CI 20.35–32.00%) and 98.81%
(95% CI: 95.77–99.86%), respectively; the accuracy was only 56.50% (95% CI: 51.48–61.42%).
The accuracy for CHIKV rapid tests (85.50%, 95% CI: 81.66–88.80%) was relatively higher
compared with the rapid tests for DENV and ZIKV; however, the sensitivity was only
37.78% (95% CI: 27.77–48.62%), and the specificity was 99.35% (95% CI: 97.69–99.92%).

Overall, the immunochromatographic test of the Chembio DPP® ZCD system showed
a low sensitivity when compared with ELISA. Figure 5 shows the average values of the
Chembio DPP® ZCD IgG in the ELISA-based seropositive and seronegative groups. All
Chembio DPP® ZCD systems for the three arboviruses produced a statistically signifi-
cant difference in antibody levels between the ELISA-based seropositive and seronega-
tive groups.
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Figure 5. Scatter plot of the DPP® ZCD system results by ELISA-positive and ELISA-negative
samples. The median DENV DPP® results from ELISA-positive and -negative samples were 18.00
and 2.50, respectively (**** p < 0.0001). The median ZIKV DPP® results from ELISA-positive and
-negative samples were 5.90 and 1.30, respectively (**** p < 0.0001). The median CHIKV DPP® results
from ELISA-positive and -negative samples were 14.50 and 2.10, respectively (**** p < 0.0001).

4. Discussion

The primary purpose of this study was to assess the seroprevalence status of three
important arboviruses, i.e., DENV, ZIKV, and CHIKV. In addition, this study also aimed to
evaluate the sensitivity and specificity of the DPP® ZCD IgG rapid test as compared with
ELISA and assess the prevalence of exposure to multiple arboviruses in the population. To
this end, 400 serum samples, from healthy participants without febrile illness evenly split
across five age groups with equal male:female ratios and equal representation of seven
sub-districts of the Bangphae district, Ratchaburi province, Thailand, were selected from
archived serum samples collected by the previous study, “Dengue virus seroprevalence
study in Bangphae district, Ratchaburi, Thailand: A cohort study in 2012–2015” [23].

The seroprevalence of exposure to all three major arboviruses was progressively higher
with advancing age, i.e., the younger age groups had lower seroprevalences compared with
the older age groups. This occurrence in endemic areas may be due to older people having
a higher cumulative exposure to these arboviruses. From the ELISA results, the highest per-
centage of co-seropositivity was for the combination of DENV and ZIKV (38.75%). DENV
and ZIKV are closely related flaviviruses that share a high degree of structural and se-
quence homology. Moreover, the cross-reactivity between DENV and ZIKV is a challenging
serological diagnostic problem. The cross-reactivity of antibodies between these two closely
related viruses could explain this finding. A previous study on the seroprevalence of Zika
in pregnant women in Thailand also noticed a cross-reaction between DENV and ZIKV [27].
According to past studies, the sensitivity and specificity of in-house DENV IgG ELISA
were 94.37% and 87.33%, respectively, when comparing with PRNT [24]. Comparison with
PRNT results revealed that the sensitivity and the specificity of the in-house ZIKV NS1
IgG ELISA were 100% and 70.27%, respectively [26]. Furthermore, this low specificity
in the ZIKV NS1 IgG ELISA mainly caused by the secondary DENV infection samples.
Additionally, the trend of ZIKV seroprevalence differed across age groups, which could be
the result of susceptibility variation, as suggested by a previous study on ZIKV that also
proposed variable susceptibility to ZIKV [28]. Other related work found that age and sex
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had roles in susceptibility to ZIKV infection [29]. In the present study, the arbovirus with
the highest seroprevalence was found to be DENV in all seven sub-districts, followed by
ZIKV and CHIKV. Compared with other sub-districts, Wang-Yen and Pho-Hak had the
highest seroprevalence of DENV and ZIKV, respectively, and Hua-Pho had the highest
seroprevalence of CHIKV. A previous CHIKV study in Vietnam found a different scenario
for CHIKV seroprevalence, reporting that different areas had different patterns [15]. Here,
the younger age group had little exposure to CHIKV, and the seroprevalence of this virus
was progressively higher among the middle and older age groups but varied among differ-
ent locations. This study result is similar to that of a 2017 study on CHIKV seroprevalence
in India, in which the younger age group had a lower seroprevalence compared with the
older age group, and the seroprevalence was progressively higher in increasingly older
groups [30].

Our work reveals the co-circulation of three important arboviruses in the study area.
DENV had the highest seroprevalence among the tested arboviruses. The ELISA result
indicates that there was no statistically significant difference in seropositivity for DENV,
ZIKV, or CHIKV between males and females, although the percentages of seropositivity for
DENV and CHIKV trended higher in the group of female participants and the percentage
of seropositivity for ZIKV trended higher in the group of male participants. The similarity
of the DENV seroprevalence found in our work to that reported by a previous study
confirms the appropriate sampling of serum samples in this research [23]. Regarding
ZIKV, our finding that the seroprevalence trended slightly higher in male participants
than in female participants is inconsistent with the report by a previous ZIKV study
in Thailand showing 61% of confirmed ZIKA cases occurring in female patients [31,32].
As ZIKV infection can impact pregnancy outcome, infection of female individuals with
this virus remains a major concern. Regarding CHIKV, the observed trend of a higher
seroprevalence in female participants than in male participants in our study is similar to
the reported higher percentage of CHIKV-confirmed cases in female patients than in male
patients (57.8% vs. 42.2%) during a large-scale outbreak of CHIKV infection in Thailand
in 2018–2019 [33]. However, an opposite scenario was seen in a previous study of CHIKV
conducted in southern and central Vietnam [15]. Regarding the secondary study objective
of comparing DPP® ZCD with ELISA, we found that although the specificity of DPP® ZCD
was high, its sensitivity and accuracy were relatively low; a Kappa test showed a positive
correlation between the ELISA and DPP® rapid test results. Higher ELISA values were
positively correlated with higher DPP® values. The previous study on the evaluation of
Zika rapid tests found that these tests had relatively higher sensitivity for clinical diagnosis
of ZIKV [34]. However, the sensitivity of the ZIKV rapid test from the present serosurvey
study was low compared with the sensitivity results for DENV and CHIKV rapid tests. The
accuracy of the CHIKV rapid test was 85.50%, which is the highest accuracy value among
all three rapid tests in the DPP® ZCD system.

The limitations of the study were also considered. The study samples were selected
from previously archived (10 years ago) serum collected in a dengue endemic area, which
lacked information regarding ZIKV and CHIKV infections. Moreover, the ELISAs for the
DENV-specific and ZIKV-specific antibody were performed with in-house ELISAs, whereas
a commercial ELISA was used for the detection of the CHIKV-specific antibody.

5. Conclusions

This study shows that, among DENV, ZIKV, and CHIKV, DENV had the highest
seroprevalence; however, ZIKV and CHIKV are still important co-circulating arboviruses
in Bangphae district, Ratchaburi province, Thailand. The DPP® ZCD rapid test alone may
not be practical for use in a seroprevalence study, owing to its low sensitivity compared
with ELISAs. Further study to determine the true scenario of arbovirus disease burden
and their spreading nature is needed in other endemic areas for informing future disease
prevention and control.
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Abstract: Recombinant vaccinia viruses (rVV) are effective antigen delivery vectors and are re-
searched widely as vaccine platforms against numerous diseases. Apical membrane antigen
1 (AMA1) is one of the candidate antigens for malaria vaccines but rising concerns regarding its
genetic diversity and polymorphism have necessitated the need to search for an alternative antigen.
Here, we compare the efficacies of the rVV vaccines expressing either AMA1 or microneme protein
(MIC) of Plasmodium berghei in mice. Mice (BALB/c) were immunized with either rVV-AMA1 or
rVV-MIC and subsequently challenge-infected with P. berghei. Compared to the control group, both
antigens elicited elevated levels of parasite-specific antibody responses. Immunization with either one
of the two vaccines induced high levels of T cells and germinal center B cell responses. Interestingly,
rVV-MIC immunization elicited higher levels of cellular immune response compared to rVV-AMA1
immunization, and significantly reduced pro-inflammatory cytokine productions were observed
from the former vaccine. While differences in parasitemia and bodyweight changes were negligible
between rVV-AMA1 and rVV-MIC immunization groups, prolonged survival was observed for the
latter of the two. Based on these results, our findings suggest that the rVV expressing the P. berghei
MIC could be a vaccine-candidate antigen.

Keywords: Plasmodium berghei; recombinant vaccinia virus (rVV); vaccine; apical membrane antigen 1;
microneme protein

1. Introduction

Malaria is one of the diseases that account for a large proportion of disease-related
mortality worldwide, particularly in Africa. Statistically, on a global scale, approximately
241 million malaria cases and 627,000 malaria-related deaths were reported in 2020 [1]. How-
ever, despite decades of research, commercialized vaccines are unavailable. RTS,S/AS01
vaccine based on the P. falciparum circumsporozoite protein (CSP) is the most advanced
malaria vaccine reported to date, but its recent phase 3 clinical trial results were disappoint-
ing. Specifically, the vaccines were initially protective, but their efficacies drastically waned
over 7 years of follow-up [2]. Given this circumstance, additional efforts using different
methods of approach are required. One such approach is the use of modified vaccinia virus
Ankara (MVA) vectors.

Historically, vaccinia viruses were used as smallpox vaccines in the 20th century and
were integral to eradicating smallpox [3]. The MVA is a replication-deficient attenuated
form of the vaccinia virus that is capable of expressing recombinant genes, thus highlighting
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their use as potent viral vector vaccines. The MVA vaccine platform is highly regarded as
being safe and immunogenic, with the latter of the two aspects being subjected to change
depending on the immunization dose and immunization regimen [4]. As such, a large
number of studies involving MVA vaccines were conducted in an attempt to develop
an efficacious malaria vaccine, and positive findings were confirmed through numerous
clinical trials. A prime-boost regimen using the recombinant chimpanzee adenovirus
63 (ChAd63) and MVA vaccines encoding the P. falciparum CSP were confirmed to be
safe and immunogenic in a clinical trial [5]. Using the same approach, ChAD63-MVA
vaccines encoding the apical membrane antigen 1 (AMA1) induced potent T cell and
antibody responses in vaccinees [6]. Another clinical study reported that heterologous
immunization with ChAD63-MVA vectors expressing either the merozoite surface protein
1 (MSP1) or AMA1 elicited an increase in antigen-specific seroreactivity in vaccinees,
even after controlled human malaria infection [7]. Despite these promising findings,
many of the surface proteins of Plasmodium spp. are highly polymorphic and often result
in vaccine-induced immune responses being allele-specific. This genetic diversity, in
turn, compromises the vaccine efficacy by exerting selection pressure towards escape
mutation [8]., Other antigen candidates must be explored to address these issues.

Microneme (MIC) is a secretory organelle commonly found in Apicomplexan parasites,
and several studies have reported the immunogenicity of these micronemal antigens. Anti-
bodies raised against the Eimeria tenella microneme protein 2 (MIC2) inhibited the parasitic
invasion of host cells, and immunizing chickens with the MIC2-expressing DNA vaccines
lessened the severity of infection [9]. Similarly, antibodies raised against the micronemal
protein 1 of another Apicomplexan parasite, Babesia bigemina neutralized merozoite inva-
sion when tested in vitro [10]. Chimeric antigen prepared by fusing the microneme and
rhoptry proteins of Neospora caninum significantly reduced the cerebral parasite burden
and protected mice against neosporosis [11]. In the case of Plasmodium spp., only a handful
of malaria vaccine studies have evaluated the immunogenicity of micronemal antigens.
Antibodies raised against the P. falciparum glycosylphosphatidylinositol-anchored microne-
mal antigen (GAMA) were capable of inhibiting parasitic invasion [12]. Similarly, the
P. vivax GAMA protein vaccine induced both cellular and humoral immune responses in
individuals naturally infected with P. vivax, thus highlighting their further development as
blood-stage vaccine candidates [13]. To date, a P. berghei microneme antigen-based vaccine
study has yet to be conducted. Furthermore, the rodent malaria P. berghei shares multiple
features resembling those of the human malaria P. falciparum [14], making them highly
desirable for vaccine studies. Here, we evaluate the efficacy of recombinant vaccinia virus
vaccines expressing the micronemal antigen. We also compare the efficacy of this vaccine
to that of a vaccinia-based vaccine expressing the AMA1 antigen reported in our previous
study [15], which conferred suboptimal protection.

2. Materials and Methods

2.1. Animals, Parasites, Cells, and Antibodies

To maintain the Plasmodium berghei ANKA strain and immunization vaccines, female
seven-week-old BALB/c mice were purchased from NARA Biotech (Seoul, Korea). Mice
were housed in an institute-approved facility with a 12 h day and night cycle, with easy
access to food and water. Nesting material and enrichment were also provided to prevent
the development of abnormal behaviors.The P. berghei ANKA strain was used for challenge
infection and antigen preparation. CV1 cells (CCL-70) and Vero cells (CCL-81) were
purchased from the American Type Culture Collection (Manassas, VA, USA). Both cell lines
were cultured using Dulbecco’s Modified Eagle Media, supplemented with fetal bovine
serum and penicillin/streptomycin at 37 ◦C, 5% CO2 for production and characterization
of rVVs. Sera of P. berghei-infected mice polyclonal antibodies were collected through
retro-orbital plexus puncture. Horseradish peroxidase (HRP)-conjugated goat anti-mouse
immunoglobulin G (IgG) was purchased from Southern Biotech (Birmingham, AL, USA).
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2.2. P. berghei Antigen Preparation

The P. berghei ANKA strain antigen was prepared as described previously [16]. Briefly,
red blood cells (RBCs) were collected from the whole blood of P. berghei-infected mice
with parasitemia exceeding 20% by low-speed centrifugation. Pelleted RBCs were lysed
with an equal volume of 0.15% saponin in PBS, and the released parasites were pelleted
and washed 3 times with PBS. Parasites were sonicated at 30 s, at 40% amplitude, for two
cycles on ice and stored at −20 ◦C until used. The P. berghei antigen was used as coating
antigens for enzyme-linked immunosorbent assay (ELISA) and as the stimulant for flow
cytometric analysis.

2.3. Generation of Recombinant Vaccinia Virus

To generate the P. berghei recombinant vaccinia virus, codon-optimized P. berghei
AMA1 or MIC genes containing EcoRI and HindIII restriction enzyme sites were pur-
chased from GenScript (Piscataway, NJ, USA). The codon-optimized AMA1 and MIC genes
were cloned into the green fluorescent protein (GFP)-expressing pRB21 vaccinia virus
vectors, which were kindly provided by Dr. Sang-Moo Kang at Georgia State University
(Atlanta, GA, USA). CV-1 cells were cultured in DMEM supplemented with 10% inacti-
vated FBS and 1% penicillin/streptomycin antibiotics. Confluent monolayers of CV-1 cells
initially infected vRB12 using DMEM media without antibiotics for 1 h at 37 ◦C. After-
ward, cells were transfected with pRB21-AMA1, pRB21-MIC, or GFP-expressing pRB21
vector control using the Lipofectamine LTX/PLUS™ (Thermo Fisher, Waltham, MA, USA)
transfection reagent and incubated for 2–3 days at 37 ◦C. Cells were monitored under
a fluorescent microscope to evaluate successful transfection. After 3 days, recombinant
vaccinia virus was harvested and centrifuged at 2000 rpm for 10 min. Cell culture super-
natants were discarded, and pelleted cells were resuspended in DMEM media, and stored
at −80 ◦C. Frozen cells were repeatedly thawed in a 37 ◦C water bath and re-frozen at
−80 ◦C. Recombinant vaccinia viruses were released from CV-1 cells via sonication and
stored at −80 ◦C until use. To confirm the presence of AMA1 and MIC in the recombinant
vaccinia virus, Western blots were performed, and membranes were sequentially probed
with a primary antibody (anti-P. berghei polyclonal antibody) and then a secondary antibody
(HRP-conjugated anti-mouse IgG). As a loading control for Western blots, membranes were
probed with monoclonal beta-actin antibody (SC-47778; Santa Cruz Biotechnology, Dallas,
TX, USA). Bands were developed using the enhanced chemiluminescence (ECL) purchased
from Bio-Rad (Bio-Rad #1705061; Hercules, CA, USA) and visualized using ChemiDoc
(Bio-Rad, Hercules, CA, USA).

2.4. Recombinant Vaccinia Virus Plaque Assay

Recombinant vaccinia virus titers were determined using Vero cells. Confluent mono-
layers of Vero cells cultured in 12-well plates were infected with the vaccinia virus diluted
in serum-free DMEM media for 1 h at 37 ◦C. Overlay media was made with DMEM media
containing 2% FBS and 1% agarose. After 1 h, the virus inoculum in each well was aspi-
rated, and 1 mL of overlay media was added to each well. Plates were incubated at 37 ◦C,
5% CO2, until noticeable plaque development occurred, which enables quantification.

2.5. Immunization and Challenge

Seven-week-old female BALB/c mice were randomly divided into four experimental
groups (naïve, naïve challenge, AMA1 rVV, MIC rVV; n = 8 per group) to evaluate the protec-
tive efficacies of PbAMA1 and PbMIC rVV vaccines. Mice were intramuscularly immunized
with AMA1 (Prime: 1.8 × 107, 1st boost: 6.8 × 107, 2nd boost: 1.3 × 108 PFU/mouse) or MIC
(Prime: 1.8 × 107, 1st boost: 6 × 107, 2nd boost: 1 × 108 PFU/mouse) rVV at weeks 0, 4, and
8. Four weeks after the 2nd boost immunization, mice were challenged with 0.5%/100 uL
in PBS (0.5 × 104) of P. berghei by intraperitoneal (IP) injection, as described previously [15].
Four mice from each group were euthanized at 6 days post-infection (dpi) for blood, spleen,
and inguinal lymph node sample collection. The remaining four mice were observed daily to
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monitor changes in body weight and parasitemia in blood. The human intervention point
was set as 20% of initial body weight loss, and mice that reached this point were humanely
euthanized using CO2.

2.6. Antibody Responses in Sera

Mice sera were collected from all groups 4 weeks after prime, 1st boost immunization,
and 2nd boost immunization using a retro-orbital plexus puncture. Sera from naïve mice
were used as a negative control. Antibody responses against P. berghei antigen, AMA1
rVV, and MIC rVV were determined by enzyme-linked immunosorbent assay (ELISA),
as described previously [17]. Briefly, 96-well immunoplates were coated with 100 μL of
P. berghei antigen, AMA1 rVV, or MIC rVV at a final concentration of 2, 0.5, and 0.5 μg/mL,
each respectively in 0.05 M, pH 9.6 carbonate bicarbonate buffer per well at 4 ◦C overnight.
Afterwards, 100 μL of serially diluted serum samples were added into the respective wells
and incubated at 37 ◦C for 1.5 h. HRP-conjugated goat anti-mouse IgG (100 μL/well,
diluted 1:2000 in PBS) was used to determine the P. berghei-specific IgG antibody response.
O-phenylenediamine was dissolved in citrate substrate buffer, and OD492 was measured
using an EZ Read 400 microplate reader (Biochrom Ltd., Cambridge, UK).

2.7. Immune Cell Responses by Flow Cytometry

To determine the immune cell responses, the levels of T and B cell populations from
the blood and inguinal lymph nodes (ILN) of mice were evaluated by flow cytometry. The
ILNs of mice were aseptically removed, and lymphocytes were acquired as previously
described [18], and placed on top of a cell strainer. The cell strainer containing the ILNs
was placed on a Petri plate and immersed in 1 mL PBS. Lymph nodes were thoroughly
homogenized using the plunger portion of a syringe, and the resulting homogenates were
carefully collected. CD4+ and CD8+ T cells from the blood were detected at 6 dpi. The
levels of CD8+ T cells and germinal center (GC) B cell proliferation were measured from
ILN cells at 6 dpi. Immune cell populations (1 × 106 cells per sample) were resuspended
in PBS and stimulated with 0.05 μg of P. berghei antigen for 2 h at 37 ◦C before staining
with surface antigen antibodies. Cells were incubated in FACS staining buffer (2% bovine
serum albumin and 0.1% sodium azide in 0.1 M PBS) for 15 min at 4 ◦C with Fc Block anti-
body (clone 2.4G2; BD Biosciences, San Jose, CA, USA). Afterwards, cells were incubated
with the fluorophore-conjugated cell surface antigen antibodies (CD3e-PE-Cy5, CD4-FITC,
CD8a-PE, B220-FITC, GL7-PE; BD Biosciences, CA, USA) at 4 ◦C for 30 min. Stained cells
were acquired using a BD Accuri C6 Flow Cytometer (BD Biosciences, CA, USA), and the
data were analyzed using C6 Analysis software (BD Biosciences, CA, USA).

2.8. Inflammatory Cytokine Production in the Spleen

At 6 dpi, the mice were euthanized, and spleens were harvested. Single cell suspen-
sions of splenocytes were prepared from individual spleens by homogenization.
Briefly, spleens were firmly pressed using two frosted glass slides in RPMI media.
Homogenates were carefully collected into 15 mL conical tubes and centrifuged at
2000 rpm for 5 min. The resulting supernatants were collected to detect inflammatory
cytokines interferon-gamma (IFN-γ) and tumor necrosis factor-alpha (TNF-α). The levels of
splenic cytokine expressions were detected using the BD OptEIA IFN-γ, TNF-α ELISA kits
(BD Biosciences, San Jose, CA, USA). Cytokine concentrations were quantified following
the manufacturer’s instructions.

2.9. Parasitemia

Infected mouse blood samples were collected via retro-orbital plexus puncture. After
resuspending 2 μL of the blood samples into microcentrifuge tubes containing 500 U/mL of
heparin premixed in 100 μL of PBS, RBCs were stained using 1 μL SYBR Green I (Invitrogen,
Carlsbad, CA, USA). Samples were incubated at 37 ◦C for 30 min in the dark. After
incubation, 0.1 M PBS was added to each sample and flow cytometry was performed [19].
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2.10. Statistics

All parameters were recorded for individuals in all the groups. The data were pre-
sented as mean ± SD, and statistical significances between groups. They were analyzed
by one-way analysis of variance (ANOVA) and Student’s t-test using GraphPad Prism
version 6.0 (GraphPad Software, San Diego, CA, USA). p values (* p < 0.05) were considered
statistically significant.

3. Results

3.1. Gene Cloning and Recombinant Vaccinia Virus Generation

An illustration depicting the location of the AMA1 and MIC antigens within the
Plasmodium parasites was provided (Figure A1). To generate recombinant vaccinia viruses
expressing the P. berghei AMA1 or MIC, the AMA1 or MIC in the pRB21 vector were
designed (Figure 1A,B). AMA1 (1621 bp) or MIC (901 bp) DNAs were PCR amplified
and cloned into a pRB21 vector. Successful clones were confirmed by restriction enzyme
digestion (Figure 1C,D). Clones PbAMA1 and PbMIC DNAs were transfected into CV-1
cells for rVV-AMA1 and rVV-MIC production. Representative brightfield and fluorescence
images for transfection were provided. Cellular lysis, identified by the empty regions
in the cell monolayer, was not observed in the non-transfected control. Lysed cells were
detectable at 1 dpi onward and a noticeable increase in cellular lysis was observed as time
progressed (Figure 2A). Cells were also monitored daily under a fluorescent microscope,
to confirm successful transfection of rVV-AMA1 and rVV-MIC. As expected, on day 0,
non-transfected cells did not emit fluorescence. Low levels of green fluorescence emission
were observed from cells at 1 dpi, thereby indicating successful transfection. By 2 dpi,
a drastic increase in transfected cell populations was observed. The irregularly shaped
dark regions indicate areas of cellular lysis. At 3 dpi, a substantial increase in cellular
lysis was observable, consistent with the brightfield images (Figure 2B). A western blot
was performed to confirm the presence of AMA1 and MIC in the recombinant vaccinia
virus. Polyclonal P. berghei antibody was used to determine AMA1 and MIC expressions at
molecular weights of 61 and 35 kDa, respectively (Figure 2C).

Figure 1. Gene cloning. To generate P. berghei AMA1 and MIC recombinant vaccinia virus (rVV),
gene cassettes with promoters and recombination sites were designed, shown as a schematic diagram
(A,B). PbAMA1 or PbMIC genes were cloned into the pRB21 vector, and clones pRB21-AMA1
(C) and pRB21-MIC (D) were confirmed by restrictive enzyme digestion with EcoRI and HindIII. The
red color font denotes successful clones.
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Figure 2. Transfection of CV-1 and confirming the production of rVV. The pRB21-PbAMA1 and
pRB21-PbMIC DNA constructs were transfected into CV-1 cells, along with the vaccinia virus, to
generate rVV-AMA1 and rVV-MIC. Representative images of rVV transfection under brightfield (A)
and fluorescent microscope (B) are illustrated over the course of 3 days. AMA1 and MIC rVVs were
identified by a Western blot using a P. berghei polyclonal antibody and a wild-type vaccinia virus
(wt VV) control (C).

3.2. IgG Antibody Responses

A schematic diagram depicting immunization and challenge infection schedules
was provided (Figure A2). Sera were regularly collected from mice 4 weeks after prime,
1st boost, and 2nd boost immunizations to assess parasite-specific IgG antibody responses
against P. berghei antigen. Differences in antibody responses elicited by the two vaccines
after prime immunizations were negligible. At 4 weeks after the 1st boost immunization,
antibody responses were slightly enhanced, with significantly greater levels induced by
rVV-AMA1. However, after the 2nd boost immunization, the trend was reversed. Immu-
nization with the rVV-MIC elicited a stronger antibody response reacting to the malaria
antigen than rVV-AMA1 (Figure 3A). To determine the levels of IgG antibody responses
that are reactive to the recombinant vaccinia virus, sera were collected at 4 weeks after the
1st boost immunization, and ELISA was performed (Figure 3B,C). As seen in Figure 3B,C,
higher levels of IgG antibody responses were observed using rVV-AMA1 (Figure 3B) or
rVV-MIC as coating antigens (Figure 3C) compared to naïve control.

3.3. CD4+, CD8+ T Cells and Germinal Center B Cell Response in the Blood and ILN

At 6 dpi, the blood and ILN samples were collected from mice, and the single cell
populations were prepared to analyze the CD4+, CD8+ T cell, and germinal center B cell
frequencies by flow cytometry. A sample gating strategy for flow cytometric analysis
of T cells has been provided (Figure A3). Both rVV-AMA1 and rVV-MIC immunization
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elicited significantly enhanced CD4+ T cell frequencies compared to naïve challenge groups
(Figure 4A, * p < 0.05). However, blood CD8+ T cell populations were negligibly changed
(Figure 4B). In the ILN, significant differences in CD8+ T cell proliferation were observed
across the groups. While enhanced CD8+ T cell frequencies were detected from both
AMA1 and MIC rVV vaccines, induction was significantly greater in the latter of the two
(Figure 4C; * p < 0.05, ** p < 0.01, *** p < 0.001). A similar trend was observed for the
GC B cells. Recombinant vaccinia virus vaccines significantly elevated the expression of
GC B cells, with higher induction occurring in the ILNs of the rVV-MIC immunization
group (Figure 4D; * p < 0.05, ** p < 0.01, *** p < 0.001).

Figure 3. IgG antibody response in sera. On week 4 after prime, 1st boost, and 2nd boost immuniza-
tion, the sera of mice were collected to investigate the levels of IgG antibody response. The 96-well
immunoplates coated with P. berghei antigen (A), rVV-AMA1 (B), or rVV-MIC (C) were used to verify
IgG antibody response by ELISA. Data are expressed as mean ± SD (** p < 0.01).

3.4. Inflammatory Cytokine Production in Splenocytes

Individual spleens were collected and homogenized to determine the levels of inflam-
matory cytokines IFN-γ and TNF-α. Production of the two inflammatory cytokines was
assessed using the spleen homogenate supernatant. Significantly reduced splenic IFN-γ
levels were observed in the rVV-MIC immunization group. While a marginal reduction in
IFN-γ was observed from the rVV-AMA1 immunized mice, the vaccine-induced changes
were negligible (Figure 5A, * p < 0.05). Contrary to this finding, statistical significance
between the groups was not observed for the splenic TNF-α levels (Figure 5B).

3.5. Parasitemia, Bodyweight Reduction, and Survival Rate

As seen in Figure 6, kinetic changes for parasitemia (A), body weight changes (B), and
survival rate (C) between immunized mice and non-immunized control (Naïve + challenge)
from days 0 to day 65 post-challenge were monitored. On day three post-challenge,
2–3% of parasitemia with 1.2% of this value corresponding to the fluorescence background
as demonstrated from naïve mice (D-H). On day 45 post-challenge, parasitemia in the
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naïve + cha, rVV-MIC, and rVV-AMA1 were 73.4%, 26.7%, and 37.5% each, respectively
(Figure 6D–H). Interestingly, lower levels of parasitemia were observed from rVV-MIC
compared to rVV-AMA1 immunization. Compared to the naïve + cha group, rVV-AMA1
and rVV-MIC immunization prolonged the survival of mice by 12 and 17 days, respectively
(Figure 6C). The highest differences in parasitemia (H) and body weight (I) between
immunized mice and non-immunized naïve control were observed at days 45 and 48
post-challenge infections, respectively, thus indicating that protections were induced in
both AMA1 and MIC groups.

Figure 4. T cell and germinal center B cell response in blood and inguinal lymph nodes (ILN).
Immunized mice (n = 8) were challenge-infected with P. berghei, and blood samples were collected at
6 dpi. Inguinal lymph nodes (ILN) from mice were collected at 6 dpi. After surface marker staining
with the fluorophore-conjugated antibodies, CD4+ (A) and CD8+ (B) T cell responses in the blood
and CD8+ (C) T cell, germinal center B cell (D) responses in ILN were assessed by flow cytometry.
Data are expressed as mean ± SD (* p < 0.05, ** p < 0.01, *** p < 0.001; ns: no statistical significance).

Figure 5. Inflammatory cytokine production in the spleen. Inflammatory cytokine productions were
assessed from the spleens of mice at 6 dpi with P. berghei. Splenic IFN-γ (A) and TNF-α (B) cytokines
were investigated using the BD OptEIA IFN-γ, TNF-α ELISA kits. Data are expressed as mean ± SD
(* p < 0.05; ns: no statistical significance).
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Figure 6. Parasitemia, body weight, and survival rate. After immunization with the rVV-AMA1 or
rVV-MIC vaccines, mice (n = 8) were infected intraperitoneally with 0.05% of P. berghei and monitored
at regular intervals to assess changes in parasitemia, body weight, and survival. Parasitemia (A),
body weight changes (B), and survival rate (C) from days 0 to 65 post-challenge infections have been
monitored. The highest differences in parasitemia (D–H) and body weight (I) between immunized
mice and non-immunized naïve control were observed at days 45 and 48 post-challenge infections,
respectively. ns: no statistical significance.

4. Discussion

The complex life cycle of Plasmodium spp. continues to hinder the development of an
efficacious malaria vaccine; a monumental task that remains unresolved. Currently, many
of the blood-stage vaccines are designed based on the surface antigens of Plasmodium spp.,
such as the AMA1. A major drawback of the AMA1 antigen is its highly polymorphic
nature, resulting in allele-specific immune protection [8,20]. Consequently, AMA1-based
vaccines failed to demonstrate protective efficacies in controlled clinical trials [21]. To
address these recurring issues with the antigens, we explored the potential of MIC antigen
as a vaccine candidate. Our findings revealed that rVV-MIC immunization elicited stronger
antibody responses after 2nd boost immunization. Although CD4+ and CD8+ T cell
responses from the blood were comparable between rVV-AMA1 and rVV-MIC immunized
mice, ILN CD8+ T cell and GC B cell inductions were significantly greater for the rVV-MIC.
This fact, paired with reduced splenic inflammatory cytokine production, contributed to
enhanced survival and lessened parasitemia in the blood of rVV-MIC immunized mice.

The majority of the findings presented here are consistent with the literature, especially
those of our previous studies. In our previous study, immunization of P. berghei MSP-8
and MSP-9 virus-like particles (VLPs) significantly lessened pro-inflammatory cytokine
IFN-γ [22,23]. Consistent with these previous results, the rVV vaccines used in our study
elicited a significant reduction of the inflammatory cytokine IFN-γ while changes to TNF-α

167



Trop. Med. Infect. Dis. 2022, 7, 350

were negligible. Germinal center B cells are an integral component of the humoral immune
response, with their roles in memory B cell and long-lived plasma cell production [24].
In our study, antigen-specific GC B cells in inguinal lymph nodes were higher in the im-
munized group, contributing to increasingly high levels of parasite-specific IgG antibody
response. These effects combined led to reduced parasitemia, marginal bodyweight change,
and prolonged survival of immunized mice. Differences in TNF-α were also observed
compared to results from others that assessed the efficacies of vaccines against P. berghei
ANKA. Immunizing mice with the macrophage migration inhibitory factor ortholog pro-
duced in Plasmodium spp. reduced the production of TNF-α cytokines [25]. Similar to this
finding, while the vaccinia virus-vectored vaccines used in the present study reduced the
production of TNF-α, the changes were not statistically significant.

There were some striking differences in survival compared to our previous studies, but
the underlying cause of this discrepancy can be attributed to the challenge infection dose
and immunization schedule. In both of our previous studies, mice were challenge-infected
with 1 × 105 or 1 × 104 P. berghei via IP routes following a prime-boost regimen [15,22]. Here,
we used 5 × 104 P. berghei for challenge infection dose with three vaccine immunizations for
mice, which may have led to longer survival duration for both control and immunized mice.
GC B cell responses from the MVA-based vaccines were much weaker than the findings
presented in our VLP vaccine study [15]. A possible explanation for this phenomenon
could be the vaccine platform used in the study. One study reported that MVA-induced
antigen-specific GC B cell and antibody responses were much weaker than adenovirus
vectored vaccines or the protein subunit vaccines [26]. Another possibility is due to the
parasitic nature of Plasmodium spp, particularly during the blood stage of its life cycle. It
has been reported that the blood stage infection by Plasmodium spp. can interfere with
the differentiation of CSP-specific GC B cells, consequently leading to aberrant humoral
response [27]. Given that high levels of type I inflammatory cytokines such as IFN-γ can
inhibit GC B cell response in P. berghei ANKA infection, this is another possibility [28].

RTS, S vaccine is the most advanced malaria vaccine to date, and its development
served as a giant step forward for malaria vaccines. Unfortunately, the clinical endpoint
results indicated that this vaccine failed to confer durable protection [2]. Several factors are
thought to be associated with the low efficacy of the RTS,S vaccine, including the intensity
of malaria transmission in the region and the reduced levels of circulating antibodies in
vaccinees [29]. In our study, high levels of parasite-specific antibodies were detected. Yet,
the durability of these antibody responses and the extent of their contribution to protection
against rodent malaria requires further elucidation prior to evaluation using human malaria.
Similar to the RTS, S vaccine, the protection conferred by the vaccine used in the present
study was incomplete as all of the immunized mice eventually succumbed to death, thus
signifying the need for additional improvements.

It is noteworthy to mention that genomic databases are not well-characterized for
P. berghei. Evidently, the MIC protein used in our experiment was a putative protein with
an unknown function. Nevertheless, immunization with the P. berghei MIC resulted in
protection exceeding that of the rVV-AMA1 vaccine. For this reason, an actual immunopro-
teomic study elucidating the function of the protein used in this study must be performed
for further development. Notably, the microneme organelle contains numerous proteins
involved in various parasitic functions and surprisingly, many of these proteins were
reported to be conserved between P. falciparum and P. berghei [30]. Surprisingly, some mul-
tiple microneme-derived proteins, such as the AMA1, were also highly conserved across
the phylum Apicomplexa. These interesting findings suggest microneme antigen-based
vaccines targeting other apicomplexan parasites could also be employed as an antimalarial
vaccine. For instance, multiple microneme proteins are highly conserved and functionally
interchangeable between T. gondii and Plasmodium spp., despite the large differences in
their sequence identities [31,32]. Several microneme antigen-based experimental vaccines
have been reported for T. gondii. DNA vaccines constructed using the T. gondii microneme
antigen fragments conferred protection in mice, indicated by an 84% brain cyst burden
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reduction [33]. In our previous study, VLP vaccines expressing the T. gondii microneme
protein eight protected mice against the virulent T. gondii RH strain [17]. Based on these
reports, applying the T. gondii MIC-based vaccines to target malaria could prove to be
useful and investigating the feasibility of this vaccination approach would be interesting.

5. Conclusions

The rVV vaccines expressing the P. berghei AMA1 or MIC antigens induced humoral
and cellular immune responses, which aided in lessening pro-inflammatory cytokine
production and parasitemia of immunized mice to prolong their survival. Further studies
investigating methods to enhance their efficacies, such as incorporating heterologous
immunization strategies, should be conducted to develop successful antimalarial blood-
stage vaccines.
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Appendix A

Figure A1. The diagram of the Plasmodium organism. The diagram describes the Plasmodium
organism and the specified target gene (AMA1, MIC).
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Figure A2. A schematic diagram depicting animal experimental schedule. Immunization intervals,
blood collection, challenge infection, and euthanasia time points are indicated.

Figure A3. The gating strategy for CD4+ and CD8+ T cells. Lymphocytes were gated as indicated to
analyze the frequencies of CD4+ and CD8+ T cells by flow cytometry.
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Abstract: Background: Tahyna orthobunyavirus (TAHV) is a neglected mosquito-borne bunyavirus.
Although the virus is widespread in continental Europe, TAHV infections are rarely reported. We an-
alyzed the prevalence of TAHV in humans and different animal species as well as mosquitoes
collected in urban areas of Zagreb and its surroundings in the period from 2020 to 2022. Methods:
The study included 32 patients with neuroinvasive disease (NID), 218 asymptomatic individuals,
98 horses, 94 pet animals (dogs and cats), and 4456 Aedes vexans mosquitoes. Cerebrospinal fluid
(CSF) and urine samples of patients with NID were tested for the TAHV RNA using a real-time
reverse transcription-polymerase chain reaction (RT-qPCR). Human and animal serum samples were
tested for TAHV-neutralizing (NT) antibodies using a virus-neutralization test (VNT). Mosquito
pools were tested for TAHV RNA using an RT-qPCR. Results: TAHV NT antibodies were detected in
3/9.4% of patients with NID, 8/3.7% of asymptomatic individuals, 29/29.6% of horses, and 11/11.7%
of pet animals. There was no difference in the seroprevalence according to age, sex, and area of
residence in asymptomatic individuals. In addition, TAHV seropositivity did not differ according to
age and sex in pet animals. None of the tested mosquito pools was TAHV RNA-positive. Conclusions:
The presented results highlight the importance of interdisciplinary surveillance (“One Health”) of
this neglected viral zoonosis.

Keywords: Tahyna orthobunyavirus; humans; horses; pet animals; mosquitoes; Croatia; One Health

1. Introduction

Tahyna orthobunyavirus (TAHV) is an arthropod-borne virus of the family Peribun-
yaviridae, genus Orthobunyavirus, California encephalitis serogroup [1]. Hares, rabbits,
hedgehogs, and rodents are vertebrate hosts for TAHV in a natural cycle, while floodwa-
ter mosquitoes Aedes vexans are the primary arthropod vectors. Humans represent only
incidental or dead-end hosts for TAHV [2].

In humans, TAHV infections are typically asymptomatic. Symptomatic disease is
usually presented as an influenza-like illness occurring in late summer and early autumn,
mainly in children [3]. Fever, gastrointestinal disorders, atypical pneumonia, or myocarditis
are the most common symptoms of TAHV infection [4]. Despite its association with
neurovirulence (meningitis), TAHV infection is still an underdiagnosed disease, with only
a few human clinical cases reported in recent decades [5].
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TAHV is widespread throughout continental Europe, as evidenced by the virus detec-
tion and isolation from mosquitoes as well as the detection of antibodies in humans and
animals [6–8]. High seroprevalence rates of up to 60–80% have been consistently observed
among adult human populations of endemic foci, such as in the Czech Republic [9].

In addition, although transmission is focal and not uniform, seroprevalence stud-
ies conducted in wild ungulates in Austria, Hungary, and Romania have revealed that
TAHV transmission to animals is widespread in Europe, particularly among wild boars,
with a mean seroconversion rate of 15% [8]. In some high-endemic countries, such as the
Czech Republic, TAHV antibodies were detected in various animal species with different
seroprevalence rates: horses 34.4%, pigs 55%, cattle 5.6%, songbirds 14.0%, cormorants
22.6%, ducks 13.2%, mouflons 33.8%, deer 36.4–40.0%, wild boar 70.0%, and European
hares 42.5% [9–14].

The presence of TAHV in mosquitoes (virus isolation or RNA detection) was confirmed
in many countries including the Czech Republic [15], Slovakia [16], Italy [17], Austria [5,18],
Russia [19], and China [20]. After the first isolation in Slovakia in 1958, TAHV was detected
in several mosquito species, including Ae. caspius, Ae. cinereus, Ae. dorsalis, Ae. cantans,
Anopheles hyrcanus, Ae. punctor, Ae. communis, Ae. flavescens, Ae. excrucians, Oc. detritus and
Culex pipiens, Cx. modestus, and Culiseta annulata [5,7,20–22].

In Croatia, serologic evidence of TAHV dates back to the 1970s. Very rare seropreva-
lence studies showed TAHV antibodies in 7.9% of inhabitants of northeast Croatia and
0.2–1.47% of inhabitants of the Croatian littoral [23,24]. Only one study (1984–1988) de-
tected TAHV hemagglutination-inhibiting antibodies in the serum samples of free-ranging
European brown bears (Ursus arctos) collected within the Plitvice Lakes and Risnjak Na-
tional Parks [25]. A more recently conducted Croatian study detected TAHV neutralizing
(NT) antibodies in 10.1% of patients with unsolved neuroinvasive disease (NID) tested
from 2017 to 2021, who developed symptoms during the arbovirus transmission season.
In two patients presenting with meningitis, NT antibodies were also confirmed in the
cerebrospinal fluid (CSF), suggesting a recent TAHV infection. The majority of seroposi-
tive patients (90.9%) were residents of floodplains along the rivers in continental Croatia;
however, sporadic infections were also confirmed in the coastal region [26].

The aim of this study was to analyze the prevalence of TAHV in humans and different
animal species as well as the virus detection in mosquitoes collected from urban areas of
Zagreb and its surroundings.

2. Materials and Methods

2.1. Study Area

The study was conducted during a three-year period (May 2020–July 2022) and in-
cluded patients with NID, asymptomatic individuals (seroprevalence investigation), pet an-
imals (dogs, cats), horses, and mosquitoes. The sampling area included Zagreb, the capital
of Croatia, and its surroundings. Zagreb is located in the northwest of the country on the
banks of the river Sava (GPS coordinates 45◦48′55.43” N, 15◦57′59.64” E) at an elevation
of approximately 112 m above sea level. The city is subdivided into 17 districts, of which
the majority are located in the River Sava valley, at a low level. The city’s core region is
densely built, while the northern part is situated on the Medvednica mountain’s slopes,
with forest vegetation and smaller urban settlements. Agricultural lands dominate the
eastern, southern, and western parts of the city area. The surface waterways abound in the
city’s vicinity. Seven artificial lakes and several artificial watercourses are located in the
city area.

Thirty-two mosquito species have been detected in the city of Zagreb. The species
Cx. pipiens form molestus predominates in indoor breeding sites. Natural mosquito breed-
ing sites in forested and flooded areas are active only in the spring (March–June), and the
most common species are Ae. sticticus, Ae. cantans, Ae. vexans, and Ae. geniculatus. Culex
pipiens is the most frequent mosquito species found in streams, while Ae. albopictus and Cx.
pipiens are the most common mosquito species in artificial breeding sites [27,28].
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The sampling area (human and animal sampling) in northwestern Croatia is presented
in Figure 1.

 

Figure 1. Sampling area in continental Croatia (A): human (B), horse (C), and pet animals (D) sam-
pling areas.

2.2. Human Sampling and Testing

A total of 32 hospitalized patients presented with NID (febrile headache, meningitis,
meningoencephalitis) were tested. Serum, CSF, and urine samples were collected from all
patients. In addition, to determine the seroprevalence, a total of 218 serum samples from
asymptomatic individuals were tested for the presence of TAHV NT antibodies. Samples
were collected from patients during a routine check-up (part of physical examination,
prior to surgery, prenatal testing, couples undergoing medically assisted reproduction).
No participant reported a recent febrile disease.

CSF and urine samples of patients with NID were tested for the presence of TAHV RNA
using a real-time reverse transcription polymerase chain reaction (RT-qPCR). The following
primers and probes were used: forward primer: 5′-CCATTCCGTTAGGATCTTCTTCCT-3′,
reverse primer 5′-CCTTCCTCTCCGGCTTACG-3′ and probe: FAM-5′-AATGCCGCAAAAG-
CCAAAGCTGC-3′-TAMRA [29].
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TAHV antibodies were detected using a virus-neutralization test (VNT). UVE/TAHV/
1958/CS/92 virus strain grown in Vero E6 cells was used as an antigen for the VNT. Virus
titer (median tissue culture infectious dose; TCID50) was calculated using the Reed and
Muench formula. Serum samples were heat-inactivated (30 min/56 ◦C) and diluted two-
fold starting at 1:5. An equal amount of inactivated serum dilutions and 100 TCID50 of
TAHV (25 μL) were mixed and incubated for one hour at 37 ◦C with CO2. Finally, 50 μL of
2 × 105 Vero E6 cells/mL were added to each well. The plates were incubated at 37 ◦C with
CO2 and inspected for the cytopathic effect after incubation for three days. NT antibody
titer was defined as the reciprocal value of the highest serum dilution that showed at least
50% neutralization. Serum samples with neutralizing activity at dilutions ≥ 1:10 were
considered seropositive [26].

2.3. Animal Sampling and Testing

Horses and pet animals (cats and dogs) were the animal species included in the study.
Animal samples included 98 horse serum samples, 70 dog serum samples, and 24 cat serum
samples from Zagreb and its surroundings. Sex and age were available for pet animals,
while for horses, data were missing. TAHV VNT was performed as described above.

2.4. Mosquito Sampling and Testing

Mosquitoes were collected by two methods: CDC Mini Light traps (BioQuip, Products,
Rancho Dominguez, CA, USA), and aspirator collection (human landing collection). CDC
Mini Light traps were equipped with dry ice (CO2) as an attractant and used to collect
adult mosquitoes. Traps were placed in the late afternoon before sunset, left overnight,
and removed after sunrise (07:00–10:00). Over three years (2020–2022), the traps were set at
the same eight collection sites (Figure 2, yellow marks) every 14 days, from May to October
in 2020 and 2021 and from May to July in 2022. A total of 248 sampling occasions were
gathered (2020: n = 96; 2021: n = 88; 2022: n = 64). Additionally, the sampling occasions
using the CDC Mini Light trap were conducted once at three collection sites (Figure 2, green
marks). During the same period, mosquito individuals were collected by aspirator as well
as using the human landing collection method (Figure 2, blue dots). A total of 30 sampling
occasions with Ae. vexans mosquitoes were gathered (2020: n = 18; 2021: n = 11; 2022: n = 1).
Various habitats were selected for mosquito sampling: woods and gardens in the urban
part of the city and populated areas close to the green belt.

Figure 2. Distribution of mosquito sampling locations.
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The mosquitoes sampled by CDC Mini Light traps were transported to the laboratory
in containers with dry ice, transferred to plastic tubes, and stored on dry ice until identifica-
tion. Mosquitoes collected by the aspirator were transported alive to the laboratory in the
aspirator, placed briefly in a freezer at −18 ◦C, and identified. Female mosquitoes were
morphologically identified by species on a chilling surface under a stereomicroscope, using
the determination keys by Becker et al. (2010) [30] and Schaffner et al. (2001) [31]. Speci-
mens belonging to the same species collected on the same day and at the same sampling
site were pooled, with up to 60 individuals per pool, and stored at −80 ◦C until virological
testing. Only Ae. vexans individuals were tested.

Mosquito pools were tested for the presence of TAHV RNA as described above.

2.5. Statistical Analysis

The differences in seropositivity rates according to sex, age, and area of residence were
compared using a chi-square or Fisher’s exact test. The strength of the association between
dependent (VNT positivity) and independent variables was assessed by logistic regression.
p < 0.05 was considered statistically significant. Statistical analysis was performed using
Stata version 16 software.

3. Results

TAHV seroprevalence results are presented in Table 1. In humans, TAHV NT antibod-
ies were detected in 3/32 (9.4%) patients with the neuroinvasive disease and 8/218 (3.7%)
asymptomatic individuals. In addition, 29/98 (29.6%) of horses and 11/94 (11.7%) of pet
animals were found to be TAHV-seropositive.

Table 1. Tahyna virus seroprevalence in Zagreb and the surrounding area.

Study Population N Tested
N (%)

VNT-Positive
95% CI

Humans
Patients with neuroinvasive disease 32 3 (9.4) 1.9–25.0

Asymptomatic individuals 218 8 (3.7) 1.6–7.1

Animals
Horses 98 29 (29.6) 20.8–39.6

Pet animals 94 11 (11.7) 5.9–19.9
VNT, virus-neutralization test; CI, confidence interval.

In asymptomatic persons, the seroprevalence rate was highest in 70+ year-olds (7.7%)
compared to 2.5–3.8% in other age groups; however, this difference was not signifi-
cant. No significant difference in seropositivity was found between males and females
(3.7% vs. 3.6%) as well as among residents of urban and suburban areas (4.2% vs. 0%)
(Table 2).

Table 2. Tahyna virus seroprevalence in asymptomatic individuals according to demographic characteristics.

Characteristic N (%) Tested
N (%)

Positive
95% CI p

Sex
Male 108 (49.5) 4 (3.7) 1.0–9.2

0.978Female 110 (50.5) 4 (3.6) 1.0–9.1

Age

<30 years 33 (15.1) 1 (3.0) 0.1–15.7

0.677
30–49 years 79 (36.3) 2 (2.5) 0.3–8.8
50–69 years 80 (36.7) 3 (3.8) 0.8–10.6
70+ years 26 (11.9) 2 (7.7) 0.9–25.1

Area of
residence

Urban 192 (88.1) 8 (4.2) 1.8–8.0
0.288Suburban 26 (11.9) 0 (0) 0–13.2 *

* One-sided 97.5% confidence interval; CI, confidence interval.

Results of the risk analysis in asymptomatic humans showed no association of TAHV
seroprevalence with age, sex, and area of residence (Table 3).
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Table 3. Risk analysis for Tahyna virus seropositivity.

Characteristic OR 95% CI OR p RR 95% CI RR p

Male (Ref.) vs. female sex 1.019 0.248–4.013 0.978 1.018 0.261–3.969 0.978
Age

<30 years Ref. Ref.
30–49 years 0.831 0.072–9.494 0.881 0.835 0.078–8.900 0.881
50–69 years 1.246 0.124–12.441 0.851 1.237 0.133–11.469 0.851
70+ years 2.666 0.228–45.547 0.782 2.538 0.243–26.480 0.436

Suburban (Ref.) vs. urban
area of residence 2.441 0.136–4.183 0.543 2.378 0.141–40.045 0.547

OR, odds ratio; CI, confidence interval; RR, relative risk.

In pet animals, there was no difference in the prevalence of TAHV NT antibodies
according to age and sex (Table 4).

Table 4. Seroprevalence of Tahyna virus in pet animals according to sex and age.

Characteristic

Dogs Cats

N (%)
Tested

N (%)
Positive

95% CI p N (%)
Tested

N (%)
Positive

95% CI p

Sex
0.713 0.533Male 37 (52.8) 5 (13.5) 4.5–28.7 15 (62.5) 1 (6.7) 0.2–31.9

Female 33 (47.2) 3 (9.1) 1.9–24.3 9 (37.5) 2 (22.2) 2.8–60.0
Age 0.675 0.115

<5 years 19 (27.5) 3 (15.8) 3.4–39.6 9 (40.9) 2 (22.2) 2.8–60.0
>5 years 50 (72.5) 5 (10.0) 3.3–21.8 13 (59.1) 1 (7.7) 0.2–36.0

The geographic distribution of seropositive humans and animals is presented in
Figure 3. All seropositive humans were residents of urban areas. Among seropositive
horses, 9 were from Zagreb city, and 20 were from suburban areas of Zagreb surroundings.
In a group of pet animals, only one dog was from a suburban area.

 

Figure 3. Geographic distribution of Tahyna virus seropositive humans, horses, and pet animals.
(symbol size represents the number of cases).
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Comparing the TAHV NT antibody titers, a substantially higher titer was observed in
horses (median 80, IQR = 40–160) compared to humans (median 10, IQR = 10–40) and pet
animals (median 10, IQR = 10–10) (Figure 4).

Figure 4. Tahyna virus-neutralizing antibody titers in humans and animals.

A total of 4456 Ae. vexans mosquitoes were collected and identified in the Zagreb area,
of which 4053/90.9% mosquitoes were sampled by traps with CO2, while 403/9.1% were
sampled by the aspirator. Mosquito specimens were sorted in 159 pools and tested for the
presence of TAHV (Table 5). All tested pools were negative for TAHV.

Table 5. Number of collected Aedes vexans mosquitoes/pools tested for Tahyna virus.

Sampling Method
N Collected Specimens/N

Pools Tested for the Presence of TAHV

Year 2020 2021 2022 Total

CDC Mini Light trap 1414/44 2215/66 424/18 4053/128
Aspirator 266/18 119/12 18/1 403/31

Total 1680/62 2334/78 442/19 4456/159

4. Discussion

Although TAHV is widely distributed in Europe, the number of clinical cases as well
as the seroprevalence rates are probably underreported due to the lack of commercially
available testing.

The frequency of TAHV NT antibody detection among patients with neuroinva-
sive disease from Zagreb and its surroundings was similar (9.4%) to a previous Croatian
study (10.1%) conducted in patients from both continental and coastal regions. Only one
published study, which was from the Sverdlovsk region (Russia) in 1994, analyzed the
prevalence of TAHV in patients with encephalitis and found that up to 60% of patients
had TAHV antibodies [32]. Therefore, the true prevalence and clinical significance of this
neglected virus remain to be determined.

