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Humoral immunity is an important body defense system against virus infection and
is correlated to patient health status. Antibody response is a key factor in controlling
virus replication. During infection, viruses induce the production of antibodies, which
differ in their isotype, neutralization capacity and breadth, recognition of surface versus
internal viral proteins, and epitope specificity. These and other yet to be identified fac-
tors determine the role of antibodies in virus clearance through the direct neutralization
and Fc effector functions, such as antibody-dependent cellular cytotoxicity [1]. However,
certain features of the antibody response, such as antibody-dependent enhancement of
infection [2] or increased inflammation resulting from the deposition of immune com-
plexes [3], can create “adverse effects” to exacerbate infection. Adding to the complexity
of interaction between viruses and host immune systems, some viruses have exploited
multiple mechanisms to compromise antibody production, which helps them to overcome
the resistance of host organisms and establish infection. This phenomenon often contributes
to the differences in magnitude and longevity of the humoral response to natural infections,
in comparison with vaccines [4]. Despite recent advancements in the characterization
of monoclonal antibody responses to a number of human pathogens, including human
immunodeficiency virus 1 [5], influenza virus [6], dengue virus [7], chikungunya virus [8],
rabies virus [9], paramyxoviruses [10], poxviruses [11], hantaviruses [12], filoviruses [13],
and coronaviruses [14], critical knowledge gaps still exist. In particular, many viral and host
factors that determine the dynamics of antibody response and their role in pathogenesis,
as well as the mechanisms of antiviral and proviral antibody effects, remain undefined.
Undoubtedly, this information will be vital to guide the design of vaccines and therapeutic
strategies based on passive immunization.

The Special Issue “Characterization of Antibody Responses to Virus Infections in
Humans” has gathered nine publications, including seven original articles and two reviews,
that emphasize the need for better understanding of biological aspects of humoral immune
response to different viral pathogens.

The varicella-zoster virus (VZV) belongs to the Herpesviridae family and is the causative
agent of varicella (chickenpox) and herpes zoster (shingles). After primary replication in
the upper respiratory tract, VZV is transported via the bloodstream to the skin sites, causing
a widely distributed vesicular rash. VZV can further reach ganglia by axonal transport
and establish a latent infection in the nervous system. In case of infection reactivation, the
virus is transported down the nerve to the correlating dermatome, which results in zoster.
Due to VZV neurotropism, the infection can provoke long-lasting postherpetic neuralgia,
especially in elderly and immunocompromised individuals [15,16]. Availability of accurate
methods for serodiagnostics of VZV-specific antibodies is needed for the timely treatment
of clinical cases, implementation of quarantine measures, vaccination effectiveness control
and routine epidemiological surveillance of VZV. As an alternative to commercial kits that
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are not evenly distributed worldwide, Kombe et al. [17] developed the highly sensitive
diagnostic approach based on the chemiluminescent immunoassay, which can detect very
low IgA, IgG and IgM titers against VZV-gE envelope glycoprotein in patients at the early
stage of infection.

Influenza A viruses (IAV) constitute a large group of pathogens with high relevance
for public health. IAVs have been shown to infect humans, pigs, horses, dogs, cats and
sea mammals [18–23]. Wild waterfowl serve as a natural reservoir for the vast majority
of IAV serotypes. In general, human IAVs cause seasonal flu outbreaks worldwide, with
mild-to-severe respiratory symptoms. However, due to the segmented nature of the IAV
genome, new viruses emerge as a result of genome reassortment in humans and animals.
Given the lack of immunity to such viruses in the human population, these new variants
have the potential to cause a pandemic with a high case-fatality ratio [18]. In addition,
multiple cases of human infection with avian IAV, predominately the H5 subtype, have
been described [24–26] since the first documented outbreak in Hong Kong in 1997 [27–29].
In severe cases, the infection is characterized by excessive lung inflammation resulting
from the virus-induced cytokine storm, and can often be fatal [30,31]. Therefore, the
serosurveillance studies in ‘hot areas’, such as South-East Asia, are critical to track the
circulation, emergence and evolution of avian IAV to inform outbreak preparedness and
response measures. Ilyicheva et al. [32] analyzed serum samples from Vietnamese residents
and reported the detection of neutralizing antibodies to H5 avian IAV isolated in Vietnam
and Russia in 2017–2018. These findings suggest an ongoing adaptation of the rapidly
evolving H5 viruses to human hosts.

The most recent pandemic of viral disease has been caused by severe acute respiratory
syndrome coronavirus-2 (SARS-CoV-2), a zoonotic pathogen that barely requires a special
introduction nowadays. The World Health Organization declared the COVID-19 outbreak a
Public Health Emergency of International Concern on 30 January 2020, and a pandemic on
11 March 2020. It spread rapidly around the world, causing more than 511 million cases and
6.2 million deaths as of 3 May 2022 [33]. The early clinical studies of COVID-19 in China
revealed important characteristics of the disease [34,35]. The patients had pneumonia,
and, in severe cases, developed acute respiratory distress syndrome and required oxygen
therapy in intensive care units. Other common complications included acute cardiac
injury and secondary infection. The leucopenia, lymphopenia and high serum levels of
proinflammatory cytokines were identified as markers of disease severity. Since the last
quarter of 2020, variant viruses have emerged in many parts of the world because of the
high burden of infection and the adaptation of SARS-CoV-2 to human cells under immune
pressure [36,37].

In this Special Issue, five different publications [38–42] have characterized the antibody
response at population and molecular levels, contributing to a broader picture of SARS-
CoV-2 epidemiology. Xiao et al. [38] conducted a large-scale screening of serum samples in
the Guangdong province, China, between March and June 2020. The overall prevalence of
virus-specific antibodies was low soon after the emergence of COVID-19 in Guangdong,
suggesting an urgent need for vaccination to increase population immunity to SARS-CoV-2.
Another study by Xu et al. [39] revealed a 4.5-fold increase in SARS-CoV-2 seroprevalence
from Fall 2020 to February 2021 in the population of Western Pennsylvania, USA, which
was shown to be driven both by infection and vaccination. Kazachinskaia et al. [40]
analyzed the blood samples of COVID-19 patients in Novosibirsk city, Russia, and observed
cross-reactivity of antibodies to SARS-CoV (2002) proteins. Additionally, their results
suggested that high neutralization titer is not necessarily predictive of the infection survival.
Huang et al. [41] presented the kinetics study of viral load, humoral immune response
and the cytokine profile in a hospital patient cohort (January–March 2020) and were
able to correlate these parameters with the disease severity during the initial outbreak in
Taiwan. Another work from Germany by Heidepriem et al. [42] provided longitudinal
characterization of the antibody response to SARS-CoV-2. The linear epitopes in viral
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proteome and specific glycan structures, targeted by antibodies from COVID-19 patients
with moderate and mild disease, were identified.

Filoviruses represent yet another group of pathogens with high relevance for global
health and include one of the deadliest human pathogens known so far, Ebola (EBOV)
and Marburg viruses. These and other members of the Filoviridae family can cause a
severe disease, which is often accompanied by haemorrhagic manifestations and systemic
multiorgan dysfunction, with fatality rates reaching as high as 90% [43]. Human outbreaks
generally result from spillover events from infected animals, including bats and non-human
primates [44]. The development of infection is believed to result from deep suppression of
the host immune system and dysregulation of both innate and adaptive arms of immunity
by filoviruses. In worst cases, the rapid disease progression culminates in the death of
an infected individual in 1–2 weeks after the onset of symptoms. The largest epidemic of
filovirus-induced disease occurred in 2013–2016 in West Africa and claimed the lives of
11,310 out of 28,616 people infected [45].

The filovirus glycoprotein (GP) is the sole envelope viral protein responsible for cell
entry; hence, it serves as the primary target for antibody-based therapies and vaccine
design efforts. Currently, monoclonal antibody (mAb) therapy has been shown to be the
most effective treatment of filoviral infections after the onset of symptoms [46]. In this
Special Issue, two comprehensive review papers by Hargreaves et al. [47] and Yu and
Saphire [48] summarize the recent advancements in the characterization of neutralizing
antibody responses against EBOV and other filoviruses. The authors discuss the role of
epitope specificity and Fc effector functions in antiviral mechanisms employed by the
most promising antibodies, the correlation of these parameters with in vivo protection by
individual mAbs and mAb cocktails, the structural basis for cross-reactivity to ebolavirus
species and the strategies to avoid viral escape from neutralizing antibodies.

In conclusion, we believe that this Special Issue underlines the importance of multi-
level analysis of antibody responses in the context of virus infections. The data presented
here contribute to a better understanding of epidemiological and molecular aspects of
infectious diseases caused by publicly relevant viral pathogens, such as VZV, IAV, SARS-
CoV-2 and filoviruses. We hope that this Special Issue will stimulate future studies on
humoral immune response to inform the development of countermeasures against life-
threatening viral infections.

Acknowledgments: We thank Michelle N. Meyer (UTMB) for the critical reading of the manuscript
and useful suggestions.

Conflicts of Interest: The authors declare no conflict of interest.
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Abstract: Varicella and herpes zoster are mild symptoms-associated diseases caused by varicella–zoster
virus (VZV). They often cause severe complications (disseminated zoster), leading to death when
diagnoses and treatment are delayed. However, most commercial VZV diagnostic tests have low
sensitivity, and the most sensitive tests are unevenly available worldwide. Here, we developed and
validated a highly sensitive VZV diagnostic kit based on the chemiluminescent immunoassay (CLIA)
approach. VZV-glycoprotein E (gE) was used to develop a CLIA diagnostic approach for detecting
VZV-specific IgA, IgG, and IgM. The kit was tested with 62 blood samples from 29 VZV-patients
classified by standard ELISA into true-positive and equivocal groups and 453 blood samples from
VZV-negative individuals. The diagnostic accuracy of the CLIA kit was evaluated by receiver-
operating characteristic (ROC) analysis. The relationships of immunoglobulin-isotype levels between
the two groups and with patient age ranges were analyzed. Overall, the developed CLIA-based
diagnostic kit demonstrated the detection of VZV-specific immunoglobulin titers depending on sam-
ple dilution. From the ELISA-based true-positive patient samples, the diagnostic approach showed
sensitivities of 95.2%, 95.2%, and 97.6% and specificities of 98.0%, 100%, and 98.9% for the detection of
VZV-gE-specific IgA, IgG, and IgM, respectively. Combining IgM to IgG and IgA detection improved
diagnostic accuracy. Comparative analyses on diagnosing patients with equivocal results displaying
very low immunoglobulin titers revealed that the CLIA-based diagnostic approach is overall more
sensitive than ELISA. In the presence of typical VZV symptoms, CLIA-based detection of high titer of
IgM and low titer of IgA/IgG suggested the equivocal patients experienced primary VZV infection.
Furthermore, while no difference in IgA/IgG level was found regarding patient age, IgM level
was significantly higher in young adults. The CLIA approach-based detection kit for diagnosing
VZV-gE-specific IgA, IgG, and IgM is simple, suitable for high-throughput routine analysis situations,
and provides enhanced specificity compared to ELISA.

Keywords: varicella–zoster virus (VZV); chemiluminescent immunoassay (CLIA); IgA; IgG; IgM;
diagnostic test
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1. Introduction

Varicella–zoster virus (VZV), also known as human herpesvirus-3 (HHV-3), belongs
to the α-herpesviridae subfamily [1]. It is responsible for varicella disease or chickenpox in
children, adolescents, and young adults. The latent viral resurgence years later commonly
occurs in older people and causes a secondary infection known as zoster or shingles [1,2].

Although considered among the mild-symptom diseases, VZV-related diseases are
highly morbid. The most life-threatening complications include mental development
deficit, meningoencephalitis, and post-infectious encephalopathy, in varicella cases. In
herpes zoster cases, complications include vasculitis, zoster sine herpete, and post-herpetic
neuralgia. A lack of early diagnosis results in treatment delays, which usually leads to fatal-
ities, especially in newborns, elders, organ transplant recipients, and immunocompromised
people experiencing disseminated herpes zoster [3–8].

Nowadays, VZV vaccination has led to a significant decrease in the incidence of vari-
cella, particularly in countries where vaccination programs have been implemented and
well followed [9–11]. Consequently, this has decreased hospitalization and remarkably
reduced the routine biological diagnoses in laboratories [12,13]. In these countries, VZV
immunodiagnostic tests assessing IgA, IgG, and/or IgM have been only recommended in
pregnant women, critically ill patients before organ transplant surgery, and immunocompro-
mised people, post-vaccinated people, and hospital practitioners [14,15]. However, many
reports hypothesized that the implementation of varicella vaccines would be followed by an
increase in post-vaccine varicella or herpes zoster cases [2,9,10,16–18], suggesting the need
for using antibody detection tests in routine diagnoses for global epidemiologic surveil-
lance, along with herpes zoster vaccination [17]. For instance, in many other countries, such
as China [18–20] and Norway [21], where anti-VZV vaccines are not yet implemented or
where VZV vaccination coverage is uneven, rapid case identifications are crucial [19,21,22].
Reporting varicella cases in these countries, especially in high-frequented public areas such
as schools, institutions, healthcare centers, hospitals, etc., would prevent rapid infection
spread to people at risk (pregnant women, immunocompromised). Consequently, this will
prevent them from progressing toward infection complication stages and facilitate outbreak
control, as diagnosis delays are often fatal.

While the diagnosis of VZV infection is needed in both countries with well-established
and non-implemented VZV-vaccine programs, routine biological diagnostics has become
challenging, as many currently available diagnostic tests have low sensitivity/specificity [9,13,23].
The few highly sensitive immune diagnostic tests are scarce in the market or not evenly
available worldwide [13]. Practically, in the past decade, several biological diagnostic tests
with variable sensitivities have been developed to detect VZV-specific IgA, IgG, or IgM,
or polyclonal antibodies. Most of them, including direct fluorescent antibody (DFA) and
Tzanck smear diagnostic kits based on immunofluorescent assay (IFA), yield in low to
moderate antibody detection sensitivity, around 60–80%, and 42–90%, respectively [24–26].
The VZV detection using virus culture assays resulted in high toxicities and contaminations,
biasing the diagnostic results, as yielded mainly in false-negative (46% of sensitivity) [25].
In addition, these immunodiagnostic approaches are generally labor-intensive and time
consuming, requiring meticulous specimen collection and highly trained technicians [25].
Those with high detection sensitivities and specificities (around 97.8% and 96.8%, respec-
tively), including glycoprotein-based enzyme-linked immunosorbent assay (gpELISA) or
varicella zoster glycoprotein IgG enzyme immunoassay with a reference time-resolved flu-
orescence immunoassay (VZV TRFIA), VZV IgG glycoprotein assay (Merck gpEIA) for the
detection of serum VZV IgG, are not evenly and/or commercially available worldwide [27].

Although molecular diagnostics, including viral isolation from vesicular fluid cul-
tures and swab samples, and nucleic acid detection (by PCR), are the most sensitive in
VZV diagnostic [24,28], antibody assessment is needed in VZV epidemiological surveil-
lance [11,12] and vaccination effectiveness control [9]. For instance, vesicular rashes do
not always appear during infection, compromising PCR results [29,30]. Moreover, the
main diagnostic approach based on clinical presentation is not 100% reliable, since many
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other herpetic diseases, including HSV, present similarly. Therefore, there is still a need
for widely commercially distributed tests with high sensitivity and specificity for routine
VZV diagnostics.

Several studies support that the chemiluminescent immunoassay (CLIA) approach
for diagnosing serum/plasma viral antigen-specific IgA, IgG, or IgM has better diag-
nostic performance among the known immunoassays, including manual ELISA [31–33].
Manual ELISA is a labor-intensive multiple-wash-based assay; therefore, it is not suit-
able for high-throughput screening situations. Moreover, ELISA hardly detects weak
antibody–antigen interactions and results in high background, compromising the test
sensitivity. Interestingly, in the context of routine diagnostic of SARS-CoV-2, we and
others [34,35] have developed CLIA-based diagnostic methods currently commercially
available and with satisfying added values compared to ELISA [35] for diagnosing and
monitoring COVID-19.

Therefore, we developed and validated a highly sensitive and specific diagnostic kit
based on the CLIA approach for diagnosing VZV infections.

The developed CLIA-based VZV diagnostic approach demonstrated improved di-
agnostic accuracy, as it could detect very low IgA, IgG, and IgM titer in patients at the
early stage of the VZV infection. Moreover, as the diagnosis process is automated, time-
saving, and suitable for high-throughput situations, it can be used for routine diagnoses of
VZV infections.

2. Results

2.1. Patient Characteristics and Sampling

Overall, 29 people (Supplementary Figure S1) with an average age of 52 (20 to 82 years
old) were enrolled and retained as VZV-infected patients, which was based on typical VZV
symptoms and using ELISA tests. None of them was (or has been diagnosed) positive
for herpes simplex viruses (HSV1/2), underwent an organ transplant surgery, or received
an anti-VZV vaccine. Hepatitis A, B, and E were the only pathologies found among the
patients. Supplementary Table S1 describes the clinical and epidemiological characteristics
of the included patients.

A total of 62 blood samples from the 29 retained VZV-patients and 453 plasmas/sera
from random healthy people (used as negative controls) were obtained to test the developed
diagnostic approach.

2.2. Patient Samples React with VZV Glycoprotein Depending on Concentration: Cohort Stratification

As aforementioned, three ELISA kits (ab108781, ab108782, and ab108783 for IgA/IgG/IgM;
Abcam) were used to assess the VZV-specific IgA, IgG, and IgM, respectively, in VZV-
patient samples from the 29 included VZV-patients. Sixteen samples from random healthy
people were used as negative controls. According to the manufacturer’s instructions, these
ELISA assays were considered standard for VZV-specific antibody detection in patients to
confirm and stratify the retained patients as true-positive or equivocal groups. All samples
were first serially diluted and assessed for VZV immunoglobulin detection. As a result, all
patient samples (but not those from negative controls) reacted with VZV glycoproteins in a
concentration-dependent manner (Supplementary Figure S2). These results confirmed the
presence of VZV-specific IgA, IgG, and IgM in VZV-patient samples.

Specifically, of the 29 included patients, 21 showed moderate to high reactivity,
even at high dilution for IgA, IgG, and IgM detection, respectively. With OD450 ≥ 1
at 1/100 dilution, all these 21 patients were considered true-positive for IgA, IgG, and IgM
according to the ELISAs’ manufacturer instructions (Figure 1, Supplementary Figures S1
and S2).
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Figure 1. Results for confirmation and stratification of VZV infection in the recruited cohort. ELISA
was performed using ab108781 (A), ab108782 (B), and ab108783 (C) ELISA tests, at 1/100 dilution for
each sample. Patients with OD450 above 0.2 (red dotted line) were considered positive; with OD450
between 0.1 and 0.2 (the gray area between positive and negative threshold), they were equivocal;
and with OD450 below 0.1 (green dotted line), they were considered negatives.

In contrast, eight patient samples (patient number 6, 11, 13, 15, 18, 20, 21, and 24)
showed inconsistent results in IgA, IgG, and IgM detection, respectively. Precisely, each
patient sample showed equivocal results (OD450 between 0.1 and 0.21 at 1/100 dilution)
for at least one of the three antibody isotypes IgA, IgG, and IgM (Figure 1, Supplementary
Figure S2). Therefore, they were considered as equivocal for further analyses.

2.3. Anti-VZV-gE IgA, IgG, and IgM Detection-Based VZV Diagnostic Kit Has High
Sensitivity/Accuracy

The highly purified VZV-gE antigen (Supplementary Figure S3) was used to make the
CLIA-based IgG, IgA, and IgM detection kit, respectively. Then, this developed approach
was tested for detecting VZV-gE-specific IgA, IgG, and IgM in sera and plasmas of patients.
The reliability of the developed CLIA diagnostic kit was assessed with a two-fold serial
dilution of the 62 samples from the 29 patients along with the 16 negative samples used
in standard ELISA. As expecting and similar to the standard ELISA results, the CLIA
approach showed sample dilution-dependent results (Supplementary Figure S4). These
results validated the CLIA diagnostic approach.

Then, to assess the performance of the CLIA approach, the cohort of 42 samples
from the 21 true-positive patients and 453 independent samples (plasma or serum) from
healthy people were tested by the developed VZV-gE-IgA/IgG/IgM kit. Before testing,
samples were pre-treated (virus-inactivated) and diluted 20 times with dilution buffer (PBS)
supplemented with 2% BSA. ROC analysis results showed sensitivities of 95.2% (IC95%:
76.2–99.9%), 95.2% (IC95%: 83.8–99.4%), and 97.6% (IC95%: 87.4–99.9%) and specificities of
98.0% (IC95%: 96.3–99.1%), 100% (IC95%: 99.2–100%), and 98.90% (IC95%: 97.4–99.6%) for
IgA, IgG, and IgM detection, respectively (Figure 2A–C, Table 1). The cut-offs (criterion)
for the IgA, IgG, and IgM diagnostic tests were >78662 RLU, >23450 RLU, and >89634 RLU,
respectively (Figure 2A–C).
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Figure 2. Performance of VZV-gE specific IgA, IgG, and IgM detection kits. The receiver-operating
characteristic (ROC) curve analysis for detection of anti-IgA, IgG, and IgM antibodies against VZV-gE
protein obtained from 42 ELISA positive samples, regardless (A–C), and considering as positive
(D–F) the equivocal patient samples. The area under the curve (AUC) and the p-value are shown.

Table 1. Sensitivity, specificity, and overall agreements of each VZV-gE-specific IgA, IgG, and IgM kit
and their combinations in diagnosing varicella–zoster.

Antibody Type
Sensitivity Specificity Overall Agreement

n/Total % IC95% n/Total % IC95% n/Total %

IgA # 40/42 95.2 76.2–99.9 444/453 98.0 96.3–99.1 484/495 97.8
IgG # 40/42 95.2 83.8–99.4 453/453 100 99.2–100 493/495 99.6
IgM # 41/42 97.6 87.4–99.9 448/453 98.9 97.4–99.6 489/495 98.8

IgA # & IgG # 38/42 90.5 NA 440/453 97.2 NA 480/495 97.0
IgG # & IgM # 40/42 95.2 NA 448/453 98.9 NA 488/495 98.6
IgA # & IgM # 40/42 95.2 NA 440/453 97.2 NA 480/495 97.0

IgA # & IgG # & IgM # 39/42 92.9 NA 440/453 97.2 NA 480/495 97.0
IgA # or IgG # 40/42 95.2 NA 453/453 100 NA 493/495 99.6
IgG # or IgM # 41/42 97.6 NA 453/453 100 NA 494/495 99.8
IgA # or IgM # 42/42 100 NA 452/453 99.8 NA 494/495 99.8

IgA # or IgG # or IgM # 41/42 97.6 NA 453/453 100 NA 494/495 99.8
IgA * 46/62 74.2 61.5–84.5 435/453 96.0 93.8–97.6 481/515 93.4
IgG * 43/62 69.4 56.3–80.4 452/453 99.8 98.0–100 495/515 96.1
IgM * 58/62 93.6 84.3–98.2 444/453 98.0 96.3–99.1 502/515 97.5

IgA * & IgG * 40/62 64.5 NA 434/453 95.8 NA 474/515 92.0
IgG * & IgM * 42/62 67.7 NA 443/453 97.8 NA 485/515 95.2
IgA * & IgM * 43/62 69.4 NA 427/453 94.3 NA 470/515 91.3

IgA * & IgG * & IgM * 39/62 62.9 NA 426/453 94.0 NA 465/515 90.3
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Table 1. Cont.