The TAHV seroprevalence rate in asymptomatic Croatian individuals was 3.7%, which
was lower than the reported seroprevalence of 7.9% in the eastern region in the 1970s [23].
This difference should be explained at least in part by the studied population. This study
included only inhabitants of a restricted urban area in northwest Croatia, while in the
1970s, individuals from a broad geographic area (northeastern continental and middle and
south coastal area) were tested. However, the reported seroprevalence in this study was
similar to the seroprevalence reported in some urban areas in Europe and Asia. In 2002,
residents of an area in the Czech Republic affected by the flood were tested for the presence
of antibodies to TAHV. While the highest seroprevalence rates of up to 28% were detected
in rural and suburban populations of the forested floodplain along the Labe and Vltava
Rivers, low seropositivity of 5% was found in the urban Prague area [33]. Two more recent
studies showed lower TAHV seropositivity rates. A seroprevalence of 2% was recorded
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in Nasiriyah, the capital of the Dhi Qar Governorate in Southern Iraq, in 2012–2013 [34]
In addition, TAHV NT antibodies were detected in 0.3% of blood donors from the Alpine
Central European region of the Tyrol (North and East Tyrol, Austria, and South Tyrol,
northern Italy) [18].

Outside Europe, very high TAHV NT seroprevalence rates ranging from 25% to 52%
were recorded in the rural adult population of Cameroon in 2002–2003 [35]. In addition,
epidemiological investigations showed high TAHV endemicity in both urban and rural
areas in the Lao PDR. Several studies carried out in the communities of the Nakai plateau
revealed a TAHV seropositivity of 30.45% in 2007 and 29.06% in 2010 using ELISA [36].
In patients presenting with fever with or without rash, the prevalence of TAHV antibodies
was 13% using indirect immunofluorescence in an urban Kashi region, Xinjiang Province,
China (2007) [37]. In the Lao PDR, TAHV antibodies were found in 37.7% of young patients
under the age of 18 in 2015 [36].

The older age groups had a higher probability of infection and a higher prevalence
of antibodies, and such a trend is usually seen in people and animals living in long-term
enzootic regions [33]. Interestingly, in a Chinese study conducted at three locations in the
Qinghai-Tibet Plateau, all seropositive individuals were under the 30-age group, with sero-
prevalence ranging from 1.1% to 4.3%. The authors supposed that higher seroprevalence in
young age groups may suggest that TAHV was recently imported into the Qinghai-Tibet
Plateau [21]. In the present study, no significant difference in seropositivity was found
among age groups (2.5–7.7%).

Several studies have shown that TAHV circulates in wildlife in Central and Eastern
Europe although seroconversion rates may vary by location and year. Several studies
from the Czech Republic showed a declining trend in the TAHV seroprevalence among
wild boars. The hemagglutination-inhibiting antibodies were found in 41.7% and 46.7%
of wild boars in 1990 and 1993–1997, respectively [13,14]. A lower seropositivity rate
of 19.4% was detected in the wild boars sampled at 24 hunting grounds of the Břeclav
District (South Moravia) from 2000 to 2002. All these regions are characterized by the
presence of wetland/fishpond ecosystems or floodplain forests as well as large mosquito
populations [38]. In addition, TAHV NT antibodies were found in 28.9% of examined
wild boars in Záhorská Lowland, western Slovakia, in the 1970s [39]. During 2016 and
2017, serum samples from wild boar (Sus scrofa), roe deer (Capreolus capreolus), and red
deer (Cervus elaphus) were collected from Austria, Hungary, and Romania. In the wild
boar population, TAHV NT seroprevalence rates were reported to be 25.9–27.5% in Austria,
0–55.6% in Romania, and 0–50.0% in Hungary. In addition, the seroprevalence in Austria
was highest in wild boar (26.7%) compared to red deer (9.8%), while no roe deer were
found seropositive [8].

TAHV seroprevalence in horses from urban areas of Zagreb and its surroundings tested
in this study was 29.6%. This high seropositivity rate was similar to those detected in some
endemic areas in the Czech Republic. In South Moravia (Břeclav District), a seroprevalence
of 34.4% was reported in 1980. In addition, a very high seroprevalence rate of 55% was
observed in pigs, while it was low in cattle (5.6%) [9]. In 2007, serum samples were
collected from livestock (cows, sheep, and swine) at the abattoirs in Geermu City, Xining
City, and Minhe County, China. In addition to IgG seropositivity of 6.7% in cows, 10.0% in
sheep, and 3.3% in swine, IgM antibodies were detected in 3.3% of cows, 7.8% of sheep,
and 5.0% of swine [21].

In this study, the TAHV seroprevalence rate in dogs and cats was 11.7%, with no
difference according to sex and age. To our knowledge, there are no published data on
the prevalence of TAHV in pet animals. In addition, there is no research on the clinical
impact of TAHV infection in horses and pet animals. The results of this study clearly show
that TAHV is circulating in selected animal species. There was additional reasoning for
serosurvey of pet animals and horses. Compared to wildlife, serum samples are easier to
collect. Moreover, unlike wildlife and other farm animals, these species are living in urban
areas. Dogs and cats may live in close proximity to their owners and therefore have shared
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exposure to household and recreational risk factors. Finally, dogs and cats are scavengers,
and pathogens bioaccumulate in them. The listed attributes make animal species selected
for this study potential sentinel animals to monitor TAHV activity in cities. In analyzing
the NT titers in humans and animals, substantially higher titers were observed in horses
compared to humans and pet animals. Although there are no data regarding the longevity
of TAHV antibody response in horses, it is still to be determined if higher titer makes them
more sensitive tools for TAHV surveillance.

Many studies reported the detection of TAHV in mosquitoes. In 2006, TAHV was
isolated from Culex spp. mosquitoes collected in Xinjiang, China [37]. Subsequently,
in 2007–2008), TAHV was isolated from Ae. dorsalis and Cx. modestus pools in Inner
Mongolia [20]. In 2013, the virus was isolated from An. hyrcanus mosquitoes collected on
the fishponds in South Moravia (Czech Republic), a finding that represents the first isolation
of TAHV from An. hyrcanus in Europe [7]. In a more recent study (2019), mosquitoes
collected at floodplain habitats along three major rivers in eastern Austria, i.e., the Danube
River, the Morava River, and the Leitha River, were tested. TAHV RNA was detected in
two pools of Ae. vexans collected on the Leitha River. Phylogenetic analysis showed that
the sequences obtained were remarkably similar to earlier TAHV isolates from the area,
dating back to the initial TAHV isolate in 1958 [5]. In a very recently conducted study
(2021), TAHV was detected in Ae. caspius and Cx. pipiens pools collected in the Emilia
Romagna Region, Northern Italy. In addition, one isolated strain was obtained from one of
the Ae. caspius pool collected in the municipality of Comacchio. Furthermore, TAHV was
detected in 10 mosquito pools sampled in 2009, 2010, and 2020, confirming the continuous
presence of the virus in this region [22]. In the present study, all tested Ae. vexans pools
collected in the Zagreb area were negative for TAHV RNA.

When comparing the seropositivity rates between countries, it is important to keep
in mind that the different serological methods (ELISA, IFA, and VNT) used to detect
TAHV antibodies may have an impact on the seroprevalence results. In addition, there
are some limitations of this study that should be noted. Since a small number of animals
were included in the study, the seroprevalence results should be interpreted with caution.
In addition, data on the sex and age of the horses were missing.

5. Conclusions

The presented results indicate the circulation of TAHV in northwestern Croatia.
Further studies on large samples of humans, animals, and mosquitoes are needed to
determine the prevalence of this neglected viral zoonosis.
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Abstract: Background: The COVID-19 pandemic impacted HIV programmes with the diversion of
resources and lockdown measures. We assessed the impact of COVID-19 on infant HIV diagnosis in
the context of updated 2019 prevention of mother-to-child transmission of HIV (PMTCT) guidelines
in Johannesburg, South Africa. Methods: HIV PCR data for children <2 years were extracted from
the National Health Laboratory Service database from October 2018 to September 2021, inclusive.
Trends in the total number of tests performed and the total number of children with HIV diagnosed,
stratified by age, were determined to assess the effect of different COVID-19 lockdown levels and
updated guidelines. Results: When comparing three 12-month periods ending September 2019–2021,
respectively, the total number of HIV PCR tests performed increased (from 41 879 to 47 265 to 56 813),
and the total number of children with HIV decreased (from 659 to 640 to 620), year-on-year. There
was a substantial increase in 6-month testing in response to updated guidelines. Excluding 6-month
testing, the year-on-year increase in total tests was maintained with birth and 10-week testing closely
approximating total live births to women living with HIV. A decrease in the total number of children
with HIV diagnosed was noted in Q2 2020, coinciding with the most restrictive lockdown, followed
by a rebound in cases. Conclusions: Despite the restrictions and diversion of resources associated
with COVID-19, there was a successful implementation of PMTCT guideline updates and minimal
disruption to infant HIV testing. However, much work remains in order to achieve the elimination of
mother-to-child transmission of HIV.

Keywords: PMTCT; HIV; COVID-19

1. Introduction

COVID-19, which was declared a pandemic in March 2020, has had a devastating
impact globally, not only in terms of morbidity and mortality associated with infections
but also impact on health programmes, including the provision of HIV care. Various
commentaries and modelling studies predicted the negative impact the pandemic would
have on HIV programmes, as resources were diverted and various lockdown measures
implemented in a bid to curb the spread of infections [1–4]. In a model-based analysis
of the potential impact of COVID-19-associated interruptions in the UNAIDS 21 priority
countries, there were projected interruptions in paediatric HIV prevention and care [4]. The
projections included a decline in pregnant women accessing prevention of mother-to-child
transmission of HIV (PMTCT) services, with a subsequent increase in new paediatric HIV
infections and disruptions in care for children living with HIV. The analysis could not
project the impact on infant HIV testing as a result of insufficient pre-COVID-19 data from
the countries [4].
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The published data have subsequently shown the impact of COVID-19 throughout
the HIV care cascade, and the impact is likely to be felt for years to come. Early in the
pandemic, the Global Fund reported that several countries reported high or very high-
level disruptions in HIV care, with the prevention, testing and support of people living
with HIV the most impacted [5]. South Africa, where the first case of COVID-19 was
identified on 5 March 2020, and a stringent national lockdown subsequently implemented
on 27 March 2020, has not been spared from the effects of the pandemic [6]. At the time, the
country was implementing revised PMTCT guidelines, which included the introduction
of dolutegravir-based antiretroviral therapy (ART) and changes in maternal monitoring
and infant HIV testing [7]. A July 2020 UNICEF report showed limited implementation of
the guidelines [8]. Hence, the aim of this study was to assess the impact of COVID-19 on
infant HIV diagnosis in the context of updated 2019 PMTCT guidelines in the Johannesburg
Health District, South Africa.

2. Materials and Methods

2.1. Study Setting

The Johannesburg Health District has seven subdistricts, A–G, and had a population
of over five million people in 2021 [9]. The HIV prevalence in pregnant women in the
district was estimated to be around 25% in 2019, with high ART coverage of over 90%
during pregnancy [10]. The revised PMTCT guidelines were signed off for implementation
in November 2019. The revisions included the introduction of dolutegravir-based ART
for first-line treatment, initially with caution for use in the first trimester because of the
then-reported increased risk of neural tube defects with periconception use [11,12]. This
caution was later removed in July 2021 from the South African PMTCT guidelines as
accumulating data showed no increased risk of neural tube defects with dolutegravir use
compared to other ART regimens [13].

Several updates related to routine infant HIV testing were made [7]. In addition to
the birth and 10-weeks HIV PCR testing that was already in place, a 6-months PCR test
was added for all HIV-exposed infants who had previously tested HIV-negative. The
rationale for choosing the 6-month instead of the 9-month screening recommended by
the World Health Organization (WHO) was based on the decreased testing coverage with
increasing infant age experienced in early infant diagnosis (EID). Moreover, the findings
from a nationally representative South African cohort demonstrated that 82% of cumulative
MTCT occurred by 6 months of age, at which time breastfeeding prevalence is less than
30% [14]. Universal HIV testing at 18 months for all infants was also introduced, with
a rapid HIV antibody test used for screening and a PCR test used for confirmation of a
positive result. Confirmatory PCR testing was recommended for up to two years of age.
Age-appropriate HIV testing for symptoms consistent with HIV infection and 6 weeks post
cessation of breastfeeding remained in place in the revised guidelines [7].

2.2. Study Design

HIV PCR data for children aged less than two years who were tested in the Johannes-
burg Health District in the period 01 October 2018 to 30 September 2021 were extracted
from the Surveillance Data Warehouse (DW) at the National Institute for Communicable
Diseases (NICD), a division of the National Health Laboratory Service (NHLS). NHLS
performs all pathology tests for the public health sector nationally, serving more than 80%
of the South African population, and captures these records in a laboratory information
system. In order to facilitate the monitoring of HIV programs such as EID of HIV, test
data are transferred to the NICD DW. In the absence of a unique health identifier, the
DW utilises a probabilistic linking algorithm to link multiple HIV tests belonging to the
same patient, employing predominantly the variables name, surname and date of birth to
allocate a DW unique identifier. The accuracy of this algorithm is compromised by the use
of poor demographic details provided at the time of birth testing that is updated for testing
at later time points, precluding accurate longitudinal monitoring from birth [15]. However,
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where infants test HIV PCR positive, and a confirmatory test follows shortly thereafter,
similar demographic details generally allow for linkage facilitating de-duplication of HIV
PCR positive tests to infants with HIV. Other variables used include the facility where the
specimen was collected, facility GPS coordinates, date of specimen registration and age at
testing, HIV PCR test result and the DW unique identifier.

Data from the DW were compared to EID indicators collected by the District Health
Information System (DHIS), which reports on birth and around 10-week HIV PCR tests
by counting the total number of tests performed and the total number of positive tests
in these two age groups, respectively. DHIS is the South African Department of Health
system used to collect aggregate routine data from public healthcare facilities. Birth HIV
PCR test is defined by DHIS as tests performed from birth to less than 6 weeks of infant
age, and 10-week HIV PCR test as tests performed from 6 weeks to less than 14 weeks of
age. As there was no 6-month testing reported on DHIS at the time of the study, the NICD
definition of a 6-month HIV PCR test was used and refers to testing performed from 14
weeks of infant age to less than 9 months. Other DHIS indicators used included total live
births and total live births to women living with HIV (WLHIV).

2.3. Data Analysis

An analysis was performed using RStudio Version 1.3.1056 on a 64-bit Windows device
to generate the total number of tests performed, the total number of children with HIV
diagnosed and the geospatial maps. Trends in the total number of tests performed and the
total number of HIV PCR-positive tests, stratified by age, were determined to assess the
effects of the introduction of revised PMTCT guidelines and different COVID-19 lockdown
levels. Testing coverage was calculated as the total number of HIV PCR tests performed
divided by the total number of live births to WLHIV reported by DHIS. Case rates were
calculated using the total number of first HIV PCR-positive tests at an age less than 2 years
as a proxy for newly diagnosed children with HIV, divided by the DHIS indicator of total
live births and expressed per 100,000. In the study, a year was defined as the period from
the beginning of the fourth quarter, i.e., 01 October to 31 December, to the end of the third
quarter, i.e., 01 July to 30 September. There were five COVID-19 lockdown levels that were
introduced at various times in South Africa, with level 5 being the most restrictive, severely
limiting people’s movements and economic activity [6]. Healthcare facilities remained
open throughout the different lockdown levels.

2.4. Ethics

Ethics approval for the study was obtained from the University of the Witwater-
srand Human Research Ethics committee (Protocol numbers M201186 and M210752). De-
identified data were analysed on a secure share point folder hosted by the NICD.

3. Results

A total of 153,723 HIV PCR tests were analysed, belonging to 127,515 unique patients
as allocated by the probabilistic linking algorithm in the NICD DW. Total HIV PCR tests
performed increased over the study period from 10,179 to 14,538 per quarter, attributable
to an increase in tests performed in all age groups but predominantly a consequence of a
three-fold increase in testing around 6 months of age in line with new PMTCT guideline
recommendations (Figure 1).
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Figure 1. HIV PCR tests performed quarterly from October 2018 to September 2021, stratified by age;
NICD data (d = days; w = weeks; m = months; WLHIV = women living with HIV).

* Total birth tests performed are higher than the total live births to WLHIV, likely
due to a combination of under-reporting of the DHIS indicator and repeat HIV PCR tests
performed in the first 6 weeks of life.

Deduplicated HIV PCR-positive test results decreased year on year from 659 to 620,
with a total of 1919 newly diagnosed infants and children with HIV identified during the
study period (Figure 2; Table 1).

Figure 2. Children testing HIV PCR positive performed quarterly from October 2018 to September
2021, stratified by age; NICD data (d = days; w = weeks; m = months).
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Table 1. Comparison of NICD and DHIS HIV PCR tests performed and positive tests identified,
October 2018–September 2021.

NICD Data DHIS

<2 Years Birth 10 Weeks Birth 10 Weeks

Year
Total
Tests

Positive
Tests

Total
Tests

Positive
Tests

Total
Tests

Positive
Tests

Total
Tests

Positive
Tests

Total
Tests

Positive
Tests

Year 1 41 879 659 18 254 206 15 478 189 16 884 98 14 997 76

Year 2 47 265 640 19 869 236 15 738 157 17 639 108 16 137 108

Year 3 56 813 620 20 533 189 17 766 144 17 292 120 19 201 80

Total 145 957 1 919 58 656 631 48 982 490 51 815 326 50 335 264

NICD = National Institute for Communicable Disease; DHIS = District Health Information System; Year 1 = 1
October 2018 to 30 September 2019; Year 2 = 01 October 2019 to 30 September 2020; Year 3 = 01 October 2020 to
30 September 2021.

According to the DHIS data, there was a total of 51,334 live births to WLHIV during
the study period, with an average of 4278 live births to WLHIV per quarter. The decrease
in positive HIV PCR tests translates to a declining annual case rate of newly diagnosed less
than two-year-old infants and children of 905 to 804 per 100,000 live births. During the
most stringent COVID-19 lockdown period viz. Q2 2020, there appears to be a decrease in
the number of newly diagnosed children with HIV at birth and around 10 weeks of age,
followed by a rebound when restrictions were eased in Q3 2020. A decrease in total PCR
testing at these time periods is less obvious.

Birth testing coverage remained around 100% throughout the study period whilst
10-week testing coverage averaged 85%, with a mild decrease to 79.5% during Q2 and
Q3 of 2020. Coverage of 6-month testing increased steadily from 36% to 90% during the
study period. Birth testing was the time point that yielded the highest number of first HIV
PCR-positive tests in comparison to 10-week and 6-month testing, with a total of 631 cases
during the study period in comparison to 490 at 10 weeks and 394 at 6 months. A total of
1515/1919 (79%) first HIV PCR-positive tests were detected in the first eight months of life.
The increased tests performed at 6 months of age demonstrated an annual increase in first
HIV PCR-positive cases from 110 to 122 to 162, year-on-year.

During the study period, the total number of HIV PCR tests performed correlated fairly
well between DHIS and NICD data—Table 1. Total birth and 10-week tests were recorded
by DHIS as 51,815 and 50,335 in comparison to NICD 58,656 and 48,982, respectively.
Thus, NICD recorded 5488 more PCR tests being performed at birth and 10 weeks of age.
Triangulation of first HIV PCR-positive tests correlates less well with newly diagnosed
children at birth and 10-week tests reported by DHIS as 326 and 264 in comparison to
NICD 631 and 490, respectively. DHIS reports a total of 590 newly diagnosed infants to
1121 reported by NICD. In order to reduce the effect of NICD data overcounting newly
diagnosed infants because of the inability to link patient tests accurately, the age ranges for
birth and 10-week testing for NICD data were narrowed from 0–<6 weeks to <7 days of
age and from 6 weeks–<14 weeks to 8–12 weeks of age, respectively, which again yielded
higher numbers of infected infants than DHIS reports at 441 and 341 newly diagnosed
infants at birth and 10 weeks, respectively.

A third of all HIV PCR tests performed in the Johannesburg Health District is per-
formed in subdistrict D (n = 46,896), with the least by subdistrict C (n = 9 831), a reflection of
where the large delivery units, including hospitals, are situated (Figure 3). Unsurprisingly,
subdistrict D also yields the first HIV PCR-positive results at 608 over the study period,
followed by subdistrict F (n = 301) and subdistrict A (n = 279).
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Figure 3. Total first HIV PCR positive tests per subdistrict in the Johannesburg Health District,
October 2018–September 2021.

4. Discussion

In this 3-year review of HIV PCR data of children less than two years of age tested in
the Johannesburg Health District, there was an increase in tests performed across all age
groups. The increase was more pronounced in testing around six months of age, where
there was a three-fold increase in HIV PCR testing during the study period, in line with
revised PMTCT guidelines. There was an overall decrease in positive HIV PCR tests,
translating to a declining annual case rate of newly diagnosed children less than two years
of age. The period associated with stringent COVID-19 regulations early in the pandemic
in South Africa showed a decrease in positive HIV PCR tests identified with birth and
10-week testing, with a subsequent rebound when restrictions were eased. The majority
(79%) of first HIV PCR-positive tests were detected in the first eight months of life.

The finding of minimal interruptions to infant HIV testing during the peak of the
COVID-19 pandemic and associated restrictions in South Africa, and interruptions in
health services, is reassuring and shows the robustness of the PMTCT program in the
Johannesburg Health District. This finding is similar to that of a retrospective review
of routinely collected data in KwaZulu-Natal province, South Africa, where there was
evidence of a significant decline in birth PCR testing in the period March to May 2020—the
period coinciding with the most restrictive COVID-19 regulations—with recovery in testing
rates seen in June 2020 [16]. While there was no obvious decrease in the total number of PCR
tests performed during the stringent lockdown period in our study, the rebound in positive
HIV PCR tests following the easing of restrictions was evident for birth (0–<6 weeks) testing.
This is likely to represent a combination of increased and duplicate testing across different
facilities where there would have been concerns of reduced testing and/or less access to
laboratory records to check results. The algorithm deduplicating laboratory test records
perform less accurately across different facilities. In another review of programmatic data
from 65 primary care facilities also in KwaZulu Natal, there was an almost 50% decline in
HIV testing and ART initiation during the early stages of the COVID-19 lockdown [17].
There were, however, no details on early infant diagnosis.

The increase in testing at around six months of age reflects the successful implementa-
tion of a component of the revised 2019 PMTCT guidelines. This is reassuring given the
reported interruptions in HIV care with the COVID-19 pandemic and the 2020 UNICEF
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report that showed the limited implementation of the revised guidelines [8]. While our
study did not assess dolutegravir use in PWLHIV and interruptions in accessing ART
during the lockdowns, the decrease in positive HIV PCR tests in children less than two
years of age could be attributable to the transition to dolutegravir-based first-line ART
regimens. Dolutegravir-based ART has been shown to achieve a faster rate of viral load
suppression compared to non-nucleoside reverse transcriptase-based ART [18]. While there
was a decrease in cases of children with HIV, the decrease might be smaller than anticipated
with dolutegravir-based ART due to interruptions in accessing ART.

In our study, 79% of first HIV PCR-positive tests were identified in infants aged eight
months or less, a finding similar to that reported by Goga et al. [14]. In their review of a
nationally representative sample of 9120 HIV-exposed infants, 81% of cumulative MTCT
cases had occurred by six months. While there was a good correlation in total HIV PCR tests
performed between the NICD and DHIS data in our study, there was a large disparity in the
number of first HIV PCR-positive tests for birth and 10-weeks testing. This has important
implications as DHIS data are used for modelling, planning and tracking progress toward
eMTCT. The data are also important in ensuring that children that test HIV positive are
linked to care. The spatial analysis in our study on where the HIV PCR-positive cases
are is important for the allocation of resources for PMTCT and HIV care for children who
test positive.

While the large NICD infant HIV PCR testing database is a strength of our study, there
are several limitations. The absence of a unique patient identifier and thus eliminating
duplication of tests is an important limitation. The NICD DW probabilistic linking algo-
rithm, while intended to minimise this duplication, is not without limitations as it relies on
demographic data provided by clinicians. The mobility of patients may also contribute to
the duplication of tests. Despite the limitations, our study contributes important data on
the robustness of an established PMTCT programme and how there were minimal inter-
ruptions in the implementation of guidelines despite the devastating impact of COVID-19
on health services. While there has been a decline in the number of children under the age
of two years testing HIV PCR positive, much work remains in ensuring that the number
decreases further as the case rates in our study are far above what is required for eMTCT,
which is <50 HIV PCR positive cases per 100 000 live births [19,20]. We also need to ensure
that those children who test positive are linked to and remain in care.
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Abstract: Ectopic pregnancies (EPs) are potentially fatal if not recognized early. Evidence of an
association with chlamydial infection in South East Asia is lacking. This case-control study aims to
(i) compare chlamydial infection in women with EP to women who delivered a full-term pregnancy,
(ii) investigate classical factors associated with EP, and (iii) investigate rupture status in EP. Seventy-
two women with a confirmed diagnosis of EP and sixty-nine who delivered a full-term pregnancy in
a tertiary hospital in Malaysia were recruited from November 2019 to January 2022. Demographic
and relevant clinical data and intraoperative findings were documented. Blood samples for testing
IgG levels of chlamydia were obtained. Women with EP were more likely to have tested positive for
chlamydia than those with a full-term delivery (34.7% vs. 13.0%, AOR = 4.18, 95% CI = 1.67–10.48,
p = 0.002). The majority did not have the classic risk factors associated with EP. An amount of 52.8%
presented with a ruptured EP, with 84.2% of ruptures occurring after six weeks of gestation. An
amount of 44.2% had an estimated blood loss of more than 500 cc, with 20% losing more than 1500 cc
of blood. The prevalence of prior chlamydial infection in women with EP is significant enough to
necessitate a review of early pregnancy care.

Keywords: ectopic pregnancy; chlamydia infection

1. Introduction

Ectopic pregnancy (EP) was the fourth leading cause of maternal mortality in Malaysia
in the years 2019 and 2020 [1]. Common risk factors include infections, surgery, smoking,
in vitro fertilization, previous EP, previous pelvic surgery, and intrauterine device use [2–4].
Although the exact pathogenesis of EP is unknown, it is hypothesized that impaired embryo
tubal transportation and alterations in the tubal environment result in embryo retention
within the fallopian tubes [2,3].

The tubal environment is governed by sex hormones, cytokines, growth factors, ex-
pression proteins, and the surveillance of immune cells. Infection-stimulated cytokines
are involved in the development of EP. There is an increased interleukin-6 (IL-6) level and
leukemia inhibitory factor (LIF) in the fallopian tubes of women with EP [3]. Epithelial
shedding due to chronic salpingitis is thought to result in the exposure of the stromal
surface in the fallopian tube, producing high levels of the LIF, facilitating the implantation
of the arrested embryo [2]. Prior studies postulate that EP could be linked to chronic pelvic
inflammation [2,5,6].

Chlamydia trachomatis (C. trachomatis) has been reported as the most common pathogen
that leads to sexually transmitted infections (STIs) [3,7]. The World Health Organization
estimates that in 2016, there were 376 million new infections, with one in four being STIs:
chlamydia (127 million), gonorrhea (87 million), syphilis (6.3 million), and trichomoniasis

Trop. Med. Infect. Dis. 2022, 7, 285. https://doi.org/10.3390/tropicalmed7100285 https://www.mdpi.com/journal/tropicalmed
193



Trop. Med. Infect. Dis. 2022, 7, 285

(156 million). C. trachomatis is associated with pelvic inflammatory disease, infertility, and
EP [8]. Other common bacterial infections include Neisseria gonorrhoea and Mycoplasma
genitalium [3]. In healthy women, the expression of intrauterine integrins is associated with
successful intrauterine implantation. However, a prior C. trachomatis infection results in
increased integrin expression in the tubal epithelial cells, which likely promotes trophoblast
attachment leading to EP [9].

A recent meta-analysis concluded that EP was more likely in pregnant women who
tested positive than those who did not [6]. Although this meta-analysis categorized eight
studies as Asian, only two studies were from South East Asia, namely, Thailand [10]
and Vietnam [11], which reported relatively smaller sample sizes. Additionally, studies
exploring the prevalence of chlamydia infection in Malaysia were targeted at specific popu-
lations such as the urban population [12], prostitutes [13], and those seen at the infertility
clinic [14,15]. As there is a scarcity of regional data on the prevalence of C. trachomatis
infection, presenting features, and intraoperative findings in patients with EP, this study
could provide some insight.

Hence, we aimed (i) to compare the prevalence of prior chlamydial infection in women
with EP and women who delivered from 37 weeks onwards, (ii) to assess the contribution
of chlamydial infection and associated risk factors to EP, and (iii) to document the period of
gestation when an EP is more likely to rupture.

2. Materials and Methods

2.1. Study Design

This was an unmatched case-control study conducted in Hospital Sultanah Aminah
Johor Bahru, Malaysia, among adult women (>18 years) with a confirmed diagnosis of
EP (case) or admitted for delivery from 37 weeks onwards (control). We obtained ethical
approval from the Malaysian Research Ethics Committee (MREC) (NMMR: 18-3214-44797)
and the Monash University Human Research Ethics Committee (MUHREC) (ID: 18558)
prior to the commencement of the study.

2.2. Recruitment and Data Collection

Consenting patients aged 18 and above admitted for management of a confirmed
diagnosis of EP were recruited with informed consent. Patients who were clinically stable
either pre- or post-operative were recruited. Controls were those aged 18 and above
admitted for delivery from 37 weeks onwards. Only those in the latent phase of labor
or admitted for labor induction were recruited as controls. Patients above 18 who had
impairments such as hearing impairment were excluded.

Demographic data that were collected included age, ethnicity, marital status and
education level. Relevant clinical data recorded included the number of sexual partners,
parity status, risk factors for EP, and clinical findings. These are tabulated in Tables 1 and 2.
Blood samples totaling 5 mL were obtained for testing IgG levels of chlamydia. Detection
of chlamydia IgG was performed by an independent external lab using CHLG-chlamydia
IgG (immunoblot), and a result, >1.00 was considered positive.

The study recruitment and primary data collection took place at Hospital Sultanah
Aminah Johor Bahru, Malaysia, between November 2019 and January 2022. Although an
average of two patients with EP were treated per week, data collection was paused during
the COVID-19 pandemic due to the government’s implementation of the movement control
order (MCO). At this center, the primary method of treatment employed for EP was the
surgical approach (either laparoscopic or laparotomy). Patients who were clinically stable
underwent the laparoscopic approach. However, if there were significant challenges intra-
operatively or if the patient had significant hemoperitoneum, the approach was converted
to laparotomy.
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Table 1. Demographic characteristics of the study patients (N = 141).

All Patients
Ectopic Pregnancy

(Case)

Non-Ectopic Full-Term
Pregnancy
(Control)

p Value

(N = 141) (n = 72) (n = 69)

Age (years) Mean (SD) 30.16 (5.07) 30.44 (4.68) 29.87 (5.47) 0.503

Ethnicity Malay 112 (79.2) 59 (81.9) 53 (76.8) 0.718
Chinese 10 (7.1) 4 (5.6) 6 (8.7)
Indian 18 (12.8) 9 (12.5) 9 (13.0)

East Malaysian Native 1 (0.7) 0 (0.0) 1 (1.4)

Education Primary 4 (2.8) 2 (2.8) 2 (2.9) 0.512
Secondary 72 (51.1) 40 (55.6) 32 (46.4)

Tertiary 65 (46.1) 30 (41.7) 35 (50.7)

Employment Yes 93 (66.0) 49 (68.1) 44 (63.8) 0.591
No 48 (34.0) 23 (31.9) 25 (36.2)

Patient’s marital
status

Single 4 (2.8) 2 (2.8) 2 (2.9)
First marriage 118 (83.7) 60 (83.3) 58 (84.1)

Second marriage or more 19 (13.5) 10 (13.9) 9 (13.0)

Partner’s marital
status

Single 5 (3.5) 2 (2.8) 3 (4.3) 0.816
First marriage 118 (83.7) 60 (83.3) 58 (84.1)

Second marriage or more 18 (12.8) 10 (13.9) 8 (11.6)

Number of
partners

0 1 (0.7) 1 (1.4) 0 (0.0) 0.155
1 114 (82.0) 60 (85.7) 54 (78.3)
2 23 (16.5) 8 (11.4) 15 (21.7)
3 1 (0.7) 1 (1.4) 0 (0.0)

Table 2. Clinical characteristics of the study patients (N = 141).

All Patients
Ectopic Pregnancy

(Case)

Non-Ectopic Full-Term
Pregnancy
(Control)

p Value

(N = 141) (n = 72) (n = 69)

Gravida 1 49 (34.8) 30 (41.7) 19 (27.5) 0.193
2–3 58 (41.1) 25 (34.7) 33 (47.8)
4–5 23 (16.3) 13 (18.1) 10 (14.5)

More than 5 11 (7.8) 4 (5.6) 7 (10.1)
Parity 0 58 (41.1) 36 (50.0) 22 (31.9) 0.088

1–2 64 (45.4) 28 (38.9) 36 (52.2)
3–4 17 (12.1) 8 (11.1) 9 (13.0)

More than 4 2 (1.4) 0 (0.0) 2 (2.9)

History of EP Yes 5 (3.5) 4 (5.6) 1 (1.4) 0.367
No 136 (96.5) 68 (94.4) 68 (98.6)

History of PID Yes 5 (3.5) 4 (5.6) 1 (1.4) 0.367
No 136 (96.5) 68 (94.4) 68 (98.6)

History of pelvic surgery Yes 9 (6.4) 4 (5.8) 5 (6.9) 1.000
No 132 (93.6) 65 (94.2) 67 (93.1)

History of smoking Yes 8 (5.7) 5 (6.9) 3 (4.3) 0.719
No 133 (94.3) 67 (93.1) 66 (95.7)

Duration of smoking (years) Mean (SD) 10.23 (7.90) 14.60 (6.02) 2.97 (4.36) 0.028 *
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Table 2. Cont.

All Patients
Ectopic Pregnancy

(Case)

Non-Ectopic Full-Term
Pregnancy
(Control)

p Value

(N = 141) (n = 72) (n = 69)

Prior use of copper IUD Yes 3 (2.1) 1 (1.4) 2 (2.9) 0.614
No 138 (97.9) 71 (98.6) 67 (97.1)

Purulent per vaginal
discharge

Yes 13 (9.2) 9 (12.5) 4 (5.8) 0.169
No 128 (90.8) 63 (87.5) 65 (94.2)

Abdominal pain with fever Yes 6 (4.3) 4 (5.6) 2 (2.9) 0.681
No 135 (95.7) 68 (94.4) 67 (97.1)

Pelvic pain with fever Yes 1 (0.7) 1 (1.4) 0 (0.0) 1.000
No 140 (99.3) 71 (98.6) 69 (100.0)

EP = ectopic pregnancy, PID = pelvic inflammatory disease. * Significant at p < 0.05.

2.3. Sample Size Justification

The minimal sample size was estimated using OpenEPI [16] based on the difference
in the proportion of outcome (EP) according to parity (1 vs. >3) as reported by Mpiima
et al. [17] The authors reported the prevalence of ectopic pregnancy among those in parity
of 1 (unexposed) to be 2.38% as opposed to those with parity >3 (exposed) which was
18.75%. A minimum sample size of 66 was required in each group to give the study 80%
power at α = 0.05 (two-sided).

2.4. Statistical Analysis

Data collected were tabulated and analyzed using IBM® SPSS® Statistics Ver.26.0.
Descriptive statistics such as frequencies, percentages, means, and standard deviations were
used to describe the study participants’ characteristics. Associations between categorical
variables and study groups were determined with Pearson’s chi-square or Fisher’s exact
tests. Mean values of continuous variables were compared between the study groups using
independent t-tests. Multivariable logistic regression (enter method) was used to determine
the relationship between chlamydia infection and EP. Variables with a p value >0.25 in the
bivariate analysis were adjusted for in the multivariate model. The model’s goodness-of-fit
was determined using the Hosmer–Lemeshow test. The adjusted model was also assessed
for multicollinearity and interactions between variables. Statistical significance was set
at p < 0.05.

3. Results

Seventy-two patients with EP and sixty-nine women with a non-ectopic full-term
pregnancy between 37 and 40 weeks of gestation were recruited for the study. The mean
age of the study patients was 30.16 years (SD = 5.07 years). The majority of them were of
Malay ethnicity (79.1%), were Muslim (80.1%), had at least a secondary level of education
(97.2%), and were employed (66%). More than 80% of the patients and their partners were
married for the first time and had only one partner. None of the demographic characteristics
differed between the study groups (Table 1).

Nine study patients had pelvic surgery performed within the past year. Three patients
underwent lower segment caesarean section (LSCS); others underwent one of the following
surgeries: appendectomy, dilatation and curettage (D and C), endometrial polypectomy
laparoscopic myomectomy, laparoscopic salpingectomy, and salpingectomy. Although only
eight patients had a smoking history, those with EP had been smoking for significantly
longer than controls (14.60 ± 6.02 years vs. 2.97 ± 4.36 years, p = 0.028). The remaining
clinical characteristics did not differ between study groups (Table 2).

Almost a quarter of all pregnancies were also infected with chlamydia, as observed
with the presence of chlamydia IgG antibodies (Table 3). Chlamydia infection was more
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prevalent in EP patients compared to non-ectopic pregnancy patients (34.7% vs. 13.0%). Af-
ter adjusting for potential confounding factors, the odds for chlamydia infection were higher
than four-fold in EP patients than in the control group (aOR = 4.18, 95% CI = 1.67–10.48, p
= 0.002).

Table 3. Association between chlamydia IgG antibodies and ectopic pregnancies (N = 141).

All Patients
Ectopic Pregnancy

(Case)

Non-Ectopic Full-Term
Pregnancy
(Control)

(N = 141) (n = 72) (n = 69)

Chlamydia
IgG antibodies

Positive 34 (24.1) 25 (34.7) 9 (13.0)
Negative 107 (75.9) 47 (65.3) 60 (87.0)

OR a (95% CI) 3.55 (1.51–8.31) 1.000
p value 0.004 *

aOR b (95% CI) 4.18 (1.67–10.48) 1.000
p value 0.002 *

a Unadjusted logistic regression model; b Adjusted for number of partners, gravidity, and purulent per vaginal
discharge. Model fulfilled Hosmer–Lemeshow test (p = 0.211), multicollinearity, and interaction assumptions.
* Significant at p < 0.05.

In subsequent analysis, we explored the association between EP-related characteris-
tics and chlamydia IgG antibodies (Table 4). Per vaginal bleeding was twice more com-
mon in chlamydia-infected EP cases compared to EP cases negative for the infection
(50.0% vs. 24.0%, p = 0.033). The choice of management options also differed between
those with and without infection (p = 0.002). Laparotomy salpingectomy was the most
common management choice among all patients (47.9%), especially those infected with
chlamydia (60.0%). However, laparoscopic salpingectomy was more common among
those without the infection (56.5%). Other variables were not found to be associated with
chlamydia infection.

Table 4. Association between ectopic pregnancy-related characteristics and chlamydia IgG antibodies
(n = 72).

All EP
Patients

Chlamydia IgG Antibodies

p ValuePositive Negative

(N = 72) (n = 25) (n = 47)

History of EP Yes 4 (5.6) 1 (4.0) 3 (6.4) 1.000
No 68 (94.4) 24 (96.0) 44 (93.6)

History of PID Yes 4 (5.6) 1 (4.0) 3 (6.4) 1.000
No 68 (94.4) 24 (96.0) 44 (93.6)

History of pelvic surgery Yes 5 (6.9) 0 (0.0) 5 (10.6) 0.156
No 67 (93.1) 25 (100.0) 42 (89.4)

History of smoking Yes 5 (6.9) 1 (4.0) 4 (8.5) 0.652
No 67 (93.1) 24 (96.0) 43 (91.5)

Number of partners

0 1 (2.9) 0 (0.0) 1 (0.7) 0.071
1 25 (73.5) 91 (85.0) 116 (82.3)
2 7 (20.6) 16 (15.0) 23 (16.3)
3 1 (2.9) 0 (0.0) 1 (0.7)

Prior use of copper IUD Yes 1 (98.6) 0 (0.0) 1 (2.1) 1.000
No 71 (1.4) 25 (100.0) 46 (97.9)
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Table 4. Cont.

All EP
Patients

Chlamydia IgG Antibodies

p ValuePositive Negative

(N = 72) (n = 25) (n = 47)

Period of gestation (weeks)

Unsure/<5 6 (8.5) 2 98.0) 4 (8.7) 0.714
5–5+6 4 (5.6) 0 (0.0) 4 (8.7)
6–6+6 19 (26.8) 9 (36.0) 10 (21.7)
7–7+6 11 (15.5) 3 (12.0) 8 (17.4)
8–8+6 23 (32.4) 7 (28.0) 16 (34.8)
≥9 8 (11.3) 4 (16.0) 4 (8.7)

Purulent per vaginal discharge Yes 9 (12.5) 4 (16.0) 5 (10.6) 0.710
No 63 (84.0) 21 (84.0) 42 (89.4)

Abdominal pain with fever Yes 4 (5.6) 1 (4.0) 3 (6.4) 1.000
No 68 (94.4) 24 (96.0) 44 (93.6)

Pelvic pain with fever Yes 1 (1.4) 1 (4.0) 0 (0.0) 0.347
No 71 (98.6) 24 (96.0) 47 (100.0)

Ectopic status Not ruptured 34 (47.2) 9 (36.0) 25 (53.2) 0.164
Ruptured 38 (52.8) 16 (64.0) 22 (46.8)

Per vaginal bleeding a Yes 42 (59.2) 23 (50.0) 6 (24.0) 0.033 *
No 29 (40.8) 23 (50.0) 19 (76.0)

Abdominal pain a Yes 60 (84.5) 20 (80.0) 40 (87.0) 0.501
No 11 (15.5) 5 (20.0) 6 (13.0)

Management options a

Laparoscopy
salpingostomy 2 (2.8) 1 (4.0) 1 (2.2) 0.002 *

Laparoscopy
salpingectomy 31 (43.7) 5 (20.0) 26 (56.5)

Laparotomy
salpingostomy 2 (2.8) 2 (8.0) 0 (0.0)

Laparotomy
salpingectomy 34 (47.9) 15 (60.0) 19 (41.3)

Laparotomy cornual
resection 2 (2.8) 2 (8.0) 0 (0.0)

Uterus b
Uniformly enlarged 23 (32.9) 5 (20.0) 18 (40.0) 0.106

Fibroids 1 (1.4) 1 (4.0) 0 (0.0)
Normal 46 (65.7) 19 (76.0) 27 (60.0)

Peritubal adhesions at least one side b Yes 6 (8.6) 4 (16.0) 2 (4.4) 0.177
No 64 (91.4) 21 (84.0) 43 (95.6)

Peritubal adhesions at both sides b Yes 2 (2.9) 2 (8.0) 0 (0.0) 0.124
No 68 (97.1) 23 (92.0) 45 (100.0)

Blood loss (ml) b

<500 39 (55.7) 11 (44.0) 28 (62.2 0.457
500–999 12 (17.1) 5 (20.0) 7 (15.6)

1000–1499 5 (7.1) 2 (8.0) 3 (6.7)
≥1500 14 (20.0) 7 (28.0) 7 (15.6)

a n = 71; b n = 70. * Significant at p < 0.05.

No association between EP rupture status and gestation period was found (Table 5).
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Table 5. Association between gestation period (weeks) and rupture status in ectopic pregnancies.

Period of Gestation (weeks)
All EP Patients

Rupture Status

p ValueRuptured Not Ruptured

(N = 71) (n = 38) (n = 33)

<5/unsure 6 (8.5) 4 (10.5) 2 (6.1) 0.517
5–5+6 4 (5.6) 2 (5.3) 2 (6.1)
6–6+6 19 (26.8) 13 (34.2) 6 (18.2)
7–7+6 11 (15.5) 4 (10.5) 7 (21.2)
8–8+6 23 (32.4) 12 (31.6) 11 (33.3)
≥9 8 (11.3) 3 (7.9) 5 (15.2)

4. Discussion

In our study, 34.7% of women with EP and 13.0% who delivered full term were IgG
positive for chlamydia. Very few studies in South East Asia report the prevalence of
chlamydia infection in women with EP. An analysis of 177 women with EP in Vietnam
reported that only 24.9% tested IgG positive for chlamydia [11]. In a small study of
32 Thai women with EP, although 34.38% had chlamydia DNA in the fallopian tube, only
21.88% had serum-specific IgG for chlamydia. However, no strong independent association
between EP risk and chlamydia antibodies was demonstrated [10]. Detecting chlamydial
antibodies decreases with time since the initial infection. However, a higher proportion of
women with more than one diagnosed chlamydial infection have detectable antibody levels
beyond six months [18]. Based on these two studies [10,18], it can be postulated that our
sample of women with EP had chlamydial infections much earlier and tested negative for
the antibodies. It could also suggest that the women in our study who tested positive were
possibly in the first six months of initial infection or had more than one episode of infection.

Although we reported a higher prevalence of chlamydia antibodies in our participants
compared to others from the region, a study conducted in Uganda reported double our
figures, where 60% of women with EP and 26.32% of those with an intrauterine pregnancy
had chlamydia antibodies [17]. This may be attributed to differences in the prevalence
of chlamydia in the general population. Malaysia currently does not have data on the
prevalence of chlamydia infection in the general population.

Intraoperatively, only 16.0% of those who were IgG positive and 4.4% who were
negative had peri tubal adhesions on at least one side. A developed mathematical model
estimated that 10% of untreated chlamydial infections could result in PID [19]. Our findings
were not that far off from the estimate of the mathematical model. Peri tubal adhesions in
our study were not classified according to any validated scoring system. It should be noted
and included in patient counselling that a higher revised American Fertility Society score is
associated with a higher occurrence of repeat EPs [20].

Traditional risk factors associated with EP include a history of PID, smoking, history of
pelvic surgery, and use of copper IUCD. In our study, none of these factors were significantly
associated with EP. Similar findings were reported by another study [21]. Hence, a meta-
analysis should be conducted to understand the usefulness of traditional risk factors in
current times.

Although there were twenty-five women with EP and nine women with a full-term
pregnancy who tested positive, they largely did not report symptoms to suggest PID.
This finding is not unique to our study, as other studies have also reported that chlamydia
seropositivity was more common than a documented or reported history of infection [22,23].

Other microorganisms such as Mycoplasma genitalium [24] and Neisseria gonorrhoea [25]
also cause PID that can damage the tubes resulting in EP. Although we did not test for
these microorganisms, it is known that C. trachomatis infection occurs more frequently than
M. genitalium or N. gonorrhoea infection.

A prospective cohort study of 5704 Dutch women (29.5% chlamydia positive) reported
an EP incidence rate of 0.8 per 1000 person-years (0.4 to 1.5) in those who had prior chlamy-
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dia infection and 0.6 per 1000 person-years (0.4 to 0.6) for women who were chlamydia
negative [26]. The incidence of EP in both groups was approximately the same. This,
combined with our findings that 65.5% of women with EP tested negative for chlamydia
and had no association with traditional risk factors, leads to the question of whether an-
other factor facilitates blastocyst implantation in the fallopian tube before it reaches the
uterine cavity. There is also the possibility of undetected microbes colonizing the tubes or
even dysbiosis.

Our study aims included documenting the period of gestation (POG) that tubal EP
ruptured. Ruptures were seen in 38 (52.8%) women with EP. Although there was no statisti-
cally significant specific POG that rupture occurred in our study, 84.2% of EPs ruptured
after a six-week POG. Patient factors that led to a delay in seeking early pregnancy care
were not explored in our study. This suggests that early self-tests and seeking pregnancy
care earlier should be encouraged. A study of 48 women with ruptured EP and 51 women
with unruptured EP, reported that the POG for a ruptured EP was 8.0 ± 0.9 weeks and
7.3 ± 1.0 weeks for an unruptured EP. However, these values were statistically insignifi-
cant [27]. In another study of 144 women with ruptured EP and 79 women with unruptured
EP, a rupture occurred at 53.9 ± 4.7 days (7.7 ± 0.7 weeks). This finding was reported as
borderline significant [21]. The plausible reason we failed to document any significant POG
for tubal rupture is that the POGs recorded in our study were largely calculated based on
the self-reported first day of the last menstrual period, thus, making them less objective.

Approximately 44% (n = 31) of the EPs had significant blood loss of more than 500 mls,
with approximately half of them having a massive hemorrhage, likely requiring blood
transfusion. Approximately 45% (n = 14) of this group were IgG positive for chlamydia,
while the remainder were negative, which was not statistically significant. However, this
degree of hemorrhage remains a contributing factor to maternal morbidity and mortality,
as reflected by our recent statistics [1].

Our study is one of the very few studies from South East Asia that documented the
presence of chlamydial infection in women with EP compared to women who delivered
full term. We found an alarmingly high presence of prior chlamydial infection in women
with EP and an unexpected presence of prior infection in women who delivered full term.

A limitation of this study is that we tested only for chlamydial infection and not for
other microorganisms such as M. genitalium and N. gonorrhoea. Another limitation is that
the test kit did not discern the type of chlamydia infection. However, Chlamydia psitacci
infection is uncommon in our population.

5. Conclusions

EP continues to be a significant cause of maternal mortality in Malaysia. Early diagno-
sis and prompt management are crucial as ruptures tend to occur after a six-week POG.
Although chlamydial infection is significantly associated with EP, almost two-thirds of the
women with EP in our study did not have the infection. Relying on traditional textbook
risk factors to formulate a diagnosis is not helpful as our study reported no significant risk
factors. A meta-analysis could be conducted to understand the usefulness of traditional risk
factors in current times. The authors believe that further research should explore the role of
female reproductive tract dysbiosis and the role of passive smoking as causative factors of
EP. Research into the duration from which infection occurs until the time EP results could
explain why some women with prior chlamydial infection delivered a full-term pregnancy.
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Abstract: Zika virus (ZIKV) is a mosquito-borne flavivirus that has recently emerged as a global
health threat. The rise in ZIKV infections has driven an increased incidence of neonates born with
microcephaly or other neurological malformations. Therefore, screening for ZIKV infection can
considerably impact pregnant women, especially during the first trimester. The majority of ZIKV
infections are mild or asymptomatic, and clinical diagnosis is inaccurate. Moreover, given the high
level of cross-reactivity among flaviviruses, serological approaches to distinguish ZIKV from dengue
virus (DENV) infections are complicated. We used the combination of DENV and ZIKV nonstructural
protein 1 (NS1) IgG enzyme-linked immunosorbent assay (ELISA) and ZIKV NS1 blockade-of-binding
(BOB) ELISA to test the convalescent sera of non-flavivirus, primary DENV, secondary DENV, and
ZIKV infections. Our findings indicate that primary testing using a ZIKV NS1 IgG ELISA, the test of
choice for large-scale ZIKV serosurvey studies, provided relatively high sensitivity. Moreover, the
confirmation of positive ELISA results using the ZIKV NS1 BOB ELISA increased average specificity
to 94.59% across serum samples. The combined use of two simple ELISAs for ZIKV serosurveys and
the monitoring of ZIKV infection during pregnancy can elucidate the epidemiology, pathogenesis,
and complications of ZIKV in DENV-endemic areas.

Keywords: Zika virus; dengue virus; nonstructural protein 1; serological diagnosis; cross-reactivity

1. Introduction

Zika virus (ZIKV) is an enveloped RNA virus in the family Flaviviridae, genus Fla-
vivirus and is similar to other clinically relevant flaviviruses (e.g., dengue virus (DENV),
Japanese encephalitis virus, and yellow fever virus) [1]. ZIKV is transmitted by mosquitoes,
primarily the Aedes aegypti and the Aedes albopictus. ZIKV can be further transmitted
through sexual, mother-to-fetus, and blood transfusion routes [2]. With a genome length of
approximately 11 kb, the ZIKV is a positive-sense, single-stranded RNA virus that codes for
three structural proteins—capsid, pre-membrane, and envelope—and seven nonstructural
proteins: nonstructural protein 1 (NS1), NS2a, NS2b, NS3, NS4a, NS4b, and NS5b [3]. NS1
is involved in viral replication, immune evasion, and pathogenesis and is considered an
important antigenic marker of ZIKV and other flaviviruses [4]. Antibodies to NS1 have
high sensitivity and limited cross-reactivity, suggesting that NS1 may represent an efficient
differential assay for DENV and ZIKV infections [5]. ZIKV was originally identified in
1947 in a rhesus monkey in the Zika Forest of Uganda. From there, ZIKV has spread
slowly throughout Africa and Asia. The first outbreak of ZIKV infection occurred in 2007
in Yap State, Micronesia, in the western Pacific Ocean [6,7]. The first report on the possi-
ble presence of ZIKV in Thailand was published in 1963 [8]. In 2016, small outbreaks of
ZIKV infection were reported in Singapore [9], and several hundred cases were detected in
Thailand in the same year [10].

ZIKV infections generally cause mild and self-limited illness. However, the infection
can cause Guillain–Barré syndrome in adults and microcephaly in infants born to ZIKV-
infected women [11]. Therefore, screening for ZIKV infections can considerably impact
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pregnant women, especially during the first trimester [10,12]. The diagnosis of acute ZIKV
infection is made through the detection of its viral components (RNA or viral NS1 proteins)
within 2 weeks of illness [13]. ZIKV RNA can be detected in a variety of specimens,
including blood, serum, plasma, saliva, semen, and cerebrospinal fluid. The detection
of viral components is highly sensitive and specific, but the effectiveness of the ZIKV
RNA assay is limited by the short period of viremia [14]. Further, serological assays for
ZIKV antibodies are widely used for diagnosis, particularly after 2 weeks of the onset
of illness, in seroprevalence studies, or in prenatal screening. Unfortunately, ZIKV’s
cross-reactivity with other antigenically similar flaviviruses—DENV in particular—is a
challenging problem in areas such as Thailand, where these viruses co-circulate and where
ZIKV infection is considerably less prevalent than DENV infection [15]. Therefore, positive
serological test results should be confirmed with tests—such as the plaque reduction
neutralization test (PRNT)—that use an alternative platform. However, the PRNT is
low-throughput and requires a longer turnaround time (3–7 days) compared with ELISA.
Moreover, the need for experienced and highly trained personnel makes the use of the
PRNT challenging in a high-volume clinical test setting [1,13,16]. Considerable research has
been conducted to develop serological strategies—including the development of the ZIKV
NS1 IgG enzyme-linked immunosorbent assay (ELISA) [17,18], the blockade-of-binding
(BOB) ELISA [16,19], the microneutralization assay [16], and a cytopathic effect-based
virus neutralization test—for more specific ZIKV antibody detection in DENV-endemic
areas [15]. In this study, we identified an efficient and practicable strategy that can be
used in large-scale ZIKV seroprevalence studies. The strategy relies on primary testing
using NS1 IgG ELISA followed by a ZIKV NS1 BOB ELISA for confirmation of positive
ELISA results.

2. Materials and Methods

2.1. Serum Samples

The convalescent sample (1–2 weeks after symptoms onset) in this study was se-
lected from a cohort study of the epidemiology of dengue disease conducted from 2006 to
2009 in school-aged children in Ratchaburi province, Thailand [20]. We used 10 human
convalescent sera with primary DENV infections (50% male, age less than 15 years old,
DENV serotype 1–4) and 21 human convalescent sera with secondary DENV infections
(61.9% male, age less than 15 years old, DENV serotype 1–4) that had a detectable DENV
infection by reverse transcription PCR (RT-PCR). Six human convalescent sera with non-
flavivirus infection (tested by ELISA and PRNT) were included in the study.

All 30 ZIKV-positive samples (1–2 weeks after symptoms onset) were selected from a
study of Zika incidence in dengue epidemiology study in Ratchaburi province, Thailand [20,21].
All samples showed seropositivity using ZIKV NS1 IgG ELISA, and ZIKV infection was
confirmed by RT-PCR in acute sera [21]. All procedures were ethically approved before the
study (TMEC 21-013).

2.2. Production of ZIKV and DENV NS1

Full-length NS1 genes from ZIKV strain SV0127 and DENV serotypes 1, 2, 3, and
4 with NCBI accession numbers KU681081.3, AF180817.1, KU725663.1, KU725665.1, and
M14931.2, respectively, were amplified using SuperScrip III One-Step RT-PCR (Invitrogen,
Thermo Fisher Scientific, Inc., Waltham, MA, USA) and cloned into pET vectors (Novagen,
Sigma-Aldrich, Burlington, MA, USA). The NS1 proteins were over-expressed in E. coli BL21
(DE3) in Luria Broth (LB) medium supplemented with 50 μg/mL kanamycin. The optimal
conditions for protein expression included keeping cells at 25 ◦C overnight and inducing
them with 1 mM isopropyl β-D-1-thiogalactopyranoside (IPTG) (Bio Basic, Amherst, NY,
USA). After expression, cells were harvested by centrifugation at 4000 rpm for 30 min at
4 ◦C. Cell pellets were resuspended in 1×PBS and were subsequently sonicated by Sonics
Vibra Cell VCX750 (Sonics & Material, Inc., Newtown, CT, USA) for 30 min (pulse on 5 s;
pulse off 5 s). After sonication, the cell lysate was centrifuged at 10,000 rpm for 30 min
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at 4 ◦C. The insoluble protein was solubilized in denatured buffer (50 mM Tris-HCl pH 8,
0.5 M NaCl, 0.03 M imidazole, and 8 M urea). Proteins were purified using the HisTrap
column (GE Healthcare, Chicago, IL, USA) under denaturing conditions. The purities of
NS1 proteins with a molecular weight of 40 kDa were analyzed using 12% SDS-PAGE.
Protein concentrations were measured using a NanoDrop spectrophotometer (Thermo
Fisher Scientific, Inc., Waltham, MA, USA), and proteins were kept at −80 ◦C until used.

2.3. Indirect ELISA

Indirect ELISA was performed using a previously described standard protocol [21,22].
In brief, plates were sensitized with ZIKV NS1 (10 μg/mL or 500 ng/well), DENV 1–4 NS1
(5 μg/mL, 250 ng for each serotype or a total of 1000 ng/well), or inactivated ZIKV (MR766)
in PBS buffer and incubated at 37 ◦C overnight. After incubation, plates were washed six
times with PBS containing 0.05% Tween20 (200 μL/well) and blocked at 4 ◦C overnight with
200 μL of PBS containing 5% skim milk. After blocking, plates were washed six times with
PBS containing 0.05% Tween20 (200 μL/well), 50 μL of tested serum (dilution 1:1000) was
added, and plates were incubated at 37 ◦C for 1 h. Then, plates were washed six times with
PBS containing 0.05% Tween20 (200 μL/well), 50 μL conjugate (goat anti-human IgG-HRP,
dilution 1:10,000) was added, and plates were incubated at 37 ◦C for 1 h. After incubation,
plates were washed six times with PBS containing 0.05% Tween20 (200 μL/well), 100 μL
substrate (SureBlue TMB microwell peroxidase) was added, and plates were incubated
for 30 min at room temperature. The reaction was stopped by adding 0.4 M H2SO4, and
the absorbance was read at 450 nm. P/N ratio is the ratio of the average OD450 of the
test sample divided by the average OD450 of the negative sample. The P/N ratio ≥ 2 was
considered to be positive.

2.4. ZIKV NS1 BOB ELISA

ZIKV NS1 BOB ELISA was performed as described in a previous report [19]. The
ELISA microplate (Greiner Bio-One, Kremsmünster, Austria) was coated overnight at
4 ◦C with 1 μg/mL ZIKV NS1 MR766 strain (Aviva Systems Biology, San Diego, CA,
USA; 50 μL/well). After incubation, plates were washed twice with PBS containing
0.05% Tween20 (200 μL/well) and blocked at room temperature for 1 h with PBS containing
1% BSA (200 μL/well). After blocking, plates were washed twice with PBS containing
0.05% Tween20 (200 μL/well). Then, 50 μL serum (1:10 dilution) or positive control ZKA35
(Absolute Antibody, UK) was added to ZIKV NS1-coated ELISA plates, and plates were
incubated for 1 h at room temperature. Then, 50 μL of ZKA35-HRP conjugate (Absolute
Antibody, UK) was added, and the mixture was incubated at room temperature for 1 h.
After incubation, plates were washed four times with PBS containing 0.05% Tween20
(200 μL/well). After washing, 50 μL substrate (SureBlue TMB microwell peroxidase
substrate) was added, and plates were incubated for 30 min at room temperature. The
reaction was stopped by adding 0.4 M H2SO4, and the absorbance was read at 450 nm. The
% inhibition was calculated according to the following equation:

% inhibition = ([OD sample − OD neg ctr]/[OD pos ctr − OD neg ctr]) × 100

3. Results

3.1. Analysis of Convalescent Samples of DENV-Infected Patients

In this study, specificity and cross-reactivity were further evaluated using convalescent
serum samples derived from DENV-infected patients. The ELISA using the whole ZIKV
antigen poorly identified DENV infections, particularly in secondary DENV infection
(Figure 1A, Table 1). In the ZIKV NS1 IgG ELISA, one serum sample (10%) from the
primary DENV infection group showed cross-reactivity, whereas 10 out of 21 samples
(47.6%) from the secondary DENV infection group cross-reacted with ZIKV NS1 (Figure 1B,
Table 1). In combined use of the ZIKV and DENV NS1 IgG ELISA, furthermore, the cross-
reaction was decreased when the P/N ratio of ZIKV NS1/DENV-NS1 was used. Only
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two samples (9.52%) of secondary DENV infection showed cross-reactivity with ZIKV
(Figure 1C).

Figure 1. The performance of serological assays using DENV infection samples in the convalescent
phase. (A) anti-ZIKV IgG ELISA. (B) ZIKV NS1 IgG ELISA. (C) ZIKV NS1/DENV NS1 IgG ELISA.
(D) ZIKV NS1 BOB ELISA. The dotted line represents the cut-off value of the P/N ratio or %BOB
inhibition. ZIKV: Zika virus, DENV: dengue virus, ELISA: enzyme-linked immunosorbent assay,
BOB: blockade-of-binding, NS1: nonstructural protein 1, P/N ratio: ratio of average OD450 of test
sample divided by the average OD450 of the negative sample.

Table 1. Results of enzyme-linked immunosorbent assays in various serum panels.

Sample/Test
ZIKV IgG ZIKV NS1-IgG

ZIKV NS1-IgG
/DENV NS1-IgG

BOB
ZIKV NS1-IgG

followed by BOB

+ − % + − % + − % + − % + − %

Non-flavivirus
(n = 6)

0 6 0% 0 6 0% 0 6 0% 0 3 0% 0 3 0%

Primary DENV
(n = 10)

2 8 20% 1 9 10% 1 9 10% 0 10 0% 0 10 0%

Secondary DENV
(n = 21)

15 6 71.4% 10 11 47.6% 2 19 9.52% 2 19 9.52% 2 19 9.52%

ZIKV
(n = 30)

30 0 100% 30 0 100% 9 21 30% 3 27 10% 3 27 10%

The BOB ELISA relies on the ability of serum antibodies to block the binding of a
monoclonal antibody (mAb) to an antigen adsorbed on a microtiter ELISA plate; this assay
showed high specificity [19]. Interestingly, the specificity was 90.48% when secondary
DENV samples were tested with the ZIKV NS1 BOB ELISA (Figure 1D; Table 2). The
combined use of the P/N ratio of ZIKV-NS1/DENV NS1 and the ZIKV NS1 BOB test
distinguished ZIKV infections from DENV infections.
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Table 2. Sensitivity and specificity to ZIKV of enzyme-linked immunosorbent assays.

ELISA
Sensitivity

(95% CI)

Specificity

In Primary DENV Samples
(95% CI)

In Secondary DENV Samples
(95% CI)

In Overall Serum Samples
(95% CI)

ZIKV IgG
100%

(88.7–100%)
80%

(49.0–96.5%)
28.57%

(13.8–50%)
54.05%

(38.4–69%)

ZIKV NS1-IgG
100%

(88.7–100%)
90%

(59.6–99.5%)
52.4%

(32.4–71.7%)
70.27%

(54.2–82.5%)

ZIKV NS1-IgG/DENV NS1-IgG
30%

(16.7–47.9%)
90%

(59.6–99.5%)
90.48%

(71.1–98.3%)
91.89%

(78.7–97.2%)

BOB
10%

(3.5–25.6%)
100%

(72.3–100%)
90.48%

(71.1–98.3%)
94.59%

(82.3–99%)

ZIKV NS1-IgG followed by BOB
10%

(3.5–25.6%)
100%

(72.3–100%)
90.48%

(71.1–98.3%)
94.59%

(82.3–99%)

3.2. Analysis of Zika Infection Samples in the Convalescent Phase

Recently, our group reported using ZIKV NS1 IgG ELISA screening to identify symp-
tomatic ZIKV infections [21]. However, only the sample with a high P/N ratio (>10) showed
a positive score with the ZIKV NS1 BOB ELISA, as shown in Figure 2A,B. We performed a
longitudinal study to gain more knowledge of Zika antibody dynamics and the duration of
protection after ZIKV infection. We tested three annual blood samples (01-0464, 07-0052,
and 01-0493) that were positive for the ZIKV NS1 BOB assay and observed that the antibody
can be detected after one year (Figure 2C,D).

 

Figure 2. Performance of serological assay using ZIKV infection samples in the convalescent phase.
(A) ZIKV NS1 ELISA. The dotted line represents the cut-off value of the P/N ratio. (B) ZIKV NS1
BOB ELISA. The dotted line represents the cut-off value of % BOB inhibition. (C) ZIKV NS1/DENV
NS1 ELISA. The dotted line represents the cut-off value of the P/N ratio. (D–F) ZIKV NS1 BOB
ELISA in a sequential annual blood sample of three ZIKV infection patients (01-0464, 07-0052, and
01-0493). The red arrow indicates the date of ZIKV RT-PCR positivity. The dotted lines represent the
cut-off value of % BOB inhibition. ZIKV: Zika virus, DENV: dengue virus, ELISA: enzyme-linked
immunosorbent assay, BOB: blockade-of-binding, NS1: nonstructural protein 1, P/N ratio: ratio of
average OD450 of test sample divided by the average OD450 of the negative sample.
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Our study showed that the ZIKV NS1 BOB test was highly specific in discriminating
ZIKV infection from DENV infection and was recommended as the test for confirmation;
however, the sensitivity was low compared to that of the ZIKV NS1 IgG ELISA. The
combined use of the ZIKV NS1 IgG and the DENV NS1 IgG ELISAs can provide an
alternative approach to better determine ZIKV serostatus in DENV-endemic areas.

4. Discussion

The serological diagnosis of ZIKV is challenging in dengue-endemic areas. Our study
concluded that an effective testing method remains unavailable. The ZIKV IgG and ZIKV
NS1 IgG ELISAs provide high sensitivity but low specificity (54% for ZIKV IgG and 70%
for ZIKV NS1 IgG), particularly in patients with secondary DENV infection. The low
specificity can be explained by the cross-reactivity between DENV and ZIKV antibodies [4].
The lower specificity in patients after secondary DENV infection can be attributed to the
characteristically broader antibody response to the antigens of the flavivirus group after
secondary DENV infection, while the antibody response after primary DENV infection
is predominantly against the type-specific determinant [23]. The sensitivity of the ZIKV
NS1 BOB test was lower than that of the ZIKV NS1 IgG ELISA, consistent with a previous
study indicating that the sensitivity of a ZIKV NS1 BOB ELISA using F9 mAb was lower
than that of the Zika microneutralization assay, especially in samples collected more than
6 months post-infection [16]. The high specificity (90%) of the ZIKV NS1 BOB ELISA is
the test’s strength. Our results indicated that the ZIKV NS1 BOB ELISA showed no cross-
reactivity with primary DENV samples and non-flavivirus infection and that the antibody
can be detected after more than one year. However, the ZIKV NS1 BOB ELISA requires
monoclonal antibodies and commercial NS1 proteins [19]. In addition, the combined use
of ZIKV and DENV NS1 ELISAs was applied to distinguish ZIKV from previous DENV
infections [17]. A test using the P/N ratio of ZIKV NS1/DENV NS1 provided specificity
comparable to that of the ZIKV BOB ELISA and higher sensitivity (30%); however, this level
of sensitivity remains unacceptably low. Primary testing using an NS1 IgG ELISA followed
by a ZIKV NS1 BOB ELISA for confirmation of positive ELISA results can decrease the cost
of expensive ZIKV NS1 BOB ELISA testing but does not increase sensitivity. Given that the
ZIKV NS1 IgG ELISA is cost-effective because it uses an in-house NS1 protein and provides
relatively high sensitivity and specificity, we propose this ELISA as the test of choice for
Zika seroepidemiological studies. In areas where the incidence of ZIKV is very low, and
that of DENV is very high, confirmation of ZIKV infection using the ZIKV NS1 BOB test or
the P/N ratio of ZIKV NS1/DENV NS1 can be applied to increase the study accuracy.

The limitations of this study were also considered. The study samples were taken
from the previously archived serum from the children in the dengue-endemic area, and the
sample numbers for each group were limited.

5. Conclusions

This study supports that the combined use of two simple ELISAs (DENV NS1 and
ZIKV NS1) for ZIKV serosurveys and the monitoring of ZIKV infection during preg-
nancy can elucidate the epidemiology, pathogenesis, and complications of ZIKV in DENV-
endemic areas.
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Abstract: Background: Since the emergence of the COVID-19 pandemic, many models have been
applied to understand its epidemiological characteristics. However, the ways in which outbreak
data were used in some models are problematic, for example, importation was mixed up with local
transmission. Methods: In this study, five models were proposed for the early Shaanxi outbreak
in China. We demonstrated how to select a reasonable model and correctly use the outbreak data.
Bayesian inference was used to obtain parameter estimates. Results: Model comparison showed that
the renewal equation model generates the best model fitting and the Susceptible-Exposed-Diseased-
Asymptomatic-Recovered (SEDAR) model is the worst; the performance of the SEEDAR model, which
divides the exposure into two stages and includes the pre-symptomatic transmission, and SEEDDAAR
model, which further divides infectious classes into two equally, lies in between. The Richards growth
model is invalidated by its continuously increasing prediction. By separating continuous importation
from local transmission, the basic reproduction number of COVID-19 in Shaanxi province ranges
from 0.45 to 0.61, well below the unit, implying that timely interventions greatly limited contact
between people and effectively contained the spread of COVID-19 in Shaanxi. Conclusions: The
renewal equation model provides the best modelling; mixing continuous importation with local
transmission significantly increases the estimate of transmissibility.

Keywords: basic reproduction number; Bayesian inference; COVID-19; mathematical modelling;
model selection; local transmission; importation

1. Introduction

The emerging coronavirus disease, COVID-19, has been circulated worldwide since
January 2020 [1–3]. To control its spread, it is crucial to accurately estimate its important
epidemiological characteristics such as transmissibility and to predict its further potential
spread under different control measures. For this, mathematics and statistics have been
used to model the transmission dynamic processes [4–7]. To obtain reliable estimates of
the epidemiological characteristics from modelling analyses, correctly distinguishing and
using different outbreak data in an appropriate transmission model is essential [8–13].

The transmissibility of an infectious agent describes how easy and fast an infectious
disease can spread within a population. It is usually measured by the basic reproduction
number (denoted as R0), which is defined as the average number of secondary infections
generated by an infectious person introduced into a completely susceptible population [5].
Although many methods of estimating R0 have been developed [14,15], the difficulty in
measuring R0 of COVID-19 lies in the fact that it is a novel coronavirus. The knowledge
of the well-known coronaviruses such as severe acute respiratory syndrome (SARS) and
Middle East respiratory syndrome (MERS) has been borrowed to understand the early
transmission dynamics of COVID-19 [11]. Nevertheless, the epidemiological characteristics
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of COVID-19 appear quite different from those of both SARS and MERS [16]. Further,
as R0 is determined by the infectiousness of SARS-CoV-2 and the contact rate between
individuals, its value should be different among regions that implemented different control
measures. Therefore, the basic knowledge of COVID-19 epidemiological features should be
obtained from the epidemic data during outbreaks.

During the initial outbreaks of COVID-19 in China from January to March 2020, the
national and provincial governments and public health authorities collected lots of data
about the outbreaks and individual cases. These data undoubtedly provide a good chance
for us to understand the transmissibility of COVID-19 and the impact of control measures
implemented on stopping the spread. The reliable and accurate estimates depend on our
understanding of how SARS-CoV-2 is transmitted in the population and the appropriate
inference methods to calibrate the transmission models. We noticed that although some
modelling studies have been published [17–24], they might have problems in obtaining
reliable estimates of epidemiological parameters because of inappropriate use of the out-
break data. For example, when estimating R0, those studies used the daily number of
cases, which implicitly summarised local and imported cases. During the early stages of
the COVID-19 pandemic, one common feature among the outbreaks, except that in the
epicentre, Wuhan city, was the continuous importation due to quick and easy modern trans-
portation. During the outbreaks, the role played by imported cases is different from that of
local cases when counting the transmissibility of SARS-CoV-2: local cases as a result of local
transmission can increase R0, while imported cases as a potential source of transmission
should reduce the estimate of R0. A previous modelling study of the spatial transmission
of pandemic flu [25] shows that early importation plays a relatively more important role
in estimating transmissibility. Models that mixed up continuous importation with local
transmission enlarged the estimate of R0 [18–24,26], and mislead our assessment. To get a
reliable estimate of R0, it is crucial to separate imported cases from local cases [13,21,26–29].

Many different models have been proposed to describe the transmission dynamics
of COVID-19, such as compartmental transmission dynamics models [8–13,28,30,31], the
renewal equation model [32], machine learning [31], the Richards growth model [33,34],
and time series models, such as the ARIMA model [35]. In theory, we need to ask: which
one is better to approximate the spread of infection among the population given the data
collected? In practice, we must search for the one that can provide a simple and accurate
tool for us to estimate the essential epidemiological parameters and predict the trend of
spread within the population.

In this study, we took the COVID-19 outbreak from January to February 2020 in
Shaanxi province, China as an example to show how to avoid the common pitfall in esti-
mating R0 during the early stage of the COVID-19 pandemic in mainland China and other
similar situations and show how to select the best transmission model by comparing their
fitting to outbreak data. Two models [17,24] have been used for analysing the Shaanxi out-
break. Bai et al. [17] proposed a Susceptible-Exposed-Diseased-Asymptomatic-Recovered
(SEDAR) compartmental transmission model, and Yang et al. [24] used the Richards growth
model. The same implicit and problematic assumption in their modelling is that the Shaanxi
outbreak was caused by one importation event at the very beginning of the outbreak. Based
on this assumption, they obtained nearly the same estimate of the basic reproduction
number (2.95 and 3.11, respectively). In view of these two models, we will propose five
models to analyze the Shaanxi outbreak: the Richards growth model, the renewal equation
model, the SEDAR model, the SEEDAR model in which the exposure interval in SEDAR
is divided into two with the latter one being infectious, and the SEEDDAAR model in
which not only two exposed classes are present as in the SEEDAR model but there are
two classes in both diseased and asymptomatic infections, so infectious periods following
gamma-distributions. As we show below, the estimate of the basic reproduction number
of COVID-19 during the Shaanxi outbreak under the actual continuous importation is
below the critical level, 1.0, which is the consequence of the timely and draconian control
measures implemented in Shaanxi province.
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Although the Shaanxi outbreak was relatively small over a short period of about one
month and might be out of date, it was a typical situation of local outbreaks in mainland
China except for the epicentre, Wuhan city, and it represented many similar situations
in other countries during the early phases of COVID-19 pandemic. It is therefore hoped
that this study provides some useful modelling methods in dealing with similar outbreak
situations in future.

2. Materials and Methods

2.1. Data

The outbreak data for COVID-19 were collected from the Shaanxi provincial govern-
ment website from 23 January to 20 February 2020. Variables used in the line list data
for COVID-19 included age, gender, place of origin, exposure date, symptom onset date,
hospital admission date, close contacts, cluster number, medical history, symptoms, and
travel history. The serial interval and incubation period are estimated by applying the R
language function fitdistr to the line list data of the Shaanxi outbreak. Among 245 cases
reported during the period, 113 were imported from outside of Shaanxi (Figure 1A). The
dates of symptom onset were recorded for 210 cases, from which the delay from symptom
onset to reporting was estimated to have a mean of 7.54 days and a standard deviation of
4.12 days. The other 35 cases whose dates of symptom onset were missed were imputed
from their reporting dates and the distribution of delays from symptom onset to reporting.
The timeline of dates of symptom onset of 245 cases is shown in Figure 1B.

Figure 1. Timeline of the COVID-19 outbreak in Shaanxi province, China based on (A) reported dates,
(B) dates of symptom onset, and (C) modified dates of symptom onset. For modelling’s sake, the
daily numbers of imported and local cases have been marked separately.
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To provide the direct dates for local transmission modelling, we constructed modified
dates of symptom onset for imported cases. If the date of symptom onset of one imported
case was earlier than the date of entry into Shaanxi province, then its modified date of
symptom onset is its entry date; otherwise, the modified date of symptom onset is its date
of symptom onset. There are 19 cases whose dates of the symptom onset were earlier than
their entry dates. This modification of symptom onset dates of imported cases will help in
modelling the transmission within Shaanxi province. With these arrangements, the timeline
of modified dates of symptom onset is shown in Figure 1C.

Once person-to-person transmission of COVID-19 was confirmed and announced on
20 January 2020 in mainland China, the Shaanxi provincial government took rapid actions
to launch control measures for COVID-19 containment from 21 January 2020 [36]. The
measures implemented in Shaanxi included strict traffic health quarantine, strictly limiting
public gathering activities, timely and effective medical treatments, overall coordination
of personnel and material allocation, timely release of information according to the law,
strengthening publicity and education, professional training, and resolutely safeguarding
social stability. These measures effectively controlled the local transmission and quickly
reduced the number of importations, as reflected in the epidemic curve shown in Figure 1.

2.2. Models

We proposed five models for analysing the SARS-CoV-2 outbreak in Shaanxi: the
Richards growth model, the renewal equation model, and three compartmental models:
the Susceptible-Exposed-Diseased-Asymptomatic-Recovered (SEDAR), Susceptible-Exposed-
Exposed-Diseased-Asymptomatic-Recovered (SEEDAR), and Susceptible-Exposed-Exposed-
Diseased-Diseased-Asymptomatic-Asymptomatic-Recovered (SEEDDAAR) models. Bayesian
inference via Markov chain Monte-Carlo (MCMC) sampling was used to estimate R0 by
calibrating the five models to Shaanxi outbreak data. The details of models and inference
methods are given below.

2.2.1. Richards Growth Model

The Richards growth model is an extended form of logistic growth model, an ecological
population growth model used to describe the growth of a population under competition
for resources due to carrying capacity [37,38]. It has been widely used in population
biology, including infectious disease dynamics [32,33]. For an outbreak caused by C0 seeds
of infection at time t0, the Richards growth model states that the cumulative number of
cases at time t is given by the following equation [24,33,39]:

C(t) = K
(

1 +
((

K
C0

)ν

− 1
)

exp(−rν(t − t0))

)− 1
ν

.

Here, r is the growth rate, ν is the scaling exponent, and K is the final epidemic size
given C0 = C(t0) seeds. If importation is continuing (e.g., there are Ci cases that are imported
at ti, i = 0, . . . , n − 1) and the outbreaks that importation at different times can cause are of
the same final size K and growth rate r, then the total cumulative number of cases should
be summarized as:

C(t) = K
n−1

∑
i=0

H(t − ti)

(
1 +

((
K
Ci

)ν

− 1
)

exp(−rν(t − ti))

)− 1
ν

. (1)

Here, H(t − ti) is the Heaviside function: which is 1 if t > ti and 0 otherwise. The daily
number of new local cases can be calculated as μ(t) = C(t) − C(t − 1). The basic reproductive
number R0 can be calculated from the growth rate and serial interval which is assumed to
follow gamma-distribution g(τ;α,β) by [40,41]

R0 =
1∫ ∞

0 g(τ; α, β)e−rτdx
=

(
1 +

r
β

)α

. (2)
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2.2.2. Renewal Equation Model

It is assumed that, once infected, individuals have an infectivity profile given by a
probability distribution ws, dependent on time since infection of the case, s, but independent
of calendar time, t. The distribution ws typically depends on individual biological factors
such as pathogen shedding or symptom severity. For simplicity, the distribution ws is
approximated by the distribution of serial interval (SI), the lag in onset dates of symptoms
between an infector and its infectee. In the original renewal equation model, Fraser [42]
considers a situation where the only importation is index case(s) at the very beginning of
the outbreak and other cases are generated by local transmission (this assumption was
also made in its direct application software for estimating the time-varying reproduction
number [43]). During the spread of COVID-19 in 2020, the outbreak within a region (except
the epicentre, Wuhan) took place with continuous importation. To take this into account,
Fraser’s model is slightly modified as in the following (c.f., [44]). Let ct be the number of
local cases whose symptoms onset at day t, its expected value is approximated by:

E(ct) = R0 ∑min(t−1,SI_max)
j=1 ws(ct−s + It−s). (3)

Here, It−s is the number of imported cases that have the onset date of symptoms on
day t−s and ws represents the probability mass function of the SI of length s days, which can
be obtained by ws = G(s)− G(s − 1), with G(.) representing the cumulative distribution
function of the gamma distribution. The gamma distribution is characterized by its mean
SI_mean and standard deviation SI_sd, both of which are to be estimated jointly with
R0 from the outbreak data [45]. Because only 19 cases among 113 imported cases had
symptom onset before entering Shaanxi province, the assumption that all cases started their
infectivity duration within Shaanxi province, which is implicitly required in Equation (3),
should be approximately satisfied.

In Equation (3) an implicit assumption made is that the transmissibility (i.e., R0)
remained constant during the outbreak duration. This should be reasonable in view of the
timely control measures implemented in Shaanxi province: control measures started on
21 January 2021 [36] and raised to their first-class emergency responses on 25 January 2020,
just 2 days after the reporting of the first three imported cases in Shaanxi province [16,23].
To estimate the daily-varying transmissibility Rt, Equation (3) is rearranged as:

Rt = ct/ ∑min(t−1,SI_max)
j=1 ws(ct−s + It−s).

That is, Rt can be estimated by the ratio of the number of new infections produced
at time step t, ct, to the total infectiousness of infected individuals at time t, given by

∑
min(t−1,SI_max)
j=1 ws(ct−s + It−s), the sum of infection incidence, including both imported

and locally generated, up to time step t−1 or the maximum of SI (whichever is the smallest),
weighted by the infectivity function ws. Rt is the average number of secondary cases that
each infected individual would infect if the conditions remained as they were at time t [43],
and it is used to monitor the change in transmissibility along the course of an outbreak.

2.2.3. SEDAR Transmission Model

Figure 2A shows the schematic for the SEDAR compartmental model: susceptible
individuals (S) contract SARS-CoV-2 virus from infectious people and then it enters the
latent class (E); a fraction (θ) of those exposed after an average latent period (L1) progress to
become diseased (I) and the other fraction (1 − θ) remains asymptomatic (A) but becomes
infectious after an average latent period (L2). The diseased infections will be detected and
admitted to hospital and isolated from the community after an average period of D1 and
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the asymptomatic cases recover after an average infectious period of D2. The model can be
described by the following set of differential equations:

d
dt

S(t) = −βS(t)(I(t) + ξA(t))/N

d
dt

E(t) = βS(t)(I(t) + ξA(t))/N − θE(t)/L1 − (1 − θ)E(t)/L2

d
dt

I(t) = θE(t)/L1 − I(t)/D1 + Imported(t) (4)

d
dt

A(t) = (1 − θ)E(t)/L2 − A(t)/D2

d
dt

R(t) = I(t)/D1 + A(t)/D2

Figure 2. Flow chart of (A) SEDAR transmission model, (B) SEEDAR transmission model, and
(C) SEEDDAAR transmission model.

Here, N is the size of the population under investigation (N = 37,330,000 for Shaanxi
province) and is assumed to be constant during the outbreak. The definitions of model
parameters are given in Table 1. Importantly, the model includes an item for imported cases
(i.e., Imported(t) in equation for I(t)) from outside of the population as reported [16]. This
is to treat imported cases as the source rather than the results of local transmission from
the region under investigation, therefore removing the importation as a result of the local
transmissibility.
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Table 1. Parameter estimates of five transmission models.

Parameter
Richards Growth Renewal Equation SEDAR SEEDAR SEEDDAAR

Prior Posterior Prior Posterior Prior Posterior Prior Posterior Posterior

Growth rate (r) [0,1.0] 0.02
[0.012,0.032] – – – – – – –

Final epidemic size (K) [1,6600] 3315
[56,6521] – – – – – – –

Scaling exponent (ν) [0.1,50] 24.51
[0.72,48.81] – – – – – – –

Mean of SI (SI_mean) – – U [3.5,10.0] 4.66
[3.53,7.18] – – – – –

Standard deviation of SI
(SI_sd) – – U [3.0,15.0] 11.73

[5.85,14.88] – – – – –

Transmission
coefficient (β) – – – – U

[.001,0.5]
0.155
[0.117,0.186]

U
[.001,0.5]

0.066
[0.029,0.154]

0.072
[0.032,0.180]

Latent period (L1) * – – – – U
[1.6,14.0]

1.81
[1.61,2.82]

U
[1.0,10.0]

5.04
[1.25,9.65]

5.25
[1.28,9.76]

Pre-symptomatic
infectious period (L3) – – – – – – U

[1.0,10.0]
1.45
[1.04,4.43]

1.45
[1.04,4.43]

Infectious period (D1) of
diseased infections * – – – – U

[3.5,25.0]
3.75
[3.51,5.16]

U
[1.5,15.0]

4.78
[1.61,14.06]

5.40
[1.68,13.97]

Dispersion
parameter (η) – – U [1.01,50.0] 1.58

[1.06,2.86]
U
[1.01,50.0]

2.47
[1.56,4.431]

U
[1.01,50.0]

1.73
[1.08,3.26]

1.71
[1.09,3.18]

R0
� – 1.13

[1.08,1.21] U [0.05,3.0] 0.61
[0.54,0.68] – 0.59

[0.50,0.70] – 0.45
[0.30,0.76]

0.53
[0.35,0.85]

DIC ♣ – 140.2 – 127.9 – 175.1 – 160.5 160.8

*: For three compartmental transmission models, the relative infectivity (ξ) of asymptomatic infections to symp-
tomatic infection is set at 0.5, and the incubation and infectious period for asymptomatic infections are set to be
equal to the counterparts of symptomatic infections (i.e., L2 = L1 and D2 = D1). As the proportion of asymptomatic
infections is very small (i.e., 1 − θ = 1.1%), the other choices of these three parameters (say ξ = 1, L2 = 2L1 and D2
= 2D1) do not noticeably change the estimates of the model parameters listed here. The priors for the SEEDAR
and SEEDDAAR models are the same. �: R0 for the Richards growth model is calculated via equation (2) with
the gamma-distributed serial interval of mean = 6.29 days and SD = 4.11 days (shape parameter = 2.343, rate
parameter = 0.372). ♣: Deviance information criterion (DIC) is a measure of model fitting.

The steady-state solution of the equation system (4) can be easily obtained. The
expression for S* (the size of the population susceptible to infection at equilibrium) is:

S∗ = N
θ/L1 + (1 − θ)/L2

β[θD1/L1 + ξ(1 − θ)D2/L2]
.

From this, we can obtain the expression of basic reproduction number:

R0N/S∗ = β[θD1/L1 + ξ(1 − θ)D2/L2]/[θ/L1 + (1 − θ)/L2] (5)

Ref [14,30]. In the special situation where L1 = L2, expression (5) reduces to:

R0 = β[θD1 + ξ(1 − θ)D2].

2.2.4. SEEDAR Transmission Model

Ferretti et al. [46] show that 30% to 50% of all transmissions are pre-symptomatic
transmissions. To take the pre-symptomatic transmission into account, we modify the
above SEDAR model by including a secondary exposure compartment (see Figure 2B). For
simplicity, this new compartment is assumed to be asymptomatic but of the same infectivity
as the symptomatic infections. The corresponding equations are modified as:

d
dt

S(t) = −βS(t)(E2(t) + I(t) + ξA(t))/N,

d
dt

E1(t) = βS(t)(E2(t) + I(t) + ξA(t))/N − θE1(t)/L1 − (1 − θ)E1(t)/L2,
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d
dt

E2(t) = θE1(t)/L1 − E2(t)/L3,

d
dt

I(t) = E2(t)/L3 − I(t)/D1 + Imported(t), (6)

d
dt

A(t) = (1 − θ)E1(t)/L2 − A(t)/D2,

d
dt

R(t) = I(t)/D1 + A(t)/D2.

Compared with the SEDAR model, a new parameter L3, the duration of the late
incubation period in which the infected person can pass the virus on, is introduced and is
to be estimated (See Table 1).

Similarly, the basic reproduction number R0 for the SEEDAR model can be obtained by
deriving the expression of the equilibrium number of susceptible people, and it is given by:

R0 = β[θ(L3 + D1)/L1 + ξ(1 − θ)D2/L2]/[θ/L1 + (1 − θ)/L2]. (7)

2.2.5. SEEDDAAR Transmission Model

In view of the empirical observations that the infectious period follows the gamma
distribution rather than the usual exponential distribution [47–52], we introduce the inter-
mediate compartments by evenly dividing diseased compartment I(t) into I1(t) and I2(t),
and dividing asymptomatic compartment A(t) into A1(t) and A2(t). Adding the two new
compartments to Equation (6), the model equations for the SEEDDAAR model are given as:

d
dt

S(t) = −βS(t)(E2(t) + I1(t) + I2(t) + ξ(A1(t) + A2(t)))/N,

d
dt E1(t)

= βS(t)(E2(t) + I1(t) + I2(t) + ξ(A1(t) + A2(t)))/
N − θE1(t)/L1 − (1 − θ)E1(t)/L2

,

d
dt

E2(t) = θE1(t)/L1 − E2(t)/L3,

d
dt

I1(t) = E2(t)/L3 − 2I1(t)/D1 + Imported(t), (8)

d
dt

I2(t) = 2I1(t)/D1 − 2I2(t)/D1,

d
dt

A1(t) = (1 − θ)E1(t)/L2 − 2A1(t)/D2,

d
dt

A2(t) = 2A1(t)/D2 − 2A2(t)/D2,

d
dt

R(t) = 2I2(t)/D1 + 2A2(t)/D2.

The inclusion of additional compartments in diseased and asymptomatic infections
does not change the expression of the basic reproduction number, and the SEEDDAAR
model has its basic reproduction number as in Equation (7).

2.3. Inference Method by Calibration to Shaanxi Outbreak

Inference is carried out within the Bayesian framework [53,54], obtained through the
combination of the prior distributions and the likelihood function. We denote the set of
model parameters to be inferred as Θ = {r, ν, K} for the Richards growth model, Θ = {R0,
SI_mean, SI_sd} for the renewal equation model, Θ = {β, L1, D1} for the SEDAR model and
Θ = {β, L1, L3, D1} for the SEEDAR and SEEDDAAR models under the special situation
where both asymptomatic and symptomatic infections are of the same latent period and
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infectious period (i.e., L2 = L1 and D2 = D1). For simplicity, the proportion of symptomatic
infections (θ) is set at 98.9% as reported [16]. Given the values of parameters Θ for the
Richards growth model and the renewal equation model, simulating the time series of
local infections, denoted as μ(t), t = tstart, . . . , tend, is straightforward. Here, tstart and tend
represent the start day and end day of the outbreak data collected, respectively. For each set
of parameter values of SEDAR, SEEDAR, and SEEDDAAR models, the Runge–Kutta fourth
order method is used to solve the model equations and to obtain predicted time series
of infections. In the inference of model parameters, directly observed cases of modified
symptom onset dates (see the definition in the data above) are used as illustrated in the
following. The likelihood function for the observed time series of local cases x(t), t = tstart,
. . . , tend, is given as:

L(Θ|Data) = ∏tend
t=tstart

Γ(x(t) + r(t))
Γ(r(t))Γ(x(t) + 1)

(
1
η

)r(t)(
1 − 1

η

)x(t)
.

Here, r(t) = μ(t)
η−1 with η being the dispersion parameter of the negative binomial

distribution. The parameters are estimated using MCMC methods with Gibbs sampling
and non-informative flat priors. The boundaries of uniformly distributed priors are set
forth as in the literature [16] and the data collected from Shaanxi province (Figure 3). The
details of the MCMC sampling method are given below.

 

Figure 3. Distributions of (A) serial interval (SI), (B) incubation period, and (C) delay from date of
symptom onset to hospital visit. The blue pillars represent the data, and the estimate of the mean and
its standard deviation in brackets are obtained by fitting gamma distribution to nonnegative data
(red curve) and normal distribution to all data (black curves shown in the graphs).

MCMC Sampling

To propose new values for parameters, we use normal random walk. Suppose the
current value of the jth parameter of Θ is Θj

(t−1), the new proposal is:

Θj* = Θj
(t−1) + σjz.
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Here, z is a standard normal variable and σj is the step size of the jth parameter. The
normal proposal density is given by:

q(Θ∗|Θ(t−1)) =
1

σ
√

2π
exp

⎡
⎢⎣−

(
Θ∗ − Θ(t−1)

)2

2σ2

⎤
⎥⎦.

That is, Θj* follows N(Θj
(t−1), σj

2) (normal distribution with mean = Θj
(t−1), and

standard deviation = σj). The proposal is accepted as the next step of the Markov chain
with probability α = min(A,1), where:

A =
π(Θ∗)

π
(

Θt−1
) L(Θ∗|y)

L(Θ(t−1)
∣∣∣y)

q(Θ(t−1)
∣∣∣Θ∗)

q(Θ∗
∣∣∣Θ(t−1))

.

Here, π(.) denotes the prior density, L(Θj*|y) the likelihood of parameter Θj* given
data y. For a truncated normal walk on the range (a,b), the proposal density is given by:

q
(

Θ∗ |Θ (t−1)
)
|(a,b) =

q
(

Θ∗ |Θ (t−1)
)

Φ
(

b−Θ(t−1)

σ

)
− Φ

(
a−Θ(t−1)

σ

) .

where Φ(.) is the cumulative distribution function of standard normal. The expression for
A is consequently modified as:

A =
π(Θ∗)

π
(

Θt−1
) L(Θ∗|y)

L(Θ(t−1)
∣∣∣y)

Φ
(

b−Θ(t−1)

σ

)
− Φ

(
a−Θ(t−1)

σ

)
Φ
(

b−Θ∗
σ

)
− Φ

(
a−Θ∗

σ

) .

Sample a uniformly distributed random number (r) between 0 and 1,

Θj
(t) = Θj* if r < α (accepted);

Θj
(t) = Θj

(t−1) otherwise (rejected).

To generate nearly independent samples of model parameters, the samples are to be
thinned every 400th observation. To respond to the acceptance rate, the following adaptive
procedure is applied: if the acceptance ratio over 400 × 200 iterations is less than 12%, then
decrease the jump step to 80% of its current size (i.e., σj = 0.8σj); if it exceeds 40%, then
σj = 1.2σj. Otherwise, the jump step σj remains unchanged. To allow the MCMC process to
fully converge, a burn-in period of 400,000 iterations is chosen, and the estimates of model
parameters are obtained from the further 400,000 iterations.

To compare the performance of the five models [55], the deviance information criterion
(DIC), which combines the goodness of fit and model complexity [56], is used. It measures
fit via the deviance Dev(Θ) = −2logL(Θ|Data) and complexity by an estimate of the
‘effective number of parameters’ pD = mean(Dev(Θ)) − Dev(mean(Θ)) (i.e., posterior mean
deviance minus deviance evaluated at the posterior mean of the parameters). The DIC is
calculated as:

DIC = Dev(mean(Θ)) + 2pD = mean(Dev(Θ)) + pD.

The model that has the smallest DIC is the best.

3. Results

3.1. Estimates of SI and Incubation Period from Line List Data

The results are shown in Figure 3. Fitting the nonnegative data to gamma distributions,
the estimates are: From 85 pairs of infector–infectees observed during the outbreak, the
SI is estimated to have a mean of 6.29 days and a SD of 4.11 days (so the fitted gamma
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distribution has a shape parameter of α = 2.34 and a rate parameter of β = 0.37). From
100 cases that had dates of exposure and symptom onset, the incubation period is estimated
to have a mean of 6.76 days and a SD of 4.41 days, and the delay from the onset of symptoms
to hospitalization from 222 cases has a mean of 3.71 days and a SD of 2.83 days. If fitting all
collected data (including both negative and positive) to normal distributions, the estimates
will be shorter (Figure 3). These estimates are consistent with the system review of both the
serial interval and the incubation period [57].

3.2. Estimate of R0 in Shaanxi Outbreak
3.2.1. Richards Growth Model

Model fitting to the daily number of local cases suggests the growth rate r = 0.020 with
a 95% confidence interval (95% CI): 0.012, 0.032, and the final epidemic size K = 3315 (95%
CI: 56, 6521) (Table 1). Based on the estimate of gamma-distributed serial interval (Figure 3),
the basic reproduction number is calculated using Formula (2) to be 1.13 (95% CI: 1.08, 1.21).
We note that although the prediction of the Richards growth model can be fitted to the daily
number of local cases within the outbreak period of 30 days, the continuing increase in
the daily number of local cases that the model predicts obviously deviated from the actual
observations after the outbreak (Figure 4A). That is, even though the model calibration
performs well, the external validation is bad. Our estimate of the growth rate is very near to
zero, the nonnegative limit. This is in sharp contrast with Yang et al. 2021 [24] who obtained
an estimate of growth rate r = 0.23 per day by assuming one importation event and mixing
up imported cases thereafter with local cases in their modelling study. This points out the
limitation of applying the Richards growth model to infection spread processes. In general,
infections can either increase, decrease, or remain the same within a population (i.e., r can
be positive, negative, or zero, with R0 being larger, less than, or equal to 1.0). Applying
the Richards growth model to an infection spread process, it is implicitly assumed that
its growth rate is positive and R0 >1, which is wrong for the situation of well-controlled
infections such as COVID-19 in Shaanxi province during January and February of 2020.

 

Figure 4. Fitting of (A) the Richards growth model, (B) the renewal equation model, (C) the SEDAR
model, (D) the SEEDAR model, and (E) the SEEDDAAR model to outbreak data of symptom onset
dates. Red dots represent the imported cases, and the blue triangles are the cases locally transmitted
in Shaanxi province. The thick green line represents the median of MCMC samples, and the thin lines
represent their upper and lower levels of 95% confidence intervals.
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3.2.2. Renewal Equation Model

Bayesian inference suggests the basic reproduction number (R0) has a median of
0.61 and 95% CI from 0.54 to 0.68 (Table 1). The SI is estimated to have a mean of 4.66 days
and an SD of 11.73 days, which is shorter than but comparable with the direct observation
of SI from the outbreak (Figure 3). The model projection into next month (Figure 4B)
indicates that the outbreak will die out within two weeks (i.e., the end of February 2020)
and is unlikely to generate any further local cases under the current restriction measures.

The time-varying reproduction number Rt shown in Figure 5 demonstrates how the
transmissibility changed along the course of the outbreak. Rt increased to about 2.0 within
the first week, and then reduced to low values, but occasionally exceeding the critical value
of 1.0. Its overall average is 0.61, which is equal to the median of posterior R0 in the above
model fitting. The change of Rt reflects the stochasticity of transmission events within the
Shaanxi outbreak.

Figure 5. The effective reproductive number (Rt) along the course of the outbreak in Shaanxi province,
China under the SI distributions of SI_mean = 4.6 days, SI_sd = 11.7 days (the Maximum likelihood
estimate of SI from model calibration of the renewal equation). Rt is evaluated by averaging over one,
two, and four days.

3.2.3. SEDAR Model

The calibration of the SEDAR model under the situation with equal incubation and
infectious periods for both symptomatic and asymptomatic infection shows that: R0 is
estimated at 0.59 with 95% CI from 0.51 to 0.71 (Table 1). The incubation period is 1.8 days
(95% CI: 1.6, 2.9), and the infectious period is 3.8 days (95% CI: 3.5, 5.3). The SEDAR
model fitting and its prediction over one month ahead are shown in Figure 4C. Sensitivity
analyses (data not shown) show that nearly the same estimates of model parameters are
obtained when considering different values of latent period (L2) and infectious period
(D2) for asymptomatic infections and the relative infectivity (ξ) of asymptomatic infec-
tions to symptomatic infections. This reflects the fact that, in the Shaanxi outbreak, the
asymptomatic infections occupied a very small proportion of all infections (1.1%) [16] and
therefore had small effects on model performance.

3.2.4. SEEDAR Model

The R0 is estimated at 0.45 with 95% CI from 0.30 to 0.76 (Table 1). The incubation
period of symptomatic infection is 5.0 days (95% CI: 1.3, 9.7), which is consistent with
the observed values (mean = 6.76 days and sd = 4.41 days), and the infectious period of
symptomatic infections is 4.8 days (95% CI: 1.6, 14.1), which is longer than the delay from
the onset date of symptoms to hospitalization: mean = 3.71 days and sd=2.83 days (Figure 3).
The duration of pre-symptomatic transmission (L3) is estimated at 1.5 days (95% CI: 1.0,
4.4 days); this suggests the fraction of transmission from strictly pre-symptomatic infections
was about 1.5/(1.5 + 4.8) =24%, which is in agreement with previous estimates [46]. The
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SEEDAR model fits well with the observed data and predicts that the outbreak will die out
within about three weeks (Figure 4D).

3.2.5. SEEDDAAR Model

The R0 is estimated at 0.53 with 95% CI from 0.35 to 0.85 (Table 1). The incubation
period of symptomatic infection is 5.3 days (95% CI: 1.3, 9.8), and the infectious period of
symptomatic infection is 5.4 days (95% CI: 1.7, 14.0). The duration of pre-symptomatic
transmission (L3) is estimated at 1.5 days (95% CI: 1.0 to 4.4 days). Those estimates of model
parameters are very similar to those of the SEEDAR model. Similar to the SEEDAR model,
the SEEDDAAR model equally well fits the observed data and predicts that the outbreak
will die out within about three weeks (Figure 4E).

4. Discussion

In this study, five transmission models were proposed to model the COVID-19 epi-
demic within Shaanxi province of China from early January to late February 2020. By
distinguishing imported and local cases in their contribution to local transmission dynam-
ics, we show that the basic reproduction number R0 of COVID-19 in the Shaanxi outbreak
was well below the critical value of 1.0. This indicates that SARS-CoV-2 cannot self-sustain
under the current control measures within Shaanxi province, China, and would stop once
the importation of COVID-19 cases was halted. Our model successfully predicted the actual
epidemic situation in Shaanxi province from late February 2020.

The estimates of R0 from the renewal equation and the SEDAR models are close to each
other, and its estimates from the SEEDAR and SEEDDAAR models are lower; nevertheless,
their 95% CIs are closely overlapped. Overall, the estimate of R0 is in the range from 0.45 to
0.61. The model fittings to the local cases, shown in Figure 4, indicate that the renewal equa-
tion model provides the best fit to the observations and the SEDAR model is the worst. This
is further confirmed by the values of DIC in Table 1 [55]: 127.9, 175.1, 160.5, and 160.8 for
the renewal equation, and the SEDAR, SEEDAR, and SEEDDAAR models, respectively.
Furthermore, the better performance of the SEEDAR and SEEDDAAR models than the
SEDAR model confirms the existence of pre-symptomatic transmission [46]. It is worth
mentioning that the SEEDDAAR model that has its infectious periods following gamma
distribution does not appear better than SEEDAR that has its infectious period following
simple exponential distribution. The Richards growth model, which is borrowed from
ecological population dynamics [37,38], can provide a better model fit to the daily number
of local cases than three compartmental transmission models (i.e., SEDAR, SEEDAR, and
SEEDDAAR). However, the increasing trend of infections after the first month, which the
Richards growth model predicts, deviates from the actual observation and hence invalidates
the Richards growth model as an appropriate model for the Shaanxi outbreak.

It is worth emphasizing that although the renewal equation model is the simplest in
its structure, it gives the best model fit [52]. Given the distribution of SI of COVID-19, it
is straightforward to obtain the estimate of the R0 [58]. In this study, we perform a joint
estimation of R0 and SI, and the results agree well with three compartmental models in
estimation of R0 and the empirical knowledge of SI [16,57]. Nevertheless, it should be kept
in mind that the successful performance of the joint estimation of R0 and SI in this study
may be conditional on the very low proportion (i.e., 1.1%) of asymptomatic infections [58].

One important issue worth pointing out is the continuous importation along the course
of an outbreak within one region, except for the epicenter, Wuhan city, China, during the
early stages of the COVID-19 pandemic in mainland China. This spectacular feature, unlike
previous infectious disease pandemics (such as the 2003 SARS pandemic and the 2009
influenza pandemic), may reflect the rapid and huge movements of modern human beings.
If assuming the earliest importation as the only index case(s), the transmission dynamics
cannot be appropriately investigated and might be misled [17,24]. Both Bai et al. [17] and
Yang et al. [24] also modelled the Shaanxi outbreak but mixed up imported cases with
local cases; they obtained estimates of R0 of about 3.0. Simple reasoning will show that
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this estimate is problematic. Let us consider a situation where all the 132 cases were
generated within Shaanxi province only by the 113 imported cases, a rough estimate is
R0 = 132/113 ≈ 1.2. Some local cases might have been infected by other early local cases
rather than directly from imported cases, which implies that the actual R0 should be less
than 1.2. With the similar treatments of continuous importation, the high and problematic
estimates of R0 for outbreaks in the major cities of China (except the epicentre, Wuhan
city) were also reported [20,21]. Based on estimates of their SEDAR model parameters,
Bai et al. [17] predicted that the Shaanxi outbreak would last until April 2020, which is more
than one month longer than the actual occurrence. Our analyses show that the occurrence
of the Shaanxi outbreak was mainly due to the large and continuous importation rather
than the high local transmissibility of COVID-19 within the province. Furthermore, our
prediction is consistent with what happened in Shaanxi province.

In modelling the COVID-19 transmission over the whole of mainland China, we
found that R0 was estimated at 2.23 before 8th February 2020 and then it dropped to
0.04 [30]. Hao et al. [8] also confirmed the effectiveness of the timely prevention and
control measures implemented in China in bringing the R0 well below the critical level
of 1.0. To check whether there was any potential breaking point in the transmissibility
of COVID-19 within the Shaanxi outbreak, we calculated the instantaneous reproduction
number Rt [43]. The result shown in Figure 5 indicates that no clear pattern emerged that
supported a potential breaking point in transmissibility although Rt exceeded 1.0 on five
days. In contrast, having mixed up imported cases with local cases, Yang et al. [24] used the
renewal equation method [43] to obtain a time-varying reproduction number (Rt), which
persistently decreased over time and stayed beyond the critical level of 1.0 over more than
half the course of the outbreak.

Our estimate of R0 for the Shaanxi outbreak sharply differs from other studies which
suggest R0 = 2–7 [16,49,59,60] for SARS-CoV-2. In theory, R0 is determined by the infec-
tiousness of SARS-CoV-2 as well as the contact rate between people [5]. In the situation
where no vaccine and effective drugs were available to protect people against the virus, the
result of R0 < 1 is due to the highly reduced contact rate between people [30]. This resulted
from the timely and strong control measures implemented within Shaanxi province soon
after it was announced in public on 20 January 2020 that COVID-19 could be transmitted
among people. On the other hand, this indicates the success of the interventions executed
in Shanxi province, China.

5. Conclusions

Modern inference methodology and mathematical theory can help reveal the unob-
served transmission dynamic process and hence provide valuable information for us to
understand and control the spread of COVID-19. However, it is important to separate
continuous importation from local transmission when modelling the local transmission
dynamics of COVID-19. The renewal equation model, albeit being simple in model struc-
ture, provides better model fitting and therefore is a practical candidate for analyzing
transmission dynamics and monitoring the change in transmissibility.
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Abstract: ST1193 is an emerging new virulent and resistant clone among Escherichia coli with a
tendency to spread rapidly across the globe. However, the prevalence of intracranial infection-
causing E. coli ST1193 is rarely reported. This study aimed at determining the prevalence of E. coli
ST1193 isolates, causing intracranial infections in Changsha, central China. A total of 28 E. coli
isolates were collected from the cerebrospinal fluid of patients with intracranial infection over a
four-year period. All isolates were differentiated using multilocus sequence typing (MLST), and
phylogenetic grouping, and tested for antibiotic resistance. MLST analysis showed 11 sequence types
(ST) among the 28 E. coli isolates. The most prevalent ST was B2-ST1193 (28.6%, 8/28), followed
by B2-ST131 (21.4%, 6/28) and F-ST648 (10.7%, 3/28). Of the eight ST1193 isolates, three carried
CTX-M-55, and one carried CTX-M-27. All eight ST1193 isolates were resistant to Ciprofloxacin,
showing gyrA1AB/parC4A mutations. Two ST1193 isolates carried the aac(6′)-Ib-cr gene. All ST1193
isolates were recovered from infants with meningitis, with a fatal outcome for one three-month-old
infant. ST1193 has emerged as the predominant type of E. coli strain causing intracranial infections in
Changsha, China. This study highlights the importance of implementing appropriate surveillance
measures to prevent the spread of this emerging public health threat.