Antibody Type
Sensitivity Specificity Overall Agreement

n/Total % IC95% n/Total % IC95% n/Total %

IgA * or IgG * 49/62 79.0 NA 453/453 100 NA 502/515 97.5
IgG * or IgM * 59/62 95.2 NA 453/453 100 NA 512/515 99.4
IgA * or IgM * 61/62 98.4 NA 452/453 99.8 NA 513/515 99.6

IgA * or IgG * or IgM * 61/62 98.4 NA 453/453 100 NA 514/515 99.8

CLIA-based kit diagnoses features obtained regardless # and regarding as positive * the equivocal samples;
NA: non-applicable.

2.4. Combining IgM to IgG and IgA Detection Improves the Accuracy of the Varicella–Zoster
Diagnosis

It is well known that IgMs are the first immunoglobulins produced at the first contact
with viruses. Days after infection, IgM titer in the blood decreases while IgA and IgG
titer increases [36]. As previously shown, adding IgA to serological CLIA improves the
accuracy of SARS-CoV-2 diagnosis [34]. Then, we assessed whether the detection of IgM
combined with that of IgG and/or IgA would be beneficial to the diagnosis of varicella
and herpes zoster. As shown in Table 1, when VZV-gE specific IgM detection and one
(but interestingly both) of the VZV-gE specific IgG and IgA detection were combined, the
sensitivity, specificity, and the overall agreement increased significantly to 97.6%, 100%,
and 99.8%, respectively. This combination has higher accuracy in diagnosing VZV than
using the IgA, IgG, or IgM detection separately.

2.5. Equivocal Sample Analysis Shows Higher Sensitivity/Accuracy for CLIA Than ELISA in
Combined Antibody Detection

To assess the diagnostic ability of the CLIA kit to diagnose the samples classified as
equivocal by a standard ELISA tests, individual and combined detection of IgA, IgG, and
IgM were conducted with the CLIA-based diagnostic approach in the eight-patient cohort.
These results were analyzed along with previous cohort results and compared to those
from ELISA. The comparative analysis was based on previously obtained IgA, IgG, and
IgM criteria (>78662 RLU, >23450 RLU, and >89634 RLU, respectively) (Figure 2A–C) and
the validation criteria of standard ELISAs.

For IgA detection, only patient samples 24 and 20 were diagnosed as positive by
ELISA and CLIA, respectively (Figure 1, Table 2). No significant difference was observed
in IgA levels between equivocal and negative controls (p-value = 0.567) (Figure 3A). Re-
garding IgG detection, all of these eight patients were determined equivocal, and none was
positive by ELISA (Figure 1, Table 2). However, CLIA-based diagnostic revealed that two
patient samples (patients 13 and one sample from 24) were positive (RLU > 23450), and
the analysis of all the eight patient samples displayed RLU values significantly different
from that of the negative controls (p-value < 0.001) (Table 2 and Figure 3B). Regarding IgM
assessment, most of the ELISA-based equivocal samples were diagnosed as positive by
CLIA (Figure 3C, Table 2). Overall, the combined diagnostic kits could detect lower im-
munoglobulin concentrations compared to ELISAs. These results suggest that CLIA-based
diagnostic kits perform better than ELISAs in diagnosing varicella–zoster, especially in
combination (Tables 1 and 2).
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Table 2. VZV-gE-specific IgG, IgA, and IgM diagnostic results in the eight equivocal patient results.

Pat. n◦ RLU (OD450) Values CLIA (ELISA) Results Agreement Positivity (IgA
or IgG or IgM)IgA IgG IgM IgA IgG IgM

1 34000 (0.099) 14883 (0.131) 795717 (0.09) N (N) N (E) P (N)
2 19610 (0.076) 18775 (0.076) 932321 (0.076) N (N) N (N) P (N)6
3 14062 (0.089) 8502 (0.103) 1011533 (0.083) N (N) N (E) P (N)

P (E)

11
1 2042 (0.136) 15398 (0.182) 717862 (0.073) N (E) N (E) P (N)

P (E)2 8306 (0.089) 18254 (0.188) 816205 (0.088) N (N) N (E) P (N)
1 39269 (0.198) 23450 (0.159) 221901 (0.192) N (E) P (E) P (E)
2 20987 (0.097) 47135 (0.097) 873343 (0.187) N (N) P (N) P (E)13
3 33650 (0.147) 27064 (0.129) 415041 (0.191) N (E) P (E) P (N)

P (E)

15
1 69084 (0.157) 18366 (0.191) 995029 (0.169) N (E) N (E) P (E)

P (E)2 34439 (0.069) 13626 (0.187) 854559 (0.188) N (N) N (E) P (E)
3 56329 (0.11) 12408 (0.185) 1017070 (0.192) N (E) N (E) P (E)
1 34252 (0.071) 8940 (0.091) 64208 (0.111) N (N) N (N) N (E)

18 2 26172 (0.091) 10172 (0.188) 78205 (0.191) N (N) N (E) N (E) N (E)

20
1 102290 (0.081) 7684 (0.198) 103009 (0.236) P (N) N (N) P (P)

P (P)2 102454 (0.069) 8749 (0.099) 94009 (0.068) P (N) N (E) P (N)
3 187560 (0.146) 11790 (0.151) 100154 0.197) P (E) N (E) P (E)
1 25117 (0.198) 3836 (0.075) 30841 (0.062) N (E) N (N) N (N)

21 2 78099 (0.084) 15208 (0.153) 88775 (0.074) N (N) N (E) N (N) N (E)

24
1 3365 (0.513) 27405 (0.189) 571206 (0.401) N (P) P (E) P (P)

P (P)2 69084 (0.601) 13048 (0.089) 605542 (0.285) N (P) N (N) P (P)
Total - - 3(2)/20 4(1)/20 16(3)/20 6(2)/8

E: Equivocal; P: Positive; N: Negative; RLU: Relative Light Unit. The number of samples for each patient is
determined by grey difference.

Figure 3. VZV-gE specific IgA, IgG, and IgM detection results and antibody levels in the patient
cohort. Analysis of specific VZV serum antibody levels in highly positive (42 samples from 21
patients) and equivocal (20 samples from eight patients) patients revealed different levels in IgA (A),
IgG (B), and IgM (C) antibody titers, as defined by the automated relative light units (RLU). The
black bars in each distribution represent the mean, respectively, associated with the standards error
of means (SEM). The dotted line indicates the cut-off values (>78,662 for IgA (A), >23,450 for IgG (B),
and >89,634 for IgM (B)). RLU: relative light unit.

13



Pathogens 2022, 11, 66

2.6. Diagnostic Performance of CLIA-Based Immunoglobulin Diagnosis Regarding
Equivocal Patients

We aimed to determine the diagnostic performance of the CLIA-based IgA, IgG, and
IgM detection kit in diagnosing VZV infection in a random population. To this end, we
considered the equivocal samples as positive and used the whole cohort, which consisted
of the 62 independent samples from included patients and the 453 negative samples from
healthy donors. The ROC analysis showed sensitivities of 74.2% (IC95%: 61.5–84.5%), 69.4%
(IC95%; 56.3–80.4%), and 93.6% (IC95%: 84.3–98.2%), and specificities of 96.0% (IC95%:
93.8–97.6%), 99.8% (IC95%: 98.0–100%), and 98.0% (IC95%: 96.3–99.1%) for the diagnostic
of VZV-gE IgA, IgG, and IgM, respectively (Figure 2D–F, Table 1). Interestingly, when the
three VZV-gE IgA, IgG, and IgM detections were combined, the diagnostic performance
was enhanced to sensitivity, specificity, and an overall agreement of 98.4%, 100%, and 99.8%,
respectively (Table 1). Altogether, these analyses confirm that CLIA-based IgM detection
alone or combined with IgA and IgG detection provides better diagnostic accuracy in
diagnosing varicella and herpes zoster.

2.7. Antibody Titer Analysis in VZV Patients Suggests a Primary Infection in Equivocal Patients

Patient clinical data along with CLIA-based diagnostic results were analyzed. As
a result, IgM titer was higher in all patients, while IgA and IgG titers were lower in pa-
tients with equivocal results (Figures 3 and 4A). Moreover, since none of the included
patients declared to have received VZV vaccine and with low IgA/IgG and high IgM
titer, it was concluded that patients with equivocal results experienced varicella infec-
tion (primary infection). The high IgM detection associated with the presence of typical
VZV-associated symptoms as early as two days in these patients (Supplementary Table S1)
confirmed an acute phase of the varicella infection. However, unlike these eight patients,
the 21 true-positive patients with high IgA, IgG, and IgM titers experienced an acute phase
of viral reactivation (herpes zoster) or viral reinfection.

Figure 4. Antibody titer analysis in VZV patients. (A). Analysis of CLIA-based diagnostic results
demonstrated that patients with equivocal diagnoses were in the acute primary infection state. The
high level of IgM in these patient samples corresponds to the early production of adaptative immunity
(IgM), and the low titer of IgG corresponds to the gradient production of memory immunity. In con-
trast, patients with a high level of IgG and IgM were probably in the acute state of either reactivation
or reinfection-associated herpes zoster. The high level of IgG and IgM demonstrate a simultane-
ous presence of active/acute memory immunity. Eq: equivocal; Tp: True-positive. (B). Variation of
serum antibody level with age. Result analysis of IgA, IgG, and IgM antibody levels regarding the
age range revealed a difference in IgM level (p-value < 0.05). RLU: relative light unit.
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2.8. VZV-gE-Specific IgM Titer Negatively Correlates with Age

To assess whether there is any significant difference between the IgA, IgG, and
IgM levels regarding VZV-patient age, the patient cohort was divided into two groups
(≤35 years old and >35 years old). CLIA-associated diagnostic results from the 28 patients
with reported age were considered (Supplementary Table S1). Analyses revealed that
while no difference was observed in IgA/IgG titer, there was a significant difference in
IgM level between the two groups. IgM level was significantly higher in young adults
(below 35 years old) than in elder (Figure 4B).

3. Discussion

Reliable assays in the immunological diagnosis of VZV with the best performance
are essential in the era of vaccine program implementation, their effectiveness evaluation,
and for VZV-associated disease monitoring [12,14,18–20,23]. Most laboratories currently
diagnose VZV-associated diseases from patient clinical symptoms, which is biased and may
result in misdiagnoses identifying other (herpesvirus) infections with similar symptoms,
such as HSV [25,37]. Moreover, VZV infections may usually present in atypical forms [38].
Various VZV immunodiagnostic tests developed so far lack sensitivities, and the most
sensitive are unevenly available worldwide [9,13,23–27]. Here, we used a purified VZV-gE
protein to develop and validate a highly-sensitive/accurate and automated CLIA approach
for detecting IgA, IgG, and IgM specific to VZV in patient blood.

The developed CLIA diagnostic approach detected antibodies in VZV-patient samples
with high accuracy/specificity and proportionally to the titer. Interestingly, this approach
could detect very low antibody titers and determine positivity in most ELISA-based equiv-
ocal results. Moreover, the testing process was simple, fully automated, and thus suitable
for high-throughput screening situations. The highly accurate results could be obtained as
short as 50 min, with enhanced performance, making this CLIA-based diagnostic a better
VZV-diagnostic tool than ELISA. The following Figure 5 describes the principle of CLIA
approach as applied in Kaeser automate (Kangrun Biotech, Guangzhou, China).

Figure 5. CLIA-based diagnostic assay principle. Purified VZV-gE antigen is immobilized onto
metal beads and saturated with BSA. In the machine, a small amount of controls or test samples
are added to the test tube and incubated. The test tube is washed to remove any unbound human
immunoglobulin (h-Ig). A pre-labeled anti-human Ig conjugate is added to the test tubes. Then, a
prepared substrate is added and catalyzed by the pre-labeled enzyme to produce a fluorescence,
which is directly proportional to the amount of human anti-antigen Ig captured on the beads.

The high accuracy demonstrated by the developed diagnostic kit in VZV-specific IgA,
IgG, and IgM detection in blood samples was expected. Practically, infection with VZV
induces robust antibody response, including IgA, IgG, and IgM antibodies produced mainly
against VZV-gE and VZV-gI [1,39,40]. In fact, during the viral replication cycle, the VZV-gE
is the most abundant glycoprotein produced and expressed on the VZV-infected cell surface,
thus playing a central role in anti-VZV antibody production [1,39,40]. Moreover, while IgM
is responsible for rapid and early immunity, long-term humoral immunity is initiated by the
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production of high-affinity IgG or IgA antibody. These circulating antibodies, especially the
VZV-gE specific antibodies, are known to have the highest affinity to and neutralizing effect
against VZV infection. During acute infections, IgA, IgG, and IgM antibody production
is higher. However, in the absence of symptoms and in the earlier stage of infection,
immunoglobulin production is low, and the most serum immunoglobulins produced are
specifically directed toward VZV-gE, supporting our choice to use VZV-gE protein as
serological antigen for developing this highly specific/accurate VZV diagnostic test [41,42].
Interestingly, Anna Grahn et al. [43] demonstrated that the use of VZV-gE in the detection
of intrathecal specific antibodies is highly specific, without HSV non-specific reaction.
Additionally, testing IgA together with IgG and IgM is crucial and has an added value
in VZV diagnosis, because secretory IgA are mainly produced during VZV infection, as
mucosal epithelial cells that mainly secrete IgA are the first cells to be infected with VZV.

The performance of some current commercially available VZV immunodiagnostic
tests, such as VZV TRFIA and VaccZyme™ EIA, has been evaluated and reported [27]. For
instance, from unvaccinated healthcare workers, VaccZyme™ EIA shows IgG detection
sensitivities of up to 54.2% and specificities above 98.6%. On a comparable unvaccinated
cohort, our developed CLIA-based VZV-gE IgG detection test showed better performance,
with diagnostic sensitivity and specificity of 95.2% (IC95%: 83.8–99.4%) and 100% (IC95%:
99.2–100%), respectively excluding equivocal patients, and of 69.4% (IC95%: 56.3–80.4%)
and 99.8% (IC95%; 98.0–100%), respectively considering equivocal patients (Table 1 and
Figure 2).

There are a few available diagnostic kits that combine the simultaneous detection of
VZV-IgA, IgG, and IgM. Moreover, the diagnostic performance of available IgM ELISA
tests is lacking, especially in unvaccinated people [40,44,45]. Our CLIA-based detection kit,
with high sensitivities and specificities in combined detection of IgA, IgG, and IgM specific
to VZV in patient’s blood (Figure 2, tables 1 and 2), would be beneficial in routine diagnosis
of varicella and herpes zoster. Furthermore, it can be of added value for post-vaccination
immunity assessment, as good performance is expected in detecting low antibody levels
commonly faced in vaccine recipients.

IgM is produced in high titer during the acute phase of primary infection [37,40],
while IgG and IgA titers are low. Assessing IgA/IgG in this infection stage may result in
false-negative-to-equivocal results. In the context of VZV infection diagnosis, such as in
this study, such situations are usual [12] and require diagnosis confirmation 7 to 14 days
later. However, in the presence of VZV infection symptoms such as rashes, the detection of
VZV-specific IgM confirms the acute phase of the infection, although without specifying
between primary, self-infection or reinfection, and viral reactivation. In the ELISA-based
equivocal patients, the CLIA-based diagnostic approach showed low IgA/IgG and high
IgM levels, suggesting that these patients (especially 6/8 patients) suffered from varicella
in the acute phase. Pertinently, patients with equivocal results (except patients 18 and
21) visited the hospital as early as 2 to 3 days after the symptom onsets (Supplementary
Table S1), thus supporting the hypothesis of an acute primary infection. For instance,
studies of experimental simian varicella virus infection in monkeys demonstrated that IgG
appears five days after IgM production, decreasing without competing with IgG [46]. A
contrario, patients with a high level of IgA/IgG/IgM probably experienced herpes zoster.

The use of PCR in VZV diagnosis is preferred and recommended, as it is the most
sensitive method to confirm varicella-zoster infection in vesicular lesions or scabs [12,24,28].
However, in the absence of rashes, this method is limited, with a decreased sensitivity, and
results in false-negative when other samples, including blood, saliva, and cerebrospinal
fluid (CSF), are used. Interestingly, it has been reported that in the absence of rashes, the
use of blood and CSF to detect VZV-specific IgG by immunological methods yields more
sensitivity than PCR for DNA detection [29,30]. Moreover, similar to other commercial im-
munological tests, PCR-based diagnostics are not widely available [12], and it is expensive
and leads to patient compliance [47]. Altogether, our CLIA-based diagnostic tests filled
these gaps and would be helpful in public health laboratories for routine varicella-zoster
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disease diagnosis, control outbreak situations [12], and varicella-zoster seroepidemiological
studies for vaccine implementation purposes [14,18–20,23].

In this cohort, analysis of IgA, IgG, and IgM levels showed no significant antibody
variation regarding gender (data not shown). However, regarding the age, it came out
that while no difference in IgA and IgG level was found, the IgM level showed differences
between young adults (below 35) and older. IgM tended to be higher in the youngest
than in the eldest, which does not corroborate other studies, in which the antibody titers
were proportional with age [20,48]. A larger population size would be preferred to draw a
better relative conclusion. However, the conclusion on features and performance of our
developed tests remains unaffected and valid.

However, although the population size permitted to validate the diagnostic approach,
it was not large enough to better evaluate the performance of the test on a representative
population scale, precisely to determine the predictive positive and negative values. For
the same reason, evaluation of the correlation between each antibody and age range could
have been biased as well. Therefore, future investigation with a large and representative
population (including vaccinated and non-vaccinated) will better evaluate the performance
of this diagnostic approach and study the immune response regarding age range. Moreover,
it is suggested to use other samples, including saliva, which is thought to contain higher
concentration of antibodies, specifically IgA in VZV infection, for a conclusive added value
of IgA detection in the conventional immunodiagnostic kit.

In conclusion, detecting VZV-gE-specific IgA, IgG, and IgM using the developed kits
based on the CLIA approach provided high sensitivity/accuracy and a rapid practical
method for diagnosing VZV in unvaccinated individuals or determining VZV immune
status after natural infection. This approach is simple, does not require outstanding trainees,
and is suitable in high-throughput diagnosis situations.

4. Materials and Methods

4.1. Patient and Clinical Samples

This study was carried out under the approval (n◦ 2021-ky269) of the Medical Ethics
Committee of the First Affiliated Hospital of the University of Science and Technology of
China (USTC). From June to December 2020, a flow of patients was received in the hospital
dermatological department for rashes, pimples, and other skin issues. Based on the presence
of typical VZV symptoms (including paresthesia, localized pains, pimples, and non-oral
and genital rashes), several patients were diagnosed as VZV-infected patients and included
after obtaining free consent of participation. Two to three blood samples were collected into
EDTA and dry tubes from each enrollee to investigate immunoglobulin (Ig) A, IgG, and IgM
in plasma and serum, respectively. ELISA ab108781 (IgA), ab108782 (IgG), and ab108783
(IgM) tests (Abcam) were used as standards to exclude patient samples with negative
results for all IgA, IgG, and IgM and retained those with at least one positive/equivocal
result for IgA, IgG, or IgM, and thus stratified as true-positive or equivocal group. A total
of 29 patients were retained, from which 62 blood samples were obtained for testing the
developed CLIA diagnostic approach. Clinical patient data were obtained and listed in
Supplementary Table S1.

Negative control samples were collected to assess the diagnostic accuracy. This cohort
contained 453 samples from random healthy consenting people who did not report having
suffered from or having been diagnosed positive for VZV infections and did not receive any
VZV vaccines. All plasmas and sera were retrieved from EDTA (using Ficoll; density: 1.077)
and dry tubes, respectively, by centrifugation. Retrieved plasmas/sera were treated with
1% TNBP and 1% Triton X-100 to completely denature any potential viruses [49] and stored
at −20 ◦C (or −80 ◦C) until use.

4.2. Enzyme-Linked Immunosorbent Assay Tests

As aforementioned, three 96-well plate ELISA tests (Abcam ab108781, ab108782,
and ab108783) were used to detect VZV-specific antibodies (IgA/IgG/IgM) in the en-
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rolled patient samples as a complementary confirmation step. The ELISA tests were
performed following the manufacturer’s instructions [15]. Before testing, samples were
first virus-inactivated and then diluted accordingly with dilution buffer (PBS). For test-
ing sera/plasmas, the manufacturer’s instructions were followed. The resulting yellow
color intensity was measured at OD450 using a microplate reader. Each ELISA test was
triplicated, and the data was graphed using GraphPad Prism 5 software.

Patient diagnostic results were determined from OD450 at dilution 1/100, as men-
tioned in the diagnostic kit leaflet. As a result of considerable background, the OD of the
blank (PBS) was deducted from OD450 values of each sample result. Thus, a patient was
considered positive when OD450 > 0.2, equivocal when OD450 was between 0.1 and 0.2,
and negative when OD450 < 0.1. All patients negative for IgA, IgG, and IgM were system-
atically excluded from the study, while the retained patients were divided as true-positive
or equivocal.

4.3. VZV Glycoprotein E Antigen Preparation

To develop the highly-sensitive diagnostic approach detecting VZV-specific IgA, IgG,
and IgM in VZV-patient blood samples, the surface antigen glycoprotein E of VZV (VZV-
gE) was produced from insect cell cultures using the baculovirus-based vector expression
system (BVES) (Invitrogen-ThermoFisher Scientific, Waltham, MA, USA).

4.3.1. Cell Cultures

Two insect cell lines, including Spodoptera frugiperda (Sf9) and Trichoplusia ni (High Five,
Hi5), were used to produce the baculoviruses carrying the gene of interest and express gE
protein, respectively. Sf9 and Hi5 were cultured at 27 ◦C in SIM-SF and SIM-HF medium
(Sino Biological Inc., Beijing, China), respectively, and supplemented with 10% (v/v) heat-
inactivated fetal bovine serum (FBS) and 1× penicillin/streptomycin. Sf9 cell lines were
maintained in both adherent and suspension cultures, while Hi5 cell lines were only
cultured in suspension culture. Adherent cell culture was carried out in 6 cm TC plates,
and the suspension cultures were maintained in sterile autoclaved Erlenmeyer flasks in a
110 rpm spin shaker (27 ◦C). The suspension Hi5 cell culture was diluted to 0.7 to 1 million
cells every two based on cell viability and density. The adherents Sf9 cell cultures were
detached and diluted every three days based on cell viability and confluence. The cell
viability was assessed under a fluorescence microscope using Trypan blue dye (0.4%) and
counted using a hemocytometer.