Keywords: E. coli ST1193; intracranial infections; antibiotic resistant; meningitis; clinical characteristics

1. Introduction

Escherichia coli is usually considered to be a part of the normal intestinal flora of
humans. However, extraintestinal pathogenic E. coli (ExPEC) can cause a range of diseases,
including sepsis, meningitis, and urinary tract infections [1–3]. E. coli is a major cause of
neonatal bacterial meningitis and is responsible for approximately 33% of the cases [4].
Although less common, E. coli can also cause meningitis in adults [5]. Neonatal meningitis
caused by E. coli is associated with fatality rates ranging from 5 to 30% in infants and a high
incidence of neurological sequelae [6–8].

ST1193 is emerging as a new virulent clone among fluoroquinolone-resistant E. coli in
several countries [9–13]. Most studies detected this lineage as a dominant clinical E. coli
isolate, collected from urine and bloodstream samples [10–12]. Few studies have focused
on the prevalence of this ST in cerebrospinal fluid [14]. A recent Chinese study reported
that ST1193 was the most frequent sequence type in neonatal invasive E. coli infections, but
not limited to cerebrospinal fluid [14]. Thus, whether ST1193 was also the predominant
clone in cerebrospinal fluid is still uncertain. Recently, Oldendorff et al. reported a case in
which ST1193 infection in a preterm newborn with meningitis led to a fatal outcome [15].
Therefore, more studies are warranted to broaden our knowledge on ST1193 causing
intracranial infections.
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In this study, we aim to determine the prevalence of ST1193 isolates causing intracra-
nial infections collected from the cerebrospinal fluid of patients with intracranial infections
over the period of four years in a large university-affiliated hospital in China. The clinical
characteristics and outcomes of infections caused by E. coli ST1193 were also assessed.

2. Materials and Methods

2.1. Bacterial Isolates

From January 2013 to December 2016, a total of 28 non-duplicate E. coli clinical isolates
were consecutively collected from cerebrospinal fluid from patients with intracranial in-
fections at a general teaching hospital affiliated with Central South University (Changsha,
Hunan Province, China). The 28 samples were collected as a routine sampling procedure
and represent the total number of these types of infections over a four-year period. The
diagnosis of intracranial infection and meningitis were defined according to established
diagnostic criteria [16,17]. This study was performed in line with the principles of the
Declaration of Helsinki. Approval was granted by the Ethics Committee of the Xiangya
Hospital of Central South University (reference number 202112178).

2.2. Multilocus Sequence Typing and Phylogenetic Group

Multilocus sequence typing (MLST) was performed on all isolates. Primers and PCR
conditions for the seven housekeeping genes commonly used in E. coli MLST schemes (adk,
fumC, icd, mdh, purA, recA, and gyrB) were obtained from databases at the University of
Warwick (http://mlst.warwick.ac.uk/mlst/dbs/Ecoli) (accessed on 4 August 2022). The
sequences of primers and annealing temperature were presented in Supplementary Table
S1. Sequence data were analyzed using the E. coli MLST database. The phylogenetic groups
of E. coli were determined by quadruplex PCR [18].

2.3. Antimicrobial Susceptibility Testing

Susceptibility testing was performed using the Vitek 2 system (bioMérieux, Marcy-
l’Étoile, France). Susceptibilities to the following drugs were determined: ampicillin, cefa-
zolin, ceftriaxone, ampicillin/sulbactam, piperacillin/tazobactam, imipenem, gentamicin,
ciprofloxacin, aztreonam, trimethoprim/sulfamethoxazole. The results were interpreted
according to Clinical and Laboratory Standards Institute (CLSI) criteria [19]. Extended-
spectrum β-lactamase (ESBL) production was confirmed using the double disc synergy
test. The E. coli ATCC 25922 strain was used as standard quality control. The intermediate
susceptibility of isolates towards antibiotics was considered resistant.

2.4. Molecular Characterization of ST1193

For ST1193 isolates, detection of blaCTX-M was performed using PCR and amplicon se-
quencing [20,21]. The quinolone-resistance determining regions (QRDRs) in gyrA and parC
genes were identified and amplicon sequencing was performed as previously described [22].
The screening of plasmid-mediated quinolone resistance (PMQR) determinants [qnrA, qnrB,
qnrC, qnrS, aac(6′)-Ib-cr, and qepA] was also conducted using PCR [23]. The sequences of
primers for PCR amplification and annealing temperature are shown in Supplementary
Table S1. The amplified PCR products were sequenced, and the results were analyzed
by comparing them to sequences in GenBank (https://blast.ncbi.nlm.nih.gov/Blast.cgi)
(accessed on 4 August 2022).

2.5. Clinical Data Collection

We reviewed the medical records of the patients with ST1193 infection and collected
patient data, including data on demographic characteristics, clinical manifestations, labora-
tory tests, treatments, and clinical outcomes.
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2.6. Statistical Analysis

Comparisons of proportions between groups were assessed via Fisher’s exact test. A
value of p < 0.05 was considered to be statistically significant.

3. Results

3.1. Multilocus Sequence Typing and Phylogenetic Group

MLST analysis revealed a total of 11 STs in the 28 E. coli isolates. Table 1 presents the
distribution of ST types among the 28 E. coli isolates. The main STs were ST1193, ST131,
and ST648, accounting for 28.6% (8/28), 21.4% (6/28), and 10.7% (3/28), respectively. The
other types were ST354, ST38, and ST457, each ST accounting for 7.1% (2/28); ST58, ST69,
ST23, ST95, and ST394, each ST accounting for 3.6% (1/28).

Table 1. Distribution of ST types and phylogenetic groups among the 28 E. coli isolates.

MLST
Allelic Profile Phylogenetic

Group
No. (%) of

Strainsadk fumC gyrB icd mdh purA recA

ST1193 14 14 10 200 17 7 10 B2 8 (28.6)
ST131 53 40 47 13 36 28 29 B2 6 (21.4)
ST648 92 4 87 96 70 58 2 F 3 (10.7)
ST354 85 88 78 29 59 58 62 F 2 (7.1)
ST38 4 26 2 25 5 5 19 D 2 (7.1)
ST457 101 88 97 108 26 79 2 F 2 (7.1)
ST58 6 4 4 16 24 8 14 B1 1 (3.6)
ST69 21 35 27 6 5 5 4 D 1 (3.6)
ST23 6 4 12 1 20 13 7 C 1 (3.6)
ST95 37 38 19 37 17 11 26 B2 1 (3.6)
ST394 21 35 61 52 5 5 4 E 1 (3.6)

MLST: multi-locus sequence typing; ST: sequence type.

Phylogenetic analysis of the 28 E. coli strains showed that 15 (53.6%) belonged to phy-
logroup B2, 7 (25.0%) to phylogroup F, 3 (10.7%) to phylogroup D, 1 (3.6%) to phylogroup
B1, 1 (3.6%) to phylogroup C, and 1 (3.6%) to phylogroup E.

3.2. Antimicrobial Susceptibility

Of the 28 isolates, 26 (92.9%) were found to be resistant to ampicillin, 22 (78.6%) to
trimethoprim/sulfamethoxazole and cefazolin, 21 (75%) to ampicillin/sulbactam, and 19
(67.9%) to ceftriaxone and gentamicin (Table 2). Out of the 28 isolates, 60.7% (17/28) were
ESBL producers.

Table 2. Antimicrobial resistance of the 28 E. coli isolates.

Antimicrobial Resistance No. (%) of Strains (n = 28)
No. (%) of Strains

p-Value *
ST1193 (n = 8) Non-ST1193 (n = 20)

Ampicillin 26 (92.9) 7 (87.5) 19 (95.0) 0.497
Cefazolin 22 (78.6) 5 (62.5) 17 (85.0) 0.311

Ceftriaxone 19 (67.9) 4 (50.0) 15 (75.0) 0.371
Ampicillin/sulbactam 21 (75.0) 6 (75.0) 15 (75.0) 1.000

Piperacillin/tazobactam 1 (3.6) 1 (12.5) 0 (0) 0.286
Imipenem 1 (3.6) 0 (0) 1 (5.0) 1.000

Gentamicin 19 (67.9) 5 (62.5) 14 (70.0) 1.000
Ciprofloxacin 17 (60.7) 8 (100) 9 (45.0) 0.010

Aztreonam 12 (42.9) 3 (37.5) 9 (45.0) 1.000
Trimethoprim/sulfamethoxazole 22 (78.6) 7 (87.5) 15 (75.0) 0.640

ESBLs 17 (60.7) 4 (50.0) 13 (65.0) 0.671

* ST1193 versus non-ST1193.
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As shown in Table 2, the ST1193 isolates had a significantly higher prevalence of
resistance to ciprofloxacin compared with non-ST1193. Ciprofloxacin resistance was found
in 100% of the ST1193 isolates, whereas 45% of the non-ST1193 isolates were resistant.

3.3. Molecular Characterization of ST1193

Four of the eight ST1193 strains (50%) were recognized as ESBL producers. Three
ESBL-producing isolates carried CTX-M-55, and the remaining carried CTX-M-27. All eight
ciprofloxacin-resistant ST1193 isolates possessed a set of three amino acid replacement
mutations (gyrA1AB Ser-83-Leu, Asp-87-Asn, and parC4A Ser-80-Ile) in QRDRs. Two
ST1193 isolates carried the aac(6′)-Ib-cr gene. None of the other types of PMQR determinants
was detected in the tested isolates.

3.4. Clinical Characteristics of the Patients with ST1193 Infection

The demographical and clinical parameters of the eight patients with intracranial
infections carrying ST1193 isolate are summarized in Table 3. All ST1193 isolates were
recovered from infants with meningitis. They all exhibited typical manifestations, and their
laboratory test results supported their diagnosis. Meropenem treatment was provided
to all the selected patients; wherein, all except one patient showed recovery, and one
had a fatal outcome. The patient with a fatal outcome was a three-month-old female
exhibiting the symptoms of fever, neonatal coma, and convulsion. She was diagnosed
with meningitis accompanying subdural effusion, hydrocephalus, and cerebral hernia. The
disease progressed rapidly and led to an eventual fatality.

Table 3. Clinical characteristics and CTX-M genotype status in the eight patients with intracranial
infections carrying ST1193 isolate.

Clinical
Characteristics

Patient 1 Patient 2 Patient 3 Patient 4 Patient 5 Patient 6 Patient 7 Patient 8

Age (days) 85 26 12 61 6 92 13 79
Gender Male Female Male Female Female Female Female Female
Fever + + + + + + + +

Convulsion - - + - - + - -
Meningitis + + + + + + + +

Subdural effusion - + - - - + - +
Laboratory test (CSF)

WBC (×106/L) 7250 1280 2220 1020 2100 12820 2900 1310
Glucose (mmol/L) 0.20 0.43 0.24 0.25 0.71 0.06 0.02 0.14

Protein (mg/L) 2880 2140 2660 3370 2370 3520 2840 3010

Treatment MEM, TZP MEM, CRO,
AMC

MEM, SAM,
CRO MEM MEM, CRO,

AMC MEM, CRO MEM MEM, CRO

Length of stay (days) 38 30 56 26 29 8 38 43
Outcome Survived Survived Survived Survived Survived Death Survived Survived

CTX-M genotype CTX-M-27 - - CTX-M-55 - CTX-M-55 CTX-M-55 -

CSF: cerebrospinal fluid; MEM: meropenem; TZP: piperacillin/tazobactam; CRO: ceftriaxone; AMC: amoxi-
cillin/clavulanic acid; SAM: ampicillin/sulbactam.

4. Discussion

ST1193 is an emerging new virulent and resistant clone among fluoroquinolone-
resistant E. coli with a tendency to spread rapidly across the globe. Initial studies on ST1193
reported their isolation mostly from adult urine and a few from blood samples [10–12].
Ding et al. initially detected ST1193 isolate in neonatal blood and cerebrospinal fluid
specimens of patients with meningitis [14]. Although the study provided the first evidence
for the involvement of ST1193 in intracranial infections, it did not provide evidence for its
predominance over other isolates in the cerebrospinal fluid of meningitis patients [14]. In
the present study, we focused on determining the predominant ST of E. coli isolated from
CSF of patients with intracranial infections. This is the first study to provide evidence to
substantiate the prevalence and predominance of ST1193 (28.6%) over other STs in CSF of
patients with intracranial infections. Berman et al. reported that the STs of E. coli isolates
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that were involved in causing meningitis included, ST131, ST69, ST405, and ST62, with no
evidence for the detection of ST1193 [24]. These disparities may be due to geographical
or host population differences. This finding implies that ST1193 may be poised to emerge
as a major type of E. coli in patients with intracranial infections in China. A recent review
described that ST1193 is following in the footsteps of the most successful MDR E. coli clone
named ST131 [9]. Our study demonstrated that ST1193 has surpassed ST131 in E. coli
intracranial infections in Changsha, China, which means this clone has become a public
health threat and should be a concern. In order to investigate the emergence of ST1193, basic
characteristics, surveillance, and clinical studies must be conducted on an urgent basis [9].
The information will be useful for managing and preventing this infectious disease.

Previous studies have reported that CTX-M-14 is the most prevalent ESBL genotype
in China [25–27]. Wu et al. described that the CTX-M-14 genotype accounted for more
than 50% of the blaCTX-M positive ST1193 isolates [28]. However, in the present study,
CTX-M-55 (a single locus variant (SLV) of CTX-M-15) was a more popular genotype among
the ESBL-producing ST1193 isolates. A previous study speculated that dissemination of
the blaCTX-M-55 in China may be partly because of the widespread prevalence of the E. coli
ST1193 clone [29]. It has been reported in recent years that the worldwide increase in E.coli-
producing CTXM-15 enzymes has been linked to epidemic clone ST131 [30]. CTX-M-55
has higher hydrolytic activity than CTX-M-15 and increased catalytic efficiency against
ceftazidime and cefotaxime [31,32]. In this study, however, there was not enough data to
determine whether CTX-M-55 was related to ST1193 due to the small sample size. Therefore,
more studies with larger sample sizes are required to determine a putative association
between ST1193 and the presence of CTX-M-55.

Consistent with the findings of Ding et al. [14], we found that all the ST1193 isolates
were resistant to ciprofloxacin. The emergence of fluoroquinolone resistance of E. coli may
be caused as a result of precise, analogous point mutations within the QRDRs of GyrA and
ParC, the fluoroquinolone targets [22]. In the present study, all ciprofloxacin-resistance
ST1193 isolates harbored the same distinctive mutations of three amino acid substitutions
(gyrA1AB Ser-83-Leu, Asp-87-Asn, and parC4A Ser-80-Ile), complying with the previous
reports [12,28,33]. The homogeneity of the ST1193 isolates suggests that this clone probably
derived and spread from a common ancestor [12,28]. Johnson et al. reported that distinctive
mutations in gyrA and parC may confer a fitness advantage for ST131 H30 isolates over non-
H30 fluoroquinolone-resistant isolates [34]. Similarly, the particular gyrA/parC mutations
of ST1193 may give this clone an advantage and promote its spread. Further research is
necessary to verify this speculation and elucidate the role of these gyrA/parC mutations in
ST1193. It seems that ST1193 isolates have some common features such as fluoroquinolone
resistance, and QRDR mutations [9]. A high degree of homogeneity between ST1193
strains from different infection sites and geographical locations suggests they are likely
descendants of the same ancestor [28]. Further studies are required to elucidate and monitor
the evolution of ST1193.

In this study, all ST1193 isolates were collected from infants with meningitis. Although
neonatal meningitis is an important cause of neonatal mortality, only a few studies have
reported ST1193 infection in this fatal disease [14,15,35]. Ding et al. reported that ST1193
was the most common and invasive neonatal E. coli clone recovered from blood and CSF [14].
Only two recent case reports have described the fatal cases of neonatal meningitis caused
by E. coli ST1193, one each in America and Sweden [15,35]. In our study, one patient who
had a fatal outcome also suffered a similar fulminant course as that described in previous
studies [15,35]. Therefore, considering the potential of this isolate in rapidly emerging,
spreading, and causing severe outcomes, it requires adequate attention and implementation
of appropriate measures to prevent its spread, especially in neonatal meningitis.

One limitation of this study was the small number of E. coli isolates due to the precious
specimen source. Thus, a multicenter study with larger sample sizes is needed to further
explore the characterization of ST1193 in CSF.
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5. Conclusions

In summary, ST1193 has emerged as the predominant type of E. coli strain causing
intracranial infections in patients in Changsha, China. It is an important public health
issue, especially since this clone became the dominant strain of E. coli that caused this
infectious disease. Considering the virulence and multidrug resistance, effective surveil-
lance should be implemented to prevent the spread of ST1193 isolates in patients with
intracranial infections.
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Abstract: West Nile virus (WNV) can cause asymptomatic infection in humans, result in self-limiting
febrile illness, or lead to severe West Nile Neuroinvasive disease (WNND). We conducted a pilot
study to compare selected biomarkers of oxidative stress in sera of viremic West Nile virus patients
and asymptomatic infected blood donors to investigate their potential as predictors of disease severity.
We found that total oxidant status was elevated in WNND and in uncomplicated WNV infections
(median 9.05 (IQR 8.37 to 9.74) and 7.14 (7.03 to 7.25) μmol H2O2 equiv./L, respectively) compared to
asymptomatic infections (0.11 (0.07 to 0.19) μmol H2O2 equiv./L) (p = 0.048). MDA levels showed
a similar trend to TOS, but differences were not significant at α = 0.05. Total antioxidant status did
not differ significantly between different disease severity groups. Oxidative stress appears to be
associated with more severe disease in WNV-infected patients. Our preliminary findings warrant
prospective studies to investigate the correlation of oxidative stress with clinical outcomes and
severity of WNV infection.

Keywords: oxidative stress; West Nile virus; West Nile Fever; West Nile Neuroinvasive disease;
Flaviviridae; biomarkers

1. Introduction

West Nile virus (WNV) is a single-stranded, positive sense RNA virus part of the
genus Flaviviridae. It is one of multiple arboviruses of growing public health importance [1].
It is transmitted in bird populations by Culex mosquitoes, and several larger mammals,
including humans, are considered dead-end hosts. WNV is endemic in the United States
and an increasing public health threat across Europe and other continents, mainly due to
climate change and global travel [1,2].

Human infections are frequently asymptomatic but lead to West Nile Fever (WNF) in
20% of infected patients, and in approximately 1% of infections to more serious pathologies
such as meningitis, encephalitis, or flaccid paralysis [1,3]. Neurological presentations,
commonly referred to as West Nile Neuroinvasive Disease (WNND), have fatality rates of
approximately 10% [1,4]. Many WNND survivors report significant neurological sequelae
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that may persist for years after acute infection, including abnormal reflexes, muscle weak-
ness, chronic fatigue, and hearing and sensory loss [1,4]. Age is the main risk factor for
severe WNV infection, and WNND incidence increases 1.5-fold with each decade [3].

Our understanding of the pathogenesis, predictors of disease severity and neurological
sequelae of neuronal injury in WNV infection remains incomplete. Previous studies impli-
cated oxidative stress (OS), an imbalance between antioxidative defense mechanisms and
production of cell-damaging reactive oxygen species (ROS), in Flavivirus pathogenesis [5–7].
Several studies have observed an increase in ROS in dengue-infected patients by comparing
patients’ OS markers to healthy controls [6,7]. However, data about OS in WNV infected
patients are scarce. We hypothesized that OS plays an important role in the pathogenesis
and severity of WNV disease [8,9]. In this pilot study, we evaluated selected OS biomarkers
on a panel of stored human sera from patients with West Nile virus infection of varying
severity.

2. Materials and Methods

The study protocol was approved by the relevant ethics committees (see ethics state-
ment) and informed consent was provided by all participants. We obtained WNV-RNA
qRT-PCR-positive serum samples from blood donors and patients with varying disease
severity, i.e., asymptomatic (AS), WNF or WNND, at Sheba Medical Center, Tel Hashomer,
Israel, during the 2020 transmission season. The qRT-PCR used primers and probes that
targeted the envelope and capsid protein coding regions and the 5′ untranslated region,
as described elsewhere [10,11]. Disease severity was assessed by the attending physicians.
Patients were classified as WNF when febrile (temperature ≥ 38 ◦C), presenting with
headache, rash or myalgia, and no signs of WNND. Patients were classified as WNND
when they presented with encephalitis (altered mental status lasting ≥ 24 h with no al-
ternative cause identified, generalized or partial seizures, new onset of focal neurologic
findings, MRI abnormalities suggestive of encephalitis), meningitis (fever and headache
AND/OR signs of meningeal irritation), or flaccid paralysis (as acute onset of progressive
limb weakness over 48 h AND without sensory abnormalities). AS viremic individuals were
identified among blood donors via Magen David Alom, during routine safety evaluation
by the central virology lab at Sheba Medical Centre. All blood donors in Israel are screened
for WNV RNA during the WNV transmission season using the Procleix WNV assay, a
nucleic acid test (NAT) performed on the Procleix Panther system (Grifols, Spain) [12].
Positive NAT results are then confirmed using qRT-PCR (as mentioned above). Samples
were collected at one time point only, handled, frozen and stored on-site until shipment
to and analysis in the NatuRA lab in Antwerp in 2021. All OS markers were analyzed
using commercially available kits, per manufacturer’s instructions: Total Oxidant Status
(TOS) and Total Antioxidant Status (TAS) using colorimetric kits (RelAssay Diagnostics,
Şehitkamil, Turkey), malondialdehyde (MDA) was quantified using ELISA (My Biosource,
San Diego, CA, USA).

SPSS Statistics (IBM; Armonk, NY, USA) was used for statistical analyses. The associa-
tion of disease severity and markers of OS was analyzed using Kruskal–Wallis tests. All
hypotheses were tested at significance level α = 0.05.

3. Results

Eight patients were recruited, six of which (75%) were female. Cycle-threshold values
(Ct-values) for WNV RNA by qRT-PCR ranged from 32.63 to 41.25. Patients were catego-
rized based on disease severity: four were asymptomatic (age range 18 to 59 years old),
two had WNF (aged 23 and 43 years old), and two developed WNND (11 and 84 years
old). Patient characteristics, WNV viral loads and serum concentrations of OS markers are
shown in Table 1.

TOS in the WNND and WNF patients was significantly higher than in AS; 9.05 (8.37
to 9.74) (median, IQR) and 7.14 (7.03 to 7.25) and 0.11 (0.07 to 0.19) μmol H2O2 equiv./L,
respectively (p = 0.048) (Figure 1a). Median TAS was 1.12 (1.05 to 1.19), 1.64 (1.45 to 1.84)
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and 1.34 (0.95 to 1.80) mmol Trolox equiv./L, respectively (Figure 1b). TAS was slightly
lower in the two WNND patients, but differences were less pronounced than with TOS or
MDA. MDA concentrations were 749.04 (696.74 to 801.33) ng/mL in WNND, 772.65 (751.47
to 793.82) ng/mL in WNF and 420.26 (312.23 to 425.01) ng/mL in the AS group. While
MDA levels showed a similar trend to TOS, differences were not statistically significant
(p = 0.105) (Figure 1c).

Table 1. Serum concentrations of markers of oxidative stress in 8 WNV-infected patients from Israel.

Patient Age Sex
WNV

(Ct-Value)
Disease
Severity

TOS (μmol H2O2

Equiv./L)
TAS (mmol Trolox

Equiv./L)
MDA

(ng/mL)

1 84 female 32.63 WNND 10.42 1.26 644.44

2 11 female 41.25 WNND 7.69 0.99 853.63

3 23 female 38.38 WNF 7.36 2.04 730.30

4 43 female 33.13 WNF 6.92 1.25 814.99

5 59 female 36.64 AS 0.07 1.71 204.19

6 21 female 35.29 AS 0.07 0.97 a

7 18 male 35.58 AS 0.20 1.83 420.26

8 20 male 37.50 AS 0.15 0.94 429.76

Legend. WNV = West Nile virus, Ct-value = cycle threshold value, WNND = West Nile Neuroinvasive Disease,
WNF = West Nile Fever, AS = asymptomatic, TOS = Total Oxidant Status, H2O2 = hydrogen peroxide, TAS = Total
Antioxidant Status, MDA = malondialdehyde, a = measurement omitted due to spurious results. Each value for
TOS, TAS and MDA is the mean of 2 measurements.

Figure 1. Boxplots of TOS (a), TAS (b) and MDA levels (c) in WNV-infected patients from Israel,
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per disease severity subgroup. Legend. (a) TOS (median) 9.1, IQR [8.4–9.7], 7.1 [7.0–7.3] and 0.1
[0.1–0.12] μmol H2O2 equiv./L in WNND, WNF and AS groups, respectively. TOS was significantly
higher in the WNND and WNF groups (p = 0.048) compared to AS. (b) TAS (median) 1.1 [1.1–1.2], 1.6
[1.5–1.8] and 1.3 [1.0–1.8] mmol Trolox equiv./L, respectively. TAS was lower in the WNND patients
(not significant). (c) MDA concentrations were higher in WNND (median) 749.0 ng/mL [696.7–801.3]
and in WNF 772.7 [751.5–793.8] ng/mL than in AS (420.3 [312.2–425.0] ng/mL. (not significant,
p = 0.105). AS = asymptomatic, WNF = West Nile Fever, WNND = West Nile Neuroinvasive Disease,
TOS = Total Oxidant Status, H2O2 = hydrogen peroxide, MDA = malondialdehde, TAS = Total
Antioxidant Status. * = p < 0.05 (Kruskal–Wallis test).

4. Discussion

We observed a significant increase in TOS in WNF and WNND compared to AS. The
increased TOS, a summary parameter of the total oxidative capacity in a sample, suggests
that oxidation is more prominent in WNF and WNND than in AS [13]. Because of the
very small sample size, we were not able to discriminate between WNF and WNND using
TOS in this pilot study. However, using a larger study population and parametric tests, a
significant difference in TOS between WNF and WNND might still be observable. Still, the
marked difference in TOS between symptomatic WNV disease and AS individuals calls for
a detailed assessment of the redox status in WNV infections and an investigation of more
specific biomarkers than TOS as a potential predictor of severe WNV disease.

Whereas TOS does not necessarily reflect oxidative damage (OD) to the host, MDA,
the most widely studied end-product of lipid peroxidation, is a highly relevant marker
of OD in neuronal toxicity studies [7,14]. The observed histopathology of the brain in
WNND resembles that of neurodegenerative diseases, where brain cell damage results
from lipid peroxidation [9,15]. This similarity may indicate that WNV-induced OS is an
important contributor to the observed brain injury in WNND. We observed higher MDA
levels in symptomatic patients, suggesting that lipid peroxidation was increased, although
not significant, at α = 0.05. Therefore, our pilot study does not allow us to conclude that
disease severity is positively correlated with the extent of OD to the host.

Studies of more specific biomarkers of OS than TOS in dengue virus (another member
of the Flavivirus genus) infections detected significant differences in subgroups with varying
disease severities. Protein carbonylation (PCO) was higher in dengue hemorrhagic fever
(DHF) than in dengue fever in two studies by Soundravally et al. [16,17]. Patra et al.
found higher intracellular ROS levels in erythrocytes of severely ill dengue patients than in
patients with mild disease [18].

TAS levels did not follow the same distinctive trends as TOS and MDA, as shown in
Figure 1. In other studies, TAS was significantly lower in patients with DHF and dengue
shock syndrome than in those with uncomplicated dengue, but only later in the course of
infection (day 5 and 7 after symptom onset) [16]. While TAS summarizes the total capacity
of the antioxidant defense against ROS, TAS levels are more difficult to interpret because of
a variety of confounders, such as dietary antioxidant intake and lifestyle [13]. Our results
may indicate that the antioxidant capacity across different groups is comparable, but the
investigation into the relationship between TAS and disease severity requires further study.
Prospective, controlled studies are needed to establish if there is a correlation between
the age-related declining efficiency of endogenous antioxidant systems and increased
susceptibility to WNV-induced oxidative stress [19,20].

Because we studied single samples only, no changes in OS biomarkers over time
could be established within the different severity subgroups. Longitudinal follow-up
of WNV-infected patients is needed to study the intra-host kinetics of these biomarkers.
Only markers that differentiate between patients at risk for WNND and patients with
mild disease in the early stages of infection are likely to have diagnostic utility for clinical
management. We do know that all patients here were in the acute stage of infection during
sampling, as shown by their Ct values. These values are indicative of acute WNV infection
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in serum: in a paper from Lustig et al., WNV viral load in serum was shown to be less than
100 copies/mL on average [12]. A low viral load in the sample leads to high Ct values. Ct
values in serum, plasma or cerebrospinal fluid of WNV-infected patients are almost always
higher than 30, due to the low levels or even absence of viraemia at the time of symptom
onset [12].

Important limitations apply to our study. First and foremost, the small sample size
seriously limited statistical analysis. The limited number of subjects required the use of non-
parametric tests, with less power compared to parametric testing. This makes it difficult
to detect significant differences between the different disease severity groups. Second,
while all samples were stored at −80 ◦C immediately after being received in the lab, OS
marker measurements are susceptible to pre-analytical variations, and we cannot exclude
this to have occurred in our pilot study. Third, variations in the duration of infection at the
time of sampling could account for the observed differences in biomarker assays between
individual patients. Nonetheless, all patients were in the acute, viremic stage of WNV
infection, with viral loads in a similar range (Ct values 32.6–41.3). This duration could
affect biomarker measurements. Still, we think these pilot results warrant further research
into using more selective biomarkers for OS as potential predictors, reflecting its role in the
neurological symptoms seen in WNF/WNND, and to see whether this OS could lie at the
base of the observed pathology.

5. Conclusions

In our pilot study, we observed higher TOS levels in WNF and WNND patients than
in asymptomatic WNV-infected controls. Prospective studies are warranted to investigate
the association of increased lipid peroxidation and declining total antioxidant capacity with
disease severity in WNV infections. We are planning an adequately powered prospective
controlled cohort study to evaluate the clinical relevance of an extensive panel of peripheral
OS biomarkers as predictors of disease severity in patients with WNV and related Flavivirus
infections. In the projected study, we will also look at intra-host kinetics of the selected
OS biomarkers at pre-specified timepoints since symptom onset. The identification of OS
biomarkers as predictors of disease severity and long-term outcomes of WNND may assist
physicians in the clinical management of patients with WNV infection.
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Abstract: Leishmaniasis is estimated to be more common in males than in females. Our purpose
was to evaluate differences in preponderance in relation to sex and gender across cutaneous and
mucocutaneous leishmaniasis in Israel. An observational study was performed, including cases of
endemic CL (cutaneous leishmaniasis) in Israel, and imported MCL (mucocutaneous leishmaniasis).
CL is a notifiable disease and is supposed to be reported to the Ministry of Health (MOH). The MOH
database shows that males as more likely to be infected by leishmania, with an incidence of 5/100,000
in males vs. 3.5/100,000 in females. However, while conducting a demographic house-to-house
survey in several locations in Israel where CL is highly endemic, among 608 people who were
screened only 49% were males in Leishmania major (L. major) endemic regions and 41% were males
in Leishmania tropica (L. tropica) endemic regions, while among 165 cases of imported New-World
cutaneous leishmaniasis in Israeli travelers freturning from abroad, 142 (86%) were males. It may be
postulated that there is no real gender difference in leishmanial infection, but, perhaps, infections are
more commonly seen in men because of referral/reported bias, due to more risk-taking behaviors by
men or, perhaps, men are less likely to strictly adhere to recommended preventive measures and thus
increase their risk of contracting the disease.

Keywords: cutaneous leishmaniasis; mucocutaneous leishmaniasis; Leishmania major; Leishmania
tropica; Leishmania braziliensis; gender

1. Introduction

Cutaneous leishmaniasis (CL) is endemic to Israel and is caused mainly by Old-World
cutaneous leishmaniasis (OWCL). In the past, CL in Israel was almost exclusively attributed
to Leishmania major (L. major) [1,2]. The disease is typically more common in the Arava,
along the Jordan River Valley and in the rural areas of the Negev Desert. However, over
the last two decades or so there have been increasing reports of CL due to Leishmania tropica
(L. tropica) in several other regions of Israel, including the hilly and mountainous regions,
Samaria in the center of the country and in northern Israel [3,4].

Additionally, travel to Central and South America has increased over the past two
decades, mainly among young Israeli adults, increasing potential exposure to various trop-
ical diseases, including leishmaniasis [5]. New-World cutaneous leishmaniasis (NWCL),
which is endemic to some parts of the Americas, is caused by Leishmania viannia and Leish-
mania mexicana species complexes. Infection with L. viannia species, particularly Leishmania
viannia braziliensis (L. (V) braziliensis), results in cutaneous leishmaniasis (CL) which tends to
be persistent and may be further complicated by mucocutaneous leishmaniasis (MCL) [6].
Among Israeli travelers L. (V) braziliensis was found to be the dominant species, acquired
mostly in the Amazon region of Bolivia, causing CL and MCL [7].
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Most studies of CL and MCL provide minimal data on sex and gender. Differences
between the sexes in the incidence and severity of infection might be related to physiological
or genetic constitutions [8], but could also result from differences in exposure, use of
preventive strategies [9], participation in high-risk activities, attractiveness to vectors, routes
of pathogen entry, or processing of pathogens and cellular responses. A recent study of sex-
related differences in leishmaniasis, showed that environmental exposure and healthcare
access [10] alone do not explain the variance. Moreover, transcriptomic evidence reveals
that biological sex is a variable which impacts physiology, drug metabolism, immune
response, and, consequently, the progression of disease [10].

In this paper, we sought to evaluate gender and sex differences among CL patients in
Israel as well as returning Israeli travelers with CL/MCL.

2. Materials and Methods

Leishmaniasis is a notifiable disease in Israel. All cases reported to the Ministry of
Health (MOH) were analyzed based on Leishmania species and gender. Because many
cases are not reported, in certain areas where CL is highly endemic, we chose to carry out a
demographic survey. One such region was in Southern Israel (Negev) where L. major is the
common species, and where, starting in 2010, a dramatic increase in CL cases was observed
by the primary clinic staff of three kibbutzim.

Clinical and demographic data of patients who presented to the three kibbutzim clinics
were recorded. In the context of outbreak investigation, a questionnaire was sent to all
kibbutz members including those who had not presented to the clinic, inquiring if any
household members had cutaneous leishmanial lesions and did not present to the clinic.
Demographic and clinical data concerning those additional patients were completed by
phone interviews conducted by the kibbutz nurses.

The other region was in Samaria, in the central part of Israel, where L. tropica is the
common species and where similar house-to-house enquiries were made.

In addition, we analyzed data from returning travelers with CL and MCL due to
L. (V) braziliensis who presented at Sheba Medical Center, a tertiary medical center in Israel.

OWCL was diagnosed when patients from endemic areas developed cutaneous lesions
(ulcers, nodules, or papules) that were clinically similar to leishmaniasis, when biopsy or
smear specimens revealed Leishmania amastigotes within a dermal infiltrate, or when a
polymerase chain reaction (PCR) assay revealed positive results for L. major or L. tropica.

NWCL was diagnosed when (i) cutaneous lesions (ulcers, nodules, or papules) that
were clinically compatible with leishmaniasis were observed, and one or both of the
following tests came back positive, (ii) a smear or biopsy specimen showed Leishmania
amastigotes within a dermal or mucosal infiltrate, and (iii) a polymerase chain reaction
(PCR) assay tested positive for Leishmania vianna braziliensis. [5]

MCL: All cases of MCL were symptomatic with either nasal or oral symptoms and
proven by PCR, culture, or biopsy for leishmaniasis [11].

Statistical Analysis

Data entry and analysis was performed using the statistical package for the social
sciences (SPSS) version 23.0 for Windows software. Interquartile range (IQR) and the
median were used to express continuous variables, whereas percentages were used to
indicate categorical variables. Fisher’s exact test (two-tailed) was used to compute the
p-value in the prevalence assessment. A p-value < 0.05 was considered significant.

3. Results

The nationally reported cases of CL in the MOH registry showed 382 cases of L. major
during the years 2012–2016, among them 203 (53%) males and 179 (47%) females. There
were 348 cases of L. tropica, among them 191 (55%) males and 157 (45%) females

The MOH database shows that males are also more likely to be infected with leishma-
nia, with a male incidence of 5/100,000 vs. a female incidence of 3.5/100,000 in 2015.
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In our house-to-house survey, among the total population of three Kibbutzim in the
Negev in southern Israel—which is known to be an endemic area for L. major—1146 people
were screened, and 330 patients with L. major CL were identified between the years 2010
and 2013; 164/330 (49.6%) were males. Demographic data are presented in Table 1. The
median age at diagnosis was 48 years (range 0.6–87 years).

Table 1. CL in three kibbutzim and one village endemic for Leishmania in Israel.

L. major L. tropica
Total

Old-World
Leishmaniasis

(L. major and L. tropica)
Kibbutz 1 Kibbutz 2 Kibbutz 3 Total Village (Sample)

Cases/total
population (%)

160/346
(46.2)

148/380
(39)

22/420
(5.2)

330/1146
(28.7)

278/1096
(25.3) 608

Gender

Male * 78 (48.8) 75 (50.7) 11 (50) 164 (49.6) 114 (41) 278 (45.7)

Female 82 (51.2) 73 (49.3) 11 (50) 166 (50.3) 164 (59) 330 (54.2)

Age

0–15 10 (6.2) 19 (12.8) 3 (13.6) 32 (9.6) 143 (51.4) 176

15–64 98 (61.2) 101 (68.2) 16 (72.7) 215 (65.1) 134 (48.2) 351

65+ 52 (32.5) 28 (18.9) 3 (13.6) 83 (25.1) 1 (0.4) 85

* p-value between males and females is non-significant. L. major = Leishmania major and L. tropica = Leishmania
tropica.

In Peduel, a village in Samaria, in central Israel, an endemic area for L. tropica, be-
tween the years 2008 and 2012; 1096 people (25% of the total village population) were
screened. Among them, 278 (25.3%) were diagnosed with CL. Gender distribution was
114 (41%) males and 164 (59%) females in comparison to 49% males in the L. major group
(p value = 0.03).

Altogether, in these population-based screenings of four villages, 278 males (45.7%)
and 330 females (54.2%) were diagnosed. Most of the patients in the L. major group were
between the ages of 15 and 64 years (65%), however in the L. tropica group most of the
patients were children between the ages of 0 and 15 years (51.4%) (Table 1).

Among travelers, the total number of patients diagnosed with NWCL from South
America at Sheba Medical Center during the years 1993–2021 was 165. All the cases were
acquired in Bolivia’s Amazon region, where Leishmania (V.) braziliensis is known to be
endemic. In this cohort, the majority were males 140 (85%).

MCL: Nineteen patients (11.5%) were diagnosed with MCL among the cohort of
travelers returning from Latin America with leishmaniasis. Among them the majority
(18 patients (95%)) were also males. The high rate of males in the MCL group was non-
significantly higher than that of the other NWCL cases (95% vs. 84%) (Table 2).

Table 2. Comparison between New-World CL patients and MCL patients with cutaneous leishmania-
sis and mucocutaneous leishmaniasis.

Total New-World
Leishmania Cases

Cutaneous
LeishmaniAsis

Mucocutaneous
LeishManiasis

Percentage of
Mucocutaneous
Leishmaniasis *

No. of patients 165 146 19 11.5%

Males 142 124 (84%) 18 (95%) 12.6%

Females 23 22 (15%) 1 (5%) 4.3%

Mean age (years) 24.2 27.6

* p value is insignificance. CL, cutaneous leishmaniasis and MCL, mucocutaneous leishmaniasis.
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4. Discussion

Gender relates to a person’s self-representation as male or female and to the way that
social institutions influence that person, and it is shaped by environment and experience [9],
while sex is biologically determined (the sexual genotype is XX in the female and XY
in the male). Most studies of NWCL and MCL provide scant information regarding
gender and sex in relation to leishmania infection. Disparities between the sexes in the
incidence and severity of infection might be attributed to ‘sex’ differences such as genetic
and physiological constitutions [8], or to ‘gender’/cultural differences such as participation
in high-risk activities [9].

In this study we examined three cohorts of leishmanial patients regarding their gender
distribution. Each cohort gave a different result. The most striking difference between
males and females was found among travelers returning from South America where NWCL
was acquired.

There is epidemiological evidence of a sex bias in NWCL [12]. Data from the New
World documented a higher incidence of CL in males than in females in Mexico and
Colombia, and similar studies from all around Brazil reveal males developing cutaneous
manifestations of leishmaniasis more frequently than females [12–18]. A nationwide study
found that in infants under the age of one year, males had a higher rate of CL in comparison
to females. Minipuberty, a transient postnatal rise in sex steroid levels that exhibits clear
hormonal variations between boys and girls has been linked to other sex-biased infectious
diseases [19,20] and may be the cause of the predominance in male infants. Overall, the
prevalence of CL among males increased at puberty, peaked during adulthood, and then
decreased in the elderly. This occurred even though it is unlikely that males experience
increased parasite exposure, suggesting that the observed sex dichotomy has a biological
basis [19,21]. Together, these data lend credence to the hypothesis that innate biological
characteristics place males at higher risk of New-World CL.

Reported leishmaniasis cases in travelers show that most cases are in males [22]. The
rate of infected males among returning Israeli travelers was 84% of all those diagnosed
with NWCL. This high proportion of males is far greater than the known distribution of
Israelis visiting the tropics, which is about 50% of each gender [23]. However, all these
infections were contracted while on adventure trips in the Amazon region in Bolivia, an area
known to be endemic for Leishmania (V.) braziliensis [22,24]. We therefore cannot rule out
the possibility that female travelers are less likely to visit this region specifically or that they
take stricter precautions. Indeed, the Geosentinel report about NWCL also reported a high
rate of male travelers (72%) [22]. The additional observation we made among these patients
was assessing the rate of mucosal leishmania among those who contracted NWCL. Among
the cohort mentioned above, 11% (19/165) of travelers developed MCL. Although the rate
of MCL was higher in males (12%) vs. 4% in females, this was a non-significant difference
(Table 2). A higher rate of MCL in males was also documented in the local population [24].
Whether the lack of a clear gender difference regarding this severe complication in our
cohort is due to the small sample size or due to a real lack of difference should be further
investigated.

Among OWCL we presented two cohorts; one was the reported cases to the MOH
while the other was the house-to-house survey.

Israel is endemic for CL and all cases must be reported to the Ministry of Health
(MOH), whose database also shows males as more prone to leishmania infection, with
an incidence of 5/100,000 in males vs. 3.5/100,000 in females. We chose to carry out a
demographic survey in several areas where CL is highly endemic because it is an established
fact that there is significant under-reporting of the condition. One of these regions was
in Southern Israel (Negev) where L. major is the common species, while the other was in
Central Israel where the common species is L. tropica. A total of 608 people was screened,
and results showed that altogether there were 278 males (45.7%) and 330 females (54.2%)
infected. However, in the L. major endemic region, 49% were males and 51% were females,
while in the L. tropica endemic region 41% were males and 59% were females (Table 1).
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Multiple endemic regions of the Old World have documented CL incidence varying
between the sexes. It is argued that whether there is a sex bias, and its direction if there is,
is determined by a complex interaction between environmental, host gender, and biological
factors, and the infective Leishmania species [25–29]. Our data clearly demonstrate that the
rate of infection is relatively comparable across males and females when population-based
screening is carried out, avoiding referral and reporting biases, and or/risky travel to
endemic regions.

Patient and animal models of infection of Old-World species have both shown sex-based
differences [30]. It was estimated that CL due to L. major is more common in males [28,31],
while in some endemic areas L. tropica infection seems to be more prevalent among females,
and that males are more likely to develop viscerotropic leishmaniasis [10,27,32]. However,
the mechanisms responsible for this variability are elusive [30].

Although in animal models sex was found to be a risk factor, we did not find it in our
results. It was estimated that leishmaniasis is more common in males. However, in our
cohort when house-to-house screening was done, the rate of infection in males and females
was comparable. The reason for this difference is the avoidance of referral and reporting
biases, or/risky travel to endemic regions.

5. Conclusions

In order to check the rate of CL and MCL infections, house-to-house screening is the
preferred method. Our research in Israel demonstrates that there are no real differences be-
tween the sexes in cutaneous leishmaniasis infection rate, but infections are more frequently
seen in men, possibly due to reporting and referral bias, riskier behavior, and travel to more
remote destinations where the risk of contracting tropical diseases is higher. Men may also
be less likely to adhere to preventive measures, which increases their risk of contracting the
disease.
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Abstract: Leishmaniasis is a neglected tropical disease that seriously influences global public health.
Among all the parasitic diseases, leishmaniasis is the third most common cause of morbidity after
malaria and schistosomiasis. Circular RNAs (circRNAs) are a new type of noncoding RNAs that are
involved in the regulation of biological and developmental processes. However, there is no published
research on the function of circRNAs in leishmaniasis. This is the first study to explore the expression
profiles of circRNAs in leishmaniasis. GO and KEGG analyses were performed to determine the
potential function of the host genes of differentially expressed circRNAs. CircRNA–miRNA–mRNA
(ceRNA) regulatory network analysis and protein–protein interaction (PPI) networks were analyzed
by R software and the STRING database, respectively. A total of 4664 significant differentially
expressed circRNAs were identified and compared to those in control groups; a total of 1931 were
up-regulated and 2733 were down-regulated. The host genes of differentially expressed circRNAs
were enriched in ubiquitin-mediated proteolysis, endocytosis, the MAPK signaling pathway, renal cell
carcinoma, autophagy and the ErbB signaling pathway. Then, five hub genes (BRCA1, CREBBP, EP300,
PIK3R1, and CRK) were identified. This study provides new evidence of the change of differentially
expressed circRNAs and its potential function in leishmaniasis. These results may provide novel
insights and evidence for the diagnosis and treatment of leishmaniasis.

Keywords: leishmaniasis; circular RNA; neglected tropical diseases; zoonotic diseases

1. Introduction

Leishmaniasis, a zoonotic disease, is one of the neglected tropical diseases that can
seriously influence global public health [1]. There are three main types of leishmaniasis: vis-
ceral leishmaniasis, cutaneous leishmaniasis and mucocutaneous leishmaniasis. It is widely
distributed around the world, present in 101 countries, and is transmitted through the bite
of infected female sandflies, whose hosts are animals such as canids, rodents, marsupials,
hyraxes, and human beings [2]. Leishmaniasis is an obligate intracellular pathogen that is
mainly parasitic on host cells, and it is one of the parasitic diseases that can be dangerous
to human health [3]. Among all the parasitic diseases, leishmaniasis is the third highest
cause of morbidity after malaria and schistosomiasis in terms of disability adjusted life
years (DALYs) [4]. However, it is the second most common cause of mortality after malaria.
According to publication reports, there are 101 countries and approximately 350 million
people living in leishmaniasis-endemic areas [5]. Most leishmaniasis patients live in im-
poverished areas, which makes prevention, diagnosis, and treatment very difficult [6].
Therefore, more than 2 million people are afflicted by leishmaniasis worldwide each year,
resulting in an estimated 40,000 deaths [7]. This parasite also has a high recurrence rate;
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patients may relapse after 6–12 months despite receiving the appropriate treatment [8].
Moreover, if untreated, patients can develop multisystem disease or a secondary infection,
potentially leading to death [9]. Detecting pathogens is the traditional way to diagnose
leishmaniasis through the smear or culture tests of bone marrow aspirate [10]. However,
bone marrow aspiration is not only painful, but its protozoa density is also extremely
low, and it is easy to miss the diagnosis. In addition to this, visceral leishmaniasis has no
specific clinical symptoms; it is easy to confuse it with other diseases, especially in endemic
areas [11,12]. Therefore, it is also necessary to conduct epidemiological investigations.
Furthermore, the occurrence of minimally symptomatic and completely asymptomatic
and subclinical disease is considered an important aspect of the epidemiology of visceral
leishmaniasis, which requires clinicians to determine more epidemiological characteris-
tics of leishmaniasis [13]. Hence, it is important to research the mechanism of visceral
leishmaniasis in order to find effective diagnostic biomarkers.

Circular RNAs (circRNAs) were first discovered in RNA viruses in 1976 [14]. With the
development of high-throughput sequencing technology, thousands of circRNAs species
have been detected, and this number is still increasing. Although circRNAs are a new
type of the non-coding RNAs with covalent closed-loop structures, some circRNAs have
protein-coding potential [15,16]. He et al. first discovered that circRNAs have protein-
coding capacity in his research on the hepatitis D virus [17]. Published research shows
that the post-translation products of circRNA can participate in multiple physiological
processes in the human body, for example, preventing the linear translation product from
being degraded by ubiquitin proteases [18]. Moreover, circRNAs can competitively bind
with microRNA (miRNA) and act as a miRNA sponge, thereby affecting the regulation
of miRNA on target genes [19]. Previous research has found that when circACVR2A is
overexpressed, it can act as a sponge for miRNA-626 to regulate EYA4 gene expression
through the enhancement of cell proliferation, migration, and invasion in bladder cancer
cells [20]. Rong et al. found that has_circ_0002577 can act as an miR-197 sponge to
regulate the proliferation and invasion of endometrial cancer cells [21]. CircRNAs are
more resistant to exonuclease degradation than linear RNA. Therefore, circRNAs have
greater stability [22]. Many studies have shown that they are related to various diseases,
including cancer [23], cerebrovascular diseases [24], systemic lupus erythematosus [25] and
so on. However, there is no published study on the function and molecular mechanisms of
circRNAs in leishmaniasis.

Zoonotic diseases seriously influence human health through spillover effects from
their impact on animals and the environment [26]. In order to reduce the harm of zoonotic
diseases, this study, according to the different expressions of circRNAs in patients, finds
biomarkers of leishmaniasis. Therefore, the differentially expressed circRNAs and miRNAs
were screened by high-throughput sequencing. Furthermore, the functionals and pathways
of host genes were analyzed by gene ontology (GO) and the Kyoto Encyclopedia of Genes
and Genomes (KEGG). In addition, the correlation of all genes was performed though
protein–protein interaction (PPI) and the competing endogenous RNAs (ceRNA) network.
This study may provide assistance for leishmaniasis diagnosis and expand the horizons of
targeted gene therapy.

2. Materials and Methods

2.1. Clinical Samples

According to data from the Infectious Disease Reporting Information Management
System of the Chinese Center for Disease Control and Prevention, leishmaniasis is most
prevalent in Yangquan, China. The sera of 3 leishmaniasis patients and 3 healthy persons
(controls) were obtained from the Yangquan Center for Disease Control and Prevention.

2.2. RNA Extraction

Total RNA was extracted using TRIzol reagent (Thermo Fisher Scientific, Waltham,
MA, USA). Additionally, the concentrations of RNA samples were measured, and purity
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was determined with an ultraviolet spectrophoto-meter (NanoDrop ND-1000, NanoDrop,
Wilmington, DE, USA). RNA integrity and gDNA contamination were assessed by agarose
gel electrophoresis.

2.3. Library Construction and RNA Sequence Analysis

The RNA libraries were constructed using RNA samples with the RNA Integrity
Number (RIN) ≥ 8. Subsequently, the RNA libraries were controlled for quality by the Bio-
Analyzer 2100 system. The RNA-Seq libraries were performed in NovaSeq6000 (San Diego,
CA, USA). RNA-seq data were analyzed using the Tuxedo protocol. The reads were
aligned to GRCh38.p13 (http://asia.ensembl.org/Homo_sapiens/Info/Index (accessed on
12 March 2022)) by TopHat (version 2.1.1, Daehwan Kim and Steven Salzberg, MD, USA).
Additionally, the transcript assembly and abundance were determined using Cufflinks
(version 2.1.1, the lab of Cole Trapnell, Washington, DC, USA). circRNAs/miRNAs were
analyzed as significantly different expressions with an absolute fold change ≥ 2 and with
p < 0.05.

2.4. Screening od Differentially Expressed circRNAs and miRNAs

Differentially expressed circRNAs-/-miRNAs were determined and data were nor-
malization using R software (v4.0.3, Hadley Wickham, IA, USA). A t-test was used to
identify differentially expressed circRNAs and miRNAs with a significance level ≤ 0.05.
The differentially expressed circRNAs and miRNAs thresholds were analyzed with a fold
change ≥ 2. Moreover, the fold change and p-value were used to identify the top 10 up-and
down-regulated differentially expressed circRNAs and miRNAs in leishmaniasis patients
and local normal health persons. Volcano plots were visualized by ggplot2 in R software
(v4.0.3).

2.5. Functional and Pathway Enrichment Analyses

Gene ontology (GO) analysis was used to highlight the biological processes (BP),
molecular functions (MF), and cellular components (CC) of genes. Hence, the host genes
of differentially expressed circRNAs were analyzed for their potential function. Kyoto
Encyclopedia of Genes and Genomes (KEGG) pathway analyses were performed to find
the functional attributes of the host genes using clusterProfiler (v4.0.2, Vince Carey, Boston,
MA, USA); p < 0.05 was set as the statistically significant difference.

2.6. PPI Network Construction and Regulation ceRNA Network

The STRING database (https://string-db.org/ (accessed on 23 March 2022)), an online
biological database, can display interactions of proteins and genes. Then, the potential rela-
tionship of hosts genes and proteins for differentially expressed circRNAs was determined.
The PPI network (PPI score > 0.8) was used to accomplish this Cytoscape (version 3.6.1,
NIGMS, Bethesda, USA). The interactions between circRNAs and miRNA were identified
by TargetScan and miRanda databases. Subsequently, mRNAs were predicted through re-
sponse elements-MiRNAs by miRTarBase (version 2, Hsien-Da Huang, HongKong, China),
miRWalk (version 3, University of Heidelberg, Heidelberg, Germany), miRDB (Xiaowei
Wang, Washington University School of Medicine in St. Louis, Washington, DC, USA) and
TargetScan (version 7.1, Bartel laboratory, MA, USA) software. Finally, an endogenous
competitive ceRNA (circRNAs–miRNA–mRNA) network was constructed using Cytoscape
software, with a p value < 0.05.

3. Results

3.1. The Differential Expression of Serum circRNAs and miRNAs

According to the statistical criteria of fold change ≥ 2 and p < 0.05, a total of 4664 significant
differentially expressed circRNAs were identified compared with those in the control
groups, of which 1931 were up-regulated and 2733 were down-regulated. Stratified clus-
ter analysis showed that the circRNA expression patterns were distinguishable between
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leishmaniasis patients and healthy control group (Figure 1A), and volcano plots were used
to show the significant differentially expressed circRNAs in the leishmaniasis patients’
group (Figure 1B). The top 10 up- (Table 1) and down-regulated (Table 2) circRNAs are
listed in the tables in this paper. Under the same statistical screening conditions, there were
57 significant differentially expressed miRNAs, including 28 that were up-regulated and
29 that were down-regulated (Figure 2A,B). Similarly, the details of the top 10 up- (Table 3)
and down-regulated (Table 4) differentially expressed miRNAs are listed.

Figure 1. Differentially expressed circRNAs profiles. The heatmap (cluster analysis) was used to
detect the significant differentially expressed circRNAs (A). Red represents high expression and blue
represents low expression of circRNAs. Volcano plots were used to assess the circRNAs (B) expression
variation. The values of X- and Y-axes in the scatter plot are averaged normalized values of each
sample. Fold change ≥ 2, p < 0.05.

Table 1. The top 10 up-regulated circRNAs in Leishmaniasis patients compared to healthy con-
trol group.

circRNA ID logFC p Value Regulate Significant

chr13: 30251931_30257867 10.54691 1.03 × 10−130 up yes
chr 6: 31271073_31355592 10.32427 3.57 × 10−116 up yes

chr 13: 30280063_30283791 9.30495 4.25 × 10−67 up yes
chr 6: 29887955_29942626 8.557338 2.02 × 10−44 up yes
chr 6: 29829418_29888742 8.551388 2.84 × 10−44 up yes
chr13: 30621764_30647057 8.339884 2.45 × 10−39 up yes
chr 1: 35850157_35851053 8.100131 2.25 × 10−34 up yes

chr1: 244408712_244430099 7.772076 1.52 × 10−28 up yes
chr 7: 77083887_77098951 7.563262 2.43 × 10−25 up yes
chr 6: 3410188_3438555 7.515168 1.18 × 10−24 up yes

254



Trop. Med. Infect. Dis. 2022, 7, 176

Table 2. The top 10 down-regulated circRNAs in leishmaniasis patients compared to healthy con-
trol group.

circRNA ID logFC p Value Regulate Significant

chr 6: 32521905_32581838 −7.77687 1.49 × 10−22 down yes
chr 12: 2866393_2872244 −7.14883 7.86 × 10−16 down yes

chr17: 16034765_16040494 −7.14883 7.86 × 10−16 down yes
chr 1: 11016844_11020599 −6.89104 1.11 × 10−13 down yes
chr11: 20407911_20426865 −6.36747 3.68 × 10−10 down yes
chr17: 63666940_63685578 −6.36747 3.68 × 10−10 down yes
chr 1: 23971573_23972012 −6.17483 4.15 × 10−9 down yes

chr2: 171435083_171458075 −6.12236 7.68 × 10−9 down yes
chr1: 235812971_235833667 −6.06791 1.43 × 10−8 down yes

chr12: 102269600_102315490 −6.06791 1.43 × 10−8 down yes

Figure 2. Differentially expressed miRNAs profiles. The heatmap (cluster analysis) was used to
detect the significant differentially expressed miRNAs (A). Red represents high expression and blue
represents low expression of miRNAs. Volcano plots were used to assess the miRNAs (B) expression
variation. The values of X- and Y-axes in the scatter plot are averaged normalized values of each
sample. Fold change ≥ 2, p < 0.05.

Table 3. The top 10 up-regulated miRNAs in leishmaniasis patients compared to healthy control group.

miRNA ID logFC p Value Regulate Significant

hsa-miR-483-3p 3.906015 6.71 × 10−5 up yes
hsa-let-7b-3p 3.784429 0.000352 up yes

hsa-miR-486-3p 3.369297 0.000199 up yes
hsa-miR-16-2-3p 2.870342 1.19 × 10−7 up yes
hsa-miR-25-5p 2.467263 2.58 × 10−5 up yes
hsa-let-7d-3p 2.430329 7.36 × 10−15 up yes
hsa-miR-5100 2.400199 1.86 × 10−9 up yes

hsa-miR-6877-5p 1.977799 0.001816 up yes
hsa-miR-1260b 1.82933 6.81 × 10−6 up yes
hsa-miR-877-5p 1.79051 2.06 × 10−5 up yes
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Table 4. The top 10 down-regulated miRNAs in leishmaniasis patients compared to healthy control group.

miRNA ID logFC p Value Regulate Significant

hsa-miR-4482-5p −4.00131 0.002571 down yes
hsa-miR-411-5p −3.16776 0.001176 down yes

hsa-miR-487b-3p −2.57252 0.000307 down yes
hsa-miR-381-3p −2.47089 0.005327 down yes
hsa-miR-654-3p −2.29163 0.000147 down yes

hsa-miR-2355-3p −2.24553 0.00178 down yes
hsa-miR-382-5p −2.24167 0.001283 down yes
hsa-miR-494-3p −2.21251 0.000269 down yes
hsa-miR-1-3p −2.18407 0.000411 down yes

hsa-miR-146a-5p −2.1812 1.68 × 10−9 down yes

3.2. Functional and Pathway Enrichment Analyses

Briefly, GO analysis describes the host genes’ function and relationships between
these. The enrichment results with regard to biological processes (BP) showed that nuclear
envelope reassembly, G2/M transition of the mitotic cell cycle and microtubule cytoskele-
ton organization are involved in mitosis and other processes (Figure 3A). As for cellular
components (CC), the host genes were enriched in chromosomes, the centromeric region,
the chromosomal region and the transferase complex, as well as others (Figure 3B). Ad-
ditionally, MF analysis showed that the host genes were enriched in histone binding,
nucleoside-triphosphatase regulator activity and protein serine/threonine kinase activity,
and others (Figure 3C). Furthermore, KEGG pathway enrichment analysis was enriched in
some biological pathways, including ubiquitin-mediated proteolysis, endocytosis, MAPK
signaling pathway, renal cell carcinoma, autophagy and the ErbB signaling pathway, and
others (Figure 3D).

Figure 3. GO analysis and KEGG Pathway analysis. The target genes significantly enrich molecular
function (MF), biological process (BP) and cellular component (CC) as shown in (A–C). The target
genes significantly enrich signal pathways (D).
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3.3. PPI Network Module Analysis of Host Genes

A total of 142 nodes and 185 edges were found in down-regulated host genes with a
PPI score ≥ 0.9 and experiments ≥ 0.6 (Figure 4A). In addition, 197 nodes and 254 edges
were found in down-regulated host genes with a PPI score ≥ 0.9 and experiments ≥ 0.6
(Figure 4B). In total, the top five hub genes were calculated as hub genes using the plugin
CytoHubba: BRCA1, CREBBP, EP300, PIK3R1, and CRK.

Figure 4. PPI network analysis of host genes. (A) The host genes of up-regulated circRNAs from
the protein–protein interaction network. (B) The host genes of down-regulated circRNAs from the
protein–protein interaction network.

3.4. circRNA–miRNA–mRNA Network

The ceRNA network was built to research the relationship among circRNAs, miRNAs
and mRNAs. In total, 208 circRNAs, 52 miRNAs, 713 mRNAs, and 2034 edges had
differentially expressed profiles, as shown in Figure 5.

Figure 5. The circRNAs–miRNA–mRNA competing endogenous RNA network. Overall regulatory
networks of circRNAs, miRNAs and mRNAs containing high-score interactions. Red triangles
indicate up-regulated circRNAs, pink triangles indicate the down-regulated circRNAs, green circles
represent miRNAs, blue rectangles indicate the mRNAs and a link between the nodes indicates the
target relationship.
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4. Discussion

There is no published study on the function and molecular mechanisms of circRNAs
in leishmaniasis. This is the first study to explore the different expressions of the circRNAs
profile of leishmaniasis. In this study, a total of 4664 significant differentially expressed cir-
cRNAs were identified, which were compared with those in healthy persons through high-
throughput sequencing, of which 1931 were up-regulated and 2733 were down-regulated.
In recent years, many studies found that circRNAs have several special characteristics,
including variety, structural stability, sequence conservation and specific expression that
may play an important role in a variety of diseases [27], and participate in important
biological processes, such as: neurogenesis [28], neuronal differentiation [29], and immune
response [30,31]. Moreover, as a proto-oncogene or tumor-suppressor gene, circRNA is
closely related to the occurrence of various tumors [32]. CircNUP210L (has_circ_0014359)
influences on the miR-153/PI3K pathway to facilitate glioma cell proliferation [33]. As
for lung cancer, Zhu et al. discovered specifically expressed circRNAs, 39 of which were
up-regulated, and 20 were down-regulated [34]. They also found that has_circ_0013958 was
up-regulated in the adenocarcinoma tissue and plasma of patients through further research;
when knock down has_circ_0013958 is present, the proliferation and invasion ability of
lung adenocarcinoma cells is promoted, and apoptosis is inhibited. However, circZFR plays
the role of an oncogene by promoting the expression of CUL4B (cullin-4B) by sponging
miR-101-3p [35]. In addition, Lai et al. found that has_circ_0047905, has_circ_0138960 and
has_circRNA7690-15 are up-regulated in stomach cancer. The proliferation and invasion
of gastric cancer cells are inhibited when knocking down the three circRNAs [36]. Fur-
thermore, overexpressed circPSMC3 can inhibit the growth and proliferation of gastric
cancer cells by targeting miR-654-3p and miR-296-5p, which affect the p21and PTEN sig-
naling pathways [37]. Previous research found that the down-regulation of circTFF1 can
inhibit the occurrence of breast cancer by sponging miR-326 and increasing the expression
level of TFF1 [38]. Another study found that highly expressed circGFRA1 has a very
important relationship with the prognosis of triple-negative breast cancer [39]. Qin et al.
found that the expression of has_circ_0001649 is associated with tumor size and tumor
emboli occurrence in hepatocellular carcinoma, which also suggests that has_circ_0001649
may serve as a potential new biomarker for hepatocellular carcinoma and play an impor-
tant role in the occurrence and metastasis of hepatocellular carcinoma [40]. Furthermore,
circUSP25 (hsa_circ_0001178) can induce hepatocellular carcinoma progression by regu-
lating the miR-382/VEGFA axis [41]. However, circMALAT1 (hsa_circ_0002082) acts as a
proto-oncogene or tumor-suppressor gene, and circMALAT1 can inhibit the translation
of the tumor-suppressor gene PAX5 and also act as a sponge of miR-6887-3p, activate the
JAK/STAT3 signaling pathway and promote the self-renewal of cancer stem cells [42]. The
above research revealed that due to their characteristics, circRNAs can act as biomark-
ers in a variety of tumors. However, there is currently no research on the functions and
mechanisms of circRNAs in leishmaniasis.

Therefore, this study discovered the functions of the host genes of significant differ-
entially expressed circRNAs through GO and KEGG analyses. According to the results
of the GO enrichment analysis, the host genes may play an important role in the occur-
rence of leishmaniasis. The results of KEGG pathway analysis showed that the top five
significant signal pathways are enrich in ubiquitin-mediated proteolysis, endocytosis, the
MAPK signaling pathway, renal cell carcinoma, autophagy and the ErbB signaling pathway.
Among these five significant signaling pathways, three pathways have been shown to
be associated with leishmaniasis. Previous research found that the endocytic pathway
of Leishmania is achieved by clathrin, followed by the internalization of host hemoglobin
(Hb) via a high-affinity receptor (HbR) [43]. Kumar et al. discovered that the endocytic
pathway of Leishmania into host macrophages is through clathrin- and caveolin-mediated
endocytosis [44]. In addition, Leishmania generally affects the CD40/MAPK pathway, and
increases ERK1/2 and decreases IL-10 and IL-12 production [45]. Moreover, multiple
studies demonstrate that enhanced LC3 labeling in vitro and in vivo is evidence that all
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Leishmania can induce autophagy [46–48]. Taken together, KEGG pathway analysis reveals
the possible biological functions of these host genes of leishmaniasis.

In the present study, we also identify the five hub genes of those host genes of the PPI
network, including: BRCA1, CREBBP, EP300, PIK3R1, and CRK. According to published
literature reports, these 10 hub genes all play important roles in tumors or other diseases.
However, only EP300 has been studied in leishmaniasis. Pragya et al. found that when
Leishmania infected BMMFs, time-dependence is increased in EP300 binding to the Bcl2L12
promoter [49]. This suggests that the other four hub genes may also play important roles in
leishmaniasis infection, which needs to be further studied.

5. Conclusions

This study is the first report of circRNA in leishmaniasis, and may provide novel
insights and evidence for the diagnosis and treatment of leishmaniasis. However, these
findings are preliminary, we will conduct further research on the corresponding circRNAs.

There are also several limitations in our study, the number of high-throughput se-
quencing samples in this study was relatively small and only met the requirements for
publication. Moreover, the differentially expressed outer circular RNAs we screened require
further validation in vivo and in vitro.
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Abstract: In January 2022, West Nile virus (WNV) lineage 2 (L2) was detected in an adult female
goshawk rescued near Perugia in the region of Umbria (Italy). The animal showed neurological
symptoms and died 15 days after its recovery in a wildlife rescue center. This was the second case of
WNV infection recorded in birds in the Umbria region during the cold season, when mosquitoes, the
main WNV vectors, are usually not active. According to the National Surveillance Plan, the Umbria
region is included amongst the WNV low-risk areas. The necropsy evidenced generalized pallor of
the mucous membranes, mild splenomegaly, and cerebral edema. WNV L2 was detected in the brain,
heart, kidney, and spleen homogenate using specific RT-PCR. Subsequently, the extracted viral RNA
was sequenced. A Bayesian phylogenetic analysis performed through a maximum-likelihood tree
showed that the genome sequence clustered with the Italian strains within the European WNV strains
among the central-southern European WNV L2 clade. These results, on the one hand, confirmed that
the WNV L2 strains circulating in Italy are genetically stable and, on the other hand, evidenced a
continuous WNV circulation in Italy throughout the year. In this report case, a bird-to-bird WNV
transmission was suggested to support the virus overwintering. The potential transmission through
the oral route in a predatory bird may explain the relatively rapid spread of WNV, as well as other
flaviviruses characterized by similar transmission patterns. However, rodent-to-bird transmission
or mosquito-to-bird transmission cannot be excluded, and further research is needed to better
understand WNV transmission routes during the winter season in Italy.

Keywords: West Nile virus; flavivirus; birds of prey; overwintering; bird-to-bird transmission;
rodent-to-bird transmission; hybrid mosquitoes; surveillance

1. Introduction

West Nile virus (WNV) is a mosquito-borne flavivirus, belonging to the family Fla-
viviridae, genus Flavivirus [1]. It is part of the Japanese encephalitis serocomplex, which
includes other related viruses such as Usutu, Murray Valley encephalitis, Stratford, Alfui,
Kunjin, and Saint Louis encephalitis [2]. WNV is transmitted in nature by vector-competent
mosquitoes mainly belonging to the Culex genus [3]. Its transmission cycle involves several
bird species and orders as main-amplifier hosts and humans, equids, and other animals
as incidental, dead-end hosts [3,4]. In humans, 80% of cases are generally asymptomatic,
while in about 20% of cases, infection causes mild, flu-like symptoms known as West
Nile fever (WNF). West Nile neuro-invasive disease (WNND) occurs in less than 1% of

Trop. Med. Infect. Dis. 2022, 7, 160. https://doi.org/10.3390/tropicalmed7080160 https://www.mdpi.com/journal/tropicalmed
263



Trop. Med. Infect. Dis. 2022, 7, 160

cases, reporting WNV meningitis, encephalitis, or poliomyelitis [2,5]. Among birds, several
avian species can be infected by WNV, but corvids and raptors appear to be the most
susceptible ones, showing neurological symptoms and deaths [5]. Once infected, horses
usually do not have symptoms. In 20% of cases, they can develop clinical and neurological
forms [6], which can lead to 30–50% deaths in unvaccinated animals [5]. The severity of
symptoms has been often correlated to WNV genetic diversity [7]. Up to now, 8 lineages
have been recognized. Among them, WNV lineage 1 (WNV L1) and lineage 2 (WNV L2)
are by far the most widely spread and the most virulent, capable of causing numerous
cases worldwide [2,8,9].

Nowadays, WNV represents a serious public health concern in Europe. In the last
decades, WNV has expanded its geographical range. The number of West Nile disease
(WND) cases have been increasing in animals and humans, especially in southern, central,
and eastern Europe, where many countries have become endemic [10,11].

Italy is one of the European countries most affected by WNV circulation [12]. Since
2002, four years after the first incursion in the Tuscany region [13,14], the Italian Ministry
of Health has implemented a veterinary surveillance plan to monitor the viral introduction
and circulation of WNV in the whole country. In Italy, the WNV circulation is currently mon-
itored through an annually updated preparedness and response plan, aiming at limiting
the risk of WNV transmission to humans either by mosquitoes or by substances of human
origin. The current program, modulated on the basis of seasonality and local epidemiology,
includes national integrated human, animal (equids and birds), and entomological surveil-
lance (One Health Surveillance). Viral circulation is monitored from April to November by
testing vector-competent mosquitoes, resident birds belonging to target species (Pica pica,
Corvus corone cornix, and Garrulus glandarius) or sentinel chickens, wild birds found dead,
horses showing nervous symptoms, and humans presenting neuro-invasive disease signs.
On the basis of WNV occurrence and the eco-climatic characteristics of the territory, Italy
is divided in three areas: (1) high-risk areas, where WNV is circulating or has circulated
in at least one of the previous five years and where, therefore, episodes of infection have
been repeatedly observed; (2) low-risk areas, where WNV has circulated sporadically in
the past or has never circulated but whose eco-climatic characteristics are favorable for
viral circulation; and (3) minimum-risk areas, where WNV has never circulated and where,
given the eco-climatic characteristics of the territory, the probability of its circulation is con-
sidered as minimal (National Plan for Prevention, Surveillance, and Response to Arbovirus
2020–2025).

The Umbria region is classified as a low-risk area. WNV circulation has never been
reported, at least up to 2019, when the death of a little grebe (Tachybaptus ruficollis subsp.
ruficollis) was associated with WNV L2 infection [15].

In this report, a second clinical case associated with WNV L2 infection observed in a
northern goshawk (Accipiter gentilis) in Umbria during the winter season is described.

2. Materials and Methods

2.1. Case Report

On 4 January 2022, a female adult northern goshawk was rescued in Torgiano, a
municipality in the province of Perugia, Italy (Figure 1).

The bird was found on the roof of a private house while trying to defend itself from a
mobbing attack by crows. The noise caused by the crows attacking the stunned goshawk
attracted the homeowner, who recovered the bird and brought it to a wildlife rescue center
(WRC). The northern goshawk showed classical neurological symptoms, including stupor,
blepharospasm, and an inability to maintain a normal posture. After an initial improvement
of symptoms in which the bird restarted feeding on its own, the clinical signs suddenly
worsened, and the bird died on 19 January 2022. The necropsy evidenced a good state of
nutrition, generalized pallor of the mucous membranes, and mild splenomegaly. Cerebral
edema was also observed. The picture and video of the WNV-infected northern goshawk
are reported in Figure S1 and Video S1 (Supplementary Materials).
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Figure 1. Map of geo-localization site. The northern goshawk was found in the Torgiano municipality
(43.0893◦ N, 12.4410◦ E) in the Umbria region.

2.2. Laboratory Analyses
2.2.1. Real-Time PCR for WNV and USUV

The brain, heart, kidney, and spleen were collected, pooled, and homogenized in sterile
phosphate-buffered saline (PBS). The viral RNA was extracted from 200 μL supernatant
using Qiasymphony® DSP automatic instrumentation (Germantown, MD, USA) according
to the manufacturer instructions. The extracted RNA was then tested using one-step
quantitative reverse transcription polymerase chain reactions (qRT-PCRs) specific for USUV,
all known lineages of West Nile virus, and West Nile virus L1 and L2 [16–18].

2.2.2. Illumina and Sanger Sequencing

A WNV-positive sample was selected for Illumina and Sanger sequencing. The total
RNA was subjected to Turbo DNase treatment (Thermo Fisher Scientific, Waltham, MA,
USA) at 37 ◦C for 20 min and then purified with an RNA Clean and Concentrator-5 Kit
(Zymo Research, Irvine, CA, USA). The purified RNA was used for the assessment of the se-
quence independent single primer amplification (SISPA) protocol [19,20]. In detail, a single-
strand cDNA was obtained using reverse transcription (RT) in 20 μL reaction mixture with
5X SSIV buffer, 50 μM random hexamer FR26RV-N 50-GCCGGAGCTCTGCAGATATCNNN
NNN-30, 10 mM dNTPs mix, 100 mM DTT, 200 units SuperScript® IV Reverse Transcriptase
(Thermo Fisher Scientific, Waltham, MA, USA), and 40 U RNAse OUT RNase inhibitor
(Thermo Fisher Scientific, Waltham, MA, USA) following the manufacturer instructions.
The reaction was incubated at 23 ◦C for 10 min, 50 ◦C for 50 min, and 80 ◦C for 10 min.
To convert the single-stranded cDNA into double-stranded (ds) cDNA, 1 μL (2.5 U) 3′-5′
Klenow Polymerase (New England Biolabs, Ipswich, MA, USA) was directly added to the
reaction. The incubation was carried out at 37 ◦C for 1 h and 75 ◦C for 10 min. Next, 5 μL
of ds cDNA was amplified with a PCR master mix containing 5X Q5 reaction buffer, 10 mM
dNTPs, 40 μM random primer FR20 Rv 50 -GCCGGAGCTCTGCAGATATC-30, 0.01 U/μL
Q5® High Fidelity DNA polymerase (NEB, New England Biolabs, Ipswich, MA, USA), and
5X Q5 High Enhancer. The reaction was incubated at 98 ◦C for 10 s, 65 ◦C for 30 s, 72 ◦C
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for 3 min, and 72 ◦C for 2 min. The PCR product was purified using Expin TM PCR SV
(GeneAll Biotechnology CO., Seoul, Korea) and then quantified using a Qubit® DNA HS
Assay Kit (Thermo Fisher Scientific, Waltham, MA, USA). The sample was diluted to obtain
a concentration of 100–500 ng, then used for library preparation with an Illumina DNA
prep kit, and sequenced with a NextSeq 500 (Illumina Inc., San Diego, CA, USA) using
a NextSeq 500/550 Mid Output Reagent Cartridge v2, 300 cycles, and standard 150 bp
paired-end reads. After quality control and trimming with Trimmomatic v0.36 (Usadellab,
Düsseldorf, Germany) [21] and FastQC tool v0.11.5 (Bioinformatics Group, Babraham
Institute, Cambridge, UK) [22,23], reads were de novo assembled using SPADES v3.11.1
(Algorithmic Biology Lab, St Petersburg, Russia) [24]. The contigs obtained were analyzed
with BLASTn to identify the best match reference. Mapping of the trimmed reads was
then performed using the iVar computational tool [25] to obtain a consensus sequence. In
order to close some large gaps, the WNV-positive sample was further sequenced using the
Sanger method [26]. Briefly, the total RNA was extracted from the collected sample using
a High Pure Viral Nucleic Acid Kit (Roche Diagnostics GmbH, Roche Applied Science,
68298 Mannheim, Germany) according to the manufacturer instructions and collected in
45 μL elution buffer prewarmed at 72 ◦C. The complete WNV-coding DNA sequences
(cds) of the polyprotein precursor gene was amplified using 13 WNV primer pairs able to
amplify 13 overlapping regions of the genome (the primer sequences are available upon re-
quest). Gel-based RT-PCR was performed using a Transcriptor One-Step RT-PCR kit (Roche
Diagnostics Deutschland GmbH, Mannheim, Germany) as described by the manufacturer
instructions. The RT-PCR cycling conditions for the amplification were 50 ◦C for 15 min
and 94 ◦C for 7 min, followed by 35 cycles of denaturation at 94 ◦C for 10 s, annealing
at 57.5 ◦C for 30 s, and extension at 68 ◦C for 4 min and 30 s, followed by 1 extension
cycle performed at 68 ◦C for 7 min. The gel-based RT-PCR amplicons were purified with a
Qiaquick PCR Purification kit (Qiagen, Leipzig, Germany). The purified amplicons and the
13 WNV sequencing primers were sent to an external service, Eurofins Genomics (Eurofins
Genomics, Germany GmbH, Anzinger Str. 7a, 85560 Ebersberg, Germany), to perform
sequencing in both directions. The obtained sequences were analyzed with SeqScape v3.0
(Thermo Fisher Scientific, Waltham, MA, USA).

2.2.3. Phylogenetic Analysis

A phylogenetic analysis was conducted including 62 WNV L2 genome sequences
publicly available. Specifically, 57 complete and 5 partial genome sequences representative
of different geographic regions and identified in different hosts were downloaded from
Genbank. In addition, three sequences were added as outgroups: WNV L1 Italy 2020
(MW627239), WNV L1 France 2015 (MT863559), and Koutango virus (KOUTV) Senegal
2013 (EU082200). All 66 sequences were aligned using the MAFFT online alignment pro-
gram (https://mafft.cbrc.jp/alignment/server/, accessed on: 15 April 2022) and curated
using BioEdit v. 7.2.5.0 software (https://bioedit.software.informer.com/7.2/, Bioedit
Company, Manchester, UK, accessed on: 15 April 2022). The WNV sequence alignment and
the metadata of the WNV strains used for the present study are reported in File S1 and Table
S1, respectively (Supplementary Materials). Bayesian phylogenetic inference (BI) was per-
formed using a Bayesian Evolutionary Analysis by Sampling Tree (BEAST) software pack-
age version 2.6.3 (http://www.beast2.org/, University of Auckland, Auckland 1142, New
Zealand) [27,28]. In detail, using the interface program called Bayesian Evolutionary Analy-
sis Utility (BEAUti) included in the BEAST package, the amino acid sequence alignment was
uploaded by choosing a gamma-site model with a gamma category count of 4, as well as in-
variant sites model (GTR + Γ + I) [28]. A family of Bayesian Markov chain Monte Carlo (MCMC)
algorithms with 10 independent MCMC runs with up to 100,000,000 generations was used to
perform the inference. Using TreeAnnotator v.2.6.3 (https://www.beast2.org/treeannotator/),
trees were summarized in a maximum-clade-credibility tree with common ancestor heights
after a 10% burnin percentage [28]. Tracer v 1.7.1 (available at http://beast.bio.ed.ac.uk/Tracer,
accessed on: 16 April 2022) was used to ensure convergence during the MCMC runs. Finally,
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the FigTree v2.6.3 program (http://tree.bio.ed.ac.uk/software/) allowed the estimation of a
maximum-likelihood tree [29].

3. Results

The northern goshawk rescued in the Umbria region in January 2022 was positive for
WNV L2 (Ct 25) and turned out negative for WNV L1 and USUV.

The Illumina sequencing run produced a total of 15,763,124 reads. BLASTn analysis
was performed to identify the closest publicly available sequence in the GenBank database.
The best match (99.49%) was with the West Nile virus isolate of Nea Santa-Greece-2010
(accession no. HQ537483), and this sequence was used to perform mapping with the iVar
tool [25]. This analysis produced a consensus sequence with a horizontal coverage (HCov)
of 57% and a mean vertical coverage of 575,535, probably due to the low quality of the
RNA sample.

The large gaps were partially filled with Sanger sequencing data, and a consensus
sequence of 11.056 nt in length was obtained (HCov 91%) and published in the NCBI
database under acc. no ON032498 and the NCBI sequence name of 15935/22.

Phylogenetic analysis placed 15935/22 NCBI in the same cluster as the other central-
southern European WNV L2 sequences [30] (highlighted in pink in Figure 2) with a poste-
rior probability of 100%.

 

Figure 2. The evolutionary analysis inferred by using the maximum-likelihood method and the
general time reversible model is illustrated. The tree with the highest log-likelihood is shown. The
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percentage of trees in which the associated taxa clustered together is displayed next to the branches.
Initial trees for the heuristic search were obtained by applying the neighbor-joining method to a
matrix of pairwise distances estimated using the maximum composite likelihood (MCL) approach.
A discrete Gamma distribution was used to model evolutionary rate differences among the sites
(4 categories). The evolutionary distances were computed using the optimal GTR + Γ + I model,
with 2000 Γ-rate categories and 5000 bootstrap replications using the Shimodaira–Hasegawa (SH)
test. Ten independent MCMC runs with up to 100 million generations were performed to ensure
the convergence of the estimates. GenBank accession numbers are indicated for each strain, with
country, lineage, and year of isolation. The genome sequence ON032498 WNV L2 (HCov 91%),
obtained from the goshawk organ homogenate, is highlighted in red. The WNV L1 MW627239 (Italy
2020) and MT863559 (France 2015), and Koutango virus (KOUTV) EU082200 (Senegal 2013), chosen as
outgroups, are highlighted in blue. The new strain (ON032498) showed high genetic similarity with the
central-southern European WNV L2 clade, highlighted in pink, with a posterior probability of 100%.

4. Discussion

This study reported the second evidence of WNV L2 circulation in the Umbria region.
The current National Surveillance Plan includes Umbria amongst those areas whose eco-
climatic characteristics are favorable for viral circulation but where WNV has never or
sporadically circulated in the past (National Plan for Prevention, Surveillance, and Response
to Arbovirus 2020–2025). In fact, no WNV circulation has ever been reported in the territory,
neither in humans [31] nor in animals, before 2019, when the virus was detected for the
first time in a little grebe [15]. Interestingly, in both reported Umbrian cases, WNV was
detected in the winter months (December and January), a period when, normally, the most
common vector, Culex pipiens, is less active.

The northern goshawk (Accipiter gentilis) is a medium-sized bird of prey belonging to
the family of Accipitridae. The family also includes other diurnal raptors, such as eagles,
buzzards, and harriers [32]. With regard to WNV infection, northern goshawks have been
demonstrated to be highly susceptible. In fact, following WNV infection, severe clinical
symptoms have often been described in this species and, in general, in raptors [19,30,33,34].
The clinical signs described in this report were compatible with WNV infection. Moreover,
the absence of fractures in the bird skull excluded a possible traumatic origin of the observed
neurological disorders.

The first aspect that needs to be clarified is the time of infection: did it really occur in
winter? In this regard, the occurrence of clinical signs and the direct detection of WNV in the
goshawk organs indicates that this case was related to a recent infection. WNV infections
in periods of mosquito inactivity have been described, particularly in raptors [33,35,36].
This group of birds is, in fact, characterized by predatory habits [32] and the transmission
of WNV by the predation of infected birds has been frequently observed [33,37]. In this
reported case, it is then highly probable that the Umbrian goshawk became infected by
eating an infected bird. If, on the one hand this explanation indeed clarifies the way the
goshawk obtained the infection, on the other hand, it does not explain how the supposed
goshawk prey was still infectious in a period of mosquito inactivity. The persistence
of infectious WNV for prolonged periods in the organs of birds and, in particular, of
Passeriformes has been evidenced by many authors [35,38–42]. Persistent infection has been
defined as the detection of a virus in host tissues after viremia has subsided [43]. The
persistent, high viral loads in organs of birds and, in particular, in those belonging to
prey species might sustain WNV transmission to predators also months after mosquito
season. The recent finding of WNV L2 in a little grebe collected in the winter months in
Umbria [15] indicates that finding birds with WNV-infected organs in the winter months
is not uncommon [33,34,38,41,43]. Thus, the symptomatic goshawk found in Umbria last
January can be regarded as a case of bird-to-bird WNV oral transmission.

This transmission route has been considered as one of the possible ways of overwinter-
ing for WNV [33,34,38,41,43]. Bearing in mind that common prey of goshawks also include
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rodents and that, also, in these animals infectious WNV has been detected months after
infection [44,45], a possible rodent-to-bird transmission cannot be excluded.

Further attention should be given to the Culex pipiens complex because of its vector
role in WNV transmission [46,47]. Among this complex, the Culex pipiens (rural, mainly
ornithophilic) and Culex molestus (urban, mainly mammophilic) biotypes can interbreed,
giving birth to a hybrid form with intermediate ecological features found in a wide set of
environments and acting as a WNV bridge-vector from birds to humans [46,47]. Interest-
ingly, while Cx. pipiens are well-known to enter diapause during winter, Cx. molestus and
Cx. Pipiens–Cx. molestus hybrids actively feed all year round [46] and might, for this reason,
have been responsible for the goshawk WNV infection.

Irrespective of whether the goshawk was infected by hybrid mosquitoes or by the
predation of infected animals, WNV has indeed been circulating in the winter months.
Therefore, the second important issue to be clarified in this report is where the goshawk was
infected. According to the National Surveillance Plan, Umbria is classified as a WNV low-
risk area, while the neighboring regions (parts of Tuscany, Marche, and Lazio) are high-risk
areas (National Plan for Prevention, Surveillance, and Response to Arbovirus 2020–2025).
In most parts of Europe, the northern goshawk is a sedentary species [32,48]. In Italy, it is a
rather scarce, localized breeder, mainly present in mature forests of the Apennines and the
Alps that are especially rich in large trees and are particularly suitable for nest-building,
where its common prey are abundant (e.g., squirrels, wood pigeons, woodpeckers, corvids,
and rabbits) [32]. In January, even if it further reduces its movements, it can still keep
moving for hundreds of kilometers [32]. Because of that and in view of the fact that Umbria
has a very small surface (8.456 Km2), it is very difficult to determine whether the goshawk
became infected in Umbria or in the neighboring regions. Interestingly, during the WNV
season 2021, there was no evidence for the circulation of WNV, not only in Umbria but
also in the nearby area of central Italy [49]. The lack of WNV infection cases in high-risk
areas (Latium and Tuscany) also in wintertime [15,50], when mosquitoes are less active,
might suggest that birds have an important role in WNV overwintering. The potential
transmission through the oral route in a predatory bird might explain the relatively rapid
spread of WNV and of other similar flaviviruses, such as Tick-borne encephalitis virus
and Usutu virus (USUV) [50–52]. It has to be said that Umbria is endemic for USUV [53]
(National Plan for Prevention, Surveillance, and Response to Arbovirus 2020–2025), which
is a mosquito-borne virus that shares the same life cycle and patterns of transmissibility
with WNV [4]. If the eco-climatic conditions of Umbria are suitable for maintaining the
USUV life cycle, they should also be favorable for WNV.

Based on these features and due to recent WNV positivities detected in the territory,
the Umbria region was included among the high-risk areas in 2022 by the WNV National
Surveillance Plan (National Plan for Prevention, Surveillance, and Response to Arbovirus
2020–2025).

5. Conclusions

In conclusion, our study highlighted the circulation of WNV L2 during the winter
in Italy. Even though the reported cases remain rare during the cold season, this report
is of fundamental importance because it evidences the potential for human transmission
when veterinary active surveillance is suspended. It means that we cannot rely on the early
warning system for WNV circulation mainly provided by mosquito and bird surveillance to
prevent human infection. Further research is needed to better understand the transmission
routes and the role of overwintering birds, rodents, and mosquitoes, as well as WNV
infection per os. in WNV transmission and epidemiology in Italy. Considering the strong
WNV circulation in the Italian territory and the observed changes in the seasonal and
regional patterns of WNV, with the virus observed lately in winter times, as well as in WNV
low-risk areas, this work also highlighted the strong importance of the passive surveillance
of wildlife. This should be coupled with the implementation of a harmonized protocol for
necroscopies and biological sample collection, including gastro-intestinal contents, in order
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to obtain additional data needed to clarify the potential cause of death, especially in winter,
when the National Surveillance Plan does not include an active search for the virus.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/tropicalmed7080160/s1, Figure S1: Picture of WNV-infected
Northern goshawk; Video S1: Video of WNV-infected Northern goshawk; File S1: WNV List of
Sequence dataset; Table S1: Metadata of WNV strains used for the present study.
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Abstract: Dengue cases have been rising in recent years. In 2019 alone, over 658,301 of the 5.6 million
reported cases originated from Southeast Asia (SEA). Research has also shown detrimental outcomes
for pregnant infected women. Despite this, existing literature describing dengue’s effects on preg-
nancy in SEA is insufficient. Through this narrative review, we sought to describe dengue’s effects on
pregnancy systemically and emphasize the existing gaps in the literature. We extensively searched
various journals cited in PubMed and Ovid Medline, national clinical practice guidelines, and gov-
ernmental reports. Dengue in pregnancy increases the risk of pre-eclampsia, Dengue Hemorrhagic
Fever (DHF), fetal distress, preterm delivery, Caesarean delivery, and maternal mortality. Vertical
transmission, intrauterine growth restriction, and stillbirth are possible sequelae of dengue in fetuses.
We found that trimester-specific physiological impacts of dengue in pregnancy (to both mother and
child) and investigations and management methods demanded further research, especially in the
SEA region.

Keywords: dengue; pregnancy; Southeast Asia; trimester; physiology; investigations; management

1. Introduction

Dengue is endemic to the Southeastern geographical area of Asia (SEA), spreading
through the mosquito vector Aedes aegypti [1]. The countries included in the geographical
region of SEA include Brunei, Myanmar, Cambodia, Timor-Leste, Indonesia, Laos, Malaysia,
Philippines, Singapore, Thailand, and Vietnam [2]. Globally, the incidence of dengue
increased from 30,668,000 in 1990 to 56,879,000 in 2019 [3]. In SEA alone, there were
7,700,000 cases of dengue in 2019 [4].

Dengue cases were seen more often in females than males, with the age-standardized
incidence rate (ASIR) female-to-male ratio of 1.10 in 1990 and 1.08 in 2019 [3]. In 2019, the
ASIR per 100,000 in SEA was 1153.57, the 3rd highest after Oceania and South Asia [4].

The 15–49-year-old age group had the most significant incidence of cases, with deaths
and disability-adjusted life years (DALY) shifting from children to this age group as well.
Pregnancies occur in this age group, and with the incidence being higher in women, it
is crucial to have a clear understanding of the physiological changes in pregnancy and
the natural progression of dengue to appreciate the potential complications of dengue
in pregnancy.

There is also evidence to suggest a higher percentage of severe dengue infections
happening to pregnant women than non-pregnant women. Many pregnant women with
dengue infection may progress to have Dengue Shock Syndrome (DSS), and the mortality
rate triples in this scenario [5].

Dengue has undergone a change in classification by the World Health Organization
(WHO). In 1997, symptomatic dengue was divided into undifferentiated fever, dengue
fever (DF), and Dengue Hemorrhagic Fever (DHF). DHF was subclassified by severity
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into four grades. Grades III and IV were known as DSS. The diagnosis of DHF requires
a person to have a fever, hemorrhagic manifestation, thrombocytopenia, and evidence of
plasma leakage [6].

In addition to the signs seen in DHF, patients who develop DSS additionally have
signs of shock, hypotension, a further narrowing of pulse pressure, and an increase in
hematocrit (HCT) levels [7,8]. The difficulty in fulfilling the strict criteria of DHF led to the
introduction of new criteria in 2009.

In the new criteria, symptomatic dengue was classified as dengue without warning
signs, dengue with warning signs (DWS), and severe dengue (SD). Warning signs include
abdominal pain and tenderness, persistent vomiting, clinical fluid accumulation, mucosal
bleeding, lethargy, restlessness, liver enlargement of more than 2 cm, or laboratory findings
of increased HCT value concurrent with a rapid decrease in platelet count. SD is diagnosed
when severe plasma leakage leading to shock or respiratory distress, severe bleeding, or
severe organ involvement is present [9].

The 2009 WHO classification has less emphasis on pathophysiology and is more like a
case management tool. This posed difficulties for dengue research, and the DHF classifica-
tion continued to be used by researchers [10]. Due to limited research papers following the
new classification, this paper includes references to the older classification system.

Despite the high prevalence of dengue in SEA and potentially severe clinical impli-
cations in pregnancy, no SEA-specific review is available. Due to varying population
genetics, we endeavored to determine the effects of dengue on pregnancy, specifically in
SEA, the management options, and the differences in approaches between SEA countries,
and further highlight crucial areas for research.

In this review, we discuss the incidence of dengue in SEA, systems-based physiological
changes of dengue in pregnancy by trimester, maternal–fetal complications, and relevant
investigations and treatments. We aim to provide a concise, up-to-date resource on dengue
in pregnancy for healthcare professionals. Simultaneously, we highlight significant gaps in
the literature for future research focus.

At the time of writing, we found limited research available to extract data from
almost all review sections. Namely, those on the incidence of dengue in pregnancy in SEA,
trimester-specific and general pathophysiological changes in dengue, the use of aspirin,
preconception vaccination, and impact on the fetus demand a significant proportion of
future research.

2. Materials and Methods

Our search strategy involved using Google Scholar, PubMed, and Ovid Medline. The
latter two were utilized through searching with the following combinations of MESH key-
words: “(dengue OR dengue virus) AND (pregnant OR pregnant women) AND (Southeast
Asia).” We searched by each country in the geographical SEA (Brunei, Cambodia, Indonesia,
Laos, Malaysia, Myanmar, Philippines, Singapore, Thailand, Timor-Leste, and Vietnam).
This was used with other relevant keywords using the “OR” conjunction: dengue hemor-
rhagic fever, dengue shock syndrome, trimester, incidence, investigations, management,
monitoring, complications, vaccination, post-partum, fetal/fetal impacts, pre-eclampsia,
gestational thrombocytopenia, and gestational diabetes. For two sections, pathophysiology
(Section 4) and effect on fetus (Section 5), the data reviewed were not specific to SEA due
to the lack of availability. For these sections, the location of origin is disclosed at the start
of each section. For the rest of the areas (Management and Preconception Vaccination),
data from SEA were primarily targeted for utilization in this review. Due to limited studies
based in SEA, we also included combinations of keywords without the “(Southeast Asia)”
component. Despite broadening our search through this method, the search yield was
limited. As such, the major component of our search strategy included hand-searching
based on articles we had previously sourced.

Our inclusion criteria for journal articles included peer-reviewed papers in English,
systematic reviews, case–control trials, retrospective studies, cohort studies, and case
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reports. However, due to a lack of literature from the SEA region, information was sourced
from countries outside the SEA. Other references include textbook chapters, national clinical
practice guidelines, governmental reports, organization reports, United Nations public
health reports, and news reports pertaining to epidemiology and physiology. The data
presented in the review will state where they are extracted from for relevant areas. The
exclusion criteria were non-English articles and articles without full-text access.

We utilized EndNote x9.3.3 (Clarivate, London, UK) to organize our references.

3. Incidence of Dengue in Southeast Asia

There were 5.6 million cases of dengue reported in 2019 globally [3]. This was an
8-fold increase from 2000, when only 505,430 cases were reported. Deaths also increased
from 960 in 2000 to 4032 in 2015 [1]. Although 70% of dengue cases are from Asia, human
factors such as travel have increased the spread risk in other regions [11].

In SEA, 7,700,000 cases of dengue were reported in 2019. This is a 36.5% increase from
1990, with 4,890,000 cases [4]. Trends and incidences of each country are summarized in
Figure 1. Nonetheless, there are no available data looking at the incidence of pregnant
women with dengue in SEA.

Figure 1. Map of geographical Southeast Asia. The incidence of dengue in each country, the year the
data were collected, and the number of mortalities due to dengue [12–14].

4. Pathophysiology of Uninfected versus Infected Pregnant Women

The first trimester is defined as the period from preconception to 12 weeks, the second
trimester of pregnancy from the 13th to the 26th week of pregnancy, and the third trimester
from the 27th to the 40th week of pregnancy [15]. Post-partum is defined as the period after
the delivery of the fetus. The time frame is not well-specified, but it is generally considered
to end around 6 to 8 weeks post-birth [16].

The following tables summarize systemic pathophysiological changes by trimester in
pregnancy. Namely, the cardiovascular, endocrinological, hematological, respiratory, and
hepatobiliary systems will be discussed. Following each table, further explanation will be
given in prose. Physiological changes in thermoregulation will also be addressed.

Careful consideration should be given that the health outcomes measured in the
studies referenced may have been complicated by age differences, pre-existing morbidity,
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different Body Mass Indexes (BMI), healthcare technological advancement variation, or
environmental/external factors. Due to varying epigenetics, we attempted to target our
search by looking for the pathophysiological changes specific to women in the geographical
SEA region. However, due to the lack of research available, we have widened our search
to include other demographic data. Such data will be acknowledged in the discussion
following every table.

4.1. Cardiovascular Physiology

The cardiovascular changes in infected and uninfected mothers are described in Table 1.

Table 1. Uninfected versus dengue-infected cardiovascular changes in pregnant women.

Gestational Stage Uninfected Infected

Trimester 1 Widened pulse pressure [7].

Higher risk of pre-eclampsia and eclampsia in severe
dengue. Unclear if related to first or
second-trimester infection [5,17].
Narrowing of pulse pressure to 25 mm Hg or
less with shock [7].
Sepsis or DHF increases capillary permeability, putting
infected mothers at an even higher risk of Acute
Pulmonary Edema (APO) [7].
Decrease in plasma volume can happen secondary to
bleeding in dengue [18].

Trimester 2

Development of pre-eclampsia in susceptible women.
Diastolic BP drops more than systolic BP, causing widened
pulse pressure [7]
Mean heart rate = 75 beats per minute (bpm) [19].
Blood pressure (BP) generally reduces [20].
Progressive increase in plasma volume [21].

Effects on pre-eclampsia and pulse pressures are as above.
Refer to above for general altered physiology for dengue
in pregnant women.

Trimester 3

The mean heart rate peaks late in the third trimester. However,
it should not be >95 bpm [7].
Plasma volume increases until the 30th–34th week and then
plateaus or decreases slightly through the term [21].
BP generally increases [22]

No specific altered physiology for dengue in pregnant
women in the third trimester can be found.
Refer to above for general altered physiology for dengue
in pregnant women.

Post-partum

Two weeks post-delivery, the mother returns to a
hemodynamically same state as pre-pregnancy [23].
Maternal heart rate is fastest on the day of delivery, with a
median of 83 bpm. This decreases until Day 14 post-labor [24].
Maternal BP increases until day 5 or 6 post-delivery, reaching a
median of 121/79 mm Hg. It then decreases to normal by day
14 post-partum, reaching a median of 116/75 mm Hg [24].
Plasma volume decreases [25].

No specific altered physiology for dengue in post-partum
women can be found.

The literature for this section was taken from various countries. We heavily referenced
the Sri Lankan guidelines for dengue in pregnancy [7]. The guideline was created using
data sourced locally, from SEA, and international guidelines (WHO and Up-to-Date). Of
note, it lacked in-text citations to distinguish from where each data point was taken.

Additionally, an older classification system was used to classify dengue according to
DHF and DSS rather than newer classifications written by WHO. A SEA guideline on dengue
from Malaysia [5] is also referenced in this section. As it is not specific to pregnancy, there
is limited information on cardiovascular changes in pregnant women with dengue. For the
other articles, one from SEA includes a case report from Singapore [26]. Research based in
Asia consists of that from China [20] only. Research based on populations outside of Asia was
from Mexico [17], Spain [22], and the United Kingdom [24]. Articles [19,21,23,25,27,28] did
not consider or stratify by country of origin.

Decreasing systemic vascular resistance during pregnancy results in a disproportionate
fall in diastolic compared to systolic pressures, thus widening the pulse pressure to around
30 mm Hg. During shock, compensatory mechanisms reduce pulse pressures (7). With a fall
in oncotic pressures and pulmonary resistance, mothers are also vulnerable to developing
APO with any fluid overload or increased capillary permeability [7,27].
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Plasma volume decreases during hemorrhage. Due to cardiovascular changes during
pregnancy [18], signs of hypovolemia may not display until the later stages, endangering
both the mother and fetus [7]. Attending doctors should be aware of this possibility.

Severe dengue increases the risk of pre-eclampsia. Placental ischemia in trimester one
can occur secondary to capillary leak syndrome. As inadequate spiral artery development
leads to pre-eclampsia, concerns about pre-eclampsia development in the second trimester
may arise. With dengue, plasma leakage results from inflammatory cytokines, dengue
protein non-structural protein-1 (NS1), and inflammatory lipid mediators, increasing capil-
lary permeability [28]. Maternal compensatory mechanisms following pathological plasma
leakage and vasodilation may increase the risk of developing pre-eclampsia [26], especially
if dengue was severe (15.4%). In non-severe dengue, pre-eclampsia rates were comparable
to that of a normal pregnancy (2.9%). This could be due to the disruption of spiral artery
development, although the study does not mention whether the illness onset was in the
first trimester, so other mechanisms are possible. In addition, the sample size of this study
was small, so further research on a larger scale should be considered. If the positive asso-
ciation between dengue and pre-eclampsia is further confirmed, there may be a need for
monitoring infected mothers and prescribing aspirin [17].

Overall, there is limited evidence of cardiovascular physiological changes in infected
mothers. Available evidence notes that in infected mothers, there could be a narrowing of
pulse pressure [7], increased capillary permeability [7], increased risk of pre-eclampsia [17],
and decreased plasma volume [18] in some instances. However, the specific mechanisms
of why some of these changes happen are not further explained. Furthermore, the data
is not trimester-specific or particular to the SEA population. More research can be done
focusing on trimester-specific cardiovascular physiological changes in pregnant women
infected with dengue from the SEA region, especially regarding changes to maternal heart
rate, maternal BP, and the mechanism behind the changes.

4.2. Endocrinological Physiology

The endocrinological changes in infected and uninfected mothers are described
in Table 2.

Table 2. Uninfected versus dengue-infected endocrinological changes in pregnant women.

Gestational Stage Uninfected Infected

Trimester 1

Progesterone level increases [29].
Human chorionic gonadotropin (hCG) peaks from the 8th
to the 10th week before plateauing [30].
Relaxin increases [30].
Parathyroid hormone levels rise [31].
Prolactin levels rise [32].

There is insufficient research on pathological hormonal
changes in infected pregnant mothers.

Trimester 2

GDM can develop in susceptible women.
Increase in human Placental Lactogen (hPL) levels [33]
stimulates liver production of insulin-like growth factor
(IGF-1) [34] for glucose control [35].

• High levels of IGF-1 have an insulin-like effect [36].
However, extremely high levels are linked to insulin
resistance and could increase the risk of developing
Type 2 Diabetes Mellitus [37].

Human leukocyte antigen-G (HLA-G) increases to regulate
the immunological system [38].

• Reduced serum HLA-G increases the risk
of pre-eclampsia [39–41].

Increase in estrogen levels [42].

• Causes vasodilation of blood vessels, thus increasing
blood flow to the uterus and placenta [30].

Lack of evidence to suggest dengue increases the risk of
developing GDM [43].
No evidence was found on how dengue can affect the
hormones discussed.
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Table 2. Cont.

Gestational Stage Uninfected Infected

Trimester 3

hPL levels do not change much from the 2nd trimester [33].
Serum HLA-G levels decrease in concentration
(63.31 Units/mL), but remain higher than in
non-pregnant women [38].
Estrogen continues to increase [44].

No specific altered physiology for dengue in pregnant
women in the third trimester can be found.
Refer to above for general altered physiology for dengue in
pregnant women.

Post-partum

hPL levels decrease post-birth, becoming undetectable by
18–24 h post-birth [33].
Estrogen levels decrease after placenta removal and return
to pre-pregnancy levels by day 5 post-partum [45].

No specific altered physiology for dengue in post-partum
women can be found.

The literature for this section was sourced from various countries. From Asia, one
article took data from Asian countries broadly [46], while others used data from In-
dia [43], Sri Lanka [47], and Taiwan [36,48]. The literature on populations outside Asia
was based on people from Poland [38], the USA [33,42], Denmark [37], and Brazil [49–51].
Articles [29–32,34,35,39–41,44,45,52,53] did not consider or stratify by country of origin.
No study was based on SEA populations alone.

Placental ischemia in the first trimester can occur secondary to capillary leak syn-
drome. The resulting placental function dysregulation can alter hPL production. Concerns
about developing GDM in the second trimester may arise subsequently as hPL levels are
interlinked with GDM. GDM occurs in about 11.5% of pregnancies in Asia [46]. Currently,
there is inadequate research into changes in placental hPL production levels. Nevertheless,
extraplacental effects of dengue have been shown to cause pancreatomegaly, hyperlipemia,
and rarely pancreatitis [43] with an unclear pathophysiology. Postulations include direct
virulence on the pancreas, ischemia from DSS, secondary autoimmune reactions, or extra-
luminal edematous obstruction of the ampulla of Vater [43]. However, there is very little
evidence for dengue-induced pancreatitis leading to diabetes mellitus [52] or altering hPL
levels during pregnancy.

Progression to the critical phase is more likely to occur in females, diabetics, hyper-
tensives, kidney disease, and those with cardiovascular disease [53]. Studies have shown
that pregnancy is also a risk factor for progression to DHF/DSS [49]. A case series from
Sri Lanka showed that having GDM was associated with more severe infections such as
DHF [47]. This is consistent with studies demonstrating increased severity of illness in
Type 2 Diabetes Mellitus patients [48], especially those with poor glycemic control [50].
Dengue also aggravates damage in the diabetic pancreas, with evidence of macrophage
infiltrates [51,53]. As such, closer monitoring of at-risk individuals can significantly benefit
treatment efficacy, although further studies should confirm this.

To summarize, little evidence can be found on endocrinological changes in infected
mothers, especially regarding specific endocrine hormones. More research can be done
surrounding trimester-specific endocrinology physiological changes in dengue-infected
mothers from the SEA region, specifically looking at the possible changes to hormone levels
and the impact of dengue on GDM.
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4.3. Hematological Physiology

Hematological changes in infected and uninfected mothers are described in Table 3.

Table 3. Uninfected versus dengue-infected hematological changes in pregnant women.

Gestational Stage Uninfected Infected

Trimester 1

Lymphocyte count decreases, although leukocytosis
is present [54].
Blood volume expansion at 6–12 weeks [54].

• Fall in hemoglobin (rise in hemoglobin is
outweighed by the increase in plasma volume) [54].

Leukopenia may not be seen in infected mothers [7].
Due to physiological hemodilution during pregnancy,
hemoconcentration with plasma leakage in dengue may
be masked [55]. Therefore, a rising HCT can mean
maternal shock [7].

Trimester 2

Increased hypercoagulability, particularly in the
second trimester [20].