4.3.2. Molecular Cloning, Expression, and Purification of VZV-gE Protein

Briefly, the sequence of the mature extracellular region of VZV-gE (GenBank Accession
number MH709377.1) was retrieved by PCR from the General Biosystem company’s syn-
thetic construct using the following forward and reverse primers: 5′-ATTTCCAAGGTTCTT
CCGTCTTGCGATACGATGATTTTCACATC-3′ and 5′-GACAAGCTTGGTACTTAATATCG
TAGAAGTGGTGACGTTCCGGG-3′, respectively. In the meantime, the His-tag-modified
transfer vector (pI-SUMO-Star-His) was linearized using primers (forward: 5′CTTCTACGA
TATTAAGTACCAAGCTTGTCGAGAAGTACTAGAGG3′ and reverse: 5′TATCGCAAGAC
GGAAGAACCTTGGAAATAAAGATTCTCGCTGCC3′) containing sequences that overlap
the VZV-gE 5′ and 3′ end sequences. The linear fragments were ligated following the Gib-
son Assembly method’s instructions. The successful construct was transposed into bacmid
using DH10Bac E. coli strain and purified for transfecting Spodoptera frugiperda (Sf9) insect
cell lines, which produced recombinant VZV-gE baculoviruses. Expanded recombinant
baculovirus stock was used to infect two million Trichoplusia ni (High Five, Hi5) insect cell
lines for expressing the recombinant VZV-gE protein. The protein was harvested three days
post-infection by high-speed centrifugation and purified from the supernatant.

A couple of purifications steps, including membrane diafiltration (Vivaflow 200),
dialysis, ion-nickel column purification, size-exclusion chromatographic purification, and
ultra-centrifugation were conducted to purify the protein. The purified protein (Supple-
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mentary Figure S3) was stored in HEPES buffer saline (HBS: 20 mM HEPES, 250 mM NaCl),
an amine-free buffer, which is required for the further experiments.

4.4. Preparation and Validation of the CLIA-Based Diagnostic Kit

The highly purified VZV-gE protein was employed to make the CLIA-based diagnostic
kit. The purified VZV-gE protein was first biotinylated using EZ-Link Sulfo-NHS-LC-LC-Biotin,
No-Weigh™ Format kit (Thermo Fisher, n◦A35358, Waltham, MA, USA) following the
manufacturer’s instructions. Then, the biotinylated protein was immobilized onto magnetic
beads using an Invitrogen Dynabeads™ MyOne™ Streptavidin C1 kit (Thermo Fisher),
following the manufacturer’s instructions, and further blocked (or saturated) with 2% of
bovine serum albumin (BSA) to avoid non-specific interactions or background. Immobiliz-
ing the antigen protein onto a solid phase (here beads) is necessary for immunoblotting IgA,
IgG, and IgM antibodies on a solid phase. The detection procedure below was performed
with a fully automatic chemical luminescent immune analyzer, Kaeser 1000 (Kangrun
Biotech, Guangzhou, China). Secondary antibodies anti-human IgA, IgG, or IgM conju-
gated with acridinium were used to detect the caught VZV-gE specific IgG, IgA, or IgM
antibodies, respectively. The detected chemiluminescent signal over the background signal
was automatically obtained as relative light units (RLU).

These collections, which contain all the described buffers and components for CLIA
of VZV gE-specific IgA, IgG, and IgM, are referred to as VZV-gE-IgA, VZV-IgG, and
VZV-gE-IgM kits here. As described above, each diagnostic kit was developed indepen-
dently, with the corresponding secondary antibody conjugated with acridinium.

A first test batch of a two-fold serial dilution of the ELISA-based true-positive and
healthy plasmas/sera was conducted to assess the reliability of the antibody detection
kit regarding sample dilution. A subsequent CLIA test was performed to determine the
diagnostic kit performances.

4.5. Statistical Analysis

ELISA tests were triplicate, and the results were transformed, fitted, and presented as
mean ± SD. To determine the optimal cut-off values (criteria) and evaluate the diagnostic
characteristics of VZV-gE-IgA, IgG, and IgM kits, receiver-operating characteristic (ROC)
analyses were performed using MedCalc software. Thus, the specificity and sensitivity of
the gE-specific IgA, IgG, and IgM detection kits were determined according to the following
formulas:

• Sensitivity (%) = 100 × [True Positive/(True Positive + False Negative)];
• Specificity (%) = 100 × [True Negative/(True Negative + False Positive)];
• Overall agreement (%) = (True Positive + True Negative)/Total Tests.

A Mann–Whitney test was used to assess any significant variation of VZV gE-specific
IgA, IgG, or IgM level between equivocal and true-positive ELISA-based categories. The
same analysis was used to assess any significant correlation of the antibody levels re-
garding the age ranges. An analysis of variance (ANOVA) test was conducted using the
Kruskal–Wallis approach to determine any difference of antibody level between the three
independent groups, including positive, equivocal, and negative. A p-value less than 0.05
defined a hypothesis as statistically significant. All the above analyses were integrated into
GraphPad Prism5.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/pathogens11010066/s1. Supplementary Figure S1: Flow chart of patient inclusion and analyses,
Supplementary Table S1: Epidemiological and clinical patient data, Supplementary Figure S2: ELISA
results of all the 29 included patients, Supplementary Figure S3: Purification of VZV-gE recombi-
nant protein using baculovirus-based vector expression system (BVES), Supplementary Figure S4:
Validation of VZV-gE specific IgA, IgG, and IgM detection based on CLIA approach.
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Abstract: To cause a pandemic, an influenza virus has to overcome two main barriers. First, the
virus has to be antigenically new to humans. Second, the virus has to be directly transmitted from
humans to humans. Thus, if the avian influenza virus is able to pass the second barrier, it could
cause a pandemic, since there is no immunity to avian influenza in the human population. To
determine whether the adaptation process is ongoing, analyses of human sera could be conducted
in populations inhabiting regions where pandemic virus variant emergence is highly possible. This
study aimed to analyze the sera of Vietnamese residents using hemagglutinin inhibition reaction (HI)
and microneutralization (MN) with A/H5Nx (clade 2.3.4.4) influenza viruses isolated in Vietnam and
the Russian Federation in 2017–2018. In this study, we used sera from 295 residents of the Socialist
Republic of Vietnam collected from three groups: 52 samples were collected from households in Nam
Dinh province, where poultry deaths have been reported (2017); 96 (2017) and 147 (2018) samples
were collected from patients with somatic but not infectious diseases in Hanoi. In all, 65 serum
samples were positive for HI, at least to one H5 virus used in the study. In MN, 47 serum samples
neutralizing one or two viruses at dilutions of 1/40 or higher were identified. We postulate that the
rapidly evolving A/H5Nx (clade 2.3.4.4) influenza virus is possibly gradually adapting to the human
host, insofar as healthy individuals have antibodies to a wide spectrum of variants of that subtype.

Keywords: highly pathogenic avian influenza virus; H5N6 (clade 2.3.4.4); human sera

1. Introduction

Humanity has acquired knowledge to control most anthroponotic infections, such
as measles, poliomyelitis, smallpox, and mumps. However, recently, problems related to
zoonotic human infections have emerged. Since the natural reservoirs of these pathogens
are unlimited, they are difficult or often impossible to control.

Influenza A virus belongs to the genus Alphainfluenzaviruses of the Orthomyxoviridae
family and has a segmented genome consisting of single-stranded RNA segments of
negative polarity [1]. Influenza A viruses are divided into subtypes (serotypes) based on the
genetic and antigenic characteristics of its two surface glycoproteins, hemagglutinin (HA)
and neuraminidase (NA). The nomenclature of these viruses is based on a combination of
the HA (H1–H18) and NA (N1–N11) subtypes. Wild waterfowl are a natural reservoir for
all influenza A subtypes [2], except for H17N10 and H18N11, which were recently found
in bats [3,4]. Influenza A viruses can also be detected in a wide variety of hosts including
humans, swine, horses, dogs, cats, and sea mammals.

Pandemic influenza A virus appears in the human population every 10–30 years.
There is currently no immunity to these viruses; therefore, the resultant pandemics cause
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high morbidity and often high mortality. It is supposed that pandemic influenza A viruses
emerge because of the reassortment of viruses in humans and animals or the adaptation of
zoonotic viruses to humans [5].

Reassortment occurs when two strains of influenza A virus coinfect one cell and can
cause procreation of the new reassortant virus, which contains a new set of genes [6]. The
influenza pandemics in 1957 and 1968 were caused by reassortant viruses containing genes
of influenza A viruses of humans and birds [7]. The first pandemic of the 21st century
was caused by a virus that emerged after multiple reassortments of human-, avian-, and
swine-origin influenza A viruses [8].

The views on the cause of the 1918 pandemic (the so-called “Spanish flu”) differ
among experts. Some support the idea that the virus was directly introduced into the
human population (without reassortment), while others believe that the pandemic virus
emerged after multiple genome reassortments of avian and mammalian, and possibly
swine and/or human, viruses that had emerged during the years preceding the pandemic
of 1918 [9].

Regardless of the exact mechanism of the emergence of a new virus variant, there
may be a certain period before the pandemic begins that is needed by the virus for optimal
adaptation to the human host [10].

If this assumption is correct, then an understanding of whether the adaptation process
is ongoing is possible by analyzing antibody levels in the sera of human populations
inhabiting regions where the emergence of pandemic virus variants is most likely.

The objective of this research was to analyze the sera of Vietnamese residents using
the hemagglutinin inhibition (HI) test and virus microneutralization (MN) with avian
influenza viruses isolated in Vietnam and the Russian Federation in 2017–2018.

2. Results

For sera analyses, we selected influenza A virus strains that were isolated from
poultry in Vietnam in 2018 and poultry and wild birds in Russia in 2017–2018. These strains
were selected based on a phylogenetic analysis, which revealed a high degree of identity
between the strains isolated in Russia and Vietnam (Figure 1). It was determined that the
A/chicken/Nghe An/27VTC/2018 (H5N6), A/chicken/Nghe An/01VTC/2018 (H5N6),
and A/common gull/Saratov/1676/2018 (H5N6) strains belonged to the genetic clade
2.3.4.4h. At that time, the strain A/chicken/Kostroma/1718/2017 (H5N2) was selected
for comparison as a representative of clade 2.3.4.4b, which circulated widely in Eurasia.
The study of antigenic properties is consistent with the phylogenetic analysis. Data are
presented in Table 1.

As shown in Table 1, the A/chicken/NgheAn/27VTC/2018 (H5N6) and A/chicken/
NgheAn/01VTC/2018 (H5N6) viruses cross-reacted with sera against A/common gull/
Saratov/1676/2018 (H5N6) as effectively as the homological virus (the reciprocal of the
titer in the HI test is 320). Vietnamese strains did not react with other ferret reference sera
obtained against the A/H5N6 viruses isolated in Russia.

For the analysis of sera against influenza virus subtype A/H5, we selected the follow-
ing viruses: low pathogenic A/chicken/Kostroma/1718/2017 (H5N2) virus (LPAI) and
highly pathogenic A/common gull/Saratov/1676/2018, A/chicken /Nghe An/01VTC/
2018, and A/chicken/Nghe An/27VTC/2018 (H5N6) viruses (HPAI).

The sera were tested using the HI test with human vaccine viruses, highly and lowly
pathogenic viruses of the A/H5 subtype, highly pathogenic A/H7N9 virus, and lowly
pathogenic A/H9N2 virus.

Testing with vaccine strains showed that antibodies with significant titers (40 and
higher) to the A/Michigan/45/2015 (H1N1pdm09) virus were detected in 29 samples (14,
2, and 13 from three groups, respectively). Antibodies to the A/Singapore/INFIMH-16-
0019/2016 (H3N2) vaccine virus were detected in 55 samples (14, 6, and 35 from each
group, respectively) (data not shown).
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None of the tested serum samples reacted in HI or MN with A/Anhui/1/2013 (H7N9)
virus at dilutions of 1:40 or higher. Four samples had a titer of 20 in the HI test, but not in
MN. Fifty-seven samples reacted with the A/chicken/Primorsky Krai/03/2018 (H9N2)
virus in the HI test, of which 0, 1, and 56 samples were from the three groups, respectively
(data not shown).

The results of the sera analyses in HI and MN for A/H5Nx (2.3.4.4.) avian influenza
viruses are presented in Table 2. Data are presented only for samples that were positive in
at least one study.

Figure 1. The phylogenetic tree for HA of A(H5Nx) influenza viruses. Viruses used in this study
are indicated by rhombs. Candidate vaccine viruses are indicated by circles (according to WHO
recommendations https://www.who.int/influenza/vaccines/virus/characteristics_virus_vaccines/
en/, accessed on 5 March 2021).
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As shown in Table 2, only one serum from the first group reacted in the HI test
with one of the viruses, A/chicken/Kostroma/1718/2017 (H5N2) 2.3.4.4. Seven serum
samples from the second group reacted in the HI test with one or two A/H5 viruses.
The largest number of positive serum samples was in the third group: 55 samples re-
acted in the HI test and two samples in MN with the A/chicken/NgheAn/01VTC/2018
(H5N6) virus, 59 serum samples were positive in the HI test and only one in MN with
A/chicken/Kostroma/1718/2017 (H5N2) virus, 51 serum samples in HI and 47 in MN
with A/chicken/NgheAn/27VTC/2018 (H5N6) virus, and 54 serum samples were positive
in HI and 27 in MN with the A/common gull/Saratov/1676/2018 (H5N6) virus.

3. Discussion

The first documented outbreak of human infection with the avian influenza A/H5
virus occurred in Hong Kong in 1997. Since then, A(H5N1) has caused diseases in 861
people, and 455 cases were fatal (data up to 20 September 2020). In Vietnam, 127 confirmed
cases of human infection with the A(H5N1) virus were detected between 2003 and 2014, 64
of which were fatal. No human cases of highly pathogenic avian influenza A/H5 have been
reported in Vietnam since 2015 [11]. However, outbreaks in poultry and wild birds have
been reported in Vietnam to date, including those caused by the most rapidly evolving
H5N6 subtype [12].

Today, HPAI H5N6 is one of the few subtypes of the avian influenza virus that can
infect humans [13]. Studies have shown that the H5N6 virus originated from a com-
mon precursor strain of the clade 2.3.4.4 subtype H5 as a result of reassortment with the
A/duck/Guangxi/2281/2007 (H6N6) strain [13–16]. However, there is evidence that the
origin of the H5N6 viruses followed other evolutionary paths [17]. According to one of the
hypotheses, this virus appeared in the period from 2010 to 2012 as a result of reassortment
of the H5N2 virus of clade 2.3.4.4 with the A/duck/Guangxi/2281/2007 (H6N6) strain,
followed by reassortment of the six internal genes with the H5N1 influenza virus of clade
2.3.2.1c isolated from chickens [14]. The H5N6 virus, the so-called “reassortant A”, which
developed along this pathway, circulates in Xinjiang, Jilin, and Northern China [14,15,18].
In 2013, the virus spread to Western China, where it caused outbreaks in Sichuan, Vietnam,
and Laos [14,19].

Another variant of the H5N6 influenza virus, named “reassortant B,” appeared in 2013
because of reassortment of H6N6 viruses with H5N8 viruses in clade 2.3.4.4 and subsequent
resorting of genes with H5N1 viruses in clade 2.3.2.1c [14]. This virus also circulated in
China, Vietnam, and Laos. Two years later, reassortant B underwent repeated reassortment
with an influenza virus of the H9N2 subtype, resulting in a new variant of the H5N6 virus,
reassortant C. The circulation of this variant was reported in the Yunnan and Guangdong
provinces of China [17,18]. Regardless of the evolutionary way in which these reassortants
emerged, it is known that all of them caused infectious diseases among humans [14–16].
Since 2014, H5N6 viruses (2.3.4.4) have caused 27 human infections, resulting in 15 deaths
in China [20]. Most human cases are associated with A or B reassortants.

In 2014, H5N6 spread across Laos and Vietnam, resulting in huge economic losses
due to outbreaks in poultry [18,21]. In 2016, H5N6 caused several outbreaks in Japan,
Myanmar, and the Republic of Korea [14,15,21]. In 2017, outbreaks of H5N6 were reported
in Taiwan and the Philippines. In addition, with wild migratory birds, HPAI H5N6 was
introduced into Europe during this time. Outbreaks were reported in Greece, Germany,
the Netherlands, and Switzerland [14–17,22]. To date, H5N6 circulation is limited to Asia
and Europe.

In addition to influenza viruses of the A/H5 subtype, the H6, H7, H9, and H10
viruses also have pandemic potential, since there is confirmed evidence that they can
cross the interspecies barrier and infect humans [23]. For example, highly pathogenic
A(H7N9) viruses caused 1568 confirmed human cases, 616 of which were fatal (data up to
20 September 2020) [24].
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To cause a pandemic, the virus has to overcome two main obstacles. First, the pathogen
must be antigenically new to humans to ensure that herd immunity does not impede
the rapid spread of the virus. Second, the virus must be effectively transmitted from
person to person [25]. Thus, if the avian influenza virus is able to pass the second barrier,
it could cause a pandemic, since there is no immunity to avian influenza virus in the
human population.

Vietnam is considered one of the hotspots for the emergence of influenza viruses with
epidemic and pandemic potential [26]. A/H5 highly pathogenic avian influenza viruses
have been endemic in Vietnamese poultry for over a decade and a half. It has been shown
that in the northern provinces of Vietnam, more than 30% of poultry have antibodies to
the influenza A/H5 virus [26]. The Global Influenza Surveillance and Response System
(GISRS) tracks the emergence of viruses with pandemic potential. Within the framework of
GISRS, this work is being carried out at the WHO Reference Laboratory for H5 on the basis
of the State Research Center of VB “Vector” of Rospotrebnadzor [27] and in the Socialist
Republic of Vietnam [28–30].

However, during the adaptation process, virus variants may not cause clinical mani-
festations and may remain unnoticed during monitoring activities. It is even more difficult
to detect the adaptation of lowly pathogenic avian influenza viruses to humans. In such
cases, adaptation can be assessed by analyzing sera collected from residents of areas with a
high risk of avian influenza.

In the present study, we investigated the sera of Vietnamese residents using MN
and HI with highly pathogenic, lowly pathogenic, and vaccine influenza A viruses H5N2,
H5N6, H7N9, H9N2, A/H1N1pdm09, and A/H3N2 subtypes. The analyses showed that
only 10% of sera had significant titers in the HI test with the A/H1N1pdm09 vaccine virus
and close to 20% with the A/H3N2 vaccine virus. This indicates a low level of population
immunity against seasonal influenza, which represents a serious risk, since the probability
of human infection with a seasonal and highly pathogenic influenza virus is increasing, and
this event could lead to the emergence of a reassortant virus with new antigenic features
and the ability to be transmitted from person to person.

In the tested sera, we did not find significant titers of antibodies against the A/Anhui/
1/2013 (H7N9) virus; only four serum samples out of 295 had a titer of 1:20 in HI, but not in
MN. With the A/chicken/PrimorskyKrai/03/2018 (H9N2) virus, 57 serum samples were
positive. This is consistent with previous data on the wide circulation of the A(H9N2) virus
in Vietnam, especially in live poultry markets [31], and relatively high antibody levels to
this virus serotype in human sera [28]. Current concerns about H9N2 viruses are related to
their ability to reassort with other avian influenza viruses, resulting in highly and lowly
pathogenic viruses that can cross species barriers and infect humans [32].

Among all investigated viruses of the A/H5 subtype, only two viruses, A/chicken/
Nghe An/27VTC/2018 (H5N6) 2.3.4.4 and A/common gull/Saratov/1676/2018 (H5N6)
2.3.4.4, had a significant number of positive serum samples in HI and MN. For other
viruses, we found mostly anti-hemagglutination antibodies, but not neutralizing virus in
cell cultures. However, the absence of neutralizing antibodies does not mean that humans
have not been infected. Thus, Li et al. showed that after mice were infected with wildtype
A/H7N9 virus, all animals after 14 days had high titers of HI antibodies in their sera,
but not virus-neutralizing antibodies. At the same time, the recombinant virus, which
contained genes for internal proteins from the PR8 strain, and the HA and NA genes from
A/H7N9, induced significantly higher antibody levels in sera, detected in both HI and
MN. The authors concluded that internal proteins of the A/H7N9 virus can influence the
humoral immune response of the host [33].

We analyzed all sera in the HI test with horse, goose, and turkey red blood cells and
demonstrated the highest titers with horse red blood cells, in accordance with [34]. It is not
clear why, in the present study, many serum samples from the third group reacted with dif-
ferent A/H5 viruses in HI (but not in MN). Thus, 45 serum samples were positive in the HI
test and all were included in the study of A/H5 viruses. At the same time, these viruses in
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most cases did not react in HI with heterologous ferret reference sera. However, antibodies
may appear because of human infection with various A/H5 pathogens. However, in our
opinion, it is highly probable that the presence of antibodies to different A/H5 viruses in
the same serum samples can be explained by the fact that A/H5 viruses induce in humans
(but not in ferrets) a wide range of anti-H5 cross-reactive antibodies. This may be because
of frequent human contact with various virus subtypes, while, to obtain a reference serum,
animals that do not have antibodies to any influenza virus are selected.

To understand this phenomenon and, more importantly, the process of avian influenza
virus adaptation to humans, it is necessary to continue studies of the circulation of viruses
in domestic and wild birds, as well as the sera of people living in “hotspot” regions of
pandemic potential virus emergence. From the results of the present research, we can
postulate that the rapidly evolving A/H5Nx influenza viruses (clade 2.3.4.4) are gradually
adapting to human hosts, in so far as healthy individuals have neutralizing and anti-
hemagglutinating antibodies to a wide range of viruses of this subtype. The number and
profiles of serum samples tested in this work were limited, so our results may be misleading;
thus, we cannot say with confidence that the process of adaptation of H5 avian viruses to
humans is underway. Nevertheless, our results allow us to make such an assumption.

It should be noted that in the human population, there are diseases that are caused
by pathogens that previously circulated only among animals: SARS, the Middle East
respiratory syndrome, coronavirus disease 2019 (COVID-19), acquired immune deficiency
syndrome, and pandemics caused by Chikungunya and Zika viruses [35]. It is believed that,
in the future, new viruses that are pathogenic to humans will emerge, owing to the presence
of an unlimited natural reservoir of animal viruses. One of the most dangerous among
them includes highly pathogenic influenza viruses. It is possible that pandemics similar
to the Spanish flu will emerge [36]. Therefore, it is important to conduct comprehensive
surveillance of avian and mammalian influenza viruses, including monitoring human sera
for the presence of antibodies to animal influenza viruses.

4. Materials and Methods

Sera. The blood serum research was approved by the Ethics Committee IRB 00001360,
affiliated with SRC VB Vector (No.2 d.d. Protocol, May 2008). The study used blood sera
collected from residents of the Socialist Republic of Vietnam; 52 samples (No 1-52) were
collected from private households in Nam Dinh province, where poultry deaths have been
reported (2017) [37]; 96 samples (No 53-148) were collected in Hanoi from healthy donors
(2017), and 147 samples (No 200-346) were collected from patients with non-communicable
diseases in hospitals in Hanoi (2018). Blood samples were collected, on condition of
anonymity, from individuals of different age groups: 18–55 years (90%), 56–64 years (8%)
and 65 years and older (2%).

Before HI testing, sera were treated with receptor-destroying enzyme and hemad-
sorbed on horse RBCs, before MN sera were heat-inactivated for 30 min at 56 ◦C, as
described by [34,38].

Viruses. A/Michigan/45/2015 (H1N1) pdm09 and A/Singapore/INFIMH-16-0019/
2016 (H3N2) vaccine influenza viruses were kindly provided by the WHO Collaborating
Center in Atlanta, United States. The WHO Collaborating Center in Beijing, China, kindly
provided the A/Anhui/01/2013 (H7N9) virus. Virus A/chicken/Kostroma/1718/2017
(H5N2) [39], virus A/common gull/Saratov/1676/2018 (H5N6) [40,41], A/chicken/
PrimorskyKrai/03/2018 (H9N2), A/chicken/NgheAn/01VTC/2018 (H5N6), and A/
chicken/NgheAn/27VTC/2018 (H5N6) were isolated by the authors. A maximum-
likelihood tree based on the Hasegawa–Kishino–Yano model was built using MEGA
6.06 software (http://www.megasoftware.net/, accessed on 5 March 2021) with 1000
bootstrap replicates.