• Driven by an elevation of factors VII, VIII, X, von
Willebrand factor, and fibrinogen.

• Reduced sensitivity to activated protein C and
protein S [56] and increased inhibition of
fibrinolytic factors [57].

• Mechanical factors like increased abdominal
pressure on pelvic veins favor hemostasis as the
pregnancy progresses [57].

• Estrogen is also prothrombotic and increases the
risk of venous thrombosis [58].

Increased platelet count [20].
Gestational thrombocytopenia (GT) may develop in 4.4%
to 11.6% of pregnant women [59].

• GT happens as platelet counts fall below
130–150.000/ìL [60].

• It rarely drops <80 × 109/L in GT [7].
• Hemodilution from higher plasma volume,

placental consumption of platelets [61], and
possible inefficacious thrombopoietin action [62]
result in GT.

• Usually asymptomatic, with no significant
consequences from
gestational thrombocytopenia [61].

Mean white blood cell (WBC) is around
8 × 109/L [19], increased [20].
Decreased erythrocyte count [20].

Thrombocytopenia can occur in dengue [63], and a fall in
platelet counts below <80 × 109/L may suggest
plasma leakage [7].

Trimester 3

Mean WBC count approximates 9 × 109/L [19].
Leukocyte count remains like the second trimester [20].
Platelet count decreases [20].
Erythrocyte count increases from the 28th week to the
end of pregnancy [20].
Remains in a hypercoagulable state [64,65].

No specific altered physiology for dengue in pregnant
women in the third trimester can be found.
Refer to above for general altered physiology for dengue
in pregnant women.

Post-partum

Leukocyte count peaks a week post-partum and
subsequently decreases drastically at week
7 post-partum [20].
Platelet count increases after birth and peaks
a week post-partum [20].
Erythrocyte count decreases a week post-partum before
increasing again [20].
Hypercoagulable state takes approximately 4 weeks
to resolve [66].

No specific altered physiology for dengue in post-partum
women can be found.

The literature for this section was sourced from various countries. From SEA, an
Indonesian article [55] and the Malaysia guideline on dengue [5] were used. From Asia,
articles used include the Sri Lankan clinical guidelines [7] and research from China if the
population discussed was of Chinese ancestry [20,62,64]. Populations outside Asia that
were used include England [66]. Articles [7,19,54,56–61,63,65] did not consider or stratify
by country of origin. There were no studies found based on SEA exclusively.

Research on pregnant Han Chinese women reported them to be in a hypercoagulable
state. Han Chinese is the largest Chinese ethnic group in SEA [64,65]. Therefore, physio-
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logical changes in Han Chinese and SEA women may have similarities. This data is also
consistent with other sources that state that women are in a hypercoagulable state in the
second trimester [20].

Thrombocytopenia occurs due to hematopoietic stem cell inhibition and disruption of
plasma kinin systems (non-trimester specific). Consumptive coagulopathy can result due to
Disseminated Intravascular Coagulopathy (DIC) in severe dengue [63], and prothrombotic
states worsen this in pregnancy. Although uncommon, should bleeding occur, early inter-
vention (while taking caution about fluid overload) is crucial for maternal wellbeing [5].

In essence, there is limited evidence of hematological changes in infected mothers. Cur-
rent evidence suggests that in dengue-infected mothers, thrombocytopenia can occur [63],
and a rising HCT can indicate maternal shock [7]. However, leukopenia might not be
present in mothers with dengue [7]. The data found are also not trimester-specific and do
not look specifically at the physiological changes in infected SEA mothers [7]. Additional
research can be done on trimester-specific hematological changes in pregnant women with
dengue from the SEA region, looking particularly at how dengue can affect specific blood
components, dengue’s impact on coagulability state, and how dengue could further impact
mothers with GT.

4.4. Respiratory Physiology

Respiratory changes in infected and uninfected mothers are described in Table 4.

Table 4. Uninfected versus dengue-infected respiratory changes in pregnant women.

Gestational Stage Uninfected Infected

Trimester 1 Minute ventilation increases by up to 48% with higher tidal
volume and unchanged respiratory rate [67].

No specific altered physiology for dengue in pregnant
women in the first trimester can be found.
Refer below for general altered physiology for dengue
in pregnant women.

Trimester 2

Pregnancy leads to compensated respiratory alkalosis. Increased
oxygen consumption causes hypoxia susceptibility [7].
Mean respiratory rate is around 15 breaths per minute [19].
Mean partial pressure of carbon dioxide is around 32 mm Hg [19].

No trimester-specific evidence on the altered
respiratory physiology in pregnant women with
dengue was found.
The fall in oncotic pressure and pulmonary resistance
causes vulnerability to developing APO [7].
Additionally, the respiratory rate might increase [7].

Trimester 3
Continued compensated respiratory alkalosis and
oxygen consumption [7].
Respiratory rate ranges between 8–24 breathes per minute [68].

No specific altered physiology for dengue in pregnant
women in the third trimester can be found.
Refer to above for general altered physiology for
dengue in pregnant women.

Post-partum

Respiratory parameters return to normal 6–12 weeks
after labor [69].
Respiratory rate returns to pre-pregnancy levels by
2–3 days post-birth [70].

No specific altered physiology for dengue in
post-partum women can be found.

The literature for this section was sourced from various countries. From Asia, the Sri
Lankan guideline was the only Asian guideline found to be useful [7]. Articles [19,67,69,70]
did not consider or stratify by country of origin. No studies were found based exclusively
on SEA.

Overall, evidence for respiratory changes in infected mothers is lacking. Available
evidence states that infected mothers are more vulnerable to developing APO [7], and
respiratory rates might increase [7]. However, there is no evidence on how dengue affects
other respiratory parameters, such as the mean partial pressure of carbon dioxide. Data
found are also neither trimester-specific nor specific to the SEA population. Further research
is needed to examine the trimester-specific respiratory changes in pregnant dengue-infected
mothers from the SEA region.

280



Trop. Med. Infect. Dis. 2023, 8, 86

4.5. Hepatobiliary Physiology

Hepatobiliary changes in infected and uninfected mothers are described in Table 5.

Table 5. Uninfected versus dengue-infected hepatobiliary changes in pregnant women.

Gestational Stage Uninfected Infected

Trimester 1
Albumin level decreases [71].
Serum total and free bilirubin concentrations are lower in
all trimesters [71].
Serum alkaline phosphatase (ALP) activity increases [71].
Serum gamma-glutamyl transferase (GGT) activity levels
decrease slightly [71].

Maternal liver enzyme derangement [17].

Trimester 2

Trimester 3

Post-partum

Bilirubin concentration increases post-partum, returning
to pre-pregnancy levels by day 5 post-partum [72].
GGT levels should return to normal by
day 13 post-partum [72].
GGT levels initially decrease, then increase, peaking at
either day 5 or 10 post-partum [72].

The literature for this section was sourced from various countries. Articles from
populations outside Asia were taken from Mexico [17] and England [72]. Articles [71]
and [73] did not consider or stratify by country of origin. There were no studies found
based on SEA exclusively.

Dengue can cause maternal liver enzyme derangement. Alanine aminotransferase
(ALT) and aspartate transaminase (AST) become elevated [17]. When dengue targets
hepatocytes and Kupffer cells, the resultant cell death causes ALT and AST to rise. T-cell-
mediated cytotoxicity is precipitated and a brewing cytokine storm of IL-2, IL-6, TNF-α,
and IFN-γ (amongst other cytokines), further exacerbates hepatic damage [73].

In summary, some evidence suggests that dengue affects hepatobiliary physiology.
Dengue can cause derangement of ALT and AST liver enzymes [17]. However, evidence
is lacking on whether ALP, albumin, bilirubin and GGT levels are affected. Furthermore,
the data is neither trimester-specific nor SEA population specific. More research is needed
on trimester-specific hepatobiliary physiological changes in dengue-infected pregnant
women from the SEA region, including looking specifically at changes to the ALP, albumin,
bilirubin, and GGT.

4.6. Thermoregulatory Physiology

Thermoregulatory changes in infected and uninfected mothers are described in Table 6.

Table 6. Uninfected versus dengue-infected thermoregulatory changes in pregnant women.

Gestational Stage Uninfected Infected

Trimester 1 Core body temperature increases a few tenths of a degree [74].

Dengue causes an increase in body temperature [1].
No trimester-specific data was found.

Trimester 2 Mean body temperature decreases from the first trimester [74]
to around 36.9 degrees Celsius [19].

Trimester 3 Body temperature decreases from the second trimester [74] and
ranges between 35.37 to 37.35 degrees Celsius [68].

Post-partum Core body temperature remains below pre-pregnancy levels
until 3 months post-partum [74].

The literature was sourced from various countries. Articles using populations outside
Asia include data from the United Kingdom [68] and Norway [74]. Articles [1,19] did
not consider or stratify by country of origin. There were no studies found based on
SEA exclusively.

The relatively significant increase in estradiol and progesterone in the first trimester,
followed by higher estradiol and low progesterone, explains the temperature change.
Estradiol causes peripheral vasodilation, which in turn dissipates heat [74].
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In essence, the evidence on thermoregulatory physiological changes in infected moth-
ers is neither trimester-specific nor specific to SEA.

4.7. Others

The Malaysia guidelines for pregnancy also note an increased risk of dengue en-
cephalopathy in severe dengue. It is not specific to any trimester of pregnancy [5]. The
pathogenesis behind this complication includes hepatic encephalopathy, cerebral hypop-
erfusion in DSS, increased vascular permeability causing cerebral edema, electrolyte im-
balance, and intracranial bleeding, which leads to thrombocytopenia or coagulopathy.
However, the exact reason why pregnant women have an increased risk of dengue en-
cephalopathy is still unanswered, with researchers questioning whether it is due to the
immune-tolerant state of pregnancy [75].

5. Impact on Fetus

5.1. Vertical Transmission

Although vertical transmission of dengue can happen [5,76], it is rare [77], especially if
mothers are asymptomatic [5]. However, a study involving 54 participants in French Guiana
reported vertical transmission in about 18.5–22.7%. Dengue is detected by IgM or viruses
in the placental, cord or peripheral blood of the newborn. The rate of transmission is higher
in the third trimester [78]. Perinatally, dengue is transmitted through the placenta [79].
New evidence suggest that the virus may also be transmitted by breast milk [80]. Clinical
presentations of the vertical transmission of dengue in neonates can range from mild (fever)
to severe (DHF, DSS, death), where symptoms of fever and rash are most common, followed
by hepatomegaly, thrombocytopenia, and DHF.

In a Malaysian study, 63 pregnant women were dengue-specific IgM positive with
a vertical transmission rate of 1.6%. Preterm birth rates, low birth weight, and adverse
neonatal outcomes were no different from IgM-negative women [81].

The literature for this section was sourced from various countries. From Asia, data
from Sri Lanka [77] and Malaysia [5,81] was used. Articles using populations outside
Asia used data from French Guiana [82], West Africa [78], Brazil [79], and Polynesia [80].
Article [76] did not consider or stratify by country of origin.

5.2. Fetal Malformation

There is no link between dengue with fetal malformations [5,17]. During the first
trimester, vertical transmission may raise concerns about defects in organogenesis. Early
studies on dengue have concluded that dengue does not cause birth defects [83] or
abortions [84]. In addition, no long-term complications are implicated, with the normal
development of infants [83]. Another research article also notes that fever during preg-
nancy adversely affects offspring health, with a 1.5- to nearly three-fold increased risk of
developing neural tube defects, congenital heart defects, and oral clefts with maternal fever
in the first trimester. Although not dose-dependent, there was some evidence that using
antipyretic medications during febrile episodes may have protective effects. Nonetheless,
congenital abnormalities in the offspring of women who had dengue in the first trimester
may be caused by pyrexia and not be virus-related [85].

The research here was sourced from SEA regions such as Thailand [83], Asian countries
such as China [84], and countries outside Asia such as Mexico [17].

5.3. Neurodevelopmental Disorder

The risk of neurodevelopmental disorder (NDD) in offspring exposed to maternal
fever during pregnancy is increased with an Odds Ratio (OR) of 1.24 [95% CI: 1.12–1.38].
Further, if fever occurred during the first trimester, the risk for NDD increased with an OR
of 1.13 [95% CI:1.02–1.26] [86].
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5.4. Fetal Growth Restriction

Placental ischemia can affect fetal growth. A descriptive Brazilian study proposes
that due to capillary leak syndrome and capillary permeability, inadequate vascular
supply to the fetus leads to hypoxic injury (loss of trophoblastic epithelia, edema in
villous stroma, chorangiosis, infarction), in addition to inflammatory damage (villitis,
deciduitis, choriodeciduitis) [87].

Low birth weight is the most common negative impact on the fetus with dengue
during pregnancy, according to a French Guiana study [88]. Brazilian data showed DHF
doubles the risk of low birth weight, while mild disease increases the risk by 20%. A
Thailand study and the Malaysian guidelines on dengue corroborated the higher chances
of low birth weight [5,83]. However, other studies showed that dengue does not increase
the risk of intrauterine growth restriction (IUGR) [84]. It can be inferred that hypoxia is
sufficient to reduce growth rates, but insufficient to lead to IUGR.

5.5. Stillbirth

There are a few reported cases of dengue causing fetal death after vertical virus trans-
mission [89]. The study done in French Guiana suggested that the risk of stillbirth increases
when the mother has symptomatic dengue infection [88], while another in Thailand showed
a higher risk of stillbirth [83]. The Malaysian Guidelines also note the relationship between
dengue and fetal death [5].

After 20 weeks of gestation, monitoring for fetal distress can be helpful. In addition to
determining fetal status, it may be the first indication of maternal plasma leakage [7]. Fetal
tachycardia is observed with fetal hypoxia. Overall, it also stands out that there is a lack of
trimester-specific fetal impact, as most research focused on fetal outcomes cumulatively for
all trimesters.

5.6. Fetal Distress, Delivery, and Maternal Mortality

In an Indonesian study of 41 participants with confirmed dengue during pregnancy,
women with secondary infections had more adverse maternal and neonatal outcomes. This
included five maternal deaths [90].

Another study done in Mexico suggested that severe dengue increases the risk of fetal
distress, cesarean delivery, and maternal mortality in the third trimester of pregnancy [17].
The Thailand guideline that looks at the effect of dengue infection in pregnancy also concurs
with the above findings [91].

However, a Thailand study compared 48 pregnant women with dengue to 500 preg-
nant women without dengue. It concluded that there was no increased risk of adverse
neonatal outcomes or maternal mortality [92].

According to the Malaysian guidelines, pregnant women who have spontaneous
vaginal delivery while having dengue do not have an increased risk of adverse outcomes.
However, infection during labor increases the chances of needing surgical intervention.
If that was the case, surgical interventions such as cesarean section and assisted vaginal
delivery would increase the risk of bleeding. An infection during labor would also increase
the risk of fetal distress [5].

This discrepancy in outcomes shows that more research is needed before a more defini-
tive conclusion can be made on whether dengue affects neonatal and maternal outcomes.

5.7. Miscarriage and Preterm Delivery

In Laos, 76 women with confirmed dengue were studied. Six had miscarriages, and
nine had preterm births. One participant with severe dengue died [93]. In the Indonesian
study of 41 participants mentioned above, one progressed to term, while the other had a
miscarriage. Seven women delivered prematurely [90].

In another descriptive study in Brazil, alarmingly, all patients with dengue in the first
trimester had miscarriages, possibly due to inflammatory placental changes, as mentioned
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earlier [87]. This is concurred by the Malaysian guidelines, which state that first-trimester
infections are associated with miscarriages [5].

In the Thailand study described above, there was a two-fold increased risk of preterm
labor. This indicates a possible link between dengue and miscarriage/preterm delivery [92].
The Malaysian guidelines also note the association between infections in the third trimester
and preterm birth [5]. At the same time, the Thailand guidelines state a possible link
between dengue and premature uterine contractions [91].

DHF increases the risk of preterm delivery by 10%, according to Thai and Mexican
studies [83,94]. This is especially so if the patient is in the critical phase of DHF. If possible,
the delivery should be delayed using tocolytic drugs until the plasma leakage is resolved [7].
Steroids usually used to speed up fetal lung development in preterm delivery [95] can
still be used. However, there is insufficient evidence to prove the use of steroids in the
treatment of dengue [96].

Sources [95] and [96] did not consider or stratify by country of origin.

5.8. Placental Abruption and Hemorrhage

Placental abruptions can happen any time after 20 weeks of pregnancy [97]. Indonesia
reported the only placental abruption occurring at 35 weeks of gestation due to DHF [98].

According to the Thailand guidelines, dengue can increase the risk of intrapartum and
post-partum hemorrhage [91]. Medical teams should consider how this could impact the
management of pregnancy and delivery of infected pregnant women.

6. Management

Despite the severe implications of dengue in pregnancy and its increasing prevalence
in SEA, data on its management in SEA are scarce, restricting any discourse. There are five
guidelines discussing the management of dengue from SEA. They are from Malaysia [5],
Singapore [99], the Philippines [100], Myanmar [101], and Thailand [91].

6.1. Investigations

In SEA, guidelines on dengue are available from Myanmar [101], the Philippines [100],
Thailand [91], Malaysia [5], and Singapore [99]. Investigations recommended by the five
countries vary slightly. All guidelines described the general investigations done for adults
with dengue. Only the Myanmar [101] and the Philippines [100] guidelines outlined the
investigations essential to pregnant individuals. The guidelines from the Philippines [100]
and Singapore [99] lacked information on recommended investigations for follow-up.
Thailand’s [91] guidelines were brief and failed to mention the initial and follow-up tests
that should be done. The dengue guidelines from Brunei, Indonesia, Laos, Timor-Leste, and
Vietnam were unavailable, while the Cambodian guidelines were inaccessible. Therefore,
in this section, we consolidated the available guidelines in Table 7. Information in the table
is applicable for dengue in adults unless specified.

The collated information in Table 7 shows that the investigations recommended are
relatively similar. Where an initial assessment was mentioned in the guidelines, an FBC
including HCT is recommended, and dengue IgM/IgG tests are also generally listed as a
diagnostic tool.

Nonetheless, several guidelines still have gaps in the investigation section. This is
especially so in the required follow-up investigations. It is essential to highlight that
the guidelines were mostly investigations for adults suspected of having dengue and not
pregnancy specific. Myanmar [101] and the Philippines [100] are the only two countries that
mentioned investigations that should be done on pregnant women. Myanmar’s guidelines
stated that FBC needs to be repeated daily once the pregnant woman is admitted [101],
while the Philippines guidelines said that FBC is essential in a pregnant woman [100]. These
guidelines, however, do not adequately address the need for additional pregnancy specific
investigations, like a biophysical profile or cardiotocography, to assess fetal wellbeing.

284



Trop. Med. Infect. Dis. 2023, 8, 86

Table 7. Comparison of investigations recommended by dengue guidelines from Myanmar [101], the
Philippines [100], Malaysia [5], Thailand [91], and Singapore [99].

Country Initial Assessment Diagnostics Follow-Up

M
ya

nm
ar

Baseline Full Blood Count (FBC), including HCT

• In the presence of leukopenia and/or
thrombocytopenia and with signs of
dengue should be sent for a
medical consultation.

• Changes to baseline parameters should be
noted as early as possible

• If HCT is unavailable, multiply
hemoglobin by 3 for an estimate of HCT.

Other tests to consider: Blood glucose, serum
electrolytes, calcium, urea, creatine, bicarbonate,
coagulation profile, liver function tests

Dengue NS1 test
Dengue IgM test

• Recommended from day 5
• Highly suggestive of dengue: Positive in a

single serum sample:
• Confirmed dengue: IgM seroconversion in

paired sera

Dengue IgG test

• Recommended from day 5
• Highly suggestive of dengue: Positive in a

single serum sample with hemagglutination
inhibition of more than or equal to 1280:

• Confirmed dengue: IgG seroconversion in
paired sera or fourfold IgG titre increase in
paired sera

Duo test (NS1 Ag + IgM/IgG)

• Recommended from day 4
• As a duo test, the sensitivity may

increase to >90%

Dengue Polymerase Chain Reaction (PCR)

• Confirmed: Positive

Dengue Virus culture

• Confirmed: Positive

FBC

• Monitor for signs of
DHF—leukopenia,
thrombocytopenia, and a rising HCT

• FBC Checked daily in pregnant
women admitted to the hospital

Ph
ili

pp
in

es

History
Physical examination

• Signs of ascites, tourniquet test, signs of
rash and bleedings, hemodynamic status,
signs of respiratory distress

Investigations: FBC, including HCT (essential in
pregnant women)

Viral culture isolation

Dengue PCR

Diagnostic tests are not necessary for
acute management.

Not Applicable (N/A)

M
al

ay
si

a

Baseline FBC (including HCT) for all patients
suspected of having dengue. (As per point 1 of
Myanmar guideline)

Other tests to consider performing include liver
function test, renal profile, coagulation profile,
lactate, blood gases, troponin, and
creatine kinase.

Rapid Combo Test (RCT)

• Analyzes the presence or absence of dengue NS1
Antigen, dengue IgM and IgG antibodies

NS1

• Antigen detection test for NS1 antigen is
necessary for virus viability.

Dengue IgM test

• IgM enzyme-linked immunosorbent
assay (ELISA)

• More helpful in picking up primary infections
compared to secondary infections

Dengue IgG test

• IgG ELISA
• Detected 7 days after onset of Fever
• Repeat is recommended if dengue IgM is still

negative after day 7 and the initial IgG test
showed a negative result.

• Useful in differentiating primary and secondary
dengue infections

Dengue Viral RNA Detection (RT-PCR)

• Only useful during the viremic stage
• Detects viral RNA up to 5 days after

symptom onset
• Detects dengue serotype

Dengue Virus Isolation/Culture

• Only carried out for research, surveillance, and
genotyping purposes

Serial FBC to monitor disease progression

Th
ai

la
nd

N/A
Dengue PCR
Dengue NS1
Dengue IgM/IgG test

N/A

Si
ng

ap
or

e FBC (including HCT). (As per point 1 of
Myanmar guideline)
Liver Function Tests
Monitor for elevated transaminases (AST is
normally more elevated than ALT)

Dengue IgM

• As per the Myanmar guidelines

Dengue IgG

• As per the Myanmar guidelines

Dengue PCR

• To be done within 5 days of onset of symptoms

N/A
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Regarding the initial assessment, all guidelines apart from Thailand [91] stated FBC, in-
cluding HCT, as their investigation of choice. Myanmar [101], Malaysia [5], and Singapore [99]
guidelines also mentioned other baseline investigations. The Philippines was the only
country that specified history and examinations that should be done to help rule in/out
the diagnosis of dengue [100]. Thailand’s guidelines failed to mention the initial investi-
gations that should be carried out [91]. While FBC, including HCT, may be adequate in a
general adult, medical teams should consider the need for a further initial assessment in
pregnant individuals.

All five guidelines mentioned the investigations used for diagnosing dengue. How-
ever, as previously mentioned, they are not pregnancy specific and vary slightly between
countries. Dengue PCR is the only investigation recommended by all five countries. There
are also differences in opinions on when the dengue IgG test should be done, with Myanmar
recommending it from day 5 [101], while Malaysia recommends it from day 7 [5]. Although
test sensitivity in the different labs might be a reason for the difference, further exploration
to determine the day might be helpful. Diagnostic tools for dengue are available, but one
specific for dengue in pregnant women is unavailable.

Follow-up investigations that are required for pregnant women with dengue are
lacking. Only the Malaysian and Myanmar guidelines mentioned the necessary follow-up
investigations, and only FBC was listed [5,101]. All the guidelines require a more in-depth
list of follow-up investigations to assist medical teams in managing pregnant women
with dengue.

The dengue guidelines available from SEA were not pregnancy specific. Important
differential diagnoses such as HELLP (hemolysis, elevated liver enzymes, and thrombocy-
topenia) syndrome in patients with pre-eclampsia were not discussed.

6.2. Treatment

Approaches to dengue in pregnancy vary in the clinical practice guidelines of SEA
countries. The guidelines found (Myanmar, Philippines, Malaysia, and Thailand) described
general adult management of dengue based on various phases of the disease. Special
considerations for pregnant individuals were subsequently described. The guideline from
Singapore was brief and did not consider pregnancy status. Similarly, Thailand guidelines
had limited information about dengue management and even less about dengue during
pregnancy. Some SEA countries had no guidelines available online (Brunei, Indonesia,
Laos, Timor-Leste, and Vietnam) or required permission to view (Cambodia). For this
section, we will consolidate the guidelines specific to dengue in pregnancy, and a summary
table is shown below (Table 8).

Table 8. Data from SEA countries with pregnancy-specific information.

Malaysia [5] Thailand [91] Myanmar [101] Singapore [99] Philippines [100]
Pathophysiology N/A N/A
Investigations
Management
Complications N/A N/A

Links

https://www.moh.gov.
my/moh/resources/p
enerbitan/GUIDELIN
E/GUIDELINE%20De
ngue%20Infection%20P
DF%20Final.pdf

https://www.tm.mahid
ol.ac.th/seameo/2015-4
6-1-suppl/c7Annexp16
9-181.pdf

https://www.mmacen
tral.org/wp-content/up
loads/2022/06/Nation
al-Guideline-for-Clinica
l-Management-of-Deng
ue-2021.pdf

https://www.ncid.sg/
Health-Professionals/D
iseases-and-Conditions
/Pages/Dengue.aspx

https://pcp.org.ph/i
mages/PSBIM/PSBIM_
Local_Guidelines_2019/
RevisedDengueClinica
lCaseManagementGui
delines2011-DOH.pdf

Access Date 2 December 2021 9 December 2022 9 December 2022 9 December 2022 9 December 2022

Legend: Pregnancy specific data. Absence of pregnancy specific data. Mixed data (standard dengue
management with some evaluation for pregnancy). “N/A” refers to “Not Applicable.” Guidelines from Brunei,
Indonesia, Laos, Timor-Leste, Vietnam, and Cambodia were not assessed.

Myanmar’s and the Philippines’ guidelines bear similarities. They designated preg-
nancy as one of the many indications for in-hospital management, then detailed how the
latter should be done. As such, although these guidelines contain the highest quantity
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of relevant data amongst SEA countries, the management was not specific to dengue
in pregnancy. Table 8 summarizes which SEA countries considered pregnancy-specific
information in their guidelines and provides links to each guideline.

A comparison of guidelines from SEA is described in Table 9.
From Table 9, it can be inferred that the guidelines bear some similarities. Some

examples include higher precaution levels, monitoring parameters, transfusion guidelines,
and reduction of traumatic procedures peripartum.

However, many of the guidelines require more management information. This is espe-
cially so for dengue and its various phases, and dengue in the pregnant state. While some
guidelines appear to fill the gaps of other guidelines, most of the data are not pregnancy-
specific. As mentioned earlier, the guidelines from Myanmar and the Philippines [100,101]
merely stated pregnancy as one of the indications in an overall management flow without
differentiating management for DHF, DSS, or progression of complications in pregnancy.
For instance, the Philippines guidelines provide extensive detail about fluid manage-
ment, but do not consider the hypervolemic state in pregnancy [100]. Fluid management
not tailored to pregnancy could overcorrect and cause fluid overload, resulting in acute
pulmonary edema [7,27]. Pregnancy-specific comorbidities such as pre-eclampsia and
gestational diabetes were not considered. Although the Myanmar guidelines did mention
lower platelet levels in pregnancy, gestational thrombocytopenia was not addressed. The
Myanmar guidelines were also the only ones to describe physiological changes to vital
signs in pregnancy.

Additionally, all the guidelines had neither trimester-specific information nor fetal
surveillance advice.

Lastly, only the Myanmar and the Philippines guidelines considered the 2009 WHO
classification of dengue (DWS, SD) and stratified management based on this. The Myanmar
guidelines included DHF and DSS management, while the Philippines guidelines were
entirely based on the 2009 classification. As opposed to the Malaysia guidelines, the Myan-
mar and Philippines guidelines do not mention the management of organ impairment that
can occur in SD. The Malaysia, Thailand, and Singapore guidelines outlined management
based on older classifications (DHF, DSS).

No guidelines specific to dengue in pregnancy were available in the SEA region.
However, Sri Lankan guidelines (South Asia) have extensive details on dengue in pregnancy
and can be helpful as a reference [7].

Ongoing Use of Aspirin

For the use of aspirin, the literature was taken from various populations. From Asia,
the Sri Lankan [7] and Indian guidelines [102] were used. Articles [103–105] did not
consider or stratify by country of origin.

Patients with a history of pre-eclampsia or antiphospholipid syndrome may already
be on prophylactic low-dose aspirin therapy, which without dengue has low risks of
bleeding [103]. Low-dose aspirin is an irreversible Cyclooxygenase-1 inhibitor with an
antiplatelet effect via thromboxane-A2 [104]. This may potentiate the increased risk of
bleeding from dengue.

For those at risk of pre-eclampsia and its complications (such as pulmonary embolism
or IUGR), 75–150 mg aspirin is given orally once daily from 12–16 weeks of gestation until
delivery [105]. Ongoing use of aspirin can precipitate bleeding [7] and should be withheld if
infected with dengue, as it can worsen thrombocytopenia [102]. However, further research
is needed to investigate the benefits and costs of using antiplatelet therapy.
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Overall, investigations and management depend on the resources the hospital has
access to and may differ across geographical locations. However, the principles of man-
agement (early suspicion of dengue, early monitoring for complications, managing fluid
and aspirin use) remain unchanged. Aside from the Sri Lankan guidelines, there is a lack
of available management guidelines and evidence about maternal aspirin use in dengue,
suggesting a need for an increased focus on managing dengue in pregnancy, especially in
endemic SEA countries.

7. Preconception Vaccination

For preconception vaccination, the literature was taken from various populations.
From SEA, a Malaysian study [106], a Singaporean study [107], and a Vietnamese study [108]
were used. Articles [109–111] did not consider or stratify by country of origin.

With pregnant women having poorer outcomes in dengue, is there a role for precon-
ception vaccination?

Dengvaxia® (CYD-TDV), the only licensed dengue vaccine globally, is a live attenuated
tetravalent vaccine that can improve immunity against all dengue virus serotypes only for
seropositive (70% or higher seroprevalence) individuals in endemic areas.

It is contraindicated in seronegative individuals as it can precipitate poorer outcomes
than in the unvaccinated [109]. WHO cautions against Dengvaxia in pregnant or lactating
women as there is inadequate research. A small sample size study showed no increase in
adverse pregnancy outcomes following the Dengvaxia administration [110]. This finding is
consistent with a Malaysian study where seropositive mothers (secondary to infections)
tend to transfer IgG cross-placenta without adverse effects on fetuses [106].

A study on mice based in Singapore found that vaccinated pregnant mice are likely
to vertically transfer maternal strain-specific antibodies to their offspring for the first few
months post-partum. More significantly, the offspring also developed a strong cross-
reactive immunoprotective CD8 T cell response that suppressed viral replication. However,
they were still susceptible to Antibody Dependent Enhancement (ADE) of infection with
heterologous strain infections, causing severe disease [107]. This occurs in secondary
infections when antibody–antigen complexes do not neutralize viruses, but facilitate further
adsorption into host leukocytes, precipitating higher viral loads [111]. Further research on
Vietnamese infants showed that declining maternal IgG to critical levels can lead to ADE
and that DHF was likely only to be present in infants if the mothers are seropositive [108].
Further preconception studies are needed to confirm the fetal impact.

Overall, preconception vaccination is not recommended due to a lack of data. For
seronegative individuals, maternal antibodies confer immunity to infants through antibody
transfer. However, this is short-term and could cause infant predisposition to ADE. Even
though there has been no reported adverse neonatal impact from seropositive individu-
als, there is still insufficient information on vaccination safety. The idea of seropositive
preconception vaccination has yet to be explored by research. As there is limited Asian
population-based research on preconception vaccination, further studies must be done to
investigate the precise cost–benefit ratios.

8. Areas for Improvement

This review highlights specific areas for further research.
For epidemiology, the incidence of dengue in pregnant women in SEA is unknown.

Regarding physiology, research on infected pregnant women is lacking for all the systems
discussed, especially trimester-specific and SEA-specific information. For the cardiovas-
cular system, the mechanisms of physiological changes in infection and trimester-specific
pathological effects on vital signs in infection require further research. Future research
should focus on gestational BP due to the higher pre-eclampsia risk in severe dengue,
especially in SEA women. For the endocrinological system, no data was available detailing
dengue’s impact on various hormone levels. More importantly, there was inadequate evi-
dence on the effect of dengue on GDM risk. For hematology, there is insufficient trimester-
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specific data about how dengue affects various blood components, the coagulability state,
and the effects on GT. This is important, as they provide parameters for measuring the
baseline and scoring severity. Specifically, the effects on GT are crucial due to implications
on hemorrhagic risks. Pertaining to hepatobiliary physiology, there is a lack of evidence on
changes to ALP, albumin, bilirubin, and GGT levels. In terms of respiratory physiology,
more research is needed to determine how dengue affects respiratory parameters, such as
the mean partial pressure of carbon dioxide, for baseline and severity scoring.

In terms of management, some SEA guidelines did not consider pregnancy status
extensively, if at all. None of the SEA guidelines were wholly pregnancy-specific. Although
the various guidelines fill each other’s gaps, cross referencing may not be applicable due to
variability in consideration of pregnancy status. The management of pregnancy complica-
tions in dengue-infected mothers, such as pre-eclampsia, gestational thrombocytopenia, or
gestational diabetes, was not explicitly covered. SEA guidelines that were utilized either
did not stratify management by the 2009 WHO guidelines’ classification of dengue (DWS,
SD) or had incomplete information (failure to explain appropriate care in SD with organ
failure). Additionally, insufficient research into the outcomes and indications for aspirin
cessation in pregnant mothers with pre-eclampsia risks restricts management guidelines.

Moreover, preconception vaccination’s maternal and fetal outcomes, especially for
pregnant seropositive women in SEA, require further research as no data are available.
Regarding fetal complications, there is a lack of trimester-specific effects of DHF and
DSS (most articles displayed fetal outcomes cumulatively for all trimesters). Additionally,
trimester-specific effects on fetal platelet counts need further research.

Further, insufficient information is available to guide the management of aspirin use
for pre-eclampsia in the setting of the hemorrhagic risk of dengue. While the current
treatment method is aspirin cessation, perhaps titration to lower doses can achieve optimal
therapeutic benefits for the patient. There is also inadequate research on preconception
vaccination available to conclude the vaccination benefits versus costs for seropositive
and seronegative pregnant women, much less SEA-based conclusions. There is a need to
investigate the protective effects versus the ADE risk for vaccination of mothers.

Lastly, larger sample size studies are needed to reduce sampling errors.

9. Conclusions

The physiological cardiovascular, respiratory, hematological, and endocrine changes
in an infected pregnant woman that are necessary for an uncomplicated pregnancy and
birth can be altered, leading to complications such as placental abruption, preterm delivery,
low birth weight, and stillbirth. Investigation and management of dengue fever in pregnant
women are mostly like those of non-pregnant individuals. Management requires early
suspicion of dengue, serology tests, managing fluid status and hemodynamic status, and
preparing for progression to critical phases. Without adequate management, DHF or DSS
can lead to bleeding, multi-organ failure, fetal distress, and predisposal to miscarriages,
especially in the first trimester.

The fetus can be adversely affected through direct vertical transmission or secondary
to complications of maternal infection. Although dengue in the fetus does not cause
long-term complications, monitoring vertical transmission via infant serum serology is
recommended. Therefore, the monitoring of fetal wellbeing in pregnant women with
dengue should be considered.

In general, there is a lack of research on dengue in pregnancy, especially in SEA.
Thus, reviewing investigation and management guidelines for dengue-infected women
in different stages of pregnancy has significant restrictions. We recommend a substantial
increase in research on the areas listed above. More data on various aspects of dengue
in pregnancy, such as pathophysiological changes, response to the disease processes, and
management in SEA women, needs to be explored.

Our review had some limitations. The most relevant limitation is the unavailability
of literature based on SEA, necessitating the utility of data from other populations. The
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literature available also did not utilize WHO guidelines classification of dengue into DWS
and SD. Hence, this review was based on the older classification of dengue. Additionally,
the Sri Lankan study referenced in this review did not have in-text citations to support
their data points, and their bibliography included data from non-native populations.
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ABG Arterial Blood Gas
ADE Antibody Dependent Enhancement
ALP Alkaline Phosphatase
ALT Alanine Transaminase
APO Acute Pulmonary Edema
ASIR Age-Standardized Incidence Rate
AST Aspartate Aminotransferase
BMI Body Mass Index
BP Blood Pressure
Bpm Beats per minute
CYD-TDV Dengvaxia
DALY Disability-Adjusted Life Years
DHF Dengue Hemorrhagic Fever
DIC to Disseminated Intravascular Coagulopathy
DSS Dengue Shock Syndrome
DWS Dengue with Warning Signs
ELISA Enzyme-Linked Immunosorbent Assay
FBC Full Blood Count
GDM Gestational Diabetes Mellitus
GGT Gamma-glutamyl Transferase
GT Gestational Thrombocytopenia
hCG Human Chorionic Gonadotropin
HCT Hematocrit
HELLP Hemolysis, Elevated Liver enzymes, Low Platelets
HLA-G Human Leukocyte Antigen G
hPL Human Placental Lactogen
IUGR Intrauterine Growth Restriction
IV Intravenous
N/A Not Applicable
NDD Neurodevelopmental Disorder
NS1 Non-Structural Protein 1
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PCR Polymerase Chain Reaction
PRBC Packed Red Blood Cells
RCT Rapid Combo Test
SD Severe Dengue
SEA Southeast Asia
WBC White Blood Cell count
WHO World Health Organisation
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Abstract: Since the outbreak of COVID-19 was decreed by the World Health Organization as a public
health emergency of worldwide concern, the epidemic has drawn attention from all around the world.
The disease has since spread globally in developed and developing countries. The African continent
has not been spared from the pandemic; however, the low number of cases in Africa compared to
developed countries has brought about more questions than answers. Africa is known to have a
poor healthcare system that cannot sustain the emerging infectious disease pandemic. This study
explored climatic and environmental elements influencing COVID-19 transmission in Africa. This
study involved manuscripts and data that evaluated and investigated the climatic and environmental
elements of COVID-19 in African countries. Only articles written in English were considered in the
systematic review. Seventeen articles and one database were selected for manuscript write-ups after
the review process. The findings indicated that there is evidence that suggests the influence of climatic
and environmental elements on the spread of COVID-19 in the continent of Africa; however, the
evidence needs more investigation in all six regions of Africa and at the country level to understand
the role of weather patterns and environmental aspects in the transmission of COVID-19.

Keywords: Africa; COVID-19; climatic factors; environmental factors; transmission

1. Introduction

By December 2019, there were a number of pneumonia cases in Wuhan, Hubei
Province, China [1]. These illnesses had spread to 19 countries by 31 January 2020 when
there were 11,791 confirmed cases, including 213 fatalities [2]. Three months after the initial
report, the World Health Organization (WHO) proclaimed a Public Health Emergency
of International Concern because it had spread globally [3]. The WHO first referred to
the new virus as 2019-nCoV [4] while the International Committee for the Taxonomy of
Viruses referred to it as SARS-CoV-2. The WHO declared that the 2019 novel coronavirus
was officially known as coronavirus illness (COVID-19) on 11 February 2020 [4,5]. Over
630,601,291 people have been affected globally by the infectious disease COVID-19 as of 10
November 2022 [6].

Since the first confirmed case of COVID-19 was reported in Egypt on 14 February
2020, Africa, home to more than 1 billion people, has been tracking COVID-19 cases [7,8].
From sub-Saharan Africa, the first case was reported in Nigeria on 27 February 2020 in
an Italian patient who had travelled to Nigeria by plane from Italy on 25 February 2020.
Since then, the continent recorded an increase in the number of cases. As of 23 March 2020,
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there were 4,116,102 confirmed cases of COVID-19 from 55 African countries [9]. A total of
110,163 deaths were reported in Africa, although 5,599,955 immunizations were given out
and 3,690,639 persons made a full recovery [10].

Although the number of COVID-19 cases and fatalities might appear to be lower
in Africa than in Europe, the USA, and the Middle East, the impact of the epidemic
has caused constraints in the health sector, causing limited diagnostic and manpower
due to scarce resources with a higher need for social and economic recovery than in
developed countries [11]. The possible strive towards the implementation of public health
interventions does not always lower infection rates, but to some extent, it causes a huge
social and economic impact that ultimately causes a violation of possible lockdowns in
most African countries so individuals can access basic social needs [12].

To stop the spread of COVID-19, many global and local public health measures have
been put in place, such as vaccinations, social distancing, masks, and lockdowns that
allow for some ventilation in indoor spaces. However, in some places, these actions were
seen as punishments because people were reluctant to get vaccinated during vaccination
campaigns in Africa, to some extent the majority did not wear masks in public and did not
follow lockdowns [10]. The massive movement of people from and between regions and
other parts of the world was reported to have increased the geographical distribution of
COVID-19 [7].

Environmental and climatic factors like evaporation, humidity, gravity, wind speed,
wind direction, and particulate matter have been shown to have a big effect on how
respiratory droplets and aerosols spread [13].

COVID-19 has the potential to cause various lung complications, such as pneumonia
and, in the most severe cases, acute respiratory distress syndrome, or ARDS, sepsis [14].
People who are exposed to air pollution for a long time are more likely to get sick and die
from chronic diseases, which could make them more likely to get COVID-19 [15]. Some
studies have established that climatic factors such as temperature, humidity, wind speed,
and rainfall are some of the transmission influences of the novel COVID-19 disease whereas
other infectious diseases, such as Middle East respiratory syndrome coronavirus (SARS),
have differences in seasonal infection rates and deaths [16,17]. Most of the highest peaks
of respiratory virus infections have been seen in the winter months [18]. High temper-
atures and high relative humidity can stop SARS-CoV from infecting people, but low
temperatures and low humidity can keep the virus alive on contaminated surfaces for
about two weeks [19]. Since COVID-19 spreads through close personal contact between
individuals [20], it is important to comprehend the common climatic and environmental
factors [21] that influence COVID-19 transmission throughout African nations [22]. Further
studies are being carried out to establish the relationship between the climate and environ-
mental factors in association with COVID-19 virus mutation [13]. The parallels, trends, and
patterns of the pandemic in the 55 members of the African Union (AU) have not yet been
thoroughly examined [23]. There is a lack of understanding of the environmental, climatic,
social, and cultural factors that can lessen the transmission of COVID-19 in the majority of
modeling estimates, response suggestions, and pandemic transmission in Africa [23].

To improve the effectiveness of the current public health measures, this review intends
to examine the literature on climatic and environmental factors that affect the transmission
of COVID-19 in African nations.

2. Materials and Methods

2.1. Eligibility Criteria

Manuscripts published research papers and data that evaluated and investigated the
environmental factors that influence the transmission of COVID-19 in Africa were included
in the study. Due to the difference in the use of the official language, only articles written in
English were considered.
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2.2. Literature Identification and Data Extraction

Two different authors were responsible for independently identifying relevant lit-
erature and extracting relevant data. Where there was disagreement, a third party was
consulted to determine the article’s eligibility. A literature search was undertaken using
the terms ‘COVID-19’, ‘coronavirus’, and ‘COVID-19’ as well as other conjugations of the
terms ‘environmental variables’ and ‘Africa’ [24]. The titles of each manuscript were used
to identify and extract information. After determining the title and determining that the
content appeared to discuss environmental indicators influencing the spread of COVID-19
in any of the African countries or at the global level where Africa is included, information
was obtained, and its full reference included the author, year, title, and abstract for further
evaluation.

3. Results

3.1. Electronic/Manual Search

The systematic review of the Elsevier and Google Scholar Advanced Search databases
generated a total of 17,268 articles. A total of 16,138 records were removed by automation
tools, and 55 records were removed for other reasons. Elsevier returned 202 results whereas
Google Scholar returned 875. Further evaluation was done where a total of 1077 records
were evaluated, and 950 were eliminated because they did not meet the eligibility require-
ments; they did not study environmental issues. A total of 127 articles were requested for
retrieval, of which, 61 were not recovered because they lacked environmental elements.

The articles that passed the title and abstract screening (n = 66) were subjected to
a full screening by investigators, which resulted in the exclusion of a total of 39 reports:
(n = 6) reviews, (n = 24) does not analyze environmental reasons and Africa, (n = 2) letters
to the editor, and (n = 7) duplicates. After the full-text screening, twenty-seven articles
(n = 27 articles and 1 database) were included (n = 27 articles and 1 database) (Appendix A).
Figure A1 shows a summary of the search procedure.

3.2. COVID-19 Epidemic in Africa from 2020 to 2022

From the electronic database of John Hopkins University, Figure 1 below indicates
the prevalence of COVID-19 in Africa from February 2020 to November 2022. Figure 2
indicates the mortality recorded in the same period from February 2020 to 11 November
2022 [25].

Figure 1. This figure is the daily COVID-19 documented cases per million persons in Africa between
February 2020 and 11 November 2022.
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Figure 2. This figure indicates the daily confirmed deaths due to COVID-19 per million people in
Africa from February 2020 to November 2022.

During the initial wave of the pandemic in Africa, the transmission of the COVID-19
virus was rather slow between February and May 2020. (Figure 1). The ensuing spike was
first observed at the end of March and beginning of April when 2.6 million cases were
rerecorded with the largest peak occurring on 24 July 2020 when 92.57 million cases were
reported in African communities (Figure 1). There was an increase in November with a
peak of 68.40 million instances recorded on November 30. A large increase was noticed on
1 December 2020 with the highest peak of the second wave of the epidemic curve reaching
166.89 million cases on 11 January 2021. The second curve reached its lowest point on
5 March 2021 with 47.74 million cases. In April 2021 the number of cases increased to
66.59 before declining to 39.48 on 16 May 2021, signaling the beginning of the third wave,
which peaked on 15 July 2021 with 213.56 instances. Towards the end of the month,
however, there was an increase to 171.56 million cases and 201.49 cases on 3 August, prior
to a sharp decline. On 27 September 2021, there were 57.55 reported cases. November’s
lowest number in the third wave was 3.41 million, and November’s greatest number was
4.70 million before recording 3.46 million, marking the beginning of the fourth wave,
which reached 31.4 million by 31 December 2021. The infection rate on January 10 2022,
was the highest among the first, second, third, and fourth waves at approximately
33.51 [24]: the highest record since the COVID-19 pandemic. By the end of January, the
number of COVID-19 cases had reached 20.73; by the end of February, it had reached
6.09 million [25].

3.3. COVID-19 Mortalities in Africa from 2020 to 2022

During the first wave of COVID-19, the death rate between 19 February and 20
March was below 0.01 (Figure 2). There was a spike on 28 July of 2.08 million deaths,
and the highest spike was on 9 August 2021. The lowest before the second wave
was 0.86, recorded on 5 October 2021. The highest spike in the second wave was
4.64 on 9 January 2021; there was a second spike of 4.60 on 24 January 2021. There
was a slight increase from April to 7 June 2021 with a value of 1.42. The highest
spike in the third wave of the first spike on 11 June 2021 was 4.55, and the second
spike on 26 July 2021 was 4.82 deaths. The third spike during the third wave was
on 29 July 2021 at 4.96, and the fourth recorded spike was on 4 August 2021 with
5.02 deaths. The first spike on 17 August 2021 was at 4.83 before dropping to 1.99
on 26 September 2021. October recorded 2.45 as the highest in 2021, which contin-
ued to decrease in November and had the highest of 0.93 and the lowest of 0.76 on
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22 November 2021. On 13 December 2021, the lowest number of deaths recorded in the
month was 0.67, which began to increase to 1.12 by 31 December. On 24 January 2022,
the recorded number of deaths was 2.01, and February recorded 2.24 as the highest in
the fourth wave before decreasing to 1.07 by 28 February 2022 [25].

3.4. Temperature, Humidity, and Wind Speed

Based on the analysis of the publications included in this review (Appendix B), it
has been concluded that temperature is one of the major elements and the strongest
environmental predictor of whether a region will have a smaller prevalence of COVID-
19 cases [26,27]. A study was done in 16 Africa Union member states, including
South Africa, Ghana, Nigeria, Egypt, Algeria, Morocco, Kenya, Congo, Côte d’Ivoire,
Cameroon, Niger, Somalia, Tanzania, Zambia, Mozambique, and Madagascar [28]. The
results showed that the temperature and the number of COVID-19 cases (r = −0.25,
p = 0.001) and deaths (r = −0.18, p = 0.001) were linked in a statistically significant way.
Moreover, a regression analysis showed that the number of cases and deaths dropped
by 15.1% and 10.5%, respectively, for every 1 ◦C increase in temperature [28].

According to studies, regions in Zambia with temperatures above 22 degrees
Celsius had a very low number of COVID-19 cases whereas those with temperatures
below 22 degrees Celsius had a high number of cases [29]. When the daily mean tem-
perature was below the global mean temperature, which is approximately 21.07 ◦C, the
chance of COVID-19 transmission increased, according to global studies that included
Africa [30]. In Mozambique, too, the number of confirmed cases of COVID-19 seems to
be related to the temperature and pressure of the air [31].

Diouf et al. [32] found statistically significant inverse correlations between COVID-
19 cases and temperature in the Maghreb and Gulf of Guinea. Niger and Mali, however,
exhibited positive relationships [32]. Correlations with humidity and water vapor
characteristics exhibited significant and positive values over the Sahelian and Gulf of
Guinea countries and negative values over the Maghreb countries. The results also
demonstrated that COVID-19 pandemic transmission is affected differently by the
three climatic regions: (i) cold and dry environmental conditions; (ii) warm and humid
environmental conditions; and (iii) cold and humid environmental conditions [32].

Other investigations indicated that the average temperature was statistically cor-
related negatively with the increase in confirmed cases of COVID-19 in Africa, but
the average wind speed was statistically correlated favorably with the growth of
COVID-19 [33].

According to [34], a 1 ◦C increase in average temperature was related to a 25.44%
(95 CI: 1.12–3.65) decrease in COVID-19 growth in Africa. Similarly, a one percent
increase in average wind speed was associated with a 22.13% (95 CI: 0.22–1.43) rise in
confirmed COVID-19 cases in Africa [35].

When many cases were discovered in South Africa’s Western Cape (from 12 March
2020 to 30 June 2020), the average daily temperature was 15 ◦C, the relative humidity
was 70%, the UV index was 7, and the wind speed was 17 km/h [36,37].

There was an average daily count of 343 confirmed cases in 127 African nations
when the mean temperature was 20.5 ◦C, the relative humidity was 66.54%, and the
wind speed was 1.94 m per second [38]. In some studies, issues related to temperature
were still significantly negatively correlated with daily new cases when the temper-
ature was below 20 ◦C [21] and positively correlated with daily new cases when the
temperature was above 20 ◦C [29].

A global study revealed that the coefficients divulge a strong (positive and neg-
ative) association between weather conditions and COVID-19 infections in approxi-
mately 67.2% of the selected states [36]. In two African nations, Egypt and Ethiopia,
a strong positive association was established between the number of new cases and
temperature [35].
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The number of daily new cases of COVID-19 was negatively correlated with tem-
perature (r = 0.25), wind speed (r = 0.06), absolute humidity (r = 0.19), and relative hu-
midity
(r = 0.10) at the global level whereas the diurnal temperature range was positively
correlated (r = 0.1) [38].

Other studies indicated that population size, average temperature, and median age
do not have a significant impact on the number of cases when evaluated individually;
nevertheless, their interactions with other determinants had a substantial effect on the
transmission of COVID-19 [39].

It has been determined that countries located 1000 km closer to the equator can
anticipate 33% fewer instances of COVID-19 per million population, all else being
equal (given that a degree of latitude translates on average to 111 km). Changes occur
in the number of COVID-19 cases per million for every degree of latitude shift [40].
Since temperature was substantially correlated with other climatic variables, such as solar
irradiance and precipitation, this indicated that humidity would also have similar impacts
even though it was not included as one of the explanatory factors in the datasets [29].

Note that we are not arguing that temperature is the only or main factor: in fact, there
must be other conditions such as humidity, wind speed, air pressure and pollution which
could also possibly play a role in the transmission of COVID-19, as temperature explains
just 18% of the variability in disease spread [40].

It must be noted that the degree of influence differs in different situations and environ-
ments [41]. In Cape Town, South Africa, it was found that the influence of meteorological
variables such as temperature and humidity is not always homogeneous, providing room
for other intervening variables to have an influence [42]. Similarly, in Ghanaian studies,
results show that wind speed and pressure have a positive linear relationship with the risk
of COVID-19 spread whereas temperature and humidity have a nonlinear relationship [43].

The 16 African Union member states revealed a significant inverse correlation between
humidity and the number of cases (r = −0.192, p 0.001) and deaths (r = −0.213, p 0.001).
Furthermore, the regression results showed that with a 1% increase in humidity, the number
of cases and deaths significantly reduced by 3.6% and 3.7%, respectively [28].

The influence of COVID-19 on relative humidity established that the cases of COVID-19
are oscillating between negative and positive from one country to another in four countries,
namely South Africa, Morocco, Tunisia, and Ethiopia. The rise in relative humidity was
associated with high COVID-19 infections in Morocco and Tunisia; however, the rise in
relative humidity was associated with low cases in South Africa and Ethiopia. The relative
humidity rises by 1 (%) in Morocco and 0.111 in Tunisia. The opposite was recorded in
South Africa and Ethiopia when the relative humidity increased by 1% [44].

African countries have recorded that a 1% increase in average wind speed (m/s) is
associated with an 11.21% (95 CI: 0.51–1.19) increase in confirmed cases of COVID-19 in
Africa [34].

Wind speed has been recognized to play a critical role in the dispersal of bacterial
and viral pathogens through the troposphere. The long-range transmission of viruses and
bacteria contributes to increasing their distribution ranges in dormant or inactive states; this
happens when more viruses are attached to the smallest airborne organic particles at heights
of 3 km (Reche et al. [45]). Using the spatiotemporal credence for the exposure-response
curve of meteorological factors and COVID-19 growth in Africa using the generalized
additive model (GAM), the findings suggested that mean temperature and average wind
speed are inversely related to the growth curve of COVID-19 in Africa [34].

3.5. COVID-19 and UV Radiation

Studies have also revealed that the substantial correlation between latitude and
COVID-19 deaths may be explained by the involvement of sunshine in the production of
vitamin D5 by the skin and the studies associating vitamin D insufficiency and COVID-19
fatalities. This demonstrated that the known increase in UV radiation intensity closer to the
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equator increases the likelihood that populations closer to the equator have more adequate
endogenous vitamin D than populations farther away, thereby decreasing the likelihood of
fatal immune dysfunction in the presence of COVID-19 [41].

A study by [36] shows that UV rays have direct lethal effects on microorganisms,
and as such, the COVID-19 pandemic is seen to be more severe in places with lower UV
indices and had a limited lifetime in the open-air dependent on sunlight and humidity.
A global analysis study illustrated a smaller effect on seasonal changes in UV rays and
their influence on regional patterns of COVID-19 growth rates from January to June [46].
However, there is a need for a comprehensive analysis to understand how COVID-19 cases
are influenced by UV rays in all seasons [46].

3.6. COVID-19 and Air Quality

In Africa, it had been estimated that air pollution would be responsible for 1
to 1 million deaths by 2019. Over 697,000 people died because of air pollution in their
homes while 394,000 died because of air pollution in the environment. Deaths caused
by air pollution in the environment have been going up, and new records have been
set in the continent of Africa [47]. However, most of the deaths linked to ambient air
pollution are caused by non-infectious diseases, such as high blood pressure, diabetes,
and lung cancer [47]. Air pollution is believed to be a further factor contributing to the
high mortality rate associated with COVID-19 transmission. A study in Mozambique
determined that the air quality is moderately hazardous, especially in Maputo, where
the annual mean concentration of 2.5 micrometer (PM2.5 ) is 21 g/m3, exceeding the
WHO-recommended maximum of 10 g/m3 [39]. In general, the reviewed research indi-
cates that nations with more air pollution (PM2.5) and larger obese populations have a
higher probability of severe COVID-19 infection and death [48].

Environmental health problems are getting worse because both outdoor and indoor
air pollution is getting worse [49]. However, it has been seen that the level of air pollution
inside households is a bigger cause of early death and illness in most parts of Africa.
The challenge of inadequate clean energy for households, such as electricity and solar
systems, causes high exposure to air pollution, a mixture of fine particulate matter and
gases that result from burning fuels inside homes in rural and urban areas with limited
ventilation. The environmental health problems existing at the household level due
to the burning of solid fuels are the same as being exposed to about PM2.5 pollution
outside [15].

As of 2019, the proportion of households using solid fuels for cooking was high in
Eastern Africa (95%, UI: 94–95%), Western Africa (83%, UI: 81–86%), and Central Africa
(77%, UI: 74–79%) respectively. The lowest proportions were recorded in Southern Africa
(32%, UI: 29–35%) [15]

Most people across Africa live in areas with PM2.5 levels that exceed the World
Health Organization (WHO) Air Quality Guidelines of 5 g/m3, often by a large margin.
Particulate matter pollution, such as ambient PM2.5 and air pollution from homes,
is suspected to be the leading cause of death in sub-Saharan African countries [49].
Moreover, it is known that about 7 million people die every year from air pollution,
making it the fourth leading cause of death in the world [50]. High levels of ground-level
ozone accelerated the global spread of COVID-19 [51]. Other studies have established
that PM10 was positively linked with daily COVID-19 instances over the study period
(PM10: 0.02, 95% CI: (0.06, 0.26); p = 0.002) even after the underlying models adjusted
for the previously indicated collection of covariables [52].

PM2.5 demonstrated the same trend as the temperature in other parts of Africa with
a significant relationship between particulate matter and COVID-19 cases [26,42]. Higher
PM2.5 concentrations were related to rapid growth rates when only early outbreaks were
considered [26].

Some studies [33] show that four bioclimatic factors (BIO) primarily influence
the transmission of COVID-19: isothermality, i.e., day and night temperature (BIO3),
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precipitation in the wettest month (BIO14), the maximum temperature in the warmest
month (BIO5), and mean temperature in the driest month (BIO10), with respective AUCs
of 0.618, 0.615, 0.610, and 0.610.

3.7. COVID-19 and Land Cover

Land cover is also related to COVID-19 in a variety of ways, including elevation, slope,
and aspect, all of which influence the habitability of an area. Therefore, population and
socioeconomic activity (such as migration) are determined according to the study by [29].
In addition, the data indicate that an increase of 1 percentage point in the urbanization rate
is associated with a 3.1% to 3.7% rise in the number of active COVID-19 cases [52]. The
first lesson is recognizing urban planning as a public health activity that requires urgent
attention in African cities. The COVID-19 crisis has highlighted the limitations of urban
planning for most of Africa’s urban poor in informal settlements and sectors where there
is poor sanitation and other essential public health incentives which are important for
COVID-19 control [53].

4. Discussion

This study investigated the impact of environmental conditions on COVID-19
transmission in Africa. The impact of environmental determinants on the transmission
of COVID-19 in Africa was demonstrated by a systematic literature review in this study.
Studies have been conducted in countries outside of Africa and on a global scale to
give policymakers evidence-based research to assist them in responding effectively to
the current pandemic [52]. In Africa, the influence of environmental conditions on the
transmission of COVID-19 has been the subject of few investigations.

According to the findings of the present study, the available data suggest that
COVID-19 shares commonalities with other coronaviruses and the incidence of attacks

decrease between the fall and winter. According to Phiri [29], the infection peaked
between the months of April, May, June, and July before beginning to decline in August.
This is comparable to what is seen in Figure 1. During the months of April, May, June,
and July, the number of cases grew in three waves. August 2020 and August 2021
marked the beginning of the case’s decline. The number of fatalities increased during
April, May, June, and July in 2020 and 2021. The indication of these results requires
that government prepares the safety policies during the cold season, in order to avoid
massive infection of the COVID-19 virus [40].

It has been demonstrated that the rise in temperature is one of the reasons leading
to the low number of COVID-19 transmissions across the majority of Africa [28,31,
33,36,43,44]. Similar to other research conducted in Cyprus, it was determined that
the rate of exponential growth of COVID-19-infected cases decreases with increasing
temperature, reaching zero when the temperature reaches 30.1 ± 2.4 ◦C [53]. In addi-
tion, Chan et al.’s [19] research on previous SARS coronavirus epidemics demonstrated
that the virus’ viability was lost at high temperatures (e.g., 38 ◦C) and high specific
humidity (>95%). This result explains why the frequency of cases in various African
and Asian nations has decreased in recent months. However, even though this was the
result, more research is still needed to figure out why the COVID-19 pandemic reacts
differently to the weather conditions in different parts of Africa [32].

Other research findings released by the European Respiratory Society discussed
the correlation between temperature and the dissemination of COVID-19 [54]. However,
other studies have shown that temperature accounts for only approximately 18% of
the variability in illness distribution during the pandemic, and other factors cannot be
ignored [37]. The abundance of sunlight in Africa correlates with an increase in the
availability of vitamin D, which is vital for protecting against COVID-19 infection by
bolstering the immune system. The reported increase in UV light intensity closer to
the equator increases the probability that populations closer to the equator have more
appropriate endogenous vitamin D than populations farther away, hence decreasing
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the possibility of a deadly immunological malfunction in the presence of COVID-
19 [38]. The majority of nations at risk for vitamin D deficiency are located in South
Asia and the Middle East. The efficacy of vitamin D generation in the human body,
particularly on the skin, is determined by the degree of sunlight to which the skin is
exposed [55]. Africa’s geographic location delivers sufficient UV light for the human
body’s health [46].

Air pollution has been identified as a further mechanism contributing to the spread
of COVID-19 in highly industrialized nations. Long-term exposure to poor air quality
in industrialized nations has increased the incidence of COVID-19 infection [56].

Air pollution is believed to be a further factor contributing to the high mortality
rate associated with COVID-19 transmission. Research in Mozambique determined
that the air quality is moderately hazardous, especially in Maputo, where the annual
mean concentration of PM2.5 is 21 g/m3, exceeding the WHO-recommended maximum
of 10 g/m3 [57]. The World Bank’s estimate for PM2.5 pollution in the air in 2013 was
found to be 40% lower than the records for 2019 [15]. This rise shows that the agency
needs to put the sources of air pollution in Africa and the rest of the world at the top of
its list in order to reduce the risks of COVID-19 and other related diseases spreading.

It has been reported that nations with greater levels of air pollution (PM2.5) and
higher rates of obesity are more susceptible to the transmission of COVID-19 [46].
Moreover, the number of deaths from household air pollution in Africa is higher than
the global average of 30 deaths per 100,000 people, which means that Africa has 30%
of the world’s disease burden from household air pollution [15]. People in Africa are
at a high risk of getting sick and dying from long-term diseases like ischemic heart
disease, lung cancer, chronic obstructive pulmonary disease (COPD), stroke, and type
2 diabetes. COVID-19 infection may make these diseases worse [15].

Since the first occurrence, the transmission and severity of the novel coronavirus
pandemic have remained relatively low in sub-Saharan nations compared to other
regions, such as Europe and the United States [4]. The countries of Sub-Saharan
Africa share similar biological, meteorological, and cultural diversity [58]. In 2019,
the average number of live births per woman will remain significantly higher than in
Europe and North America [59]. The increase in human population mobility caused by
international trade has a significant influence on the transmission of highly contagious
infectious illnesses, such as COVID-19. Early instances of the pandemic demonstrated
geographical diversity across sub-Saharan Africa and locations with a notably high
prevalence [60,61]. With the rise of per-urban areas and packed trading areas in Africa,
geographical location and land cover will play crucial roles in pandemic and epidemic
development [62,63]. Therefore, it is important to ensure that urban planning plays an
integral part in public health activity with the capacity to address health crises arising
from infectious diseases, such as COVID-19, to improve sanitation and population
density [50].

5. Conclusions

The information acquired about the impact of climatic and environmental factors
on the transmission of COVID-19 in Africa indicates that climatic and environmental
factors have an impact on the transmission of COVID-19. The annual epidemic curve
illustrates that the number of illnesses increases exponentially with a reduction in
temperature during the months of May, June, July, December, January, and February.
During these months, the first, second, and third waves had the highest infection
and mortality rates. In addition, climatic and environmental parameters, such as
temperature, UV radiation, wind speed, humidity air quality, and land cover, have
a substantial impact on the transmission of COVID-19. There is a need to ensure
that public health interventions are planned to adapt effectively to the climatic and
environmental variables that necessitate COVID-19 transmission. Additionally, it is
crucial to ensure that proper preparations are made during seasons when the infection
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incidence is anticipated to be high. Due to the varying seasons encountered in the
six regions of Africa, additional research is required to comprehend the climatic and
environmental elements at the national level. On a national or regional level in Africa,
the cost of the health problems caused by PM2.5 air pollution should be figured
out. This includes how much it costs for people to die early or get sick because of
air pollution. This will aid policymakers and implementors in the design of globally
sustainable interventions. There is a need to enhance remote sensing in epidemiological
studies to fully understand the distribution and transmission dynamics and how they
correlate with climatic and environmental elements to increase the burden of disease.
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Appendix A

Figure A1. PRISMA Flow Diagram of Literature identification and selection. Literature identified
* (database 17268, register 1), Records excluded ** 950. The final records from data bases 27 and 1
register.
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Abstract: The number of publications on the development of arthritic pain after CHIKV infection
is increasing; however, there is still a gap in the pathophysiological mechanisms that explain these
outcomes. In this review, we conducted a descriptive analysis of the findings of patients to understand
their prognosis and to explore therapeutic options. Here, we searched the Cochrane, BVS, PubMed,
and Scielo databases using the keywords “arthritis”, “pain”, “arbovirus”, “disease”, “arthritogenic”,
and “arthralgia” during the 2000 to 2022 period. Descriptive analyses were conducted to understand
the association between CHIKV infection and arthritogenic pain. The present study shows the
persistence of acute phase signals for months, making the chronic phase still marked by the presence
of arthralgia, often disabling under stimuli, such as temperature variation. CHIKV infection appears
to be remarkably similar to rheumatoid arthritis, since both diseases share common symptoms.
Once diagnosed, patients are mostly treated with analgesics, nonsteroidal anti-inflammatory drugs
(NSAIDs), corticosteroids, and disease modifying anti-rheumatic drugs (DMARD). As there are no
prophylactic measures or specific treatments for arboviruses, this study gathered information on the
development and manifestations of arthritogenic pain.

Keywords: arthritis; pain; arbovirus; disease; arthritogenic; arthralgia

1. Introduction

Viral infections with unpredictable clinical outcomes occur frequently worldwide.
To date, 87 countries have reported autochthonous transmission of arbovirus [1]. An
example is the epidemics of arboviruses Zika (ZIKV) and Chikungunya (CHIKV) that
occurred in Brazil in recent years, becoming endemic and causing irreparable damage to the
population [2,3]. While more than 80% of cases of ZIKV infection are asymptomatic or have
very mild symptoms, this relationship is practically reversed in relation to CHIKV infection,
which is usually symptomatic [4–7]. In addition to the clinical manifestations that are central
nervous system (CNS) and peripheral nervous system (PNS)-specific [8,9], nonspecific
neurological and/or rheumatological symptoms, such as myalgia, hypogeusia, articular
pain, and general malaise, have been reported in patients after CHIKV infection [3,10,11].
Interestingly, it has been observed that the main symptoms of CHIKV infection do not
differ between sexes. Nevertheless, the symptomatologic profile might vary from case
to case depending on the preexistence of comorbidities, such as diabetes mellitus and
osteoarthritis, and advanced age [12–14]. Persistent joint pain is a common manifestation
of arthropod-borne viral infections and can cause long-term disability, although the precise
mechanisms of Chikungunya disease progression from acute fever to the chronic phase
and its correlation with arthralgia remain poorly understood [8,15].
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The immune process linked to articular pain is triggered, at least in part, by post-
infectious inflammation [16]. Notably, acute symptomatic CHIKV disease resembles other
common known arbovirus-induced diseases, such as dengue virus (DENV) and ZIKV
disease, independent of strain [17]. In this context, physicians tend to identify similarities
in the clinical onset of rheumatoid arthritis after infection by CHIKV, Dengue fever virus,
Yellow Fever virus, and Zika virus, and it is believed that the mechanisms involved in the
chronicity of both diseases are similar [18,19]. Indeed, the inflammation induced by the
presence of the virus in the joints has been implicated as a key factor for the development
of acute and chronic polyarthritis following alphavirus infection [15]; however, the severity
of this manifestation is based not only on viral tissue tropism but also on a possible autoim-
mune response [20]. Vijayalakshmi et al., 2017, showed that molecular mimicry between
viral protein E1 and host proteins contributes to the development of arthritic manifestations
by CHIKV through increased immune and inflammatory responses [21]. Another impor-
tant study identified conserved regions of the alphavirus structural polyprotein that are
homologous to human proteins involved in rheumatoid arthritis, which can be recognized
by B cells and the MHC class II receptor [22].

Furthermore, some studies have suggested a neuropathic component of arthritogenic
pain [8,23–26]. Other lines of evidence concern the involvement of nociceptive and neuro-
pathic mechanisms in arbovirus infection [27,28]. Neuropathic pain is usually caused by
injuries that damage somatosensory pathways from peripheral nerves to central structures,
including the spinal cord and brain [29]. Importantly, CHIKV infection might promote
demyelination, the most typical injury that harms the entire structure of a peripheral
nerve [26]. Given that there are no effective prevention methods or treatments for arboviral
diseases, the aim of the present study was to conduct a systematic review of the literature to
advance the understanding of the pathophysiological mechanisms of arboviruses-induced
joint pain and to identify methods for diagnosis and treatment.

2. Materials and Methods

This systematic review was registered in the International Prospective Register of
Systematic Reviews (PROSPERO) under the number protocol: CRD42022367576, https:
//www.crd.york.ac.uk/prospero/ (accessed on 1 November 2022). Additionally, this work
was written in accordance with the Preferred Reporting Items for Systematic Reviews and
Meta-Analyses (PRISMA) guidelines.

2.1. Search Strategy

A literature search was conducted using five databases to identify studies that ex-
amined the association between arbovirus infections and arthritic pain. The main terms
and expressions used in this research were arthritis, pain, and arbovirus. The follow-
ing databases were used to perform a search: PubMed, LILACS, SciELO, Cochrane
(search tools strategies MeSH, PICO, and advanced search), and BVS, published between
January 2000 and December 2020. For the systematization of the research question, the
PICO strategy (PICO—patient, intervention, comparison, and outcomes) was used, where
P (patient) was positive for arbovirus infections and arthritogenic pain; I (intervention) was
drugs used in the treatment; C (comparison) was between patients who developed chronic
pain and those who did not have persistent pain, and O (outcome) was relevant find-
ings that could justify the appearance of signs and symptoms and the effectiveness of the
methodology used for treatment. The GRADE approach was applied to assess the quality of
evidence for the set of available evidence and important findings that corresponded to the
research question. The data found and described were considered satisfactory and met the
criteria for the GRADE approach. Two autonomous persons ran the survey in duplicate.

2.2. Inclusion and Exclusion Criteria

The object of interest this study was to collect research results that included stud-
ies of cohort, case–control, and clinical cases in human experimental models. Only files
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published in English were chosen for reading. Studies published in conferences, system-
atic and narrative reviews, or editorials were excluded. Duplicate quests were excluded
from the study.

In addition, a considerable number of the selected studies presented as a primary
patient outcome the manifestation of arthritogenic pain with increased levels of important
pro-inflammatory molecules such interleukins (IL-6, IL-8, and IL-13), tumor necrose factor
alpha (TNF-α), monocyte chemoattractant protein-1 (MCP-1), and macrophage inflamma-
tory protein 1 (MIP-1) in the analysis of synovial fluid from pain-affected joints. It has
been further observed that pain was not present in all patients. However, in cases of pain
manifestation, it persisted for days or even years. The different diagnostic methodologies
(clinical and symptomatic approaches, direct analyses such as the PCR technique, or in-
direct analyses such as serological tests for IgG and IgM detection), as well as different
therapeutic interventions (anti-inflammatory and analgesic drugs), might be classified as
secondary events and were not considered the focus of the current work.

2.3. Study Selection and Data Extraction

Two authors proceeded with the study selection and extracted the data independently
by using the same predetermined data extraction patterns. After deleting duplicates and
articles in languages other than English, two phases were completed. The first step was
to appraise titles and abstracts for the selection of pertinent scientific articles that met the
eligibility criteria. The second step consisted of a full-text reading of the articles approved
in the first step to conduct a more complete judgment in compliance with the inclusion
and exclusion survey criteria. A consensus was achieved in cases of disagreement between
the authors. A third evaluator was not required. The following data were extracted and
recorded: Table 1—author, year, country, ethnicity, study design, diagnosis, treatments, and
relevant key findings. Quality control of eligible studies was assessed using the Critical
Appraisal Skills Program tools [30] for cohort and case–control studies by two independent
authors (F.L.F.D or G.M.).
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3. Results

Study Selection

Eighteen articles were selected according to the search strategy. After applying the
eligibility criteria, three articles were identified as duplicates, two were identified as system-
atic reviews, and four articles were written using languages other than English and were
thus excluded of the final pool of studies (Figure 1). In total and based on data availability,
we screened 18 studies by the title and abstracts and included 10 articles for a review of the
observational analyses. There were 1036 patients in the total articles included, and most
were female. The mean age of the patients was 50 years (6–87). Serum anti-CHIKV IgM
and anti-CHIKV IgG levels were reported in 151 patients and were positive in only 19 and
28 patients, respectively, according to Pouriayevali et al., 2019 [23].

Figure 1. Illustrative flowchart of the rummage and article selection.

According to our search criteria, most records reporting CHIKV with joint signs/sym-
ptoms were from the European region (n = 387), followed by the Americas (n = 351) and
the Asian continent (n = 289). Information about the symptomatologic profile of patients
was documented in all studies, and the most frequently found symptoms were fever, rash,
headache, myalgia, joint swelling, and pain due to a local inflammatory reaction.
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Arthralgia and joint/articular pain were found in 98% (297 cases) of patients, according
to Bouquillard et al., 2018. The most affected joints were the shoulders (168/300), elbows
(37/300), wrists (216/300), hips (3/300), (161/300), ankles (212/300), and tarsus (152/300),
according to the same author [24]. Patients diagnosed with rheumatoid arthritis were
excluded from the study due to the similarity of symptoms with chronic pain after arbovirus
infection. The duration of arthritis ranged from 2 days to 6 months among the nine cases
who reported the time. The median treatment duration was approximately 10 days.

Different drug combinations were used as therapeutic strategies for mitigating signs
and symptoms of infection. Corticosteroids in the management of inflammatory arthritis
were effective at moderate doses and were used in the acute and chronic phases. In both
the acute and chronic phases, joint pain was well-controlled with the administration of
analgesics and NSAIDs. For patients unresponsive to this regular treatment, chloroquine
proved to be a valid option, as evidenced by Bouquillard et al., 2018, and Ravindran et al.,
2016 [24,32]. Ravindran et al., 2016, also demonstrated the efficacy of a triple combination
of methotrexate, sulfasalazine, and hydroxychloroquine, which was superior to that of
hydroxychloroquine monotherapy. According to the author, this drug combination led
to a considerable reduction in pain levels by suppressing the expression of some pro-
inflammatory cytokines, such as IL-6, IL-8, IL-13, TNF, MCP-1, and MIP-1, and for this
reason, he considered triple therapy superior to monotherapy [32].

Bedoui et al., 2021, evaluated the expression levels of cPLA2α and mPGES-1 after
therapy with methotrexate or dexamethasone. Methotrexate was not efficient in controlling
the expression and activity of these enzymatic molecules; however, dexamethasone was
shown to be able to normalize their levels [18].

An alternative method to drug treatment was pointed out by Ribeiro’s study, which
used anti-inflammatory drugs and analgesics in parallel with the continuous local applica-
tion of infrared laser, ultrasound, and TENS-burst. This article argues that the association
between focal treatments using stimuli of different wave frequencies accelerates the healing
process by collaborating in different ways in cell recovery, speed of nerve conduction, and
collagen production and extensibility, which may reduce inflammation and, consequently,
pain and arthritic stiffness [25].

4. Discussion

Although global concern has focused on the COVID-19 pandemic since 2020, arthropod-
borne viruses continue to cause outbreaks. It is already known that arboviruses induce
self-limiting symptoms in adults [3,32,36], and the occurrence of short- and long-term pain
syndromes has become increasingly common in patients infected by the CHIKV [3,32,36].
The most common viruses causing arthritis and/or arthralgias are parvoviruses; hepatitis
B virus; hepatitis C virus; Epstein–Barr virus (EBV); and tropical viruses, such as Dengue,
Zika, and CHIKV [37,38].

Arthritis is defined as swelling and tenderness of one or more joints and involves
inflammation, whereas arthralgia is a joint pain with no inflammatory cause [39,40]. Al-
though both may share many symptoms, each condition also has distinctive characteristics
that make them different [41]. CHIKV-induced arthritis involves joints and a common
pattern of leukocyte infiltration (innate and adaptive immune response cells, such as mono-
cytes and T and B cells), cytokine production, and complement activation and is closely
dependent on the possible virus persistence on hidden sides [42,43].

In joints, macrophages, synovial cells, and chondrocytes produce the eicosanoid
named prostaglandin E2 (PGE2), which is an important pro-inflammatory molecule in-
volved in bone erosion and pain [44]. Additional cytokines produced in this context are
IL-1β and TNF-α, biomolecules that stimulate the synthesis of PGE2 and enhance its local
concentration [8,16]. Since this inflammatory milieu is observed in the joints, NSAIDs are
usually chosen as a therapeutic option. The general mechanism of action of NSAIDs is the
inhibition of cyclooxygenases 1 and 2, enzymes involved in the synthesis of prostaglandins.
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NSAIDs are commonly used to treat inflammatory diseases, such as rheumatic disorders,
and aid in relieving pain and fever [45,46].

Serological tests, and clinical signs and symptoms have proven to be the basic and
regular methods for diagnosing arboviruses. Furthermore, Zika and Chikungunya are
infections with a very similar manifestation, and the clinical diagnosis may not be sufficient
to differentiate them, requiring testing by other methods [4].

The most commonly used tests for differential diagnosis in the identification of serum
levels of anti-antibodies (anti-IgM and anti-IgG) are ELISA (Mac-ELISA) and RT-PCR [47].
In addition, by performing immunohistochemistry, Bedoui et al., 2018, labeled a wide
variety of primary antibodies used in cell cultures of synovial biopsy (hygroma), which
originated from one of the patients in the study who had been in the chronic phase of the
disease for at least 18 months, with persistent pain and relapsing arthralgia in more than
one small joint. Moreover, RT-PCR from total RNA extracted from the same cell culture was
performed. To verify the possible cytotoxic effects of the treatment, lactate dehydrogenase
release was measured in the supernatants of HSF cell cultures 24 h post-treatment [18].

In addition, Blettery et al., 2019, combined serological tests and RT-PCR with joint
imaging data acquired by Doppler ultrasonography. The Doppler ultrasound of painful
joints revealed effusions in 92.8% of the examined joints (hands and wrists, ankles, and
knees were involved, but shoulders and elbows were rarely affected). The majority (75.5%)
of effusions were unilateral. No erosion was observed. Subcutaneous inflammatory in-
filtration (cellulitis) was observed in only a minor proportion of the participants [22]. In
summary, RT-PCR was used in all studies that mentioned a diagnostic method, even in
association with other alternative methodologies. This was the molecular technique of
choice for the direct detection of viral RNA, which showed greater specificity and assertive-
ness. The Zika and Chikungunya epidemic in 2014–2016 in Brazil boosted the repositioning
of drugs for the treatment of only acute symptoms; however, the identification of strate-
gies for the management of persistent pain is still incipient [48]. The treatment is usually
performed with common analgesics (e.g., acetaminophen) [49], NSAIDs (e.g., aspirin and
ibuprofen) [50], dexamethasone [18], hydroxychloroquine, and DMARDs [32] such as
methotrexate. Methotrexate acts by multiple mechanisms [51,52]. It decreases the nitric
oxide production, stimulates adenosine release, activates the adenosine receptor A2A (a
physiological receptor with anti-inflammatory properties [53]), inhibits purine and pyrim-
idine synthesis, participates in transmethylation reactions, promotes the translocation
of the nuclear factor-κB to the nucleus, and reduces the signaling pathway of the Janus
kinase signal transducer and the transcription factor STAT [52,54,55]. Furthermore, other
therapies, such as local applications of continuous ultrasound, infrared laser, and TENS-
burst alone or in combination might be used as alternative or additional treatments [56,57].
Nevertheless, these techniques are only partially effective. Finally, according to the studies
reviewed in this work, the risk of bias was considered low; most groups were heteroge-
neous; and patients were mostly female, despite having a variable age according to each
study. Most cases were between 41 and 69 years old, and treatment efficiency measures
were used in different ways, including morphological assessments; HAQ score; ultrasound;
DAS28 ESR; X-ray; serological, immunological, and biochemical tests.

5. Conclusions

Conflicting explanations were found in the reviewed studies regarding the origin
and causes of chronic arthritogenic pain in arbovirus infections. The serological and
clinical examination results support that pro-inflammatory cytokine, TNF-α, and PGE2
may infiltrate the joints and generate symptoms similar to rheumatic arthritis. Furthermore,
leukopenia, lymphopenia, neutropenia, and thrombocytopenia are evidenced.

Antivirals such as ribavirin are cited as possible drugs to control the viral load in
patients infected in the acute phase of the infection. Moreover, the use of aspirin and other
NSAIDs has been suggested as symptomatic treatment for the chronic phase. There are
no findings that clearly demonstrate the circumstances for the chronicity of arbovirus-
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induced arthritogenic pain. Therefore, research in this area is desperately needed for a
better understanding and elucidation of the issues addressed in this systematic review.
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Abstract: Leptospirosis is an important worldwide tropical disease caused by pathogenic Leptospira spp.
The determination of virulence genes is important, as it influences patients’ clinical manifestations
and clinical outcomes. This case report focused on detecting the pathogenic genes of Leptospira in
association with the clinical manifestations of patients at the Hospital Universiti Sains Malaysia,
Malaysia, who presented with acute febrile illness. Two cases were found and, to the best of our
knowledge, these were the first two cases in Malaysia in which patients presented with febrile illness
were associated with successful Leptospira isolation from clinical samples. Both clinical isolates were
identified by 16S rRNA sequencing as Leptospira weilii and Leptospira interrogans, respectively, and
they were classified as pathogenic Leptospira by the presence of different pathogenic genes, based on
a polymerase chain reaction (PCR) amplification of targeted genes. This report emphasizes that
different infecting Leptospira species and the presence of different virulence factors cause a slight
difference in clinical manifestations and laboratory findings of leptospirosis. Genomic sequencing and
annotation revealed the detection of classical leptospiral virulence factor genes that were otherwise
missed using PCR for detection of Leptospira weilii genome B208.

Keywords: Leptospirosis; febrile illness; pathogenic genes; genomic sequencing

1. Introduction

Leptospirosis is recognized as a great mimicker because of its enormously wide
variety of symptoms, ranging from subclinical diseases, such as a flu-like illness, to a severe
syndrome of multi-organ infection with high mortality. The symptoms can imitate influenza,
hepatitis, meningitis, viral hemorrhagic fever, and dengue fever. One study reported that
38% of the leptospirosis cases were misdiagnosed as hemorrhagic fever or dengue fever,
due to similar clinical appearances [1]. The history of exposure and risk factors compatible
with leptospirosis should alert clinicians to a possible diagnosis. Acute leptospirosis
constantly presents with chills, headache, fever, conjunctival suffusion, vomiting, severe
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myalgia, nausea, anorexia, and malaise [2]. The vast majority of the infections are caused
by pathogenic species, such as L. interrogans, L. kirschneri, L. borgpetersenii, L. noguchii,
L. santarosai, L. weilii, and L. alexanderi [3]. The different species represent differences in
DNA relatedness and possibly different geographical distributions, virulence, and clinical
presentations.

The pathogenicity of Leptospira in humans are complex mechanisms that involve multi-
protein interactions, including adhesion, that overcome host defense mechanisms followed
by the expression of several virulence genes. Virulence genes are genes that code for factors,
or for enzymes that produce factors, that are involved in interactions with the host; they
are directly responsible for pathological damage during infection, and they are absent in
nonpathogenic organisms [4].

This report focuses on detecting the pathogenic genes of Leptospira in association with
the clinical manifestations of patients at the Hospital Universiti Sains Malaysia, Malaysia,
who presented with acute febrile illness.

2. Description of the Cases

Here, we report two cases of leptospirosis patients in Malaysia who presented with
febrile illness, in association with successful Leptospira isolation from clinical samples.

The first case (B208) was a 30-year-old man with no known medical illness who
presented with febrile episodes for 3 days that were associated with myalgia, arthralgia,
and headache. In addition, he had prominent gastrointestinal manifestations, presented
with diarrhea for 5 days, and experienced poor oral intake. His further history revealed
that he was involved with jungle trekking in a rural area, and that two of his companions
developed similar symptoms. On admission to the medical ward, his vital signs were
stable, with normal oxygenation and blood pressure. He was tachycardic and his body
temperature was elevated. Physical examination was unremarkable, except for conjunctival
suffusion. There was no hepatosplenomegaly and no palpable cervical lymphadenopathy.
A laboratory investigation revealed slight leucocytosis at 12.5 × 109/L (the normal range
is 4 to 11 × 109/L) and elevated C-reactive protein at >200 mg/L (the normal range is
<10 mg/L), with otherwise normal blood cell counts. Liver and renal function tests were
also normal. Leptospira IgM enzyme-linked immunosorbent assay (ELISA) and rapid
Leptospira IgM Duo rapid test (ImmuneMed, Korea) were negative; however, an in-house
real-time polymerase chain reaction (qPCR) was positive for Leptospira DNA and the
isolation of Leptospira was also positive at day seven of cultivation. The patient was treated
with intravenous ceftriaxone for 4 days, followed by 3 days of oral doxycycline, and he
required intravenous hydration for 2 days. He subsequently became afebrile after 3 days of
antimicrobial therapy and he was discharged 4 days after admission.

The second case (B004) was a 19-year-old man who was previously healthy and
presented with a high-grade fever for 6 days. The febrile episodes were associated with
nausea and persistent vomiting for 3 days, with epigastric pain and a poor appetite. On
further questioning, the patient indicated that he had a history of swimming in a river
about 10 days prior to the illness. As in the first case, the patient was tachycardic and had
a raised body temperature on initial examination. Otherwise, the patient’s blood pressure
and oxygenation were normal. On abdominal examination, there was palpable tender liver
at a two-finger breadth below the costal margin. The rest of the physical examination was
unremarkable, with no jaundice or conjunctival suffusion noted. A laboratory investigation
revealed that the patient had leukocytosis, with otherwise normal blood counts. His C-
reactive protein was elevated at more than 200 mg/L (the normal range is <10 mg/L).
There was also renal involvement with urea at 10.6 mmol/L (the normal range is 2.5 to
6.7 mmol/L), and creatinine at 182 μmol/L (the normal range is 70 to 100 μmol/L). The
liver function test was normal. The Leptospira IgM Duo rapid test result (ImmuneMed,
Korea) was intermediate; however, the microscopic agglutination test (MAT) result was
negative. Then, Leptospira DNA was detected by in-house qPCR, and the isolation of
Leptospira was positive on day 11 of cultivation. The patient initially required intravenous
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fluid and was treated with parenteral ceftriaxone for 4 days; subsequently, this was stepped
down to 3 days of oral doxycycline. The condition improved and he was discharged 4 days
after admission, with advice for an outpatient review of his renal profile.

3. Materials and Methods

Six ml of blood samples were collected from each patient prior to antibiotic admin-
istration and after obtaining their informed consent. The diagnosis of leptospirosis in
both cases was confirmed by qPCR and positive isolation of Leptospira spp. Both clinical
isolates, B208 and B004, were identified by 16S rRNA sequencing as L. weilii B208 (Gen-
Bank accession number JAMKEM000000000.1) and L. interrogans B004 (GenBank accession
number JAMKEN000000000.1), respectively. Whole genomic sequencing for both isolates
was performed and analyzed.

3.1. qPCR Detection of Leptospira

qPCR detection of Leptospira DNA was carried out, following a previous protocol [5].
Briefly, following DNA extraction, 8 μL of patient DNA was added to a PCR mix contain-
ing 1× Biorad SsoAdvanced™ Universal Probes Supermix, 200 nM forward and reverse
primers, 100 nM probe, and PCR-grade water (adjusted to a total volume of 20 μL). The
reactions were subjected to a thermal cycling condition, consisting of 95 ◦C (5 min) followed
by 50 cycles of 95 ◦C for 30 s and 61.3 ◦C for 30 s.

3.2. Leptospira Isolation

The standard method to isolate Leptospira from the blood sample was by inoculating 1
to 5 drops (100 to 200 μL) of whole blood directly into EMJH media. The volume of the
whole blood used for culturing was lower to avoid the inhibition of Leptospira growth by
hemoglobin, antibiotics, antibodies, and other blood component factors [6,7]. The positive
cultures from both patients were amplified and identified by PCR on the 16S rRNA gene
by sequencing. In addition, the presence of the pathogenic genes was determined by using
nine pathogenic genes: lfb1, flaB, OmpL1, ligA, ligB, ligC, lipL21, lipL32, and lipL41.

3.3. PCR Amplification of Virulence Genes

Amplification of the DNA was performed in a 25 μL reaction containing 1 mM of each
primer, 12.5 μL of DreamTaq Green PCR Master Mix (Thermo Scientific, Malaysia), 2 μL
of DNA template, and 8 μL of DNase-free water. The PCR cycling condition consisted
of an initial denaturation step at 95 ◦C for 5 min, followed by 30 amplification cycles of
denaturation at 95 ◦C for 30 s, annealing at a specified temperature for each primer for 30 s
and extension at 72 ◦C for 30 s. A final extension step was performed at 72 ◦C for 5 min.
The PCR cycles used in this study were based on the manufacturer’s recommendations for
PCR Master Mix (Thermo Scientific, Selangor, Malaysia).

3.4. Genome Sequencing, Assembly, and Quality Control

Genomic DNA was extracted from bacterial isolates using an MN NucleoSpin Tissue
Genomic DNA Purification Kit (Apical Scientific, Selangor, Malaysia). The genomic DNA
was quantitated using a Multiskan Sky Microplate Spectrophotometer (Thermo Fisher Sci-
entific, Waltham, MA, USA) and a Qubit Fluorometer (Bio-Diagnostics, Selangor, Malaysia)
before being shipped for library preparation at Bio3 Scientific Sdn Bhd company (Selangor,
Malaysia). DNA fragmentation was carried out using Covaris S220 (Covaris, Woburn,
MA, USA), followed by end repair, dA-tailing, adapter ligation, and purification using
a VAHTS Universal DNA Library Prep Kit for Illumina (Nanjing Vazyme Biotech Co., Nan-
jing, China). The Agilent 2100 (Agilent, Santa Clara, CA, USA) and the Qubit Fluorom-
eter (Thermo Fisher Scientific, Waltham, MA, USA) were used to determine library qual-
ity. Whole-genome sequencing was performed on a Novaseq 6000 platform (Illumina, San
Diego, CA, USA). Upon completion, sequencing reads were quality-filtered using a FastQC
(http://www.bioinformatics.babraham.ac.uk/projects/fastqc/; access date 10 February 2022)
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and adapter and were trimmed off using TrimGalore (https://www.bioinformatics.babraham.
ac.uk/projects/trim_galore/; access date 10 February 2022) and CutAdapt (http://code.
google.com/p/cutadapt/; access date 10 February 2022) [8] before genome assembly using
SPAdes (http://bioinf.spbau.ru/spades; access date 10 February 2022) [9]. The quality of the
genome assembly was assessed via EvalG (https://patricbrc.org/app/Annotation; access
date 10 February 2022) [10].

3.5. Genomic Annotation

Genome annotation was carried out using Bakta version 1.3.3 (https://github.com/
oschwengers/bakta; access date 10 February 2022) (database schema 3) [11]. The protein
database included the UniRef protein sequence cluster universe. Then, reported Leptospira
virulence genes were searched from the genome annotations [12], according to UniRef
protein IDs (Table 1):

Table 1. Detection of Leptospira virulence factor genes by Bakta version 1.3.3.

Gene IDs Note

lipL32 UniRef90_Q6J0P4,
UniRef50_Q6J0P4

In L. interrogans genomes, the last three genomes
have different versions
In L. weilii genomes, UniRef90_Q6J0P4 annotated
as spirochaetales surface lipoprotein

lipL41 UniRef90_A0A2M9XPR1,
UniRef100_X5FKY1,
UniRef90_A0A1D7V0C6

lipL21 UniRef90_Q04WF0

ompL1 UniRef90_Q6GXE0

lfb1 UniRef90_E7DSE3,
UniRef90_E7DSD4

All L. weilii has only UniRef90_E7DSD4 form

ligA UniRef90_Q72MA6,
UniRef90_Q8EYU4

ligB UniRef90_A0A540TD47,
UniRef90_Q04UY1

All L. weilii has only UniRef90_Q04UY1 form

ligC UniRef_C0J1R0

secY UniRef90_Q9XD16,
UniRef90_M3CP76

Housekeeping gene

flaB UniRef90_O51941 Housekeeping gene

Annotation of antimicrobial resistance genes and virulence factor genes was conducted
using Abricate (https://github.com/tseemann/abricate; access date 10 February 2022)
against the comprehensive antibiotic resistance database (CARD) database and the viru-
lence factor database (VFDB) database, respectively [13,14].

3.6. Taxonomic Assignment and Phylogenomic Tree Construction

Taxonomic assignment was carried out using GTDBtk (https://github.com/Ecogenomics/
GTDBTk; access date 10 February 2022) against GTDB database release 202. An ANI value
of over 95% in GTDBtk confirmed the assignment of the B004 genome as L. interrogans and
the B208 genome as L. weilii.

The two genomes were analyzed against closely related Leptospira genomes that were
accessible from the NCBI GenBank and RefSeq databases, based on SNPs. SNP calls were
made against the sample genome, using snippy (https://github.com/tseemann/snippy; ac-
cess date 10 February 2022). For sample B004 (L. interrogans), another 31 L. interrogans were
used together for phylogenomic tree construction (gls454012v02 assembly as outgroup).
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For genome B208 (L. weilii), another 18 L. weilii genomes were included, with assembly
ASM200984v1 (L. alexanderi 56659) as the outgroup. Then, variant calls of respective Lep-
tospira species were merged, using the snippy-core program.

The core SNP tree was constructed from merged variant calls using Gubbins v3.1.6
(https://github.com/nickjcroucher/gubbins; access date 10 February 2022) [15]. The phyloge-
netic tree was visualized using iTOL v6 (https://itol.embl.de/; access date 10 February 2022) [16].

3.7. Multi Locus Sequence Typing (MLST)

The MLST assignment was carried out against the pubMLST database, using the
software MLST (https://github.com/tseemann/mlst; access date 10 February 2022) [17].

4. Results

4.1. Leptospirosis Investigation Results

The leptospirosis investigation results for both cases are summarized in Table 2.

Table 2. Summary of leptospirosis investigation results.

Laboratory Test
Patient 1
(B208)

Patient 2
(B004)

Manufacturer

Leptospira IgM ELISA Negative - Panbio, US

Leptospira IgM Duo Rapid Intermediate Negative ImmuneMed, Korea

Microscopic agglutination
test (MAT) Negative - In-house

Leptospira in-house PCR Positive Positive In-house

culture Positive Positive In-house

16S rRNA sequencing Leptospira weilii Leptospira interrogans Apical, Malaysia

Genomic characteristics:

Chromosome size (bp) 4,298,595 4,858,647

Number of contigs 220 169

N50 106460 83016

GC content (%) 40.72 35.09

No. of coding sequences 3854 3884

No. of RNAs rRNA 3 3

tRNA 36 37

tmRNA 1 1

ncRNA 4 4

CRISPR 1 3

GenBank accession no. JAMKEM000000000.1 JAMKEN000000000.1

4.2. Whole-Genome Sequencing

The taxonomy of L. weilii and L. interrogans was further confirmed based on whole-
genome sequencing using GTDBtk (GTDB release 202). Both of the isolates were classified
as pathogenic Leptospira and were determined by the presence of five and nine pathogenic
genes, respectively, as shown in Table 3, based on the PCR amplification of the targeted
genes. In this study, PCR products were amplified in all tested primers, suggesting that the
second patient’s isolate expressed all nine of the tested pathogenic genes, while the first
patient’s isolate only expressed lfb1, flaB, ligB, ligC, and lipL32 genes.

MLST sequence type based on Leptospira scheme assigned genome B004 as sequence
type 249, while there was no sequence type for genome B208. The raw output result from
the MLST for L. interrogans and L. weilii are presented in Tables 4 and 5, respectively.
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Table 3. Detection of pathogenic genes of the isolates from positive cultures, based on PCR amplification.

Pathogenic Gene Target Gene Patient 1 (B208) Patient 2 (B004)

ligA ligA - +

ligB ligB + +

ligC ligC + +

lipL21 lipL21 - +

lipL32 lipL32 + +

lipL41 lipL41 - +

flaB flaB + +

lfb1 lfb1 + +

ompL1 ompL1 - +

Table 4. Raw output result from the MLST software for L. interrogans.

Genome Scheme ST glmU_1 pntA_1 sucA_1 tpiA_1 pfkB_1 mreA_1 caiB_1

gls454012v02 Leptospira 61 11 7 2 18 27 8 3

gls454088v2.0 Leptospira 252 1 10 7 8 15 5 52

ASM1028784v1 Leptospira 50 6 8 2 2 9 7 5

gls454027v2.0 Leptospira 51 6 13 2 2 13 2 6

Lint2002000621v2.0 Leptospira 51 6 13 2 2 13 2 6

Lint2002000623v2.0 Leptospira 51 6 13 2 2 13 2 6

gls454067v02 Leptospira 24 1 4 2 1 5 3 4

LintsBulMalv1.0 Leptospira 112 1 1 1 2 2 1 2

gls454077v2.0 Leptospira 49 5 1 1 1 3 2 7

gls454092v02 Leptospira 49 5 1 1 1 3 2 7

USM_B004 Leptospira 249 1 1 9 2 6 3 6

ASM129261v1 Leptospira - 1 1 2 2,2 - 4 8

ASM168377v1 Leptospira - 1 1 2 65 29 4 -

IMG-taxon_2681812812_ annotated_assembly Leptospira 17 1 1 2 2 10 4 8

LintFPW2026v1.0 Leptospira 47 4 18 2 2 3 3 5

ASM237007v1 Leptospira 33 1 18 1 4 4 5 3

gls454104v2.0 Leptospira 83 1 1 1 27 6 5 2

gls454097v02 Leptospira 77 1 3 1 25 6 6 2

gls454107v02 Leptospira 86 1 18 1 25 6 6 2

gls454009v2.0 Leptospira 111 20 1 1 4 6 6 5

gls454020v2.0 Leptospira 111 20 1 1 4 6 6 5

gls454105v2.0 Leptospira 84 1 2 2 29 4 5 9

gls454087v2.0 Leptospira 42 3 11 3 2 4 5 8

LintL0996v0.2 Leptospira 46 4 1 1 4 4 6 6

LintL0448v0.2 Leptospira 46 4 1 1 4 4 6 6

gls454099v02 Leptospira 46 4 1 1 4 4 6 6

gls454069v2.0 Leptospira 37 3 3 3 3 4 5 5

gls454102v2.0 Leptospira 37 3 3 3 3 4 5 5

gls454096v2.0 Leptospira 80 3 1 17 3 4 5 16

gls454045v1.0 Leptospira 140 3 3 3 3 4 5 16

gls454014v2.0 Leptospira 140 3 3 3 3 4 5 16

ASM196907v1 Leptospira 140 3 3 3 3 4 5 16
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Table 5. Raw output result from the MLST software for L. weilii.

Genome Scheme ST glmU_1 pntA_1 sucA_1 tpiA_1 pfkB_1 mreA_1 caiB_1 Order

ASM200984v1 Leptospira 207 53 67 63 59 73 57 53 19

gls454188v02 Leptospira 192 47 57 60 52 61 50 46 18

ASM156937v1 Leptospira 191 50 62 58 54 65 53 48 17

gls454043v02 Leptospira - 48 63 59 51 69 52 45 16

ASM156891v1 Leptospira 194 49 60 55 51 69 52 45 15

ASM156840v1 Leptospira - 48 63 59 53 69 49 45 14

ASM156841v1 Leptospira - 48 63 59 53 60 49 45 13

ASM156938v1 Leptospira - 49 63 55 51 69 49 45 12

LweiUI13098v0.2 Leptospira 190 49 63 59 51 60 49 45 11

ASM196993v1 Leptospira - 49 63 55 51 80 49 45 10

ASM156890v1 Leptospira 182 46 56 55 51 60 49 45 9

gls454051v01 Leptospira - 48 63 59 51 69 54 45 8

gls454038v02 Leptospira - 49 61 57 51 64 49 45 7

USM_B208 Leptospira - 49 61 57 53 63 52 45 6

ASM156936v1 Leptospira - 48 58 59 51 63 49 47 5

gls454036v02 Leptospira - 49 59 57 53 63 49 45 4

ASM156952v1 Leptospira - 46 59 57 53 63 55 47 3

gls454086v02 Leptospira 183 46 59 57 53 63 49 45 2

ASM687476v1 Leptospira 94 46 59 57 53 63 52 45 1

ASM687474v1 Leptospira 94 46 59 57 53 63 52 45 0

4.3. Phylogenomic Study

The phylogenomic relationship of the B208 and B004 genomes conformed with the
distribution of the virulence genes (Figures 1 and 2).

Figure 1. Phylogenomic tree of B208 genome against other L. weilii genomes. Metadata information
provided in order are genome submitter, pairwise ANI score, predicted virulence genes in the
virulence factor database (VFDB) and predicted virulence genes [12]. Assembly ASM200984v1
(L. alexanderi) acts as the outgroup.
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Figure 2. Phylogenomic tree of B004 genome against other L. interrogans genomes. Metadata
information provided in order are genome submitter, pairwise ANI score, predicted antimicrobial
resistance against the comprehensive antibiotic resistance database (CARD)and predicted virulence
genes in VFDB, and predicted virulence genes [12].

5. Discussion

Leptospirosis is an endemic disease with global distribution, especially in Asia.
In recent years, there have been increasing numbers of leptospirosis infection cases in
Malaysia [18–20]. A case report showed that a real-time PCR assay was successfully used
in a postmortem diagnosis of a woman whose death was caused by L. interrogans [21].
One study reported positively detected Leptospira cases and related risk factors in Sarawak,
Malaysia [22]. Leptospirosis co-infected with other pathogens were normally seen in
neighboring countries [23,24].

Advancements in molecular technology enable the expansion of the classical divisions
of L. interrogans and L. biflexa into 64 species, based on DNA relatedness. These divisions
are further classified into pathogenic species, non-pathogenic species, and species of inde-
terminate pathogenicity [25,26]. These classifications are quite different from the serologic
classification, which may be of epidemiological value. The differences in genetic makeup
among the pathogenic species may lead to the expression of different virulence factors,
which may result in differences in clinical presentations [27].

Both of the clinical isolates in this study, L. interrogans and L. weilii, were pathogenic
species. The slight difference in the presentations may be due to infection by different
species of Leptospira with different virulence factors. Leptospira interrogans has a global
distribution and there are some subgroups that are mostly isolated in the Asia–Pacific
regions [28]. In comparison, L. weilii is a less commonly encountered species that has
been previously reported in Australia [29]. In addition, the geographical distribution is
related to the serovars [30]. However, a large number of patients infected by Leptospira
have asymptomatic infections, particularly patients from endemic areas. Mild leptospirosis
is the most common form of the disease, presenting in 90% of the cases [2] of patients who
came from the endemic areas of leptospirosis.

Pathogenic Leptospira are responsible for human or animal infections. Although the
pathogenic mechanisms of Leptospira are not clearly defined, potential virulence factors
include lipopolysaccharide (LPS), OMPs, and adhesion molecule genes that are present in
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pathogenic Leptospira may help in understanding pathogenicity mechanisms. In animal
cells, the pathways of Toll-like receptor 2 (TLR2) and Toll-like receptor 4 (TLR4) activate
the host target, contrary to human cells that involve the activation of macrophage via
TLR2 with the existence of CD14 [31]. The infection of Leptospira could result in problems
with multiple organ systems or loss of life in unintentional hosts, such as humans, or
merely moderate chronic or asymptomatic infections in reservoir hosts, including rodents [1].
All such primers were used to target the virulence factors and can be used to distinguish
pathogenic from the saprophytic Leptospira. The differentiation of the pathogenic Leptospira is
also crucial in classifying the pathogenic status for epidemiological and taxonomical study.

The role and contribution of individual virulence factors in the pathogenesis of lep-
tospirosis are still not well defined. A combination of mechanisms, such as adhesions
that allow adherence, immune-mediated responses, the ability of the host to recognize
leptospiral LPS, toxin production, and surface proteins that result in immune evasion,
may lead to a broad spectrum of clinical manifestation [32]. However, the spectrum and
severity of clinical manifestations may also be influenced by several other factors, such as
the duration of exposure to the pathogen, inoculum doses, and individual susceptibility.

Certain virulence factors found in pathogenic Leptospira can confer the ability to adhere
to and enter mammalian host cells [12]. Several virulence factors, such as lipL32 and lep-
tospiral immunoglobulin-like genes ligA, ligB, and ligC, were only found in pathogenic Lep-
tospira and not in their non-pathogenic counterparts [12,33]. The lig sequence is
a virulence factor and plays a role in host cell attachment and invasion during Leptospira
pathogenicity; ligA and ligC are present in a limited number of pathogenic serovar, while
ligB is universally distributed among all of the pathogenic strains. Because ligB is present
among all the pathogenic Leptospira strains, it may be useful in the identification and
classification of Leptospira [34]. A drastic reduction in L. interrogans survival upon serum
challenge was observed after experimenting with a concomitant and complete silencing of
both LigA and LigB proteins by CRISPR-interference (CRISPRi) [35]. This process possibly
signifies that ligA and ligB are virulence factors that enhance survival. In this study, we
did not recover known Leptospira virulence factors from VFDB (Figures 1 and 2). Based
on the detection of known Leptospira virulence factors of known L. interrogans and L. weilii
genomes from genome annotation, we found that many of those virulence factors were
broadly shared across all analyzed genomes. Genomic detection of a complete set of tar-
geted virulence factors in the L. weilii genome B208 (Figure 1) contradicted PCR detection,
as amplification for genes ligA, lipL21, lipL41, and ompL1 on genome B208 were negative
(Table 3). This suggests that the PCR amplification method is limited to protein sequences
of L. interrogans, while possibly failing for other Leptospira species. This highlights the
importance of reassessing conventional leptospiral diagnostic methods. For instance, PCR
methods will fail to detect genes whenever mutations occur at the primer binding sites,
which will consequentially lead to failure of primers to hybridizes to the target gene. Future
PCR detection methods should account for the dissimilarity in sequences found in other
Leptospira virulence genes and target more conserved genomic regions that are exclusive to
pathogenic Leptospira genomes.

Another virulence factor, the outer membrane protein (OMP), plays an important
role in pathogen virulence mechanisms, because this protein may evade the host’s im-
mune response [36]. OmpL1, LipL21, LipL32, and LipL41 have been used in this study
to establish the pathogenicity of the isolate. All of the primers targeted a known gene
sequence that was reported to be preserved among more than 200 of the pathogenic
Leptospira serovars [34,36–39]. OmpL1 is a porin expressed in pathogenic Leptospira strains
that allows the dispersion of hydrophilic solutes through the external membrane to the
periplasm [40]. LipL32 is the most abundant protein in pathogenic Leptospira; it is absent
in nonpathogenic organisms and expressed during human infection. It is mostly used in
leptospirosis studies [36]. The sequence and expression of LipL32 are highly conserved
among pathogenic Leptospira species. LipL41 is one of the immunogenic OMPs that is
surface-exposed and it is expressed during infections [37,38]. In addition to those primers,
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FlaB and Lfb were used to identify pathogenic Leptospira. The FlaB primer only amplifies
a specific fragment from pathogenic Leptospira. A previous study reported that the FlaB PCR-
based approach is an effective method for distinguishing and identifying the pathogenic
Leptospira isolates [41,42].