HI test and MN. The hemagglutination inhibition (HI) test and microneutralization
(MN) method were performed as described by [38,41]. Horse, goose, and turkey red
blood cells were used in HI tests. Highest titers were obtained with horse red blood
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cells. Each serum was tested three times in the HI test with horse red blood cells, and the
results differed by no more than 2 times. A lower value was taken for the serum titer. Sera
from recovered ferrets infected with analyzed virus strain were used as a positive control.
Negative control was represented by sera of non-immune ferrets and human sera without
antibodies to avian influenza virus.
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Abstract: Guangdong province, located in South China, is an important economic hub with a large
domestic migrant population and was among the earliest areas to report COVID-19 cases outside of
Wuhan. We conducted a cross-sectional, age-stratified serosurvey to determine the seroprevalence
of antibodies against SARS-CoV-2 after the emergence of COVID-19 in Guangdong. We tested
14,629 residual serum samples that were submitted for clinical testing from 21 prefectures between
March and June 2020 for SARS-CoV-2 antibodies using a magnetic particle based chemiluminescent
enzyme immunoassay and validated the results using a pseudovirus neutralization assay. We
found 21 samples positive for SARS-CoV-2 IgG, resulting in an estimated age- and sex-weighted
seroprevalence of 0.15% (95% CI: 0.06–0.24%). The overall age-specific seroprevalence was 0.07%
(95% CI: 0.01–0.24%) in persons up to 9 years old, 0.22% (95% CI: 0.03–0.79%) in persons aged 10–19,
0.16% (95% CI: 0.07–0.33%) in persons aged 20–39, 0.13% (95% CI: 0.03–0.33%) in persons aged 40–59
and 0.18% (95% CI: 0.07–0.40%) in persons ≥60 years old. Fourteen (67%) samples had pseudovirus
neutralization titers to S-protein, suggesting most of the IgG-positive samples were true-positives.
Seroprevalence of antibodies to SARS-CoV-2 was low, indicating that there were no hidden epidemics
during this period. Vaccination is urgently needed to increase population immunity to SARS-CoV-2.

Keywords: SARS-CoV-2; coronavirus disease 2019; seroprevalence; Guangdong; China; antibody

1. Introduction

Guangdong, located in South China, is the most populous province and an important
economic hub of China. It has a population of 115 million and the largest economy in
China [1]. The major economic and urban areas of Guangdong are centered around nine
cities within the Pearl River Delta (PRD) that has a combined population of 63 million
people. Due to its economic importance, 30% of its population consists of migrants from
other provinces, making it the province with the most domestic migration in China [2].
Shenzhen and Guangzhou, both first-tier megalopolises in Guangdong, are major domestic
and international transportation hubs and were among the earliest cities outside of Wuhan
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to report cases of COVID-19 [3,4]. Guangdong was also among the first provinces in China
to declare a Level I public health emergency, the nation’s highest emergency response level,
on 23 January (Table S1) [5].

Seroprevalence studies have been used to inform the extent of transmission (including
subclinical infections), herd immunity and the effectiveness of case-based surveillance
in the community [6–8]. Given the importance of Guangdong as an economic, domestic
migration and international transport hub, we investigated the community-wide SARS-
CoV-2 virus transmission in Guangdong after the emergence of the virus, by conducting
a cross-sectional seroprevalence study across province. Our aim was to estimate the age-
specific seroprevalence of antibodies to SARS-CoV-2 in Guangdong province after the first
wave of COVID-19 in China.

2. Results

2.1. Reported COVID-19 Cases in Guangdong Province between 19 January and 1 July 2020

Between 19 January and 1 July 2020, Guangdong recorded 1961 laboratory-confirmed
SARS-CoV-2 infections, with 1642 symptomatic COVID-19 cases, over three waves of
activity that were characterized by distinct infection sources (Figure 1). The first wave,
from January 14 to February 29, with a total of 1350 COVID-19 cases, was largely seeded by
cases originating from Wuhan or Hubei [9] and remained the largest epidemic wave in the
province so far. Cases were reported in 20 of the 21 prefecture-level cities in Guangdong
(Yunfu reported no case) and were also highest in cities that had high migration activities
from Wuhan in the five days prior to the national lockdown (Table 1, Figure 2A). The second
outbreak, from March 1 to April 1, involved 161 infections that were mainly imported
internationally while the third outbreak from 2 April to 2 May, involved 310 imported and
associated-local cases. By 1 July, 1020 (62%) of the COVID-19 cases were reported mainly
in Guangzhou and Shenzhen, which were also the major international port-of-entries,
while the surrounding cities in the PRD recorded 478 (29%) cases (Table 1). As minimal
cases were reported in all other cities after the first wave, the transmission trend across the
province during the sera sampling period largely remained the same as in March.

Figure 1. Cases of SARS-CoV-2 infections in Guangdong between 19 January and 1 July 2020. Case numbers represent
the total of symptomatic and asymptomatic infections. (Local cases: Cases infected in Guangdong or imported from
other provinces in China; Internationally imported cases: Individuals with SARS-CoV-2 infections returned from overseas;
Internationally imported associated cases: Local cases identified as being associated with the internationally imported cases.).

2.2. Seroprevalence in Guangdong

Between 11 March and 24 June 2020, 14,629 sera were collected from 983 institutions
across Guangdong. A total of 5264 (36%) and 9365 (64%) sera were collected from the
low and high-risks cities, respectively. Large cities in high-risks area were generally better
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sampled while samples in the 10 to 19 years old group were generally under sampled,
particularly in the-low risk cities (Table S2).

Out of 14,629 sera, we identified 21 (0.14%) samples positive for SARS-CoV-2 IgG by
magnetic particle based chemiluminescent enzyme immunoassay (CLIA). We calculated
that in Guangdong province overall, the estimated age and sex-weighted seroprevalence
was 0.15% (95% CI 0.06% to 0.24%) (Figure 3A, Table S3). The weighted seroprevalence
in high-risk cities was 0.19% (95% CI, 0.06% to 0.33%) (Figure 3B), approximately 2.7-fold
higher than the weighted seroprevalence for low-risk cities of 0.07% (95% CI, 0% to 0.24%)
(Figure 3C). In the whole of Guangdong, the lowest seroprevalence was detected in the
youngest age-group ≤9 years old (0.07% (95%CI, 0.01% to 0.24%), while the seroprevalence
estimates in the other age-groups were between 0.13% to 0.22% (Figure 3A). We noted
apparent differences in the age-specific trends of seroprevalence estimates between the low
and high risks region in Guangdong. In high-risk cities, age-specific seroprevalence was
lowest in children ≤9 years of age, highest in adolescents, and lower in the three adult age
groups (Figure 3B). In the low-risk cities, age-specific seroprevalence was higher in children
9 years old and older adults ≥40 years old, and lower in younger adults (Figure 3C).

Table 1. Demographic of the twenty-one prefecture-cities in Guangdong; number of confirmed COVID-19 cases between
January 19 to March 3, representing the first COVID-19 wave in Guangdong; and between January 19 to July 1, representing
the first 6-months post COVID-19 emergence in Guangdong.

Prefecture
Total Cases by
March 3 a n(%)

Total Cases by
July 1 a n(%)

Population

(Million) b Female (%) a Incidence
(Per Million)

Designated
Risk Level

Migration
Index with

Wuhan c

Yunfu 0 (0) 0 (0) 2.5269 49 0 Low 0
Heyuan 4 (0.3) 5 (0.3) 3.0939 49 1.29 Low 0
Jieyang 8 (0.6) 11 (0.7) 6.0894 49 1.32 Low 0
Shanwei 5 (0.4) 5 (0.3) 2.9936 47 1.67 Low 0

Chaozhou 5 (0.4) 6 (0.4) 2.6566 50 1.81 Low 0
Maoming 14 (1.0) 14 (0.9) 6.3132 47 2.22 Low 0
Meizhou 16 (1.2) 17 (1.0) 4.3788 51 2.91 Low 0

Zhanjiang 22 (1.6) 24 (1.5) 7.3320 47 3.00 Low 1,2
Qingyuan 12 (0.9) 12 (0.7) 3.8740 49 3.10 Low 2
Shaoguan 10 (0.7) 10 (0.6) 2.9976 50 3.34 Low 2
Shantou 25 (1.9) 26 (1.6) 5.6385 50 4.44 Low 2

Zhaoqing * 19 (1.4) 20 (1.2) 4.1517 49 4.58 Low 0
Jiangmen * 23 (1.7) 24 (1.5) 4.5982 49 5.01 Low 2
Yangjiang 14 (1.0) 14 (0.9) 2.5556 47 5.51 Low 0
Foshan * 84 (6.2) 100 (6.1) 7.9057 46 10.63 High 2

Dongguan * 99 (7.3) 100 (6.1) 8.3922 44 11.80 High 1,2
Huizhou * 62 (4.6) 62 (3.8) 4.8300 47 12.84 High 1,2

Zhongshan * 66 (4.9) 69 (4.2) 3.3100 46 19.94 High 2
Guangzhou * 346 (25.6) 558 (33.9) 14.9044 49 23.22 High 1,2
Shenzhen * 418 (31.0) 462 (28.2) 13.0266 46 32.10 High 1,2

Zhuhai * 98 (7.3) 103 (6.3) 1.8911 48 51.85 High 1,2

Total (%) 1350 (100) 1642 (100) 113.46

Average 48 9.65
a Does not include asymptomatic cases. b Source: Based on 2018 population data (Guangdong Provincial Bureau of Statistics). c 0 = low
migration activity with Wuhan, 1 = high incoming migration from Wuhan, 2 = high outgoing migration to Wuhan. All data was for the
period between 18 to 22 January 2020. * Prefectural cities in the Pearl River Delta.

In terms of geographical distribution, the seropositivity correlated with the number of
reported COVID-19 cases in each city, with the notable exception of Guangzhou. Despite
reporting the highest number of reported COVID-19 cases, it had the lowest seropositivity
at 0.08% out of 2520 tested samples (Figure 2B, Table S2). This could be due to the high
numbers of imported-associated cases that were detected during border screening and were
subsequently quarantined at centralized facilities until determined to be PCR-negative,
which effectively reduced the risk of virus spreading. In the low-risk region, seropositive
samples were detected in Qingyuan (n = 1, 0.09%), Jiangmen (n = 1, 0.50%) and Shantou
(n = 3, 0.60%). These three were amongst the low-risk cities in Guangdong that reported
cases during the first wave and had high migrant connectivity with Wuhan (Table 1).
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Figure 2. (A) Reported confirmed COVID-19 cases based on local official surveillance data in the different prefectural
cities in Guangdong province. Asymptomatic infections were not available at a prefectural-city level. (B) Seropositivity of
antibodies to SARS-CoV-2 as identified from the present study, in prefectural cities of the Guangdong province within the
first six-months post COVID-19 emergence. Cities that had relatively higher connectivity with Wuhan prior to 23 January
2020, were underlined and highlighted in blue.

Figure 3. Estimates of age-specific SARS-CoV-2 seroprevalence in Guangdong province in (A) all
cities or stratified by (B) high or (C) low risk of COVID-19 activities according to local official
surveillance data. Seroprevalences in all ages were age- and sex-weighted according to the population
structure of the included cities.
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2.3. Proportion of Seropositive Samples with Neutralizing Titers

We tested the SARS-CoV-2 IgG positive samples for neutralization titers with the
pseudovirus neutralization (pN) assay using a construct expressing the Spike (S) protein.
Of the 21 samples, 14 (67%) had detectable neutralization activity at titers >20 (Table S4).
The seven samples that did not have detectable neutralization activity had signal to cut-off
readout (S/CO) that ranged from 1.002 to 2.442. There was no significant correlation
between IgG-titer (expressed by the S/CO readout) with the measured IC50 titer (Pearson’s
coefficient, r = 0.223, p = 0.33. Figure 4).

Figure 4. Correlation between the SARS-CoV-2 IgG titers and pseudovirus neutralization titers,
expressed as 50% inhibitory concentration (IC50). The signal to cut-off (S/CO) readout on the X-axis
were loge transformed to aid visualization of data points.

3. Discussion

In collaboration with a clinical testing laboratory, we were able to use residual serum
samples that were submitted for clinical tests to conduct a cross-sectional serosurvey across
the expanse of Guangdong province shortly after the emergence of COVID-19 in January
2020. Using a pseudovirus neutralization assay, we confirmed that 67% of the samples had
neutralization titers, suggesting that most of the IgG-positive samples were true-positives.
The remaining seven samples may still represent true positives as some infections may not
have induced neutralizing antibodies, or their neutralizing antibodies may have waned
to below the threshold of detection since being infected [10,11]. Studies have shown that
the long-term antibody dynamics, particularly in those mild or asymptomatic COVID-19
cases can be variable [12,13]. The lack of correlation between the SAR-CoV-2 IgG-readout
measured by CLIA with the pseudovirus neutralization titer could be due to the assay
choices. The CLIA detects IgG against both S1 and N protein whereas our pseudovirus in
the neutralization assay expressed only the S-protein and would therefore only account for
neutralizing activity afforded by S-specific IgG.

Six months into the pandemic, the seroprevalence estimates based on residual sera
collected from a clinical diagnostic laboratory network reported in our study were similar
to other studies in the general community and lower than studies of high-risk individuals
such as healthcare workers or hospital visitors in China (summarized in Table 2). Notably,
two studies that included cohorts from Guangdong reported higher seroprevalence rates
than ours. For example, by April 2020, Xu et al. found a seroprevalence of about 4% in
healthcare workers or their exposed contacts in Wuhan, compared to approximately 1% in
healthcare workers or factory workers in Guangzhou [14]. Separately, Liang et al. reported
a seroprevalence of 2.1% and 0.6% amongst the 16,000 hospital patients and visitors in
Wuhan and Guangzhou between January 25 to April 30 [15]. Collectively, these studies
confirmed that SARS-CoV-2 virus transmission in other areas were minimal compared to
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Wuhan, but they did not include any validation tests to confirm the antibody specificity
and provided limited information with regard to age-specific seroprevalence.

Table 2. Summary of seroprevalence studies of SARS-CoV-2 antibodies in China within the first 6-months of COVID-19 emergence.

Author Location Sampling Period
Seropositivity
for IgG or IgG
and IgM (%)

95% Confidence
Interval

Total Population
Surveyed

Sampling Population Approach

Xu et al. [14]

Wuhan

March–April
2020

3.8 2.6 to 5.4 714 Healthcare Workers

ScreeningGuangzhou,
Foshan

2.80 1.8 to 4.6 563 Hemodialysis Patients
1.20 0.4 to 3.3 260 Healthcare Workers
1.40 0.6 to 2.9 442 Factory Workers

Sichuan 0.58 0.45 to 0.76 9442 General Community

Liang et al. [15] Wuhan January–April
2020

2.10 Not reported 8272 Hospital Visitors Residual Sera
Guangzhou 0.60 Not reported 8782 Hospital Visitors Residual Sera

Pan et al. [16] Wuhan May 2020 2.39 2.27 to 2.52 61,437 General Community Cluster, Sampling

Liu et al. [17] Wuhan February–April
2020 4.60 4.3 to 4.9 19,555 General Workers Screening

Chang et al. [18]
Shijiazhuang

April 2020
0.0074 0.0013 to 0.042 13,540

Blood Donors Residual SeraShenzhen 0.029 0.0081 to 0.11 6810
Wuhan 2.29 2.08 to 2.52 17,794

Our seroprevalence estimate is in line with the results of a large-scale nucleic acid
testing conducted by Guangdong Centers for Disease Control and Prevention, which
reported low number of PCR-positivity [9,19]. Between January 30 to March 19, they
reported 1388 PCR-positive cases out of 1.6 million samples tested (0.089% positivity) [9].
In a follow-up study for the period up to July 9, only 385 samples in over 3.2 million samples
tested by third-party institutions, were found to be positive (0.012% positivity) [19]. Notably,
they observed changing age trends amongst the positive cases over time. In contrast to the
first COVID-19 wave, during which the elderly (≥60 years old) comprised a significant
proportion of infected cases (22.2%), PCR-positivity rates in the elderly declined during
the subsequent waves (1.9%) but increased in the younger demographic, particularly in
those between 20 to 39 years old (59.4%, which increased from 34.4% during the first wave).
This was consistent with our data as we did not observe a higher seroprevalence among
adults ≥60 years old. This trend was in contrast to those observed in Hubei [16], where
evidence of infection was more common in those ≥60 years old. This suggests that cases
in Guangdong after the first wave were more likely amongst the young, mobile travelers,
particularly in the high-risk cities.

Guangdong was the epicenter of the first SARS outbreak in 2004 and regularly ex-
perienced zoonotic avian influenza cases. Consequently, the province had established an
efficient surveillance and response system to emerging pathogens. The rapid response in
the province appeared to have been effective in controlling the spread and emergence of
SARS-CoV-2 locally. However, our seroprevalence trends suggests that the younger and
mobile population in the urban centers of Guangdong as well as smaller cities with high
connectivity may be a transmission risk and should be monitored. In conclusion, our data
suggests an extremely low seroprevalence across Guangdong.

Limitations of the Study

There were several limitations in our study. One major limitation was that the original
sampling design was aimed at evaluating the age-specific seroprevalence in Guangdong
at a city-prefecture level. However, the overall low seropositivity precluded this and
we instead derived the seroprevalence estimates according to region of epidemic activity.
Another limitation was the sampling bias that occurred between urban centers and small
cities. It was easier to sample in urban centers due to the larger number of medical
institutions available. Sampling was also particularly difficult for persons 10–19 years old,
which resulted in the smaller sampling size of younger age groups than that of other age
groups in our study. One of the reasons might be that younger individuals were less likely
to seek non-emergency medical attention, especially during the period when epidemic
control measures were in place. This resulted in wider confidence interval for the estimate
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of seroprevalence in this age group. Females were slightly oversampled compared to males
(Figure S1), and therefore we also weighted by sex in addition to age to provide a more
representative estimate. A meta-analysis of >3 millions COVID-19 global cases suggested
there is no major difference in the risk of infection between sex [20], and therefore we expect
that there would be minimal effect on the overall weighted estimate of seroprevalence
due to the oversampling. In addition, our sampling period coincided with the gradual
resumption of economic activity within the province as well as the easing of interprovincial
travel restrictions. By April 8, the lockdown on Wuhan was lifted, signifying the last major
travel restriction within China. As the cities with seropositive samples, including the three
cities in the low-risks region, also had high numbers of travelers going to Wuhan in January,
we are unable to determine if the positive samples were from a local resident or a returning
migrant from Wuhan, or any other province. We also did not conduct IgM-testing, as we
were interested in exposure history, for which IgG-antibody titers are more reliable [16].
Finally, as no data were available on asymptomatic infections prior to 1 April 2020 the
number of infections in the early days that were reported will likely be underestimated.

4. Materials and Methods

4.1. Epidemiologic Data Source

Since 20 January 2020, COVID-19 has been designated as a notifiable infectious disease
in China. Confirmed COVID-19 cases were defined based on the China’s National Health
Council guideline issued at time of reporting [21–25] and were updated five times between
22 January and 7 March 2020 to keep up with the latest epidemiological and clinical
developments [26]. A specific category for asymptomatic cases, which are cases with
positive nucleic acid test but without clinical symptoms, were introduced after January 28,
but these data were only publicly available after April 1. During the time of sampling for
this study, definitions were based on the 6th edition, which was defined as persons with
fever or respiratory symptoms and who had etiological, PCR- or serological evidence of
infection (File S1).

Data of confirmed COVID-19 and asymptomatic cases were obtained from the Guang-
dong Provincial Health Authority (GPHA) (File S2) [27]. Number of asymptomatic cases
were only reported at the province level (Figure 1) but not at the city level (Table 1). Case
data were presented for the following two time periods: between January 19 to March 3,
representing the first wave of COVID-19 in China; and time of study conception and up to
July 1, coinciding with the week upon completion of sera sampling. For ease of description,
we will use the term “infections” to mean symptomatic and asymptomatic SARS-CoV-2
infections in our manuscript.

Population size of each prefecture were sourced from the provincial statistics website
and were based on the 2018 population numbers. However, to calculate the age- and
sex-adjusted seroprevalence, the prefecture-city population structure were sourced from
the 2015 Guangdong One-Percent Population Sample Survey [28], the most recent of such
data that was available. As the period before the Wuhan lockdown coincided with the
2020 Spring Festival migration period, when migrants usually return home, we used the
migration index sourced from Baidu Qianxi (Available online: https://qianxi.baidu.com/
(accessed on 1 May 2020)) in the five-days before 23 January, as an indicator of the degree of
connectivity between Wuhan and cities in Guangdong. We selected the window of a 5-day
period before the lockdown (on January 23) in our study as this captured the peak (which
occurred on January 23) of the inflow/outflow migration from Hubei and Guangdong. The
migration index represents the percentage of the daily number of inbound and outbound
events by rail, air and road traffic (provided as File S3).

4.2. Study Design

This study was conducted in collaboration with Kingmed Diagnostic Laboratory
Services, which provide services across a large network of hospital and medical institutions
in China. We collected a total of 14,629 serum samples that remained after being used in
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the original clinical tests (residual serum) in the following age groups: 0–9, 10–19, 20–39,
40–59 and ≥60 years old. The serum samples, originally collected in 1 to 2 mL standard
serum separator tubes, were submitted within 24 h to Kingmed’s central laboratory in
Guangzhou from all 21 prefecture-level cities in Guangdong province between 11 March
and 24 June 2020. After the original clinical tests were done, the residual sera were stored
at −20 ◦C until use in our study. We determined that at least 300 sera samples collected per
group would allow the estimation of age-specific seroprevalence within ±1.7%, assuming
a minimal level of 0.1% age-specific seroprevalence following a binomial distribution. We
classified the prefectural cities in Guangdong as low-risk or high-risk to represent regions
that experienced low and high COVID-19 activity in the province based on the GPHA
surveillance data. Low-risks were cities that reported less than 10 confirmed COVID-19
cases per million population, while high-risks were cities that reported 10 or more cases per
million population by 3 March 2020. We selected sera submitted for blood chemistry tests
but excluded those that were submitted for autoimmune or cancer screening. Information
about age, sex, source of serum samples and date of sample collection were also retrieved.

4.3. Serologic Assays

We utilized a tiered-testing system to identify SARS-CoV-2 IgG and neutralizing
antibodies as an indicator of past exposure to SARS-CoV-2 infection. We first used a
commercially available magnetic particle-based chemiluminescent enzyme immunoassay
(CLIA) that detects IgG to two SARS-CoV-2 antigens in a single reaction; a peptide to
the Spike (S) and the Nucleocapsid (NP) proteins (Bioscience, China). All samples were
inactivated at 56 ◦C for 30 minutes and tested according to the manufacturer’s instructions.
S/CO ratio > 1.0 was considered positive. Samples were considered to be SARS-CoV-2 IgG-
positive if results from two rounds of testing both yielded S/CO > 1.0. The overall assay
specificity and sensitivity was 99.2% and 89.6% based on testing of 282 sera from individuals
with laboratory-confirmed COVID-19. However, the assay’s sensitivity increases to 100%
in samples that were collected 17 days after symptom onset [29].

Samples determined to be positive using the CLIA assay were then tested using a
lentivirus-based-pseudovirus expressing the SARS-CoV-2 Spike protein neutralization
assay as previously described [30].

4.4. Statistical Analysis

We estimated crude age-specific COVID-19 seroprevalences and the confidence inter-
vals in five age-groups (0–9, 10–19, 20–39, 40–59 and ≥60 years) for each prefecture city,
the low- and high-risk cities, or Guangdong province using binomial approximation. We
also estimated the age- and sex-weighted seroprevalences for low-risk, high-risk cities and
Guangdong province using data on the population structure of Guangdong province based
on the 2015 Guangdong One-Percent Population Sample Survey. The estimations were
conducted with R version 3.6.3. For the neutralization titer, the IC50 was calculated using
the three-parameter non-linear regression function in Prism 8.0 (GraphPad). The corre-
lation between S/CO readout and neutralization titer were determined using Pearson’s
Correlation Test, also in Prism 8.0. The Pearson’s correlation test was performed under
the assumption that the data was sampled from a Gaussian distribution, with the p-value
derived from a two-tailed test.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/pathogens10111505/s1, Table S1: Timeline and details of the public health response imple-
mented after the emergence of COVID-19 in Guangdong province. Table S2: The seropositivity for
antibodies to SARS-CoV-2 in the prefectural cities of Guangdong province identified in the present
study between 11 March and 24 June 2020. Since the number of seropositive samples were too
low to estimate seroprevalence at the individual city level, percentage of seropositivity were used
instead. Table S3: The age-specific SARS-CoV-2 seroprevalence in Guangdong province, and for
cities of low or high risk of COVID-19 activities according to the local official surveillance data. The
crude seroprevalences for individual age groups were presented, while the overall age- and sex-
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weighted seroprevalences for cities of low or high risk of COVID-19 activities, and that of Guangdong
province, were presented. Table S4: Pseudovirus neutralization titers, expressed as 50% inhibitory
concentration (IC50) of the SARS-CoV-2 IgG-positive samples. Figure S1: The population structure
in Guangdong Province and sample structure in this study. File S1: Case definition of COVID-19
according to the Protocol on Prevention and Control of Novel Coronavirus Pneumonia (Edition 2
to 7). File S2: Daily case numbers of COVID-19 in Guangdong between 19 January and 1 July 2020.
The daily numbers of asymptomatic cases prior to 1 April 2020 were not publicly accessible. File S3:
Daily percentage of inbound and outbound events by rail, air and road traffic to and from Wuhan in
the five days prior to the lockdown. Only the daily top 100-destination cities were reported by the
website. Cities in Guangdong that were listed in daily the top-100 lists were highlighted.
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Abstract: Seroprevalence studies are important for understanding the dynamics of local virus
transmission and evaluating community immunity. To assess the seroprevalence for SARS-CoV-2 in
Allegheny County, an urban/suburban county in Western PA, 393 human blood samples collected in
Fall 2020 and February 2021 were examined for spike protein receptor-binding domain (RBD) and
nucleocapsid protein (N) antibodies. All RBD-positive samples were evaluated for virus-specific
neutralization activity. Our results showed a seroprevalence of 5.5% by RBD ELISA, 4.5% by N ELISA,
and 2.5% for both in Fall 2020, which increased to 24.7% by RBD ELISA, 14.9% by N ELISA, and 12.9%
for both in February 2021. Neutralization titer was significantly correlated with RBD titer but not with
N titer. Using these two assays, we were able to distinguish infected from vaccinated individuals.
In the February cohort, higher median income and white race were associated with serological
findings consistent with vaccination. This study demonstrates a 4.5-fold increase in SARS-CoV-2
seroprevalence from Fall 2020 to February 2021 in Allegheny County, PA, due to increased incidence
of both natural disease and vaccination. Future seroprevalence studies will need to include the effect
of vaccination on assay results and incorporate non-vaccine antigens in serological assessments.

Keywords: SARS-CoV-2; seroprevalence; ELISA; neutralization assay

1. Introduction

Severe Acute Respiratory Syndrome Coronavirus 2 (SARS-CoV-2) spread quickly and
caused a worldwide pandemic, affecting social and economic life globally [1]. Diagnosis
of SARS-CoV-2 acute infection relies on viral tests such as PCR or virus antigen detection.
However, these tests lack the ability to identify prior infections. In contrast, serological
assays such as enzyme-linked immunosorbent assays (ELISAs) measure antibody responses
to specific virus antigens and are useful for determining the prevalence of a disease in
an affected area and can identify individuals as potential donors for convalescent plasma
therapeutics [2].

All current Emergency Use Authorization (EUA)-authorized serological tests for SARS-
CoV-2 target the nucleocapsid (N) or spike (S) protein. N protein facilitates the replication
of viral RNA and the assembly and release of viral particles after infection [3]. S protein
binds to the angiotensin-converting enzyme 2 (ACE2) receptor on the surface of human
cells for cell entry of SARS-CoV-2 [4,5]. The receptor-binding domain (RBD) of S protein is
a main target of anti-viral antibodies [6]. Both S and N proteins are highly expressed during
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infection and are immunogenic [6,7]. Two leading mRNA-based SARS-CoV-2 vaccines, one
developed by Moderna and the other by Pfizer and BioNTech, both use S protein as an
immunogen [8,9].

Population-based seroprevalence studies of COVID-19 carried out in hotspots of
COVID-19 across the world between March and June 2020 showed a 4.41% seropreva-
lence in the US and a 3.38% seroprevalence worldwide [10–12]. One nationwide study
conducted between July and September 2020 showed a range of 1–23% jurisdiction-level
seroprevalence and an estimate of fewer than 10% people with detectable SARS-CoV-2
antibodies, indicating that the majority of the US population had not yet been exposed [13].
Although evidence-based information about the efficacy of COVID-19 interventions is
urgently needed in all communities, most studies so far have focused on large scale popu-
lations either nationwide or in metropolitan areas and less is known about seroprevalence
in medium-sized cities. Freeman et al. reported a seroprevalence of 1% in the first half of
2020 in the immunocompromised pediatric patients in one pediatric quaternary care center
in Pittsburgh, PA [14]. However, data for the general population in this area are lacking.

The goal of this study was to develop a serological testing strategy to estimate the
seroprevalence of SARS-CoV-2 in the population of Allegheny County, Western PA, in
Fall 2020 and February 2021, which are two critical time points before and after the large
wave of cases that occurred between December 2020 and January 2021, as well as the
introduction of two EUA-approved vaccines in US in Dec 2020. In addition, we used two
ELISA assays that enabled us to distinguish infected from vaccinated individuals (DIVA),
which allowed for a further comparison of demographics between infected and vaccinated
individuals. Overall, we observed a 4.5-fold increase in SARS-CoV-2 seroprevalence from
Fall 2020 to February 2021 in Allegheny County, PA, by RBD ELISA. Among samples
positive for RBD, 36.4% from Fall 2020 and 66.7% from February 2021 were also positive
by neutralization assay. These changes were driven by both natural disease acquisition
and vaccination rollout. Additionally, our data showed income and race disparities in
infection and vaccination, respectively, suggesting the need to better support people of
disadvantaged groups during the pandemic.

2. Results

2.1. SARS-CoV-2 RBD and N ELISA Validation

RBD and N ELISA assays had a limit of detection of 1:100. Specificity of the SARS-
CoV-2 ELISA assays was determined using 183 human serum samples collected before the
pandemic [15]. This included healthy volunteers, as well as patients who tested positive
for other viral or inflammatory conditions, including other human coronaviruses (See
Supplementary Table S1. Legend for details).

With an endpoint titer cutoff of 300, the assays had 89.6% (RBD) or 94.5% (N) specificity.
With an endpoint titer cutoff of 900, the assays had 97.8% (RBD) or 98.9% (N) specificity
(Figure 1a,b). Sensitivity of the assays was determined using 134 human serum samples
from patients known to have COVID-19 between 16 March 2020 and 12 May 2020 [15]. In
some cases, multiple samples from an individual patient were available on different days
post symptom onset. Samples collected on or after Day 14 post symptom onset were used
for sensitivity analysis. In this cohort, there was 100% (RBD) and 93.5% (N) sensitivity at
an endpoint titer cutoff of 300, and 94.8% (RBD) and 83.1% (N) sensitivity at an endpoint
titer cutoff of 900 (Figure 1c,d). An endpoint titer cutoff of 900 was chosen for use in the
RBD assay and an endpoint titer cutoff of 300 was chosen for use in the N assay, with a
specificity at 97.8% for RBD and 94.5% for N, and a sensitivity at 94.8% for RBD and 93.5%
for N. RBD and N ELISAs were further validated using WHO international standards
(Supplementary Figure S1).
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Figure 1. Specificity and sensitivity analysis of RBD and N ELISAs. Each circle represents one sample for RBD (a,c) and
each square represents one sample for N (b,d) in each assay. Samples were grouped by positivity for a specific infection
or assay (a,b) and see Supplemental Table S1 for details of “Others”. Samples from patients with COVID-19 disease are
grouped by the day post-self-reported-symptom onset (c,d). Dashed line indicates a titer at 900 and dotted line indicates a
titer at 300. Numbers next to each line represents the specificity or sensitivity of the assay at the given cutoff value. Samples
collected on or after Day 14 post symptom onset were used for sensitivity analysis.

2.2. Seroprevalence of COVID-19 in Allegheny County, Western PA

A total of 199 human blood samples were collected in the Fall of 2020 and 194 samples
in February of 2021. A total of 88.5% of the study subjects were from Allegheny County
and 9.9% were from other counties in PA (Supplementary Table S2). Women, seniors, and
African Americans were more represented in the study cohort compared to that in the
population of Allegheny County (Supplementary Table S2).

The endpoint titers for both RBD and N were determined for each sample and using
predefined cutoffs, the seroprevalence of SARS-CoV-2 in the Fall cohort was 5.5% by RBD
ELISA, 4.5% by N ELISA, and 2.5% for both. In the February cohort, the seroprevalence
increased to 24.7% by RBD ELISA, 14.9% by N ELISA, and 12.9% for both (Table 1).

The 11 samples positive for RBD in Fall 2020 included two documented recovered
cases of COVID-19 (one male aged 50–59 and one female aged 80+) and two volunteers
who were enrolled in the Phase III clinical trial of the Moderna vaccine (Figure 2a).

The remaining seven samples positive for RBD in Fall 2020 were all from young
adults aged 19–29, several of which had reported a history of either contact with COVID-
19 confirmed cases, or mild COVID-19 related symptoms, but were never tested. This
suggested a higher local prevalence of COVID-19 in young adults in Fall 2020 (Figure 2a).
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Table 1. Analysis and comparison of seroprevalence and antibody neutralization between Fall 2020
and February 2021.

Fall 2020 (n = 199) February 2021 (n = 194)

RBD positive
(endpoint titer ≥ 900)—No. (%) [95%CI] 11 (5.5) [3–10] 48 (24.7) [19–31]

N positive
(endpoint titer ≥ 300)—No. (%) [95%CI] 9 (4.5) [2–8] 29 (14.9) [10–21]

RBD and N both positive—No. (%)
[95%CI] 5 (2.5) [1–6] 25 (12.9) [9–18]

Neut positive (FRNT50 ≥ 40)—No. (%)
[95%CI] 4 (2.0) [1–5] 32 (16.5) [12–22]

Figure 2. RBD and N endpoint titers of all samples. Each circle represents one sample for RBD (a,c) and each square
represents one sample for N (b,d) at the two time points of the study. Dashed line indicates a titer at 900 as cutoff for RBD
positive and dotted line indicates a titer at 300 as cutoff for N positive. Samples are grouped by age.

In the February cohort, the increased seroprevalence suggested increases in either
acquisition of natural disease during the winter peak or vaccination following EUA for
BNT162b2 by Pfizer and BioNTech on 11 December 2020 and mRNA-1273 by Moderna on
18 December 2020 (Table 1). Both BNT162b2 and mRNA-1273 are S protein mRNA-based
vaccines, so vaccination would be expected to elicit RBD antibodies but not N antibodies.
In contrast, infection by SARS-CoV-2 would trigger immune responses against both RBD
and N. Therefore, based on their RBD and N titers, all 59 individuals who tested positive
for RBD were separated into three groups, infected (n = 30, RBD+ and N+), vaccinated
(n = 19, RBD+ and N−), or unclear (n = 10 RBD+ and N−) (Figure 3). These classification
groups were informed by self-reporting or chart review. The group designated as unclear
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had RBD titers that were either at or one dilution above the endpoint titer cutoff value and
had no corroborating data from chart review or self-reporting.

Figure 3. Titer comparison between RBD ELISA, N ELISA, and Neutralization assay. RBD endpoint titer, N endpoint titer,
and FRNT50 titer of all RBD positive samples in groups of infected (a), vaccinated (b), and unclear (c). Left y axis is Log10

endpoint titers for RBD and N ELISAs. Right y axis is Log2FRNT50 titer. Dotted line indicates a titer at 300 which was the
cutoff titer for N positive. Dash-dotted line indicates a titer of 40 as cutoff for positive neutralization.

All RBD-positive samples were tested in an FRNT50 assay. The neutralization assay
had a limit of detection of 1:20, and samples were considered positive if the titer was ≥40.
Among the 30 individuals classified as infected, 24 (80%) were positive by FRNT50; the 6
that were unable to neutralize had an RBD titer ≤2700 (Figure 3a). In comparison, among
the 19 individuals classified as vaccinated, 12 (63.2%) were positive by FRNT50; the 7 that
were unable to neutralize had an RBD titer ≤8100 (Figure 3b). All unclear samples failed to
neutralize the virus, even though they had a positive RBD titer (Figure 3c). Comparison
between FRNT50 and ELISA titers revealed a significant correlation for RBD but not N
(Figure 4a,b). Notably, samples with RBD titers at 8100 and positive N titers were more
often able to neutralize SARS-CoV-2, than samples with RBD titers at 8100 but negative
N titers, suggesting that despite having the same RBD titer, there might be a qualitative
difference in spike antibodies generated during infection versus vaccination.

Figure 4. Correlation between ELISA titer and Neutralization titer. Samples from Figure 3 with titers above the detection
threshold (100 for RBD and N, 20 for FRNT50) of each assay were selected for the correlation analysis between neutralization
titer and RBD titer (a) or N titer (b). Spearman’s Rank Correlation Coefficient r and Probability (p) value (two-tailed)
are shown.
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2.3. Comparison of Income and Race between Infected and Vaccinated Groups

Demographic comparisons were evaluated for age, income, and race in infected
(n = 25) and vaccinated (n = 17) individuals from the February 2021 cohort. In both groups,
the average age was approximately 50. The median household income of participants was
significantly lower in the infected group than that of the vaccinated group (Supplementary
Figure S2a). Three students were removed from this comparison since their income data
were felt to be reflective of their guardians’ income as their zip codes were out of state.
The race distribution between infected and vaccinated groups in the February cohort
revealed similar percentages of African American and White in the infected group but a
lower percentage of African American in the vaccinated group (Supplementary Figure S2b).
These data are consistent with other reports demonstrating the disproportionate effects of
the pandemic and vaccine accessibility on lower-income and African American groups in
PA as well as nationwide US [16–19].

3. Discussion

The ELISAs used in this study were shown to have a high degree of sensitivity and
specificity. These assays are semi-quantitative while most commercially available antibody
detection kits only offer qualitative results. The ability to perform functional, neutralizing
assays of antibody activity remains limited to BSL-3 laboratory settings. Therefore, an
assay such as the RBD ELISA, which is significantly correlated with neutralization titer, has
utility for measuring virus-specific activity and could possibly be used to define a correlate
of immune protection in clinical and vaccine studies. We observed a 4.5-fold increase in
community immunity by RBD ELISA between Fall of 2020 and February of 2021 and were
able to demonstrate that this increase was driven both by infection and vaccination.

The correlations between RBD, N, and neutralization were particularly interesting.
When a serum sample had a high RBD titer (≥24,300), which indicated strong immune
responses elicited by either infection or vaccination, that sample had the ability to neutralize
the virus regardless of the N titer. Out of 12 samples with RBD titers at 900, only 2
were positive in the neutralization assay, both of which also had a positive N titer. Two
samples with negative RBD titers but positive N titers (one at 900 and the other at 2700)
were evaluated for neutralization and neither of them neutralized SARS-CoV-2 virus,
suggesting these were false positives or possibly they represent cross reactivity with
another coronavirus [20]. When a sample had an RBD titer between 900 and 24,300, it
appeared more likely to neutralize the virus if it also had a positive N titer. A total of 12 out
of 16 samples from infected individuals with an RBD titer at 2700 or 8100 demonstrated
neutralization, whereas only 2 out of 8 samples from vaccinated individuals did. This could
have several implications. First, the fact that 4 out of 16 samples with positive RBD and N
titers failed to neutralize the virus was consistent with previous findings that people who
had contracted COVID-19 could sometimes be reinfected [21,22]. Secondly, the complete
vaccination history was not available for all samples, therefore it is possible that some
vaccinated cases were not fully vaccinated, meaning that they either received one dose or
received the second dose within 14 days at the time of sample collection. Lastly, two infected
samples with RBD titer = 2700 and N titer = 300 demonstrated high neutralization titer at
160, suggesting that other factors may also play a role in the generation of neutralizing
activity. For example, binding sites on the ACE2 receptor and the binding affinity of an
antibody have both been shown to be critical for neutralization potential [23–25]. The
SARS-CoV-2 immune response is different in infected versus vaccinated individuals [26].
This could result in a greater breath or alter the class switching and/or affinity maturation
of S-specific antibodies in infected versus vaccinated individuals and is consistent with
our observations.

The entire population was naïve to SARS-CoV-2 infection when this virus emerged.
However, the pandemic has affected people from diverse social and economic backgrounds
differently. By comparing income and race distribution between infected and vaccinated
groups, we found that people with lower incomes were more likely to have been infected
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than vaccinated and people of color were less likely to have been vaccinated at the time of
sampling. The February 2021 cohort of specimens were obtained when PA restricted vacci-
nation to health care workers, residents/care staff in skilled nursing facilities, individuals
ages 65 and older and those ages 16–64 with certain underlying medical conditions [27].
Restrictions on access to vaccination could have influenced these results.

This study has several limitations. Although people of both genders and most age
groups and races were included, it had more women, seniors (aged 60–69 and 70–79), and
African Americans as compared to the representative distribution in Allegheny County,
PA (Supplementary Table S2). In addition, whereas children under 15 make up 15.6% of
the population, this study was focused on adults. Finally, patient information regarding
previous COVID-19 diagnosis or vaccination was limited to data accessible by chart ab-
straction for the majority of participants. A major strength of this study is the use of two
assays that permits classification of individuals as either vaccinated or infected. With many
of the vaccine platforms containing the S antigen, the need for a non-vaccine antigen for
community serosurveys of infection is of increased importance. In addition, estimating
local seroprevalence using a small cohort of samples can be a valuable tool for quickly
assessing the degree of immunity in a community and can inform public health decisions
during a pandemic.

4. Materials and Methods

4.1. Human Samples

Human subjects research was performed according to University of Pittsburgh ap-
proved IRB protocols (20030228 and 20040220). Positive and negative control samples
used for specificity and sensitivity assays were from residual samples at UPMC clinical
laboratories and have been previously described [15]. WHO international standards were
from the National Institute for Biological Standards and Control (NIBSC). Serum or plasma
was collected and stored at −20 ◦C.

Blood samples obtained in Fall 2020 were from two cohorts. One cohort included
100 samples obtained between 21 September 2020 and 13 October 2020 from healthy
adults who were willing to have phlebotomy performed for infectious disease research. All
participants self-reported their age, sex, race, ethnicity, residential zip code, history of travel
and immunization, as well as history of known COVID-19 disease or contact with COVID-
19 confirmed cases. A second cohort of 99 samples were residual specimens obtained from
the UPMC Mercy clinical laboratory between 2 November 2020 to 4 November 2020; these
specimens were from outpatients undergoing routine bloodwork. Blood samples from
February 2021 were all residual specimens obtained from the UPMC Mercy outpatient
laboratory between 1 February 2021 and 5 February 2021. Age, sex, race, residential zip
code and any history of COVID-19 disease or testing was abstracted from the medical
record prior to de-identification for all UPMC Mercy outpatient samples.

4.2. Enzyme-Linked Immunosorbent Assay (ELISA)

MaxiSorpTM 96-well plates (Thermofisher) were coated with SARS-CoV-2 RBD-His or
SARS-CoV-2 N-His protein (see Supplementary Material for details on clone construction
and protein purification) at 50 ng per well diluted in PBS and incubated at 4 ◦C overnight.
Following removal of coating solution, plates were blocked with blocking buffer (5% non-
fat milk in PBS with 0.1% Tween-20, PBST) and incubated at 37 ◦C for 1 h. Three-fold serial
dilutions of samples were prepared in blocking buffer, then incubated on plates at 37 ◦C
for 2 h. Plates were washed three times with PBST followed by incubation with donkey
anti-human IgG horseradish peroxidase (HRP) conjugated secondary antibody (Jackson
ImmunoResearch) diluted 1:10,000 in blocking buffer at 37 ◦C for 1 h. Plates were washed
again prior to the addition of TMB peroxidase substrate mix (Seracare) and incubated
at room temperature (RT) for 5 min. TMB stop solution (Seracare) was added and the
optical density (OD) at 450 nm was measured using a Molecular Devices SpectraMax 340PC
Microplate Reader. A normal human serum non-reactive to SARS-CoV-2 was included as

53



Pathogens 2021, 10, 710

negative control and a human serum known to be reactive to SARS-CoV-2 was included as
positive control on each plate.

4.3. Focus Reduction Neutralization Test (FRNT)

Neutralization assays were performed as previously described [28] except with
2 × 103 FFU/mL of SARS-CoV-2 (University of Pittsburgh clinical isolate from June 2020).
Fixation was performed using 4% paraformaldehyde for 20 min at RT. Rabbit anti-SARS-
CoV-2 N antibody (GenScript custom, 1:3000 diluted in blocking buffer) was used as
primary antibody and goat anti-rabbit IgG HRP (Jackson ImmunoResearch, 1:1000 diluted
in blocking buffer) was used as secondary antibody. MossBio TMB substrate was used for
foci development. The FRNT50 is the dilution of sera that neutralized at least 50% of the
input virus.