The intake of doxycycline effectively cured leptospiral infection in both cases. Our
results showed that the gene vatB was present in the majority of our L. interrogans genomes,
but it was absent in L. weillii genomes, which suggest its role in L. interrogans survival,
unlike its role with respect to L. weillii. If vatB is of no importance, the expression of vatB
presents as a metabolic liability to L. interrogans. This indicates that, despite observations
of horizontal gene transfer (HGT) in other pathogens, such as Acinetobacter baumannii [43],
Staphylococcus aureus [44], and Vibrio cholerae [45], the conservation of the antimicrobial
resistance (AMR) profile across Leptospira genomes suggests that HGT occurs minimally
in Leptospira.

6. Conclusions

This report emphasized that different infecting Leptospira species and the presence of
different virulence factors cause a slight difference in clinical manifestations and laboratory
findings of leptospirosis. Genomic sequencing and annotation revealed the detection of
classical leptospiral virulence factor genes that were otherwise missed using PCR for de-
tecting L. weilii genome B208. Further large-scale investigation is needed to study the broad
clinical manifestation of the disease in relation to species or serovar variation, antimicrobial
susceptibility testing, virulence, and/or the pathogenicity of the Leptospira species.
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Abstract: Few reports exist on the COVID-19 epidemiology of migrant populations. We tested
370 migratory individuals from ten countries arriving at a migrant house along the US–Mexico border
based on a rapid assay detecting SARS-CoV-2 antigen. Fifty-six were positive, for a prevalence of
15.1% (95%–CIs of 11.8–19.2%). Only 21 positive persons presented signs or symptoms associated
with the infection (95%–CIs = 25–49%). Most (51.7%) positive migrants arrived in the previous two
days before being tested, indicating that the virus infection was acquired during their transit. Out of
the total of 56 positive individuals, 37.5% were from El Salvador, 33.9% from Honduras, and 21.4%
from Guatemala. This study suggests that vulnerable populations traveling from countries in Latin
America and seeking residence in the US are high-risk individuals for exposure to SARS-CoV-2. The
rapid antigen COVID-19 testing on arrival at the migrant house, and subsequent 10-day quarantine,
was a critical step to help minimize further transmission. Therefore, the present study demonstrates
that public health services provided to migratory and vulnerable populations are necessary for
pandemic control.

Keywords: COVID-19; SARS-CoV-2; México; migrants; infectious diseases; prevention

1. Introduction

The COVID-19 pandemic declared by the World Health Organization (WHO) on
March 11, 2020, put the entire world in an unprecedented health crisis, which has led to
a state of persistent uncertainty [1]. The groups most seriously affected by this health
crisis are migrants and refugees, due to the increase in inequalities generated by the
pandemic [2,3]. COVID-19 has emerged in a world closely connected with local and inter-
national population movements and with a greater number of people who move for work,
education, family, tourism, and survival [4]. Migratory movements are dynamic and result
from fundamental demographic, social, cultural, and economic phenomena that shape
the local context where the pandemic, residents, and migrants co-exist [5]. Furthermore,
geographic and geopolitical position, relative level of wealth, and international connections
make some countries attractive destinations for migrant workers, international students,
asylum seekers, and refugees [6]. The high number of migrants in these attractive countries
underscores the specific need to include migrants in response and recovery efforts from the
effects of COVID-19.

Organized caravans of persons from Central American countries traveling from south-
ern to northern Mexico [7] results in many migrants being barred for months, and even
years, at the borders of the different countries of origin and destination [8,9]. In this context
of temporary housing, often in high densities, the transmission of SARS-CoV-2, the agent of
COVID-19, can be high among resident and migrant populations. The COVID-19 problem
is further exacerbated in migrant shelters, given the unsanitary conditions that prohibit
basic preventive health measures. Migrants do not practice social distancing; there is absent
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or low coverage of face masks, no proper washing or regular hand washing, and little
or no use of disinfectants, so the risk of exposure to SARS-CoV-2 is high in these popula-
tions [10,11]. In Mexico, as well as in other countries with a migrant population, support
work for migrants is challenging; migrants often sleep in crowded closed dormitories with
poor or no ventilation and sanitation, work illegally without decent conditions, or experi-
ence severe mobility restrictions, under different levels of scrutiny and/or facing public
suspicion, even opprobrium, in a foreign country [10,12,13]. The Mexican Immigration
Policy Unit (Registration and Identity of Persons) reported the delivery of 66,685 visitor
cards for humanitarian reasons during 2020 at 2022 (March) [14]. Multiple entries are
given through Tapachula city in Chiapas to migrants traveling mostly in caravans. From
2020 to March 2022, US Customs and Border Protection detected 3,488,674 undocumented
immigrants on the border with Mexico [15]. In 2021, Mexico became the third country
in the world to receive the largest number of new asylum applications [16]. People from
various countries, including Haiti, countries in Central America, Venezuela, Cuba, the
African continent, and elsewhere, submitted 562,549 asylum applications [16].

Those migrants, asylum seekers, and US deportees converge and concentrate mostly
in 90 shelters run commonly by local government, religious, and non-governmental or-
ganizations (NGOs) located along nine northern Mexico cities: Ciudad Juarez, Mexicali,
Reynosa, Nuevo Laredo, Rio Bravo, Matamoros, Nogales, Piedras Negras, and Tijuana [17],
which are reference point areas of convergence and transit of the different demographic
groups. Annually, Mexicans and ca. 50 other nationalities looking for temporary residence
seek these destinations with the ultimate goal of reaching different cities in the US. Addi-
tionally, shelters in the Mexican territory are also receptor centers of US-expelled people
(deportees) coming by land mainly from the nine processing offices of the US Southwest
Customs and Border Protection Office of the Department of the Homeland Security [15].
These non-permanent people, which number in the thousands every year, are considered
among the most vulnerable individuals in the social fabric of the border population, and
this long interchange of people on both sides of the US-Mexico border creates a high risk
for SARS-CoV-2 transmission.

The metropolitan city of Reynosa is the location of “The Migrant House” (TMH),
which is run by the Daughters of Charity of Saint Vincent de Paul. This house offers a
dignified and safe place to migrants who arrive in Reynosa, providing them with free basic
services during their stay, such as food, clothing, personal hygiene items, telephone calls,
medical attention, psychological attention, paperwork, and administration of personal
documents. Within these facilities, a “Médecins Sans Frontières” (MSF) team provides
medical and psychological consultations to this migrant population, but it also does so along
its migratory route, prioritizing assistance to the most vulnerable groups. Likewise, other
NGOs work for and with the migrants of this house. Due to the COVID-19 pandemic, they
were forced to remain, indeterminately, in Reynosa. Migrants must cohabit in large groups
of up to 20 people per dwelling; likewise, the temporary jobs to which they have access are
of high risk for them and the local population. For example, cleaning the windshields of
cars at traffic lights inso Reynosa is one form of income. This is in addition to the high-risk
situation for COVID-19, since the Reynosa municipality officially presents the highest
number of COVID-19 cases in Tamaulipas. As of 9 August 2022, the official figures in
Reynosa were 24,388 confirmed cases of COVID-19 with 1628 deaths, which represents
14% and 20.4% of the total confirmed cases and deaths, respectively, for Tamaulipas [18].
During 2019–2022, TMH in Reynosa sheltered over 11,000 migrants; out of these, 10,548
were Mexicans, and 883 were from other countries. In total, 88% percent of the migrant
population was male, and the remaining 12% was female and minors.

2. Materials and Methods

The study was carried out at “The Migrant House” (26◦05′49.8′′ N; 98◦17′12.0′′ W) in
Reynosa, México. This was a cross-sectional study conducted from August to November,
2021 [19]. The inclusion criteria were all migrants, excluding newborns less than one year
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old. Eligible people arriving to TMH were continuously recruited to participate in the study
and sampled until test supplies were exhausted (370 total migrants). A rapid lateral flow
assay detecting SARS-CoV-2 antigen (PANBIO Covid-19 Ag rapid test; Abbott Laboratories
de Mexico, S.A. de C.V. No. 41FK10) with nasopharyngeal swabs was used by health
workers to test migrants. The specificity and sensitivity of this rapid test has been estimated
by the manufacturer at 91.4 % (94.1 % for samples showing Ct-values = ≤33) and 99.8%,
respectively (vs. nasopharyngeal PCR) [20]. However, the sensitivity may vary depending
upon the time of testing and days from the onset of symptoms. Thus, a prevalence of
10.4% and sensitivity of 79.6% (95%–CIs = 67.0–88.8%) was reported when 412 symptomatic
patients of healthcare centers in Spain were tested with the PANBIO rapid test [21].

We tested migrants on arrival to TMH; if the person tested positive, they were required
to isolate for a 10-day quarantine period outside the communal environment per local
health authorities. This strategy allowed TMH to continue to provide essential services
to migrants while minimizing SARS-CoV-2 transmission, as migrants showed active and
recent infections with SARS-CoV-2. The present study was conducted during the third
COVID-19 “wave” in Mexico, when the incidence rate in Tamaulipas was 1.09% (maximum
incidence of 3.39% in Mexico city) [19].

Statistical analysis. The 95% exact Bayes confidence intervals (95%–CIs) surrounding
the point estimate of the COVID-19 prevalence was calculated as previously reported [22].

3. Results

We tested 370 migrants from ten countries, including 35.9% from Honduras, 26.4%
from El Salvador, 18.3% from Guatemala, and 12.9% from Mexico (plus 1.6% from TMH
staff). The other countries (Nicaragua, Venezuela, Haiti, United States, Colombia, and
Ecuador) were less abundant, ranging from 0.2% to 1%. Of the 370 tested, 56 were positive
to the antigen test (prevalence of 15.1%; 95%–CIs of 11.8–19.2%; Table 1). The refusal rate
was 0.81%, as only three migrants were reluctant to participate and were, therefore, not
admitted to enter the TMH.

Table 1. Percentages of migrants from 10 countries examined and tested positive for SARS-CoV-2.

Country No. Examined
%

in Relation to
Total Examined

No. Positives
%

in Relation to
Total Positives

% of No. Posi-
tives/Examined

per Country

Colombia 2 0.5 1 1.8 50.0
Venezuela 4 1.0 1 1.8 25.0

El Salvador 98 26.4 21 37.5 21.4
Guatemala 68 18.3 12 21.4 17.6
Honduras 133 35.9 19 33.9 14.2

Mexico 48 12.9 2 3.6 4.1
Mexico (TMH *) 6 1.6 0 0 0.0

Nicaragua 4 1.0 0 0 0.0
Haití 3 0.8 0 0 0.0
USA 3 0.8 0 0 0.0

Ecuador 1 0.2 0 0 0.0
Total 370 100 56 100 15.1

* TMH = The Migrant House staff.

The percent of migrants that tested positive by nationality ranged from 0% to 50%. By
country of origin, we observed 50% prevalence (1 positive of 2 tested) of the individuals
from Colombia, 25% from Venezuela (1 of 4), 21.4% from El Salvador (21 of 98), 17.6% from
Guatemala (12 of 68), 14.2% from Honduras (19 of 133), and 4.17% from México (2 of 48).
The other countries (Nicaragua, Haiti, United States, and Ecuador) and TMH staff had no
positive cases of the people tested (Table 1). Thus, the top four positive for SARS-CoV-2
were: 21 people (37.5% of total positives) from El Salvador, 19 (33.9%) from Honduras, 12
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(21.4%) from Guatemala, and 2 (3.6%) from Mexico. Only one person (1.8%) tested positive
from the four and two people examined from Venezuela and Colombia, respectively.

Of the migrants positive for the SARS-CoV-2 antigen test, only 21 persons presented
signs or symptoms associated with the infection (95%–CIs = 25–49%); the remaining 63% of
positive persons were asymptomatic. The migrants testing positive by age group were as
follows: children between 0 and 20 years old, 18.4% (n = 163); followed by adults between
21 and 50 years old, 13.1% (n = 199); and elderly people between 51 and 70, 0% (n = 8). By
gender, 135 and 235 men and female were examined, of which 25 and 31 were positive,
respectively (Table 2).

Table 2. Testing results (no. of positives/no. of examined) for SARS-CoV-2 antigen in nasopharyngeal
swabs of migrants arriving to “The Migrant House” in Reynosa, Mexico, according to country of
origin, gender, and age group.

Country Males Females 0–20 Years Old 21–50 Years Old 51–70 Years Old

Honduras 7/42 (31.1) 12/91 (38.7) 10/59 (16.9) 9/72 (13) 0/2 (0.0)
El Salvador 7/30 (22.2) 14/68 (28.9) 14/48 (29.1) 7/49 (14) 0/1(0.0)
Guatemala 7/28 (20.7) 5/40 (17) 6/30 (20) 6/37(16) 0/1 (0.0)

Mexico 2/21 (15.6) 0/27(11.5) 0/17(0.0) 2/28 (7.1) 0/3 (0.0)
Venezuela 1/4 (3) ND ND 1/3 (33.3) 0/1 (0.0)

Haití 0/3 (2.2) ND ND 0/3 (0.0) ND
Mexico (TMH *) 0/2 (1.5) 0/4 (1.7) 0/3 (0.0) 0/3 (0.0) ND

Colombia 1/2 (1.5) ND ND 1/2 (50) ND
Ecuador 0/1 (0.7) ND 0/1(0.0) ND ND

Nicaragua 0/1 (0.7) 0/3(1.3) 0/2 (0.0) 0/2 (0.0) ND
USA 0/1 (0.7) 0/2(0.9) 0/3 (0.0) ND ND

* TMH = The Migrant House staff. ND = no data (no individuals in this category).

Most (51.7%) positive migrants arrived to Reynosa within two days of being tested
(Figure 1), suggesting that exposure to SARS-CoV-2 occurred during travel from their
country of origin. The average amount of time for migrants to travel from southern to
northern Mexico is 24 to 72 h according to the answers of 60 migrants, who responded to
standardized questionnaires (unpublished data), which includes the incubation period for
the delta variant, the most predominant variant of concern circulating in Mexico during
this study [23,24].

Figure 1. Cumulative frequency of the number of individual migrants arriving to “The Migrant
House” in Reynosa, Mexico, that tested positive SARS-CoV-2 antigen at different days post-arrival.
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Integrated health services supported by the network of TMH, MSF, and NGOs are
paramount to improving access to rapid free tests in vulnerable populations [25], because
testing for virus infection is critical to detecting COVID-19 cases for quarantine and contact
tracing, as well as for providing medical care. Undoubtedly, migrants are a high-risk
population for virus infection; it has been reported that migrants are disproportionately
represented among COVID-19 cases and deaths. Risk factors for migrants include high-risk
occupations, overcrowding, and barriers to healthcare, including imprecise information,
languages, and limited human rights [26]. For example, in Saudi Arabia and Singapore,
low-skilled migrant workers in crowded dormitories showed that 75 and 95%, respectively,
of all newly confirmed cases were among migrants, and 93% of total cases were associated
with migrants’ dormitories in Singapore [27]. Although migrants depend heavily upon
services of lodging, food, and medical care provided by the charitable network of TMH,
MSF, and NGOs in Reynosa, this network lacks sufficient resources to provide all the
needed services. The current scenario for migrants in northern border cities is worrisome,
as expulsions from the US are ongoing. In addition, migrants seeking asylum in the US
travel from Tapachula, a southern Mexico border city, to US–Mexico border cities. Here, the
needs of migrants overwhelm the capacity of local health authorities and NGOs [28]. The
emergence of new SARS-CoV-2 variants of concern will likely continue to result in epidemic
waves. Thus, there is an urgent need to enhance medical care for this migrant population.
Further studies are needed to confirm the role of migratory populations relative to resident
populations in the spread of SARS-CoV-2 and similar emerging infectious diseases.

A limitation of the current study is that we were unable to confirm exactly when
and where prior exposure to SARS-CoV-2 occurred for the migrants arriving to TMH in
Reynosa. While we report variation among populations of migrants coming from different
countries of origin, this prevalence does not necessarily reflect infection from the country
of origin, and instead could reflect variation in the risk of exposure to SARS-CoV-2 during
transport or staging in different locations along the route to the US.

4. Conclusions

Here, we tested 370 migrants from ten countries arriving at the US–Mexico border, and
56 tested positive for the SARS-CoV-2 antigen, which triggered a quarantine protocol to
limit further spread. Thus, the present study documents a screening protocol of individuals
arriving at TMH to guide actions for the prevention and control of SARS-CoV-2. Diagnostic
rapid free testing for migratory populations is important for providing public health
services to vulnerable populations that could contribute to SARS-CoV-2 spread [23].
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Abstract: Malaria and influenza are co-endemic in several geographical areas, and differentiation of
their clinical features is difficult. The present study aimed to qualitatively and quantitatively analyze
the prevalence and characteristics of malaria and influenza co-infection in febrile patients. The
systematic review was registered at PROSPERO (CRD42021264525). Relevant literature that reported
malaria and influenza co-infection in febrile patients were searched in PubMed, Web of Science, and
Scopus from 20 June to 27 June 2021 and the risk of bias for each study was assessed. Quantitative
analysis included pooled prevalence, and the odds of malaria and influenza virus co-infection among
febrile patients were estimated using a random-effects model. Subgroup analyses were performed
to summarize the effect estimate for each group. Funnel plot, Egger’s test, and contour-enhanced
funnel plot were used to demonstrate any publication bias among outcomes of included studies.
Among 4253 studies retrieved, 10 studies that enrolled 22,066 febrile patients with 650 co-infected
patients were included for qualitative and quantitative syntheses. The pooled prevalence of malaria
and influenza virus co-infection among febrile patients was 31.0% in Nigeria, 1.0% in Tanzania, 1.0%
in Uganda, 1.0% in Malawi, 1.0% in Ghana, 0% in Cambodia, 7.0% in the Central African Republic,
and 7.0% in Kenya. Meta-analysis also showed co-infection occurrence by chance (p = 0.097, odds
ratio 0.54, 95% CI 0.26–1.12, I2 94.9%). The prevalence of malaria and influenza virus co-infection
among febrile patients was heterogeneous by country, characteristics of febrile participants, and
diagnostic tests for influenza virus. Further studies should investigate severe clinical manifestations
or differentiate clinical outcomes between mono-infected or co-infected individuals, whether the
co-infection leads to severe disease outcome.

Keywords: malaria; Plasmodium; influenza; co-infection

1. Background

Malaria remains a major cause of death in children younger than 5 years old who
live in Africa According to the World Health Organization (WHO), more than 241 million
malaria cases and 558,000 deaths were reported, almost all (95%) in African countries, while
2% of malaria cases were reported in the WHO South-East Asia Region, and the remaining
3% from other regions [1]. The major cause of malaria in Africa was Plasmodium falciparum,
although P. vivax malaria was also reported, albeit this is less endemic than P. falciparum
owing to Duffy-negative populations in Africa. Nevertheless, recent evidence suggested
that P. vivax can infect Duffy-negative individuals [2–4], and substantial epidemiological
evidence suggests P. vivax as a cause of severe malaria [5–7]. In contrast to P. falciparum and
P. vivax, a small number of patients develop severe complications derived from Plasmodium
mixed infection [8], Plasmodium ovale [9], or Plasmodium malariae [10].
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Influenza is an infectious respiratory disease caused by the influenza virus. In humans,
severe disease and seasonal epidemics are mostly caused by influenza viruses A and
B [11,12]. Previous studies reported the high incidence of influenza in Africa in Nigeria,
Tanzania, Kenya, the Central African Republic, and Malawi [11,13,14]. At least 3 million
severe influenza cases have been reported, with 290,000 to 650,000 deaths annually [15].
Transmission can occur by direct contact with aerosols and droplets through coughing and
sneezing. The clinical symptoms of influenza range from mild respiratory tract infection to
acute/chronic disease and are similar to those of other acute febrile illnesses (AFIs), such
as pneumonia, typhoid fever, and malaria [11,14]. These overlapping symptoms include
fever, chills, headache, and joint and muscle pain [13,16,17]. Children younger than 5 years
old are the most vulnerable to morbidity and mortality caused by infection from malaria
and influenza [14]. Pregnant women also constitute a risk group for complications from
influenza, caused by pregnancy-specific immune changes arising from physiological and
anatomical alterations, which lead to high morbidity and mortality especially in the second
and third trimesters [11].

As malaria and influenza are co-endemic in several geographical areas, it is difficult to
differentiate by the clinical features of the two diseases and other AFIs. To the best of our
knowledge, few data regarding the prevalence and characteristics of their co-infection have
been published. Therefore, the present study aimed to qualitatively and quantitatively
analyze the prevalence and characteristics of malaria and influenza co-infection in febrile
patients that have been reported in the literature. The results of this study should guide
further investigations of febrile patients by clinicians in co-endemic areas.

2. Methods

2.1. Protocol and Registration

The systematic review was registered at PROSPERO with the registration number
CRD42021264525. Reports of systematic reviews followed the Preferred Reporting Items
for Systematic Reviews and Meta-Analyses (PRISMA) statement [18].

2.2. Search Strategy

Search terms were constructed and checked with Medical Subject Heading (MeSH).
The potentially relevant search terms were combined as “(malaria OR plasmodium OR
Paludism OR “Marsh Fever” OR “Remittent Fever”) AND (influenza OR flu OR Influenzas
OR Grippe)” (Table S1). The searches were performed in PubMed, Web of Science, and
Scopus from 20 June to 27 June 2021 with restriction to the English language but with no
restriction on year of publication.

We restricted the literatures in the English language because the articles in English lan-
guage provided more flexibility for study selection and data extraction by review authors.

An additional search of reference lists of the included studies and another source,
Google Scholar, was also performed to assure that potentially relevant studies were not
overlooked during the searches.

2.3. Eligibility Criteria

The eligibility criteria followed the Participants/Outcome of interest/Context (PICo)
principle. P represented febrile patients, I represented co-infection of malaria and influenza
virus, and Co-represented the worldwide distribution of co-infection.

Therefore, the inclusion criteria of this study were prospective or retrospective ob-
servational studies that reported the concurrent infection of malaria and influenza virus
among febrile participants who were suspected of malaria or other flu-like illnesses. The
exclusion criteria were non-English articles, studies that reported co-infections but data
of co-infections could not be extracted, case reports, case series, letters to editors, reviews,
and systematic reviews.
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2.4. Study Selection and Data Extraction

Potentially relevant studies were selected independently by two authors (M.K. and
W.M.) on the basis of eligibility criteria. Disagreements between the two authors were
consensualized by another author (P.W.). The flow of study selection after studies were
retrieved from databases was as follows: (1) duplicates were removed; (2) title and abstract
were screened and unrelated studies were excluded; (3) full texts of studies were examined
and unrelated studies were excluded with reasons given; and (4) studies that met the
eligibility criteria were included for syntheses. The following data were extracted: first
author, publication year, study site, study design, participants and their characteristics,
numbers of co-infections, numbers of malaria cases, numbers of influenza cases, diagnostic
tests for malaria, and diagnostic tests for influenza. All information was extracted into a
pilot standardized datasheet before further analysis. The data extraction was performed by
two authors (M.K. and W.M.), and cross-checked by another author (P.W.).

2.5. Risk of Bias

The risk of bias for each study was assessed using the Joanna Briggs Institute (JBI)
Critical Appraisal Tools for cross-sectional study [19]. The tool assessed the risk of bias for
the following eight criteria: explanation of criteria for inclusion of participants, description
of subjects and the setting, measurement of exposure validity and reliability, standard
criteria used for measurement of the diseases, identification of confounding factors and
identification of strategy to deal with them, measurement of outcome validity and reliability,
and appropriateness of statistical analysis. A total score of 8 was given to a study that
met all eight criteria. Studies with scores of 7–8 indicated a low risk of bias, scores of
5–6 indicated a moderate risk of bias, and scores of less than 5 indicated a high risk of bias.

2.6. Data Syntheses

Data syntheses comprise qualitative and quantitative syntheses. Qualitative synthesis
is the narrative explanation of data from the included studies, while quantitative synthesis
is the statistical analysis of the pooled evidence. The quantitative analysis included: (1) the
pooled prevalence of malaria and influenza co-infection among febrile patients; (2) the
pooled prevalence of influenza virus among patients with malaria; and (3) the odds of
malaria and influenza virus co-infection among febrile patients. The effect estimates and
95% confidence interval (CI) including the pooled prevalence and the pooled odds were
estimated using a random-effects model (DerSimonian and Laird). The point estimates
and 95% CI of each study for one outcome were visualized in a forest plot. Subgroup
analyses of participants, countries, and diagnostic tests for influenza virus were performed
to summarize the pooled prevalence per group. Funnel plot, Egger’s test, and contour-
enhanced funnel plot were used to demonstrate any publication bias among the outcomes
of the included studies. All analyses were performed using Stata version 14 (StataCorp,
College Station, TX, USA).

3. Results

3.1. Search Results

Among 4253 studies that were retrieved from three databases (2459 from Scopus,
901 from Web of Science, and 893 from PubMed), 1232 duplicates were removed and
3021 studies were screened for titles and abstracts. Next, 2946 unrelated studies were
removed, and 75 studies were examined for full texts. Sixty-five studies were then excluded
with reasons as follows: (i) 25 in which no co-infection was reported, (ii) 13 in which
only malaria was reported, (iii) 11 in which only influenza was reported, (iv) 6 reviews,
(v) 4 with full text unavailable, (vi) 2 knowledge assessments, (vii) 2 with non-English
language, (viii) 1 systematic review, and (ix) 1 co-infection study from which data could not
be extracted. Additional searches from reference lists of the included studies and Google
Scholar found no other relevant studies. Therefore, ultimately, 10 studies [11,13,14,20–26]
were included for qualitative and quantitative syntheses (Figure 1).
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Figure 1. The PRISMA flow diagram showing study selection process. * mean from bibliograp-
hical databases.

3.2. Characteristics of the Included Studies

Characteristics of the included studies are shown in Table 1. All studies were con-
ducted in the period 2006–2018 and published between 2012–2021. Eight studies were con-
ducted in African countries, namely Nigeria [11], Tanzania [20,23], Uganda [21], Malawi [22],
Ghana [24], the Central African Republic [13], and Kenya [14]. Two studies [25,26] were
conducted in Cambodia (Figure 2). Eight studies [11,13,14,20,23–26] were observational,
while two [21,22] were cohort studies. Two studies enrolled pregnant women [11,22],
while other studies [14,20,24] enrolled febrile children, adults [21], and patients in all
age groups [13,23,25,26]. For malaria diagnosis, five studies [14,20,22,24,25] used mi-
croscopy alone, two studies [13,21] used a rapid diagnostic test (RDT), one study [23]
used RDT/microscopy, one study [26] used RDT/polymerase chain reaction (PCR), and
one study [11] did not specify the diagnostic method. For influenza diagnosis, six stud-
ies [14,21,23–26] used PCR alone, one study [11] used enzyme-linked immunosorbent assay
(ELISA) immunoglobulin M (IgM) alone, one study [20] used ELISA IgM/IgG/PCR, and
two studies [13,22] did not specify the diagnostic method (Table 1).
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. 

Figure 2. Malaria and influenza co-infection were documented in the following regions (marked
in red). The map was made with the help of a map template found at https://mapchart.net/. By
referencing mapchart.net, authors are permitted to use, alter, and modify any map made with it.

3.3. Risk of Bias

The risk of bias for each study was assessed using the JBI Critical Appraisal Tools for
cross-sectional study. Six studies [14,20,23–26] were assessed as having a low risk of bias,
while four studies [11,13,21,22] were assessed as having a moderate risk of bias (Table S2).

3.4. Pooled Prevalence of Malaria and Influenza Virus Co-Infection

The pooled prevalence of malaria and influenza virus co-infection (650 cases) among
febrile patients (22,066 cases) was estimated using data from 10 studies [11,13,14,20–26]. On
stratifying the prevalence by country, the pooled prevalence of malaria and influenza virus co-
infection among febrile patients was 31.0% in Nigeria (95% CI: 25.0–38.0%), 1.0% in Tanzania
(95% CI: 0–1.0%, I2: 99.9%), 1.0% in Uganda (95% CI: 0–2.0%), 1.0% in Malawi (95% CI: 0–3.0%),
1.0% in Ghana (95% CI: 0–1.0%), 0% in Cambodia (I2: 99.9%), 7.0% in the Central African
Republic (95% CI: 6.0–8.0%), and 7.0% in Kenya (95% CI: 6.0–9.0%) (Figure 3).

For stratifying the prevalence by groups of participants, the pooled prevalence of
malaria and influenza virus co-infection among febrile patients was 2.0% in pregnant
women (95% CI: 1.0–3.0%, I2: 99.9%), 3.0% in children (95% CI: 0–6.0%, I2: 98.5%), 1.0% in
adults (95% CI: 0–2.0%), and 4.0% in all age groups (95% CI: 1.0–7.0%, I2: 97.6%) (Figure 4).

For stratifying the prevalence by diagnostic tests for influenza virus, the pooled
prevalence of malaria and influenza virus co-infection among febrile patients was 31.0% in
the study using ELISA IgM (95% CI: 25.0–38.0%), 0% in studies using ELISA IgM/IgG/PCR
(95% CI: 0–2.0%), 2.0% in studies using PCR (95% CI: 1.0–4.0%, I2: 97.7%), and 5.0% in
studies that did not specify the diagnostic method for influenza virus (95% CI: 4.0–6.0%,
I2: 99.5%). Overall, the pooled prevalence of malaria and influenza virus co-infection
among febrile patients was 3.0% (95% CI: 2.0–5.0%, I2: 98.7%) (Figure 5).
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Figure 3. Countries with the highest rates of malaria and influenza co-infection among feverish pa-
tients. Percentage weight, each study’s contribution to the pooled effect; black dot on black horizontal
line, each study’s point estimate; CI, confidence interval; white diamond, pooled prevalence; ES,
effect size (prevalence).

 

Figure 4. Malaria and influenza co-infection rates in febrile patients, broken down by participant
groups. Percentage weight, the fraction of each study’s impact on the pooled effect; black dot on
black horizontal line, each study’s point estimate; CI, confidence interval; white diamond, pooled
prevalence; ES, effect size (prevalence).
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Figure 5. Diagnostic testing for influenza virus reveals the prevalence of malaria and influenza
co-infection among feverish patients. Percentage weight, the fraction of each study’s impact on the
aggregated effect; black dot on black horizontal line, each study’s point estimate; white diamond,
pooled prevalence; CI, confidence interval; ES, effect size (prevalence).

3.5. Pooled Prevalence of Influenza Virus Infection among Malaria-Positive Patients

The pooled prevalence of influenza virus infection (587 cases) among malaria-positive
patients (6847 cases) was estimated using data from eight studies [13,14,20–23,25,26]. On
stratifying the prevalence by country, the pooled prevalence of influenza virus infection
among malaria-positive patients was 4.0% in Tanzania (95% CI: 2.0–5.0%, I2: 99.6%), 5.0%
in Uganda (95% CI: 2.0–14.0%), 6.0% in Malawi (95% CI: 2.0–13.0%), 2.0% in Cambodia
(95% CI: 1.0–2.0%, I2: 99.6%), 10.0% in the Central African Republic (95% CI: 9.0–11.0%),
and 11.0% in Kenya (95% CI: 10.0–13.0%) (Figure 6).

On stratifying the prevalence by groups of participants, the pooled prevalence of in-
fluenza virus infection among malaria-positive patients was 8.0% in children
(95% CI: 6.0–9.0%, I2: 99.6%), 5.0% in adults (95% CI: 2.0–14.0%), 6.0% in pregnant women
(95% CI: 2.0–13.0%), and 7.0% in all age groups (95% CI: 4.0–11.0%, I2: 93.2%) (Figure 7).

On stratifying the prevalence by diagnostic tests for influenza virus, the pooled preva-
lence of influenza virus infection among malaria patients was 1.0% in studies using ELISA
IgM/IgG/PCR (95% CI: 0–7.0%), 6.0% in studies using PCR (95% CI: 1.0–10.0%, I2: 96.8%),
and 10.0% in studies that did not specify the diagnostic method for influenza virus
(95% CI: 9.0–11.0%, I2: 99.2%). Overall, the pooled prevalence of influenza virus infection
among malaria patients was 6.0% (95% CI: 2.0–9.0%, I2: 97.4%) (Figure 8).
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Figure 6. Countries with the highest rates of malaria and influenza co-infection among feverish
patients. Percentage weight, the fraction of each study’s impact on the pooled outcome; black dot on
black horizontal line, each study’s point estimate; white diamond, pooled prevalence; CI, confidence
interval; ES, effect size (prevalence).

 

Figure 7. Influenza virus infection rates among malaria patients, broken down by participant groups.
Percentage weight, the fraction of each study’s impact on the pooled outcome; black dot on black
horizontal line, each study’s point estimate; white diamond, pooled prevalence; CI, confidence
interval; ES, effect size (prevalence).
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Figure 8. Diagnostic assays for influenza virus infection reveal the prevalence of influenza virus
infection among malaria patients. Percentage weight, the fraction of each study’s impact on the
pooled outcome; black dot on black horizontal line, each study’s point estimate; white diamond,
pooled prevalence; CI, confidence interval; ES, effect size (prevalence).

3.6. Odds of Co-Infection

Odds of malaria and influenza virus co-infection were estimated using the data from
seven studies [13,14,21–23,25,26]. Overall, the meta-analysis showed that co-infections
occurred by chance (p = 0.097, odds ratio (OR): 0.54, 95% CI: 0.26–1.12, I2: 94.9%). Results of
individual studies showed that malaria and influenza virus co-infection occurred frequently
in the study conducted in the Central African Republic during 2015–2018 [13], with less
co-infection occurring in the study conducted in Cambodia during 2006–2009 [25] (Figure 9).

 

Figure 9. Malaria and influenza co-infections have a high chance of occurring. Percentage weight:
each study’s contribution to the pooled effect; black dot on black horizontal line, each study’s
point estimate.
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3.7. Publication Bias

Publication bias was assessed by visualizing the funnel plot and analyzing by Egger’s
test. There was an asymmetrical distribution of the studies in the funnel plot, indicat-
ing the publication bias of the prevalence of co-infection among the included studies
(Figure 10). Egger’s test demonstrated that publication bias was caused by a small study
effect (p = 0.015, co-efficient 6.97, standard error 2.26).

 

Figure 10. The asymmetrical distribution of the effect estimate (ES, prevalence of co-infection) and its
standard error (se) is depicted in a funnel plot.

A contour-enhanced funnel plot was further created to demonstrate other possible
causes of funnel-plot asymmetry. This showed that the effect estimates of the included
studies were mostly located in the significant area (p < 1.0%), indicating that the shape of
the funnel plot was likely caused by publication bias (Figure 11).

 

Figure 11. The distribution of the effect estimates of the included studies in the significant area (p 1%)
is shown in a contour-enhanced funnel plot.
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4. Discussion

In this study, we found that the co-occurrence of malaria and influenza infections in
febrile patients were published in the literatures between 2012 and 2021. The results of
the meta-analysis showed that although the overall prevalence of malaria and influenza
co-infection among febrile patients was low (3.0%), the causes of high heterogeneity among
studies need to be considered. The difference in the prevalence of co-infections might
due to the difference in countries, participants, and diagnostic tests for influenza virus
in different studies. Interestingly, influenza virus infection among malaria patients was
commonly found in Africa where falciparum malaria is endemic. These findings were
consistent with those that previously reported a high prevalence of influenza A virus
infection among malaria patients in Lagos State, Nigeria [11]. The incidence of malaria
co-infection with influenza was also reported as approximately 6.8% in the Central African
Republic between 2015 and 2018 [13]. In hyperendemic areas, where malaria is endemic in
both urban and rural areas, the low prevalence of malaria and influenza virus co-infection in
Africa might be caused by underdiagnosis by physicians in the absence of respiratory tract
symptoms of influenza at presentation or misdiagnosis of co-infection. In hypoendemic
areas such as South-East Asia, malaria is frequently found in rural populations; hence,
the first differential diagnosis of patients who present with fever after spending time in
the forest is malaria rather than influenza. Co-infection of malaria with other AFIs was
reported in our previous studies [27–29]. Co-infections patients were less reported, perhaps
because of under-reporting or underevaluation or misdiagnosis. Nevertheless, co-infection
of malaria with leptospirosis or chikungunya tended to occur by chance [27,28]. Regarding
malaria and influenza co-infection, the high prevalence of co-infection under poor living
conditions might be associated with poor outcomes from influenza infection, especially in
developing countries [30,31]. Given that several studies from Africa have reported a high
prevalence of influenza virus infection associated with hospitalization [32,33], the relevant
infection control strategies, including vaccination, warrant closer attention [32].

Subgroup analysis of study populations showed that the pooled prevalence of co-
infection with influenza virus infection among malaria patients was highest in all age
groups (4.0%) and children (8.0%). Lower prevalence was reported by studies that enrolled
specific groups, such as pregnant women and adults. These results indicated that the
co-infection of these two diseases could occur in all age groups, especially in children with
influenza virus infection. This result was consistent with a report on the risk and severity
of co-infection among children in Kenya [14,34], which showed that 45.0% of children
< 5 years old with influenza virus infections were co-infected with malaria, while only 6.0%
of malaria-positive patients were co-infected with influenza [14]. In addition, children aged
5–10 years (11.0%) were co-infected with malaria and influenza [34]. Longer hospitalization
of children < 5 years old for co-infection with malaria and influenza was uncommon [14].
However, two studies [11,22] that recruited pregnant patients reported a low prevalence
of co-infection in this group. Therefore, pregnant women who are infected by these two
pathogens might not be the source of heterogeneity in the prevalence of co-infection in
febrile illness. In Nigeria, pregnant women (56.6%) were IgM seropositive for influenza A
virus and co-infection with malaria (54.0%) and typhoid fever (33.0%) [11]. Moreover, the
most affected patients with co-infection had the highest seroprevalence estimated to occur
among adults aged 21–30 years [11]. Possibly they were active working people and had
risk to contact with other people including people with influenza.

Malaria and influenza share similar clinical symptoms with other febrile illnesses at the
early stages of infection, which may leads to misdiagnosis and delays optimal treatment [35].
Influenza may be undiagnosed in febrile malaria patients if clinicians do not suspect influenza
co-infection. In this study, the prevalence of co-infection was stratified by diagnostic tests for
influenza virus infections, including ELISA (IgM), ELISA (IgM/IgG)/PCR, and PCR. The
highest prevalence of co-infection and influenza virus infection among malaria patients was
diagnosed using ELISA (IgM) and PCR. Moreover, the diagnostic tool for influenza diagnosis
in the study in Nigeria was ELISA. Seropositivity by ELISA is used to detect IgM-specific
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antibodies to influenza A virus H1N1 and H3N2 [11]. The lowest prevalence of co-infection
and chikungunya infection in malaria patients was diagnosed using ELISA (IgM/IgG)/PCR.
In addition, two studies [13,22] did not specify the diagnostic method for the influenza virus.
Currently there are several methods for the diagnosis of influenza infections, such as real-time
reverse transcription-PCR assays, viral isolation in cell culture, immunofluorescence assays,
and immunochromatography assays [36].

The meta-analysis showed that malaria and influenza virus co-infection occurred by
chance. The rationale behind this occurrence might be the difference in vectors responsible
for transmitting the diseases. While malaria is transmitted by female Anopheles mosquitoes,
influenza is transmitted via direct contact with infected individuals or by inhalation of
virus-laden aerosols. Nevertheless, a high probability of co-infection was demonstrated
in the studies conducted in the Central African Republic during 2015–2018 [13]. The
results of this study indicated that two diseases might enhance another infection. However,
the low probability of co-infection was reported in the study conducted in Cambodia
during 2006–2009 [25], which indicated that one infection might suppress another infection.
Further studies are needed to investigate the interaction between these two diseases.

The present study had some limitations. First, the pooled prevalence of malaria and
influenza virus co-infection in febrile patients or the pooled prevalence of influenza virus
infection in malaria patients was heterogeneous. Therefore, the pooled prevalence must
be interpreted with caution. Second, the number of publications that reported malaria
and influenza co-infection was limited; hence, in the present study, the differences in
clinical characteristics, laboratory data, and treatment outcome of co-infected patients
could not be analyzed. Third, the prevalence of malaria and influenza virus co-infection
was dependent on the diagnostic tests used for the influenza virus infection, which are not
all confirmatory; therefore, the rate of co-infection might have been underestimated? in
some of the included studies.

5. Conclusions

Prevalence of malaria and influenza virus co-infection among febrile patients was
heterogeneous by country, characteristics of febrile participants, and diagnostic tests for
influenza virus. Clinicians examining febrile patients in co-endemic areas such as Nigeria,
Tanzania, Uganda, Malawi, Ghana, Cambodia, the Central African Republic, and Kenya
should carefully examine patients for the possibility of co-infection. Influenza should also
be suspected in febrile malaria patients in any country during influenza season. Moreover,
further studies should investigate severe clinical manifestations or differentiate clinical
outcomes between mono-infected or co-infected individuals, if the co-infection leads to
severe disease outcomes.
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Post-Mortem Diagnosis of Pediatric Dengue Using Minimally
Invasive Autopsy during the COVID-19 Pandemic in Brazil
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Abstract: We report the first pediatric disease in which the use of minimally invasive autopsy (MIA)
confirmed severe dengue as the cause of death. During the COVID-19 pandemic, a previously healthy
10-year-old girl living in north-eastern Brazil presented fever, headache, diffuse abdominal pain,
diarrhoea, and vomiting. On the fourth day, the clinical symptoms worsened and the patient died. An
MIA was performed, and cores of brain, lungs, heart, liver, kidneys, and spleen were collected with
14G biopsy needles. Microscopic examination showed diffuse oedema and congestion, pulmonary
intra-alveolar haemorrhage, small foci of midzonal necrosis in the liver, and tubular cell necrosis in
the kidneys. Dengue virus RNA and NS1 antigen were detected in blood and cerebrospinal fluid
samples. Clinical, pathological, and laboratory findings, in combination with the absence of other
lesions and microorganisms, allowed concluding that the patient had died from complications of
severe dengue.

Keywords: severe dengue; autopsy; minimally invasive autopsy; arbovirus; COVID-19

1. Introduction

Dengue is the most important arbovirus worldwide, causing epidemics with a high hu-
man health and economic impact. Severe symptoms mainly affect the pediatric population
from endemic low- and middle-income countries [1,2].

In Brazil, dengue remains the most widespread disease caused by arbovirus, even after
the introduction of Zika and chikungunya. In north-eastern Brazil, deaths from dengue are
frequent, even in non-epidemic years, especially in socially vulnerable populations [1–3].
Clinically, most dengue infections are either asymptomatic or produce mild disease [1–3].
However, given the high number of infections, severe cases are often reported during
epidemics and represent a challenge for diagnosis and clinical management. In fatal
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cases, most organs and systems are affected, particularly the heart, central nervous system,
gastrointestinal tract, and kidneys.

After the establishment of Death Verification Services (DVS) in Brazil, the use of
conventional autopsy (CA), the gold standard technique for the diagnosis of deaths caused
by dengue, has contributed to the detection of patients clinically not diagnosed [4] and
has significantly reduced neglected and underreported cases. However, the existence of
few DVS in the cities, together with the low acceptability of CA among the relatives of
the deceased and the lack of financial resources and specialised personnel, has resulted in
limited implementation of this procedure [5]. Thus, the application of new strategies for
post-mortem tissue collection is necessary, particularly for pediatric deaths, as rejection of
CA by the relatives is very high in this population [5–10].

Minimally invasive autopsy (MIA) has been used as an alternative to CA with promis-
ing results [8,10–14]. This technique allows obtaining core biopsies of key organs by
percutaneous puncture, with or without guidance with an imaging technique. MIA has
been widely used in the context of the COVID-19 pandemic as a fast and non-disfiguring
method with minimal biological risk for the personnel performing the procedure [8,9,15–17].
However, current knowledge of the performance of this technique for arboviral diseases in
the paediatric population is very limited.

We report the first case of fatal dengue infection, which occurred in a previously
healthy 10-year-old girl living in north-eastern Brazil during the COVID-19 pandemic.
MIA sampling allowed correct diagnosis and showed complete agreement with the CA.
We show that this acceptable, simplified, and non-disfiguring post-mortem technique can
reliably diagnose death from severe dengue.

2. Case Report

A 10-year-old girl presented with fever, headache, diffuse abdominal pain, diarrhoea,
and vomiting at the end of June 2021. She was previously healthy and had no comorbidities.
A previously healthy 10-year-old girl with no comorbidities presented with fever, headache,
diffuse abdominal pain, diarrhoea, and vomiting at the end of June 2021. The patient was
initially treated with dipyrone. After 24 h, the patient presented dark stools. Two days
later her clinical condition worsened and she was admitted to an emergency care unit
(ECU), in which a blood count revealed thrombocytopenia (57,000/mm3). Intravenous
hydration, antipyretics, and antiemetics were administered. After 3 days, the abdominal
pain worsened, and the patient developed cutaneous pallor, arterial hypotension, and
drowsiness, and was transferred to a paediatric hospital, where she arrived pale, with
cold skin, thin pulse, gasping, dehydrated, and with tense abdomen. Myocarditis was
considered by the physician. A femoral central venous access allowed expansion with
albumin. The blood count revealed mild anaemia (haemoglobin 11.9 g/dL, haematocrit
35.9%), lymphopenia (92/mm3), and thrombocytopenia (57,000/mm3 on admission, which
dropped to 20,000/mm3 within a few hours). Liver enzymes were above reference levels
during hospitalisation (aspartate aminotransferase 741.1 U/L; alanine aminotransferase
248.9 U/L). She also had altered renal function, hyperkalaemia (10 mmol/L), and severe
metabolic acidosis (pH 6.7). Activated partial thromboplastin time and prothrombin time
were prolonged (Table 1). The next day, the patient suffered cardiorespiratory arrest, unre-
sponsive to resuscitation measures. There was profuse bleeding through the oropharynx,
trachea, and stomach. The clinical diagnoses were severe acute hepatitis of unexplained
cause, acute renal dysfunction, and shock.

The mother of the patient reported the presence of several neighbors with similar
symptoms and the recent admission of an aunt who lived with her, who had been diagnosed
with severe dengue. Neither respiratory symptoms nor recent contact with suspected or
confirmed cases of COVID-19 were described. Remarkably, co-circulation of SARS-CoV-2
and dengue has recently been reported in the Americas [18].
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Table 1. Results of laboratory tests.

Exam
27 June 2021

(3 Days of Symptom)
28 June 2021

(4 Days of Symptom)
Reference Values

Red Cells 4.29 million/mm3 4.11 million/mm3 4.1 to 5.3 million/mm3

Haemoglobin 12.3 g/dL 11.9 g/dL 12 to 14.5 g/dL
Haematocrit 35.9% 35% 36 to 43%
Leukocytes 2300/mm3 5600/mm3 3400 to 10,800/mm3

Neutrophils 1955/mm3 4424/mm3 1500 to 8500/mm3

Rod Neutrophils 69/mm3 224/mm3 0 to 860/mm3

Segmented Neutrophils 1886/mm3 4200/mm3 1500 to 8500/mm3

Eosinophils 0/mm3 56/mm3 0 to 500/mm3

Lymphocytes 92/mm3 672/mm3 1500 to 6500/mm3

Monocytes 253/mm3 336/mm3 0 to 800/mm3

Basophils 0/mm3 0/mm3 0 to 200/mm3

Platelets 57,000/mm3 20,000/mm3 150 to 450 mil/mm3

Atypical Lymphocytes - 112/mm3 0%
MPV 8.3 fL 7.5 fL 9.2 to 12.6 fL

Ultrasensitive C-reactive
protein 2.96 mg/dL 2.37 mg/dL <0.10 mg/dL

Magnesium - 2.02 mg/dL 2.02 to 2.75 mg/dL
Potassium 4.0 mmol/L 6.8 mmol/L 3.5 to 5.1 mmol/L

Sodium 136 mmol/L 139 mmol/L 136 to 145 mmol/L
AST 83.3 U/L 741.1 U/L 17 to 33 U/L
ALT 27.3 U/L 248.9 U/L 9 to 23 U/L

Urinary Urobilinogen 3.0 mg/dL - < 1.0 mg/dL
Creatinine - 0.82 mg/dL 0.32 to 0.61 mg/dL

Urea - 28.9 mg/dL 19.2 to 46.2 mg/dL
TAP—prothrombin time - 16.8 s 9.4 to 12.5 s
APTT- activated partial

thromboplastin - 49.8 s 25.1 to 36.5 s

Laboratory tests performed after death
Blood culture

RT-PCR for SARS-CoV-2
qRT-PCR for dengue

qRT-PCR for Zika
qRT-PCR for
chikungunya
NS1 antigen

No microbial growth

Not Detectable
Positive

Negative
Negative
Positive

Subtitle: MPV—mean platelet volume, AST—aspartate aminotransferase, ALT—alanine aminotransferase, TAP—
prothrombin time, APTT—activated partial thromboplastin, RT-PCR—reverse transcriptase-polymerase chain
reaction, qRT-PCR—quantitative reverse transcriptase-polymerase chain reaction.

The body was sent to the DVS Dr Rocha Furtado (DVS-RF), where an MIA followed by
CA were performed, after consent provided by the mother. The post-mortem procedures
were performed as part of a study approved by the Research Ethics Committee through
protocol CAAE 27162619.1.0000.5049, number 3,851,684.

Nasopharyngeal swabs were routinely tested by quantitative reverse transcriptase-
polymerase chain reaction (qRT-PCR) for SARS-CoV-2 in all DVS-RF autopsies performed
during the COVID-19 pandemic. About 20 mL of blood and 2 mL of cerebrospinal fluid
(CSF) were collected as part of the MIA procedure before the CA. The two post-mortem
procedures were analysed by two different pathologists.

For the MIA, 20 cm, 14 Gauge percutaneous biopsy needles were used. Four brain
cores (1.2 to 1.3 cm) were obtained by introducing the biopsy needle through the right and
left nasal cavity, piercing the cribriform plate of the sphenoid bone. The right and the left
lungs were punctured between the third and fourth intercostal spaces, and four cores from
each lung (0.5 to 0.6 cm from the right lung; 1.2 to 1.4 cm from left lung) were collected.
Four cores (0.8 to 0.9 cm) were obtained from the heart, after puncture in the fifth intercostal
space. The liver was punctured in the right 11th intercostal space, in the anterior axillary
line, and four tissue cores (0.7 to 1.0 cm) were obtained. Punctures directed to the kidneys
were performed in the right and left subcostal spaces and four tissue fragments from each
side were obtained (1.5 to 1.7 cm right, 1.0 to 1.2 cm left). Finally, four cores were collected
from the splenic area (0.8 to 1.0 cm).
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CA was performed following the DVS-RF protocol (4), after opening all cavities. The
brain was swollen (weight 1310 g). Bilateral pleural effusion and ascites were observed.
The lungs were oedematous and showed areas of haemorrhage (weight: 365 g left and
375 g right). The liver and the spleen showed congestion and weighed 1200 g and 415 g,
respectively. One-hundred-and-fifty milliliters of fresh blood were identified in the stomach.
The kidneys were pale and oedematous (weight: 110 g right and 100 g left). The adrenals
showed no abnormalities.

Microscopic examination showed oedema and congestion in all organs, foci of intra-
alveolar haemorrhage in the lungs, and foci of midzonal necrosis in the liver. Hypoplasia
of the white pulp of the spleen was associated with abundant macrophages with large clear
nuclei. There was extensive coagulative necrosis of the cortical tubules of the right kidney.

Samples of the left kidney and spleen of the MIA showed only skeletal muscle, con-
nective tissue, vessels, and nerves under microscopy, with no cores of parenchyma.

The nasopharyngeal swab, blood, and CSF were sent to the Central Laboratory of
Public Health of Ceará (LACEN-CE) for laboratory tests: qRT-PCR for respiratory viruses,
arboviruses (dengue, Zika, and chikungunya), and detection of dengue NS1 antigen in
blood and CSF [19]. A blood culture for bacterial research was also performed.

The following findings were of note: midzonal hepatocyte necrosis with rare aci-
dophilic bodies seen only in the MIA samples, which were better preserved; enlargement
of the alveolar septa by inflammatory cells (viral interstitial pneumonitis), edema and foci
of intraalveolar hemorrhage seen in both MIA and CA; and acute tubular necrosis in the
kidneys (Figure 1). Previous studies reporting histological findings in fatal cases of dengue
have reported similar changes, including diffuse congestion and hemorrhage, alveolar
edema, and liver cell necrosis [20].

The nasopharyngeal swab sample tested negative for SARS-CoV-2 RNA and there was
no microbial growth in the blood culture. The qRT-PCR test for arboviruses identified the
presence of DENV-2 RNA in the blood sample, and the NS1 antigen (kit J. Mitra & Co. Pvt.
Ltd.) tests were positive for dengue in the blood and CSF samples [21] All tests performed
for Zika and chikungunya viruses were negative (Table 1).

Clinical features, such as upper digestive and pulmonary hemorrhage, acute tubular
necrosis, and shock causing death, in conjunction with the pathological and laboratory
findings, were in keeping with the diagnosis of death due to complications of severe dengue.
Remarkably, the samples collected by the MIA in this pediatric patient were sufficient to
confirm the diagnosis of severe dengue and were completely in agreement with the samples
collected by the CA (Figure 1).
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Figure 1. Images of MIA and CA samples of patient. (i)—Heart. Cardiac muscle fibres. (HE,
100X—MIA). (ii)—Heart. Cardiac muscle fibres. (HE, 100X—CA). (iii)—Liver. Mild microvesicular
steatosis. (HE, 50X—MIA). (iv)—Liver. Midzonal necrosis of hepatocytes. (HE, 100X—MIA). (v)—
Liver. Mononuclear portal infiltrate. Edema and congestion. (HE, 50X)—CA). (vi)—Lung. Interstitial
pneumonitis. (HE, 50X—MIA). (vii)—Lung. Interstitial pneumonitis. (HE, 100X—CA). (viii)—Lung.
Interstitial pneumonitis. Alveolar edema. (HE, 100X—CA). (ix)—Kidney R. Necrosis of renal tubules.
(HE, 100X—MIA). (x)—Kidney Necrosis of renal tubules. (HE, 100X—CA). (xi)—Brain. Brain edema.
(HE, 50X—MIA). (xii)—Cerebellum. Edema. (HE, 100X—CA). Legend: CA = conventional autopsy;
MIA = minimally invasive autopsy.

3. Conclusions

Disease surveillance and patient healthcare requires adequate ascertainment of the
cause of death, especially in the current context of circulation of multiple arboviruses
and other pathogens with the potential of causing epidemics. In a scenario of reduced
acceptability of CA, MIA is a promising tool, which has proven to be successful even during
the COVID-19 pandemic, for diagnosing arboviral-related deaths.
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