4.4. Data Analysis

The US Census 2019 ACS 5-year estimates of the population in Allegheny County,
PA, was accessed online and data regarding race, age, sex and median household income
based upon zip code was abstracted. All graphs were made using GraphPad Prism Version
9. Correlation coefficient (r) and two-tailed probability (p) values were calculated using
Spearman’s correlation. Confidence intervals were calculated using the Clopper–Pearson
exact method. The endpoint titer was defined as the dilution of the serum that gave an
OD value at least three standard deviations above the average value obtained from the
negative control serum.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/pathogens10060710/s1, Figure S1: Comparison of RBD and N titers between the in-house
assays and that reported by NIBSC using WHO international standards. Five dots shown on each
graph represent samples of one healthy donor collected before 2019 and four COVID-19 recovered
patients. Spearman’s rank correlation coefficient r and probability (p) value (two-tailed) are shown.
Figure S2: Comparison of income and race between infected and vaccinated cases in February 2021.
Median income distribution in infected and vaccinated groups (a): Y axis is the median household
income of the area based on the zip code of the home address reported by each study subject. The line
in each group represents the median. * represents a p value < 0.05 by an unpaired t-test (two-tailed).
Race distribution in infected and vaccinated groups (b): Total samples refer to all samples collected in
February 2021. Data were compared to that of American Community Survey (ACS) 5-year estimates
for Allegheny County, PA, generated by United States Census Bureau. Table S1: Detailed groups
of samples used in the Specificity Assays of SARS-CoV-2 RBD and N. Table S2: Demographics of
study subjects.
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Abstract: The COVID-19 pandemic, which began at the end of 2019 in Wuhan, has affected 220 countries
and territories to date. In the present study, we studied humoral immunity in samples of the blood sera
of COVID-19 convalescents of varying severity and patients who died due to this infection, using native
SARS-CoV-2 and its individual recombinant proteins. The cross-reactivity with SARS-CoV (2002) was
also assessed. We used infectious and inactivated SARS-CoV-2/human/RUS/Nsk-FRCFTM-1/2020
strain, inactivated SARS-CoV strain (strain Frankfurt 1, 2002), recombinant proteins, and blood sera
of patients diagnosed with COVID-19. The blood sera from patients were analyzed by the Virus
Neutralization test, Immunoblotting, and ELISA. The median values and mean ± SD of titers of specific
and cross-reactive antibodies in blood sera tested in ELISA were mainly distributed in the following
descending order: N > trimer S > RBD. ELISA and immunoblotting revealed a high cross-activity of
antibodies specific to SARS-CoV-2 with the SARS-CoV antigen (2002), mainly with the N protein. The
presence of antibodies specific to RBD corresponds with the data on the neutralizing activity of blood
sera. According to the neutralization test in a number of cases, higher levels of antibodies that neutralize
SARS-CoV-2 were detected in blood serum taken from patients several days before their death than
in convalescents with a ranging disease severity. This high level of neutralizing antibodies specific to
SARS-CoV-2 in the blood sera of patients who subsequently died in hospital from COVID-19 requires a
thorough study of the role of humoral immunity as well as comorbidity and other factors affecting the
humoral response in this disease.

Keywords: SARS-CoV-2; COVID-19; antibody specificity; recombinant proteins; virus neutralization

1. Introduction

According to the WHO, the COVID-19 pandemic, caused by a new pathogen SARS-
CoV-2 in the human population, which began at the end of 2019 in Wuhan, in China’s
Hubei province, has affected 220 countries and territories to date. As of 29 June 2021,
the total number of reported cases worldwide exceeds 180 million, and the number of
deaths worldwide is almost 4 million [1]. In many countries, quarantines and other milder
strategies for preventing the spread of the infection, such as physical distancing and the use
of masks, may have prevented most people from being infected. According to the opinion
of some researchers, this is a paradox, as such measures leave people without immunity,
susceptible to new waves of infection. Healthcare workers, the elderly, and people with
medical conditions, such as cardiovascular and cerebrovascular diseases, diabetes, and
neoplasms, are at a particularly high risk of infection [2,3]. It is quite possible that the
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modern world will not return to “pre-pandemic normality” until safe and effective vaccines
have been developed and a global vaccination program has been implemented [4].

The latest reports show that most COVID-19 patients develop lymphopenia as well
as pneumonia, with higher plasma levels of pro-inflammatory cytokines in severe cases,
suggesting that the host immune system is involved in the pathogenesis [5]. However,
there is still a very limited understanding of the immune responses, especially adaptive
immune responses to SARS-CoV-2 infection. Since COVID-19 is a new disease for humanity,
and the nature of the protective immune responses against it is poorly understood, it is
also unclear what vaccination strategies will be the safest and most immunologically
successful. It is quite possible that vaccine-induced protection may differ from natural
immunity due to the virus’s different evading strategies [6] and/or due to acquired humoral
immunopathology in the form of antibody-dependent enhancement of infection and/or
antigenic imprinting [7]. It is important to understand adaptive immunity to SARS-CoV-2,
not only for vaccine development, but for interpreting COVID-19 pathogenesis and the
calibration of pandemic control measures.

In this regard, data from the studies of the natural immune response to COVID-19
will contribute to COVID-19’s pathogenesis, the development of effective vaccines, and
therapeutic strategies. It is especially important to make clear the difference in immune
responses between asymptomatic, mild, and severe cases and in the early and late stages
of infection. In addition, the fact that asymptomatic and mildly suffering people develop a
low level of antibody-mediated protection is important for assessing herd immunity [6].
At this moment, in the territory of Russia, this topic is not highlighted fully enough. Our
investigation relates to the study of the immune response in patients with a different
course of COVID-19 at the very beginning of the pandemic in one of the biggest cities of
Russia under restrictions (the absence of air and railway connections with neighboring
countries). It may reflect the situation at a specific point and is valuable precisely in a
retrospective analysis of the development of the epidemic process in comparison with both
other regions of Russia and other countries. In detail, the aim of this study was to examine
humoral immunity in the samples of convalescents’ blood sera with COVID-19 in a range
of severities, and patients who subsequently died in hospital from this disease, using
native SARS-CoV-2 and its individual recombinant proteins to visualize an individual
immune "picture" of antibodies, i.e., their profile for specificity to the N proteins, the S
trimer, and RBD. We consider the presence of such antibodies as part of the immune
response to SARS-CoV-2. Previously, it was reported that sera from some patients could
inhibit SARS-CoV-2 entry in target cells, indicating the involvement of humoral immunity
due to anti-S antibodies as early as three days post symptom onset. Protein N is a major
immunogen, and antibodies to it are formed in some patients who have been ill [5]. The
antibodies to protein M are observed less often, and we assume that this fact would also
be interesting to study. The cross-activity of antibodies with the inactivated SARS-CoV
antigen (2002) was also assessed.

2. Results

To study humoral immunity against SARS-CoV-2, a random sample of 54 blood sera
received from 26 convalescents (1 asymptomatic case, 13 mild cases, 1 moderate case
with hospitalization for pneumonia and 1 without hospitalization, 10 severe cases, and
13 severe cases with a lethal outcome in the hospital) was used. In some cases, serum was
paired from one patient. The titers of specific interaction of antibodies with these antigens
were found in blood sera by the author’s laboratory ELISA, using inactivated whole-
cell SARS-CoV-2/human/RUS/Nsk-FRCFTM-1/2020 and SARS-CoV (strain Frankfurt
1, 2002) preparations as antigens, as well as the SARS-CoV-2 recombinant proteins—the
N nucleoprotein, the full S trimer (spike) and RBD, its receptor-binding domain in the S1
region. For recombinant proteins, preparation the plasmids for the expression of the full
N and full S trimer (spike) and also its part in the S1 region, RBD, were constructed with
further purification of obtained proteins.
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2.1. The Blood Sera Study of COVID-19 Convalescents of Varying Severity with a Favorable Outcome

During our study, it turned out that in mild cases, the median values of titers of IgG
specific to the inactivated SARS-CoV-2 antigen were in the range of 1:200–1:12,800, with the
most common values being 1:800 and 1:3200. High titers were found in an asymptomatic
patient as well as in the case of a patient who recovered after a moderate case of COVID-19
(with unilateral pneumonia)—1:6400 (Numbers 1 and 15 on the Appendix A Figure A1).
Three more recovered cases with bilateral pneumonia, or those who were treated in the
intensive care unit, showed the highest titers—1:12,800, in the neutralization test with the
inactivated SARS-CoV-2 antigen (Appendix A Figure A1).

The cross-activity of antibodies specific to SARS-CoV-2 with the inactivated heterol-
ogous SARS-CoV (strain Frankfurt 1, 2002) antigen (the third row on the Appendix A
Figure A1, marked in green) increased in accordance with the titer found on the SARS-
CoV-2 homologous antigen.

The use of recombinant SARS-CoV-2 proteins in ELISA allowed us to determine the
individual profile of antibodies specific to individual viral proteins. According to ELISA
data in median values (Appendix A Figure A1) and the mean ± SD of titers of specific
antibodies (Table S1), the antibodies in this panel of convalescents’ blood sera, from mild
to severe cases in specificity and quantitatively, are mainly distributed in the following
descending order: N > S trimer > RBD.

Higher IgG levels with median values in the range of 1:400 to 1:3200, detected in
ELISA using the recombinant RBD protein (Appendix A Figure A1), contributed to more
effective protection of infected Vero cells from the development of a cytopathic effect by
50%—from 1:20 to 1:160 in mild cases (Numbers 3, 5, 6–14), and from 1:80 to 1:≥320 in
cases of moderate severity (Numbers 15, 16) and seriously ill patients (Numbers 18–32).
In an asymptomatic patient (Number 1, age 32), the titer of protective antibodies was 1:80
(data on neutralization) (Table S2).

In the presence of paired sera from patients with severe cases of COVID-19 (Numbers
17–28), an increase in IgG titers specific to RBD in ELISA was observed (Appendix A
Figure A1).

Obviously, the presence of antibodies specific to RBD correlates with the data on the
neutralizing activity of blood sera. So, for example, the 1:200 titer of IgG specific to this
site of the S glycoprotein detected in ELISA either did not contribute to protection in a
severe case (Numbers 17 and 23) or corresponded to the presence of neutralizing antibodies
in a titer of 1:10–1:20 in the mild cases of Numbers 2 and 4 (Table S2). In patients with
a severe course of the disease from whom only single serum samples were studied in
the neutralization reaction (Numbers 29–32), the median titers of protective antibodies
turned out to be 1:160. In the presence of paired blood sera in patients with a severe course
of the disease, a tendency towards a sharp increase in the titers of protective antibodies
was revealed within a few days from complete absence to 1:160 (Numbers 23, 24) or to
1:≥320 (Numbers 17, 18). In other patients with a severe course of the disease, the titers of
protective antibodies also steadily increased—for example, from 1:160 to 1:≥320 (Numbers
19, 20 and 27, 28) and from 1:80 to 1:160 (Numbers 21, 22 and 25, 26) over the course of
several days, respectively (Table S2).

The immunoblotting of the SARS-CoV-2/human/RUS/Nsk-FRCFTM-1/2020 antigen
with the blood serum of an asymptomatic patient, as well as those with mild and moderate
cases, made it possible to detect viral target proteins for specific antibodies. Moreover, it
was also possible to visually determine the efficiency/intensity of the detection of these
viral proteins in this enzyme immunoassay on the nitrocellulose membrane with antibodies
used for testing the same dilution of blood serum—1:100. It was clearly demonstrated that
the N nucleocapsid protein of SARS-CoV-2 is the main protein target for antibodies in mild
cases. Numbers 1–32 include the antibodies of asymptomatic (Number 1), mild (Numbers
2–14), and moderate patients (Numbers 15 and 16), as well as patients from the intensive
care unit (Numbers 1–32) (Appendix A Figure A2A).
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The antibodies specific to linear epitopes of the S-protein were not detected in all blood
sera. For example, the SARS-CoV-2 S-protein dimer and trimer were detected in the serum
of an asymptomatic patient (Number 1) at 180 and 270 kDa, respectively. Additionally,
among mild cases of the disease (Numbers 2–14), possibly due to background levels, there
are no clear bands of the S protein. Antibodies were also detected in those with moderate
cases of COVID-19 (Numbers 15 and 16). In severe cases of the disease (intensive care unit)
(Numbers 17–32), antibodies specific to linear epitopes of the S-protein were detected in
the sera (Numbers 24–32). These findings strongly demonstrate that the intensity of the
immune response significantly increased in paired sera—Numbers 23–24, 25–26, and 27–28.

The SARS-CoV (2002) nucleoprotein mostly turned out to be the only target protein
for cross-interaction of antibodies specific to SARS-CoV-2 in asymptomatic, mild, moderate
(Numbers 1–16), and severe cases (Numbers 17–32).

In some cases, the antibodies of some blood sera detected the M protein SARS-CoV-2
(Appendix A Figure A2A). The M protein SARS-CoV (2002) was also the target of weak
cross-interaction for these antibodies (Appendix A Figure A2B).

2.2. The Blood Sera Study of Patients with a Fatal Outcome of Disease

In our study, we used sera from 13 patients with severe cases of COVID-19 with a lethal
outcome in the hospital. It was shown that according to the ELISA results, the median values
of specific IgG titers in the sera of these patients ranged from 1:200 to 1:25,600 (Table S3).

In the case of the paired blood sera, just as in the case of convalescents, in patients
who subsequently died in the hospital, an increase in antibody titers was observed when
using the inactivated SARS-CoV-2 antigen. This is especially evident in the example of
three blood sera from one patient with an increase in IgG titers in ELISA from 1:6400 to
1:12,800 and 1:25,600 in blood sera for Numbers 39, 40, and 41, taken at the 15th, 10th,
and 7th days before death, respectively. Moreover, these blood sera contain antibodies
specific to RBD in titers of 1:1600, 1:3200, and 1:6400, corresponding to the neutralizing
antibodies in the range of 1:160 to ≥1:320 a week before death (Table S3). The neutralizing
antibodies at the median values of titers ≥1:320 were also found in single blood sera
from two patients (Numbers 33 and 35), who subsequently died a day after the blood
was taken. The sufficiently high serological titers on the inactivated antigen (1:25,600 and
1:12,800) and on the recombinant RBD (1: 25,600 and 1:3200) in ELISA were also shown
(Appendix A Figure A3).

The antibodies of the blood sera of 13 patients that died from severe COVID-19 in the
hospital actively cross-interact with the SARS-CoV antigen (2002) in ELISA (Appendix A
Figure A3). A dependence on the value of titers with a homologous antigen was also shown,
i.e., a higher titer of antibodies to SARS-CoV-2, causing a higher value of cross-activity.

According to immunoblotting data (Appendix A Figure A4A), the N protein of SARS-
CoV-2 is detected by antibodies of all patients in the intensive care unit (who later died in
the hospital), except for the blood serum Number 36. The presence of paired blood sera
taken at different times before the death of patients makes it possible to clearly demonstrate
the results of ELISA (Appendix A Figure A3) on the increase in antibody titers and the
presence of antibodies specific to the linear epitopes of the S protein (dimer and trimer),
and, in some cases, to the M protein. In one case, antibodies specific to the linear epitopes of
the S protein monomer (90 kDa) were observed (blood sera Numbers 44 and 45). The same
antibodies were also cross-reactive with analogous epitopes of the S protein monomers of
SARS-CoV (2002) (Appendix A Figure A4B).

As shown in Appendix A Figure A4, in many patients in the intensive care unit (who
later died in the hospital), cross-reactive antibodies were specific to both the N protein
and to the S protein trimer. In serum Number 36, there were antibodies that detected
linear epitopes of the S protein on the SARS-CoV antigen (2002) that did not manifest
themselves in the neutralization reaction with SARS-CoV- 2 and did not reveal any bands
in the SARS-CoV-2 immunoblotting.
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3. Discussion

It is a fact that SARS-CoV-2 continues to spread rapidly on a global scale. Because
of this, a better understanding of the relationship between the immune response and the
severity of infection is needed. Serological tests are considered to be one of the main tools
for epidemiological surveillance. If reliable serological data are available, the number of
deaths associated with COVID-19 can help to determine the infection fatality ratio (IFR) for
the disease. This knowledge can help to establish the relationship between fatalities and
the total number of infections [8]. In our work, we thus provide a basis for further analysis
of the pathogenesis of COVID-19, especially in severe cases, and protective immunity to
SARS-CoV-2. It may also be implicated in designing an effective vaccine to protect against
and treat SARS-CoV-2 infection.

Serological tests are considered to be a powerful complement to nucleic acid tests,
especially for COVID-19 patients with undetectable viral RNA. Most of these tests based on
the method of immunochromatography or ELISA and recombinant SARS-CoV-2 proteins
have different sensitivity and specificity. In this regard, scientific groups studying the
immune response of patients to COVID-19 use both commercial diagnostic kits and kits of
their own production [9].

We have developed an author’s ELISA test system based on antigens obtained by our
scientific group. These include inactivated purified concentrated native viral preparations
(SARS-CoV-2/human/RUS/Nsk-FRCFTM-1/2020 and SARS-CoV strain Frankfurt 1, 2002)
and the recombinant proteins N, S, and RBD. This test system was used to determine the
median titers of specific and cross-reactive antibodies in the blood sera of convalescents
and patients who subsequently died from COVID-19 infection. It is shown that the cross-
activity of antibodies (IgG resulting from COVID-19) with the inactivated heterologous
SARS-CoV antigen (2002) increased in accordance with their titer, determined based on the
homologous SARS-CoV-2 antigen in ELISA. The use of recombinant SARS-CoV-2 proteins
allowed us to determine the individual profile of antibodies specific to individual viral
proteins. According to the ELISA data, these antibodies in this panel of blood serum
convalescents from mild to severe COVID-19, as well as in subsequent patients who died
in the hospital, are distributed by specificity and quantitatively (in median titer values),
mainly in the following descending order: N > trimer S > RBD.

The immunoblotting allowed us to identify linear epitopes of the main SARS-CoV-2
target proteins. In the case of a mild case of COVID-19, it is mainly a nucleoprotein. In
moderate and severe cases with a favorable outcome, these are the nucleoprotein and the
S trimer (270 kDa) and dimer (180 kDa). In a severe clinical course and a fatal outcome,
antibodies specific to both the nucleoprotein and the S trimer (270 kDa) and dimer (180 kDa)
were found in patients at different intervals before death. The literature data confirm that
these coronavirus proteins are the most immunogenic of the four structural viral proteins,
in addition to E (envelope) and M (membrane), to which the humoral immune response
of the infected body is formed [10]. When the antibodies of some sera from surviving
patients of severe COVID-19 do not interact with the linear epitopes of the S protein in
immunoblotting, this cannot indicate the absence of such antibodies. In fact, it is most
likely that they may be specific to the significant conformational epitopes of this viral
protein, which are destroyed by abrupt electrophoretic separation.

The SARS-CoV nucleoprotein (2002) in immunoblotting was the major protein for
cross-reactive antibodies in asymptomatic, mild, moderate, or severe COVID-19 with a
favorable outcome.

The antibodies of some blood sera detected the M protein, which also causes the
production of specific antibodies in patients, as shown by Guan M. et al. while testing
the blood sera by immunoblotting, both when using an inactivated viral preparation and
recombinant M protein received in eukaryotic expression system [11]. In our previous
report [12], we confirmed the data of Sturman L. et al. [13], who showed that in order to
visualize the matrix protein of mouse coronavirus A59, the viral preparation should not be
heated prior to the electrophoretic separation of proteins.
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Therefore, in this work, a viral preparation was used without heating, and it was
found that not all patients suffering from COVID-19 develop an immune response to this
protein. The M protein of SARS-CoV (2002) also was the target of weak cross-interactions
for these antibodies.

Ouyang J. et al., summarizing the literature data, reported that titers of neutralizing
antibodies in the range of 1:40–1:640 are detected in patients with COVID-19 and that the
titers for donor plasma should be at least 1:80–1:160. The same authors emphasized that
high titers of antibodies do not prevent a severe case of COVID-19 [14]. The results of
serological testing using the recombinant S and N proteins showed that the majority of
patients develop stable antibody responses to these structural viral proteins between the
17th and 23rd days after the disease started. A slower but stronger antibody response
has been observed in severe cases. It was noted that in patients with more severe cases of
COVID-19, antibodies specific to the S protein showed high titers [15].

According to our data, it is shown that the presence of antibodies specific to RBD
mostly correlates with the data on the neutralizing activity of blood sera. With almost all
deaths, barring a few exceptions, the titers of neutralizing antibodies were at the level of
severely ill convalescents and even higher, but this did not save this group of patients.
Most likely, this happened, as described in the literature, due to multiple organ disorders in
the infected body as a result of SARS-CoV-2’s immunopathogenesis. This was expressed in
the fact that viral activation of dendritic cells and macrophages in lymphoid tissues leads to
an excessive uncontrolled anti-inflammatory response, the so-called cytokine storm [16]. In
addition, data have already been obtained on the dependence of the severity of COVID-19,
which was established at the beginning of the pandemic, with increased IgG titers when
compared with a low level of antibodies of this class in convalescents. The mechanism
responsible for the immunopathological IgG response remains unclear [17].

It is not known whether patients from our random sample had previous contact with
other seasonal coronaviruses (CoVs), for which antibodies are widely present in the human
population. Several conserved regions have already been identified in the S2 domains
of four known CoVs, namely 229E, NL63, OC43, HKUI, and SARS-CoV-2 [18], which is
believed to be the cause of the antibody-dependent increase in the infection [19]. However,
under ELISA and immunoblotting, when using the N recombinant protein of SARS-CoV-
2 obtained in E. coli, cross-activity with this protein was observed only for antibodies
of blood sera of patients who had previously recovered from SARS-CoV, but not with
other CoVs [20]. In addition, the authors analyzed the amino acid sequence (aa) of the N
protein of known CoVs isolated from humans. The N protein of SARS-CoV-2 turned out to
have a homology of 19.1, 20.0, 26.5, 27.6, 46.1, and 90.5% with 229E, NL63, OC43, HKUI,
MERS-CoV, and SARS-CoV, respectively [20].

In this study, we did not take into account the comorbidities of the patients. This
aspect is also important for understanding viral pathogenesis. It is known that risk factors
for a fatal outcome in COVID-19, in addition to male sex and old age [12], include diabetes
mellitus and hyperglycemia that develops when infected with SARS-CoV-2 [21], cardio-
vascular diseases [22], etc. The analysis of the neutralizing activity of specific antibodies
is an important stage in the study of the immune response of patients with COVID-19.
Therefore, an extensive study of the immune response to SARS-CoV-2 in the population
must be associated with such data for each patient with COVID-19, and this shows a further
necessity for deeper investigations into the role of humoral immunity in COVID-19 disease.

A varied course of coronavirus infections was observed over the course of a year
and a half of fighting the pandemic. In this study, we highlighted the immune response
in patients with a different course of COVID-19 at the very beginning of the pandemic
in one of the major cities of Russia under restrictions (the absence of air and railway
connections with neighboring countries). It may reflect the situation at a specific point and
is valuable precisely in a retrospective analysis of the development of the epidemic process.
We tried to get closer to understanding the role of humoral immunity in the development
of pathogenesis, which still requires careful study.
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4. Materials and Methods

4.1. Viral Preparations

SARS-CoV-2/human/RUS/Nsk-FRCFTM-1/2020 strain was isolated from a clinical
sample of a nasopharyngeal swab from the patient in Novosibirsk. The virus was puri-
fied and concentrated, as described [12]. Both SARS-CoV-2/human/RUS/Nsk-FRCFTM-
1/2020 and an antigen of the SARS-CoV strain Frankfurt 1 (2002) [23] were stored at the
Federal Research Center of Fundamental and Translational Medicine SB RAS at −80 ◦C.
Viral preparations with an infectious titer of 6 lg tissue cytopathic doses (TCPD50/mL) were
inactivated (in a 1:1 ratio) in a lysis buffer used for electrophoresis (composition for 2 mL:
1 M Tris-HCl with pH 6.8–0.5 mL; 10% sodium dodecyl sulfate (SDS) solution—0.8 mL;
glycerin—0.2 mL; mercaptoethanol—0.2 mL; 0.4% Bromphenol Blue Na-sulf—0.1 mL).

4.2. Recombinant Proteins

On the basis of the nucleotide sequences of SARS-CoV-2 presented in GenBank:
MN908947 [24], the plasmids for the expression of the full N and full S trimer (spike) and
also its part in the S1 region, RBD, were constructed. Recombinant proteins of the S trimer
and RBD were obtained in eukaryotic cells lines of female hamster ovarian (CHO-K1), and
the nucleoproteins were obtained in E. coli. All recombinant proteins were purified with
affinity chromatography.

4.3. Blood Sera

In this study, we utilized: 1. the convalescents’ blood sera from the employees of the
Federal Research Center of the Fundamental and Translational Medicine SB RAS and their
relatives who had suffered from mild cases of COVID-19, including asymptomatic cases, as
well as moderate COVID-19 cases with pneumonia; 2. blood sera from intensive care unit
patients with severe COVID-19, which were retrieved from the Infectious Diseases Clinical
Hospital No. 1 in Novosibirsk. The diagnosis of COVID-19 in patients was based on the
presence of SARS-CoV-2 RNA, which was detected using the RealBest SARS-CoV-2 RNA
kit (Vector-Best, Novosibirsk, Russia) in a certified laboratory for the diagnosis of COVID-
19 at the Federal Research Center of the Fundamental and Translational Medicine SB RAS.
Permission to use the clinical material was obtained from the Ethics Committee of the
Research Center (Protocol No. 17 as of 17 June 2020). The blood sera of convalescents and
patients from the Infectious Disease Hospital were tested for the absence of SARS-CoV-2
RNA before conducting this study.

4.4. ELISA

IgG specific to SARS-CoV-2 was found using the author’s laboratory test system.
Polystyrene plates (Nunk) were used for ELISA. The wells of plates were sensitized with
both SARS-CoV-2 and SARS-CoV (strain Frankfurt 1, 2002) viral proteins and recombinant
antigens at a concentration of 2 μg/mL in 100 μL of 0.05 M sodium phosphate buffer
solution (pH 8.0) at 220 ◦C for 18 h. Nonspecific binding sites were saturated with 1%
casein solution (Sigma, St. Louis, MO, USA) in TBST (Tris Buffered Saline with Tween
containing 0.15 M NaCl; 0.02 M Tris-HCl pH 7.4; 0.05% Tween-20) within 45 min at 37 ◦C.
Then, the antigens were incubated with blood sera (with their preliminary depletion
of the nonspecific background by 5% of the volume of cell lysates, on which culture
the corresponding antigens were produced) with a dilution of 1/100 (double step for
titration) in a 0.5% casein solution for 1 h at 37 ◦C. The peroxidase conjugate of anti-species
antibodies (Gout anti-human IgG, Sigma) was used at a working dilution of 1/6000 in 0.5%
casein solution with incubation for 1 h at 37 ◦C. The immune response was manifested
using a liquid substrate based on TMB (3,3′, 5,5′-tetramethylbenzidine). The reaction
was blocked by adding 100 μL of 1 N HCl to each well. The absorbency of the substrate–
indicator mixture was measured on a Uniscan spectrophotometer at a wavelength of
450 nm. A lysate of uninfected Vero cells and the blood serum of healthy people were used
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as a negative control of the antigen. The results of ELISA detected in three repetitions in
two independent experiments were calculated using median values.

4.5. Immunoblotting

The SARS-CoV-2 and SARS-CoV (strain Frankfurt 1, 2002) viral proteins were sep-
arated in one wide “pocket” by electrophoresis in a 10% polyacrylamide gel (PAGE)
supplemented with sodium dodecyl sulfate (SDS) and transferred to a nitrocellulose mem-
brane (Millipore) in equipment (Cole-Parmer, Vernon Hills, IL, USA) for incubating blotting
membranes for 5 h at 50 V, in a 0.025 M Tris-HCl buffer containing 0.192 M glycine (pH 8.3)
and 20% ethanol. The sites of nonspecific binding were saturated with a 1% casein solution
for 1.5 h at 20–22 ◦C. The whole membrane containing viral proteins was cut into separate
strips, then numbered and incubated in separate containers for 4 h at 20–22 ◦C, with human
blood sera (dilution 1:100) in a TSBT buffer containing 0.5% casein. After being washed
in the TSBT buffer, the membrane strips were treated with anti-species antibodies labeled
with horseradish peroxidase (Gout anti-human IgG, Sigma) at a working dilution of 1/6000
in 0.5% casein solution for 2 h at 37 ◦C. Then, the membrane strips were washed with TSBT
buffer and developed in a chromagen solution (1 mg/mL 3.3 diaminobenzidine tetrahy-
drochloride in 50 mM Tris-HCl buffer (pH 7.4) containing 0.145 M NaCl, 20% ethanol, and
0.03% hydrogen peroxide). The reaction was stopped by washing the membrane strips in
TSBT buffer. The specific interaction of the antibodies with viral proteins was manifested
by the brown color of the stripes.

4.6. Virus Neutralization

Virus neutralization with antibodies was carried out in accordance with the generally
accepted method, as described [25]. The titer of the infectious virus was expressed in
TCPD50/mL (tissue cytopathic dose of the virus causing a 50% cytopathic effect on the
infected cells). It was found by titrating the viral preparation on the Vero cells monolayer
(African green monkey kidney cell culture) grown in 96-well culture plates (Corning,
Glendale, AZ, USA). Before use, blood serum was inactivated by heating at 56 ◦C for
30 min to inactivate the antiviral effect of complement proteins. Before applying it to a
monolayer of cells, blood serum ranging from 1 to 20 with two dilutions was preincubated
with the infectious SARS-CoV-2/human/RUS/Nsk-FRCFTM-1/2020 strain in a titer of
103 TCPD50/mL (50% tissue cytopathic doses in mL) for 1 h at 37 ◦C in a nutrient medium
containing a 2% blood serum (heated at 56 ◦C for 30 min) of cattle. Then, it was applied
to a monolayer of cell culture in three replicates. After the incubation of the mixture of
antibodies with the virus for 1 h at 37 ◦C, the monolayer of cells was washed and left
in a nutrient medium containing 2% cattle blood sera until a cytopathogenic effect was
observed in control wells containing infected cells. To observe the infected and control cells
in dynamics, an inverted microscope Mikromed I (Mikromed, Sankt Petersburg, Russia)
was used at 10× magnification. The cells were fixed for 30 minutes with a formaldehyde
solution and a 0.05% crystalline violet solution with 20% alcohol, as described [26]. Then,
the liquid from the wells was removed and washed with water. The results were recorded
visually. The neutralizing antibodies titer was considered the final dilution of blood serum
at which cells were protected from the cytopathogenic effect in 50% of the wells. The
neutralizing antibodies titer, which was detected in three repetitions in two independent
experiments, was calculated using the median results.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/pathogens10111421/s1, Table S1: Specific interaction of inactivated viruses and recombinant
proteins in IgG ELISA of convalescents and patients died from COVID-19; Table S2: The neutralizing
activity of the blood serum of convalescents and patients with COVID-19; Table S3. The neutralizing
activity of the blood serum of patients who subsequently died in hospital from COVID-19.
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Appendix A

Figure A1. Specific interaction of IgG convalescents with inactivated viral preparations and recombinant proteins in ELISA.
Note. Blood sera: No. 1—an asymptomatic case; No. 2–14—mild cases, No. 15—moderate case with unilateral pneumonia;
No. 16—moderate case with hospitalization for bilateral pneumonia; No.17–32—severe cases of patients who were treated
in the intensive care unit. Data on the neutralizing activity of these blood sera are presented in Tables S1 and S2.
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Figure A2. Immunoblotting of viral proteins of the SARS-CoV-2/human/RUS/Nsk-FRCFTM-1/2020 (2020) and SARS-CoV
(2002) strains with antibodies of convalescents’ blood sera (asymptomatic, mild or moderate cases of COVID-19, as well as
patients in the intensive care unit). (A). The SARS-CoV-2/human/RUS/Nsk-FRCFTM-1/2020 antigen on the membrane.
(B). The SARS-CoV antigen (2002) on the membrane. Blood sera: No. 1—an asymptomatic case; No. 2–14—mild cases, No.
15—a moderate case with unilateral pneumonia; No. 16—a moderate case with hospitalization for bilateral pneumonia;
No. 17–32—severe cases of patients in the intensive care unit. K- (negative control)—blood serum of a healthy person. The
numbers of paired blood sera are underlined.

Figure A3. Titers of specific IgG interactions in patients with severe cases of COVID-19 who subsequently died in hospital,
with inactivated viral preparations and recombinant proteins in ELISA. Note: data on blood sera numbers are presented in
Tables S1 and S3.

66



Pathogens 2021, 10, 1421

Figure A4. Immunoblotting of viral proteins of the SARS-CoV-2/human/RUS/Nsk-FRCFTM-1/2020 (2020) and SARS-CoV
(2002) strains with antibodies of blood sera of patients who were treated in the intensive care unit diagnosed with COVID-19
(later died in the hospital). (A) SARS-CoV-2/human/RUS/Nsk-FRCFTM-1/2020 antigen on the membrane. (B) SARS-CoV
antigen (2002) on the membrane. K- (negative control)—blood serum of a healthy person. The numbers of paired blood sera
are underlined.
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Abstract: A total of 15 RT-PCR confirmed COVID-19 patients were admitted to our hospital during
the in-itial outbreak in Taiwan. The average time of virus clearance was delayed in seven patients,
24.14 ± 4.33 days compared to 10.25 ± 0.56 days post-symptom onset (PSO) in the other eight
pa-tients. There was strong antibody response in patients with viral persistence at the pharynx, with
peak values of serum antibody 677.2 ± 217.8 vs. 76.70 ± 32.11 in patients with delayed versus rapid
virus clearance. The patients with delayed viral clearance had excessive antibodies of compromised
quality in an early stage with the delay in peak virus neutralization efficacy, 34.14 ± 7.15 versus
12.50 ± 2.35 days PSO in patients with rapid virus clearance. Weak antibody re-sponse of patients
with rapid viral clearance was also effective, with substantial and comparable neutralization efficacy,
35.70 ± 8.78 versus 41.37 ± 11.49 of patients with delayed virus clearance. Human Cytokine
48-Plex Screening of the serial sera samples revealed elevated concentrations of proinflammatory
cytokines and chemokines in a deceased patient with delayed virus clear-ance and severe disease.
The levels were comparatively less in the other two patients who suf-fered from severe disease but
eventually survived.

Keywords: COVID-19; viral persistence; serum antibody; neutralization efficacy; cytokine profile

1. Introduction

In late January 2020, we started to treat real-time polymerase chain reaction (RT-PCR)-
confirmed COVID-19 patients. We are a medical center that typically cares for patients with
moderate to severe diseases. Because of the low prevalence of COVID-19 in Taiwan and
local government policy, however, we also admitted COVID-19 patients with mild disease
or even those without symptoms for inpatient care. Serial RT-PCR tracking of pharyngeal
samples was performed throughout each patient’s hospital course. With informed consent
from patients or their families, our research was conducted using serum samples remaining
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after routine medical tests. We used two ELISA-based kits [1–3] to detect anti-spike protein
IgG antibodies, and the results of the two were concordant. The tests were semi-quantitative
and measured antibody concentrations relative to a cut-off point value in serial dilutions of
serum samples. We cultured virus strains from our patient samples and used one of the
strains to quantify the neutralization valence of serum samples in our Biosafety Level-3
laboratory. We also measured cytokines and chemokines in the serial sera samples of four
patients using the Bio-Plex Pro Human Cytokine 48-Plex Screening kit from Bio-Rad. By
mid-March 2020, we had collected serum samples from 15 consecutive patients. As this
was a single-center study, we also collected a complete medical record including detailed
travel, occupation, contacts, and cluster history.

2. Results

2.1. Relative Viral Persistence

A total of 15 RT-PCR confirmed COVID-19 patients were admitted to the Linkou
campus of Chang Gung Memorial Hospital during the study period as a result of the initial
outbreak in Taiwan. All 15 COVID-19 patients were included in this study (Table 1). They
suffered from a range of asymptomatic to severe diseases, and virus clearance varied from
day 7 to day 49 in these patients (Figure 1). We divided our 15 patients into 2 groups
according to whether they may clear the virus within 2 weeks post-symptom onset (PSO).
Of the participants involved, 7 patients cleared the virus after two weeks, and 8 patients
eradicated the virus within two weeks. For the 7 patients with delayed clearance, the
average time of virus clearance was 24.14 ± 4.33 days PSO, and for the 8 patients with
rapid clearance, the average time to clear the virus was 10.25 ± 0.56 days PSO (p = 0.0046;
Figure 2A). There was a significant difference in the age of the two groups of patients.
Older patients could not eradicate the virus in time (60.14 ± 3.58 vs. 38.25 ± 5.28 years,
p = 0.0054). The slope of the virus decline was flat in patients with delayed clearance, in
contrast to a sharp slope of virus decline in patients with rapid clearance. We then used the
area under curve (AUC) analysis to compare the effective existence of the virus. There was
52% more area under the curve for patients with delayed clearance compared to patients
with rapid clearance. The Ct values of E gene at disease presentation were comparable
between both the groups of patients (26.02 ± 3.15, n = 7 vs. 25.17 ± 4.57, n = 8, p = 0.693;
Figure 2A). All these differences between the two groups were not associated with the
initial virus burden at disease presentation.

Table 1. Demographic and clinical characteristics of the patients with COVID-19.

Patient Cohort
With Virus Persistence

(Mean ± SD)
With Rapid Virus Clearance

(Mean ± SD)

Number 7 (2 Male/5 Female) 8 (3 Male/5 Female)

Age (Years) 60.14 ± 3.58 38.25 ± 5.28

ICU assistance 3/7 1/8

ECMO support 2/7 1/8

Mortality 1/7 (14.3%) 1/8 (12.5%)

Virus burden at presentation:

E gene, Ct value 26.02 ± 3.59 25.75 ± 2.67

RdRp1 gene, Ct value 27.87 ± 5.68 25.88 ± 4.53

RdRp2 gene, Ct value 26.35 ± 5.27 25.61 ± 4.73

N gene, Ct value 28.52 ± 5.34 27.99 ± 4.04

Virus clearance

Days, PSO 24.14 ± 4.33 10.25 ± 0.56
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Table 1. Cont.

Patient Cohort
With Virus Persistence

(Mean ± SD)
With Rapid Virus Clearance

(Mean ± SD)

Anti-spike IgG antibody Response in sera:

Peak levels 677.2 ± 217.8 76.70 ± 32.11

Time for peak (Days, PSO) 17.43 ± 2.61 11.13 ± 2.48

Virus-neutralizing antibodies

Capacity/unit sera (Peak levels) 168.00 ± 63.42 29.68 ± 14.82

Time for peak (Days, PSO) 30.43 ± 7.80 12.20 ± 5.17

Efficacy/unit antibody (Peak levels) 41.37 ± 11.49 35.70 ± 8.78

Time for peak (Days, PSO) 34.14 ± 7.15 12.50 ± 2.35

 

 
Figure 1. Pharyngeal virus load and clearance. Kinetics of virus burden in terms of E, N, RdRp-1, and RdRp-2 gene Ct values at
stated time points after symptom onset. Pharyngeal samples were collected and RT-PCR tests were performed as described
in the text. (The patients are tagged by our national serial number of COVID-19 cases).

2.2. Antibody Kinetics and Relative Viral Persistence

The serum antibody levels were much higher in patients with delayed virus clearance.
The peak values of serum antibodies were 677.2 ± 217.8 vs. 76.70 ± 32.11 in patients with
delayed versus rapid virus clearance (p < 0.0001; Figure 2B). With comparable levels of
initial antibody response, the peak antibody response also emerged later in the patients
with delayed virus clearance. The time from symptom onset to the time of peak serum
antibody levels was 17.43 ± 2.61 days PSO and 11.13 ± 2.48 days PSO in delayed and rapid
clearance groups, respectively (p = 0.0004; Figure 2B).
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Figure 2. (A) Pharyngeal virus load and clearance. Of the participants involved, 7 patients revealed delayed clearance of
virus (upper panel), and the other 8 patients eradicated the virus quickly (lower panel). (B,C) Serum antibody level and
neutralization titer. (B) High antibody level per unit of serum and (C) proportionally high neutralization titer per unit of
serum with persistent presence of the virus (upper panels), compared to those in the patients with rapid virus clearance
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(lower panels). (D,F) Neutralization efficacy per unit of antibody. (D) Comparable neutralization efficacy per unit of antibody
between patients with viral persistence (upper panel) and patients with rapid eradication (lower panel). (E). Longer average
time for peak neutralization efficacy per unit of antibody in patients with viral persistence (closed circle) than those who
cleared virus rapidly (open circle). (F) There were many more antibodies of compromised neutralization efficacy before the
time of peak efficacy (shaded area) in patients with delayed clearance (upper panel), compared to those in patients with
rapid clearance (lower panel). (G) Viral load and antibody response in the deceased. The deceased (the two crossed circles) had
higher viral loads on presentation, higher amount of antibody and higher neutralization capacity in unit serum, but they
had lower neutralization efficacy per unit of antibody, compared to those who survived (non-crossed circles). (The patients
are tagged by our national serial number of COVID-19 cases).

We then used a neutralization test to evaluate the quality of antibodies with two assess-
ments, neutralizing capacity per unit serum and neutralization efficacy per unit antibody.
The capacity was higher in the delayed clearance group (168.00 ± 63.42 vs. 29.68 ± 14.82,
p = 0.0413; Figure 2C). However, the neutralization efficacy per unit antibody was compa-
rable between the delayed and the rapid clearance groups (41.37 ± 11.49 and 35.70 ± 8.78;
p = 0.6975; Figure 2D). It is also interesting that the time for peak neutralization efficacy was
significantly longer in the delayed clearance group (34.14 ± 7.15 vs. 12.50 ± 2.35 days PSO,
p = 0.0094; Figure 2E). As the patients in the delayed clearance group had a huge antibody
response at first, there were many more antibodies of compromised efficacy before the time
of peak efficacy, shown as the shaded area, compared to the patients in the rapid clearance
group (Figure 2F).

Of the participants involved, 2 of the 15 patients died. The deceased had a higher
viral load at presentation and a larger amount of poor quality antibodies. Strong but
poor-quality antibody response, probably associated with delayed clearance of the virus,
was a factor for the less favorable clinical outcome of the disease (Figure 2G).

2.3. Inflammation and Relative Viral Persistence

Only four patients in our cohort required ICU assistance. One of them belongs to
the group of rapid virus clearance. The patient had other comorbidity and succumbed
suddenly after a brief hospital stay. We thus do not have serial serum samples of this
patient. We also do not have serial serum samples of the patients with rapid virus clearance
and mild disease symptoms, owing to their brief hospital stay and lower number of follow-
up tests. Only one such patient donated blood over a follow-up period of two months. We
found that the levels of inflammatory cytokines and chemokines were higher in the three
patients with delayed virus clearance and severe disease than in the asymptomatic patient
with rapid virus clearance. Among patients with relative virus persistence and severe
disease, the deceased had high levels of inflammatory cytokines including IFN-γ, IL-17A,
IL-6, LIF (leukemia inhibitory factor of IL-6 family), IL-2, IL-3, IL-16, IL-18, and M-CSF
(closed squares, Figure 3A), as well as inflammatory chemokines CXCL-9, CXCL-10 (IP-10),
CCL-2, and CCL-7 (closed squares, Figure 3B). The stem cell factor (SCF) has previously
been linked with airway inflammation [4,5], and the level of SCF was high in serial sera
samples of the deceased patient (closed squares, Figure 3C). The deceased had a high
level of immune activation-associated molecule IL-2RA (CD25) as well (closed squares,
Figure 3D). For the other two patients with severe disease who survived, high levels of
IL-12p70, IL-13, CXCL-9, and IL-12RA were present in one of the two (closed circles, Figure
3). There were minimal levels of proinflammatory cytokines and chemokines in the other
patient with a disease of less severity (closed triangles, Figure 3). The asymptomatic patient
with rapid virus clearance had detectable levels of IFN-γ, IL-6, LIF, IL-16, IL-18, M-CSF,
CXCL-9, SCF, and IL-12RA only on day 7 PSO during two-month follow-up (open circles,
Figure 3). Interestingly, IL-10 was always higher in this patient, compared to the patients
with severe disease (open circles, Figure 3E).
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3. Discussion

Our results show strong antibody response in patients with relative viral persistence
at the pharynx. They had excessive antibodies of compromised quality in an early stage
with the delay in peak of virus neutralization efficacy per unit of antibody. Weak antibody
response of patients with rapid viral clearance was also effective, with substantial and
comparable neutralization efficacy. Viral persistence boosted inflammatory immune activa-
tion. Among patients with delayed virus clearance and ICU assistance, concentrations of
proinflammatory cytokines and chemokines were higher in the deceased patient than that
in the patients who suffered from severe disease but eventually survived.

Strong antibody response, in terms of high antibody level and proportionally high
neutralization titer in the sera, with slower clearance of the SARS-CoV-2 virus has been
reported in the literature [6–9]. The antibody levels began to decline two weeks PSO [10,11].
We also observed strong antibody responses in our patients with relative virus persistence,
and the antibody levels started to decline two weeks PSO. Despite this decline in antibody
level, we found that neutralization efficacy per unit of antibody remained the same or
continued to increase in these patients. This indicates that the proportion of antibodies with
lower neutralization efficacy gradually decreases, while the proportion of higher efficacy
gradually increases with time. The phenomenon of neutralization efficacy increasing over
time is in line with the known maturation process of the antibody response. Created
through random VDJ recombination, the B cell receptor (BCR) repertoire is highly het-
erogeneous. Clonal selection is achieved through stimulation and response where B cells
with BCR and antibodies of effective neutralization ability gradually expand and become
the major B cell pool responding to the virus. Neutralization represents the antibody’s
ability to protect against specific pathogens. It deserves special attention because there
is a population of antibodies with poor neutralization capacity in the early stages of the
antibody reaction. One of the most concerning risks of convalescent plasma therapy for
COVID-19 is that some plasma antibodies may in fact not be protective [12]. They could
even be harmful due to mechanisms such as antibody-dependent enhancement (ADE) [13].
Therefore, we must be cautious about the timing of plasma procurement from patients who
have recovered from the illness.

People tend to try to link the association between the amounts of virus in respiratory
samples and the severity of illness [14,15]. However, the persistent presence of the virus
rather than the absolute amount of virus at the throat was responsible for a strong and
early antibody response in our cohort of COVID-19 patients. A strong and early antibody
response likely predominantly comprises less protective and potentially even deleterious
antibodies. In patients with SARS, it was reported that poor clinical outcomes were
associated with the early appearance of antibodies [16]. Patients with difficulty eradicating
the virus suffer from the damage caused by both the virus and the ineffective potentially
deleterious antibodies. In our study, patients with viral persistence and an earlier and
stronger antibody response tended to be older. This may explain the vulnerability to
COVID-19 in the elderly.

In our observations, low or even no detectable antibodies did not necessarily represent
an absence of immunity. Although the absolute antibody quantity in these patients is low,
the neutralization efficacy per unit of antibody is equivalent to that of the group with
higher antibody levels, indicating that patients with low antibody quantities also have a
considerable number of mature B cells secreting effective antibodies. Upon subsequent
encounters with the virus, these B cells will likely expand with a memory response and
may produce effective antibodies in quantities sufficient to protect the host.

More and more evidence indicates a hyperinflammatory response to SARS-CoV-2
contributes to the development of ARDS, disease severity, and death in COVID-19 [17–22].
We also detected high levels of proinflammatory cytokines and chemokines in patients
with viral persistence and severe disease requiring intensive care. This trend was much
more exaggerated in the deceased. The deceased patient had elevated IL-6 with an in-
crease in other cytokine and chemokine levels in the serum, also similar to the reported
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literature [19,23–25]. There was persistence of elevated levels of IFN-γ IL-17A, IL-6 family
member LIF, and many other pro-inflammatory cytokines and chemokines in this deceased
patient, compared to those in patients who had delayed virus clearance and suffered
from severe disease but eventually survived. Interestingly, there was a high IL-10 level
maintained in the asymptomatic patient that may contribute to curtailed disease severity.

We understand that the small cohort size is the limitation of our study. The kinetics of
viral persistence, antibody response, and cytokine profile we observed in only 15 COVID-
19 patients in our study were parallel to the literature. However, our analysis revealed
that even though antibody levels begin to decline two weeks PSO, the neutralization
efficacy per unit of antibody remained the same or continued to increase. The process of
antibody maturation was delayed in patients with virus persistence. This indicates that
the population of antibodies with poor neutralization capacity in the early stages may be
deleterious instead of helpful. Timing of plasma procurement can be a critical factor for
convalescent plasma therapy. Our results also suggest management of proinflammatory
cytokines other than IL-6 may help toward recovery from severe COVID-19, as evidenced
by the consolidated benefit of low-dose corticosteroid in treatment [26].

4. Methods

4.1. Patients, Sample Collection and Handling, Biobanking, and Ethics Statement

All COVID-19 patients were RT-PCR-confirmed and placed in negative pressure
isolation rooms in our hospital. Nasopharyngeal or oropharyngeal throat swab specimens
were collected on stated days post symptom onset for serial RT-PCR tracking. Pharyngeal
specimens were also used to isolate and culture SARS-CoV-2 virus strains. One virus strain
was used for a neutralization antibody test in our BSL-3 facility. Antibody tests were carried
out using serum samples. Peripheral blood was collected for routine medical tests, and
serum samples remaining after routine medical tests were used in our research.

Isolated virus strains are deposited in our institutional depository. Sequences of the
virus strains are also deposited in the depository of the Taiwan Centers for Disease Control
(Taiwan CDC).

This research was performed with informed consent from patients or their families.
Specimen sampling and transportation were handled according to the criteria of the Taiwan
CDC. This study was approved by the Institutional Review Board of Chang Gung Medical
Foundation, Linkou Medical Center, Taoyuan City, Taiwan.

4.2. SARS-CoV-2 Nucleic Acid Detection

Nasopharyngeal or oropharyngeal throat swab specimens were collected from patients.
Test for SARS-CoV-2 nucleic acid followed standard protocols. RNA was extracted from
clinical samples with the LabTurbo system (Taigen, Taiwan). A 25 μL reaction contained 5
μL of RNA, 12.5 μL of 2 × reaction buffer provided with the Superscript III one-step RT-PCR
system with Platinum Taq Polymerase (AgPath-ID One-step RT-PCR Kit), 1 μL of reverse
transcriptase/Taq mixture from the kit, 0.4 μL of a 50 mM magnesium sulfate solution
(Invitrogen), and 1 μg of nonacetylated bovine serum albumin (Roche). All oligonucleotides
were synthesized and provided by Tib-Molbiol (Berlin, Germany). Thermal cycling was
performed at 48 ◦C for 30 min for reverse transcription, followed by 95 ◦C for 10 min and
then 45 cycles of 95 ◦C for 10 s, 65 ◦C for the 30 s [27].

4.3. COVID-19 Serum Antibody Detection

To evaluate the antibody response, the levels of total IgG in patients’ sera were semi-
quantified by ELISA (cat No. WS-1096, WANTAI SARS-CoV-2 Ab ELISA, China) through
the use of a Triturus ELISA processor, following manufacturer’s instructions. WANTAI
SARS-CoV-2 Ab ELISA is a two-step incubation antigen “sandwich” enzyme immunoassay
kit, which uses polystyrene microwell strips pre-coated with recombinant SARS-CoV-2
antigen. The results had previously been verified with another ELISA kit (Anti-SARS-CoV-
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2 ELISA IgG, Euroimmun, Germany), and the ELISA was done in accordance with the
manufacturer’s instructions.

4.4. Neutralization Antibody Test (NAT)

The neutralizing antibody test of COVID-19 followed the standard protocol of a
plaque reduction neutralization test. Vero cells were regularly maintained in minimal
essential medium (MEM) supplemented with 10% (v/v) fetal bovine serum (FBS). COVID-
19 virus was propagated in Vero cells in a maintenance medium consisting of MEM
supplemented with 0% FBS. Serum samples were inactivated at 56 ◦C for 30 min before
use. Serial two-fold dilutions of sera were mixed with an equal volume of COVID-19
virus suspension containing 100 × the median tissue culture infectious dose (TCID50). The
mixture was incubated for 2 h at 37 ◦C, and then an equal volume of suspended VeroE6
cells (approximately 30,000 cells/well) was added to each well. Following incubation for
1 week at 37 ◦C, cells were fixed with 5% glutaraldehyde and stained with 0.1% crystal
violet. Serum neutralization titers were calculated and expressed as the reciprocals of the
highest serum dilution that inhibits cytopathic effects.

4.5. COVID-19 Serum Cytokine and Chemokine Detection

To evaluate the response of cytokines, chemokines, and other immune molecules, sera
were quantified by Bio-Plex Pro Human Cytokine 48-Plex Screening kit (Bio-Rad), as per
the manufacturer’s instructions.
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Abstract: The current COVID-19 pandemic is caused by the severe acute respiratory syndrome
coronavirus-2 (SARS-CoV-2). A better understanding of its immunogenicity can be important for the
development of improved diagnostics, therapeutics, and vaccines. Here, we report the longitudinal
analysis of three COVID-19 patients with moderate (#1) and mild disease (#2 and #3). Antibody
serum responses were analyzed using spike glycoprotein enzyme linked immunosorbent assay
(ELISA), full-proteome peptide, and glycan microarrays. ELISA immunoglobulin A, G, and M (IgA,
IgG, and IgM) signals increased over time for individuals #1 and #2, whereas #3 only showed no
clear positive IgG and IgM result. In contrast, peptide microarrays showed increasing IgA/G signal
intensity and epitope spread only in the moderate patient #1 over time, whereas early but transient
IgA and stable IgG responses were observed in the two mild cases #2 and #3. Glycan arrays showed
an interaction of antibodies to fragments of high-mannose and core N-glycans, present on the viral
shield. In contrast to protein ELISA, microarrays allow for a deeper understanding of IgA, IgG, and
IgM antibody responses to specific epitopes of the whole proteome and glycans of SARS-CoV-2 in
parallel. In the future, this may help to better understand and to monitor vaccination programs and
monoclonal antibodies as therapeutics.

Keywords: SARS-CoV-2; COVID-19; full proteome; peptide microarrays; glycan microarrays
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1. Introduction

The novel severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) was first
described in Wuhan, China, in January 2020, as the causative agent of COVID-19 [1]. CoVs
were not considered to be highly pathogenic, until the emergence of SARS-CoV [2–4] in
2002, and the Middle East respiratory syndrome (MERS)-CoV in 2012 [5]. With SARS-CoV-
2, three CoVs have passed the species barriers from animal to human in the last 20 years,
causing severe respiratory diseases. Based on their pathogenic and epidemic potential, the
World Health Organization (WHO) has classified all three CoVs as priority pathogens to
accelerate the development of vaccines and therapeutics to prevent epidemics.

The world is still confronted with the SARS-CoV-2 pandemic. This virus belongs to
the Betacoronavirus genus of the Coronaviridae family and has genetic similarity with SARS-
CoV. Within about one year, more than 114 million people have been infected globally, with
more than 2.5 million reported deaths as of 2 March 2021 [6]. The infection presents with
different symptoms and a wide spectrum of severity [7]. Some patients only experience
very mild symptoms like a cough, while others show a very severe form of the disease that
leads to bilateral pneumonia.

An efficient countermeasure to limit an outbreak includes specific and sensitive diag-
nostics. Polymerase chain reaction (PCR) is used to measure SARS-CoV-2 particles, whereas
antibodies are measured by enzyme linked immunosorbent assay (ELISA), the gold stan-
dard for the detection of SARS-CoV-2 specific antibodies. These tests mainly rely on the
binding of serum antibodies to the SARS-CoV-2 spike glycoprotein (S) [8]. The advantage
of ELISAs is their simplicity and standardized protocol. A disadvantage is the limitation in
sensitivity and specificity, since they lack information on specific epitopes.

Array technologies can help to fill this gap and identify epitopes that are targeted by an-
tibodies, which in turn may be used to support the development of vaccines or monoclonal
antibodies as therapeutics. High-density peptide arrays enable the rapid identification of
antigen epitopes recognized by antibodies for many applications [9]. Pathogen-specific
peptide arrays help to identify biomarkers for (early) detection of diseases [10]. Glycan ar-
rays allow for the characterization and surveillance of viruses, identification of biomarkers,
profiling of immune responses to vaccines, and epitope mapping [11,12].

In this study, we evaluate three distinct assays to identify the development of SARS-
CoV-2 specific antibodies: (i) peptide arrays, covering the whole SARS-CoV-2 proteome as
overlapping linear peptides, (ii) glycan arrays with a selected glycan library, and (iii) spike
glycoprotein ELISA. We assess the ability of these assays to identify distinct epitopes, which
can serve as potential biomarkers for disease progression. In combination with the clinical
data of patients, we gained insights into immunoglobulin A, G, and M (IgA, IgG, and IgM)
responses during COVID-19 progression.

Here, we report longitudinal antibody response data from three SARS-CoV-2-positive
patients, sampled three times. While patient #1 had a moderate course of disease and was
hospitalized (no ventilation), patient #2 experienced mild symptoms. Patient #3, who also
had mild symptoms, was sampled only twice during disease and once 180 days before
infection, which served as the negative control. Finally, for comparison, we added one
sample of a single time point from another COVID-19 patient #4.

2. Materials and Methods

2.1. Patient Material

Blood samples were collected at the University Medical Center Hamburg-Eppendorf
and the serum was immediately separated at 2000 g for 10 min, aliquoted, frozen, and
stored at −80 ◦C. Table 1 lists information on patients and blood collection days.
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Table 1. Patient and serum sample information; samples analyzed with peptide and glycan microarrays.

Sample Patient ID Gender Age [y] Symptoms Hospitalized
Day of Serum Collection
after Onset of Symptoms

1 d6
2 #1 Male 64 Moderate Yes d10
3 d22

4 d3
5 #2 Female 62 Mild No d15
6 d24

7 d-180
8 #3 Male 37 Mild No d4
9 d11

10 #4 Female 23 Mild No d12

2.2. Serum IgA, IgG, and IgM Elisa

Semi-quantitative SARS-CoV-2 IgA, IgG, and IgM enzyme-linked immunosorbent
assay (ELISA) targeting the S1-Domain of the S-spike protein subunit were performed
(Euroimmun AG, Lübeck, Germany) according to the manufacturer’s instructions. Optical
density was determined at a wavelength of 450 nm (OD450) and correction set to 620 nm.
Ratios were calculated by Ratio = (Extinction control or sample)/(Extinction calibrator).
A calibrator and positive control were provided with each ELISA kit. According to the
manufacturer, a ratio of ≥1.1 should be regarded as positive and the manufacturer reports
a specificity of 92.5 % for IgA, 99.3 % for IgG, and 98.6 % for IgM.

2.3. Peptide and Glycan Microarrays

The whole proteome of SARS-CoV-2 (GenBank ID: MN908947.3) was mapped as 4883 spots
of overlapping 15-mer peptides with a lateral shift of two AA on peptide microarrays,
obtained from PEPperPRINT GmbH (Heidelberg, Germany). Glycan microarrays con-
taining a selection of 135 glycans were produced at CIC biomaGUNE (San Sebastián,
Spain) [13]. Patient sera were diluted 1:200 (peptide) or 1:100 (glycan) and incubated on
the arrays overnight. Afterwards, IgG, IgM, and IgA serum antibody interactions were
differentially detected with fluorescently labeled secondary antibodies. For details, see
Supplementary Materials.

3. Results

We collected blood of COVID-19 patients at different time points (Table 1) and used
ELISA, peptide, and glycan microarrays to evaluate the kinetics of antibody development
in detail.

Patient #1, a 64-year-old male, developed general weakness, myalgia and headache,
intermittent episodes of very high fever, and subsequently, a productive cough. Two days
after the first symptoms, he was tested positive for SARS-CoV-2 by RT-PCR. At that time
point, the fever had already subsided, but a low-grade temperature recurred in the second
week. An increase of C-reactive protein (53 mg/dL) required oral treatment with beta-
lactamase antibiotic. The patient was hospitalized for four days and showed moderate
but typical ground glass opacities on a high-resolution thorax computed tomography
scan; he fully recovered without ventilation support. The patient did not require intensive
care treatment or ventilation and the symptoms were moderate, due to hospitalization.
Patient #2, his wife, a 62-year-old female, tested SARS-CoV-2 positive six days after her
husband’s first symptoms. She had high viral shedding of SARS-CoV-2 monitored by
RT-PCR, although she reported only very mild clinical symptoms of COVID-19, such as
sub-febrile temperatures, a mild cough, and a constant sense of well-being, as stated by
Pfefferle and colleagues [14]. Patient #3 tested positive for SARS-CoV-2 with a mild course
of disease, without hospitalization. Since this participant donated serum on a regular basis,
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a serum sample was collected 180 days before the emergence of SARS-CoV-2, serving as a
negative control. In addition, one sample served as another SARS-COV-2 positive control
(#4, single time point d12, mild symptoms, see Supplementary Materials).

To evaluate the kinetics of B-cell epitopes during the mild and moderate courses of
COVID-19, we first performed ELISA (EUROIMMUN, Lübeck, Germany) analysis (Figure 1,
Supplementary A Table S1). This test relies on the S1 fragment of the spike glycoprotein
(commercial test, likely AA1–685 of spike protein with glycosylation pattern). The IgG
and IgM signals of patients #1 and #2 were below the threshold at early time points on
day 6 (d6) and d3 respectively. The IgA signal of patient #1 was already highly positive
on day 6 and increased until day 22. Patient #1 showed a positive signal for IgG only on
day 22. The earliest positive results in patient #2 for IgG and IgM signals were measured
on d15 and were also positive on d24, but only the IgG signal increased further over time.
The IgA level of patient #2 showed a strong increase from the early time point d3 with an
intermediate signal to the highest measured value on day 15. In patient #3, the assay failed
to detect a clear positive IgG and IgM response, showing IgG signals in the intermediate
level on days 4 and 32, while IgA appeared positive in all samples d-180, d4, d11 and d32
(for patient #4 see Supplementary Materials).

Figure 1. Longitudinal IgA, IgG, and IgM ELISA antibody response during COVID-19 disease progression in three patients.
(a) Patients #1 (moderate), (b) #2 (mild), and (c) #3 (mild case). Patient #3 was also sampled 180 days prior infection, serving
as a control. Sample from #3 collected at d32 was only analyzed with ELISA. ELISA (Euroimmune) was performed with S
GP subunit 1 for detection of IgA and IgG at different days after onset of symptoms. Positive signal >1.1, negative signal
<0.8, and intermediate 0.8–1.1 (highlighted yellow).

Next, we applied full-proteome peptide microarrays (see Supplementary Materials
B for complete peptide microarray data). Before we evaluated the SARS-CoV-2 specific
signals, an antibody threshold signal had to be established. Here, we used the serum
sample from donor patient #3 (healthy negative control) 180 days before SARS-CoV-2
infection as a negative control and defined the 99.9 th percentile fluorescence intensity
(i.e., 5 out of 4883 signals considered false positive) as a threshold for positive IgA- and
IgG-reactive peptides (IgA: 347.8 arbitrary fluorescence units (AFU) or 6.54 transformed
AFU (tAFU); IgG: 1081.4 AFU or 7.68 tAFU). Our threshold selection successfully limited
the amount of presented data for intelligibility, without losing precision, as we could
confirm previously published epitopes (see Discussion).

As a general trend, we observed SARS-CoV-2 protein-specific IgA and IgG responses
with few defined signals, while IgM showed more signals, but without a clear trend. Thus,
we focused on IgA and IgG responses. The evolution of IgA and IgG antibodies, targeting
peptides of the SARS-CoV-2 proteome in patients #1 (Figure 2a,b) and #2 (Figure 2c,d)
showed different dynamics: The moderate case (patient #1) showed a strong increase in IgA-
and IgG-reactive peptides (above the control sample threshold) over time and eventually
targeting many more epitopes (Supplementary Materials A Table S2). In comparison, the
mild cases (patients #2 and #3) had a higher number of IgG- and an even higher number

82



Pathogens 2021, 10, 438

of IgA-reactive SARS-CoV-2 peptides already at d3 and d4, respectively, post onset of
symptoms, which decreased over time (Supplementary Materials A Table S2). At these
early time points, we already detected IgA and IgG-specific epitopes in the spike protein in
patients #2 and #3, while patient #1 developed a high number of antibodies targeting spike
epitopes only later at d22.

 

Figure 2. Longitudinal IgA and IgG antibody response against peptide epitopes above threshold from SARS-CoV-2
proteome during COVID-19 disease progression in three patients. (a–f) Evolution of positive IgA and IgG responses against
SARS-CoV-2 peptides at different time points after onset of disease in patients #1, #2, and #3. Data were generated with
peptide microarrays containing the whole SARS-CoV-2 proteome as 4883 overlapping peptides. Fluorescence intensities
were transformed with the inverse hyperbolic sine (asinh function). Threshold selection shown as dashed horizontal lines:
99.9th percentile of IgA/IgG signals in healthy control sample #3 d-180, IgA: 6.54 transformed arbitrary fluorescence units,
and IgG: 7.68 transformed arbitrary fluorescence units. For full array data, see Supplementary Materials B.
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Patient #1 showed IgA responses at d6 (Figure 2a and Supplementary Materials A
Table S2), solely targeting NSP2. The response was still limited four days later (d10), but
then developed into a broad response at d22, targeting the nonstructural (NSP), the spike
(S), membrane (M), ORF8, and nucleocapsid (N) proteins. The number of identified IgA-
specific epitopes found in the different proteins increased over time in patient #1, with a
particularly strong response to NSP3 and NSP12, while three signals for NSP2 epitopes
decreased considerably. Regarding IgG responses (Figure 2b), patient #1 developed anti-
bodies targeting the S and M protein already at d6 and the number of detected epitopes
increased until d22.

In comparison, patient #2 (mild case, Figure 2c) showed a stronger and more specific
IgA response already at d3 against the S, E, N, and NS proteins, while the IgG response
(Figure 2d) revealed binding to NSPs and S. Patient #3 showed a strong and early response
in IgA against many NSPs and the S protein (Figure 2e) comparing d-180 and d4, while the
IgG (Figure 2f) only showed an increase in binding to NSP3 and S.

We visualized the identified epitopes derived from all patients (nine patient samples
vs. control sample #3 d-180) on the S, M, and N proteins (Figure 3 and Supplementary
Materials A Table S3). The data showed generally more IgA than IgG or IgM epitopes, with
most epitopes located in the S and N protein.

 

Figure 3. Mapping of peptide microarray reactive antibodies on the S, M, and N-proteins. (a) IgG and IgA epitopes derived
from all four patients on the S (domains from [15]), M, and N proteins (see Supplementary Materials A Table S3). (b–d) A 3D
view of the S GP structure (in blue) with the herein identified IgA (highlighted in orange), IgG (highlighted in magenta), and
overlapping (highlighted in yellow) epitopes derived from all nine SARS-CoV-2 patient samples (generated with PyMOL
from Protein Data Bank file 6vxx—cryo-EM structure of S GP [16]). (b) Top view, (c) side view, and (d) alternate side view of
S GP trimer.

Finally, serum samples were analyzed with glycan microarrays, covering a diverse
library of glycans (Figure 4, detailed information in Supplementary Materials C and
Supplementary Materials A Figure S1). The glycans on the arrays cover several epitopes of
the glycan shield of the SARS-CoV-2 surface [17]. Strong binding could be observed for
the N-glycan core fragment (Man2GlcNAc2). Furthermore, α1-2-Man3 showed increased
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binding in convalescent time points, which hints to binding of high-mannose (M7–M9)
structures, which are reported to be part of the glycan shield of SARS-CoV-2 (especially
spike N234) [17]. Similar to the observed trend with the peptide microarrays, patient #1
showed a strong increase in antibody binding at d22 towards the N-glycan core structures
(strongest increase observed in IgM), while patient #2 had generally stronger and more
constant signals, except for the binding to α1-2-Man3. These results confirmed the general
trends observed in both peptide and glycan microarray approaches, showing a strong
increase of antibody responses in patient #1 at d22.

Figure 4. Longitudinal IgA, IgG, and IgM antibody response analyzed with glycan microarrays during COVID-19 disease
progression in three patients. Evolution of reactive IgA, IgG, and IgM antibodies in patients #1–#3 (a–c) against a selection
of glycans (d) on the microarrays at different time points (see Supplementary Materials C). For improved visualization,
fluorescence intensities were transformed with the inverse hyperbolic sine (asinh function).
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4. Discussion

To better understand the development of antibodies in SARS-CoV-2 infection and
their consequence on the course of disease, we evaluated three assays that monitor the
kinetics of B-cell epitope development in relation to clinical features. Three patients were
sampled longitudinally. Two patients experienced a mild disease course (#2 and #3), another
a moderate course (#1). We compared the longitudinal antibody response data using spike
glycoprotein ELISA, peptide arrays of the whole SARS-CoV-2 proteome, and glycan arrays.

Serology testing for COVID-19 using ELISA is attractive because of the relatively
short time to diagnosis and the ability to test for an active immune response against the
virus. Comparing the three different approaches, the ELISA gives rather robust signals
in the convalescent phase, while failing for early antibody detection. It is possible that
the ELISA detects antibodies that either bind conformational/discontinuous epitopes or
to glycopeptides. The assay gave similar positive results for both patients #1 and #2 in
the convalescent phase (days 22 and 24). Comparing the data of patient #2 with mild
symptoms we found that the peptide array shows a decline of binding to linear peptides
over time, while the ELISA points into the opposite direction. In contrast, patient #1, with
moderate symptoms, shows much stronger signals to the linear peptides on the array over
time, which corresponds to the ELISA data. However, ELISA was inconclusive for patient
#3, resulting in generally positive IgA and generally negative (or intermediate) IgG results
for all time points, including d-180 prior infection and d32 (only analyzed by ELISA).

Recently, early antibody responses have been reported by ELISA [18], where sero-
conversion was found on day 7 after onset of symptoms in 50% of analyzed individuals.
Another study underlined the early responses of IgA, IgM, and IgG following SARS-CoV-2
infection [19]. The authors reported a median duration of IgM and IgA antibody detection
of five days and the detection of IgG 14 days after disease onset. Furthermore, Okba et al. [8]
analyzed IgA and IgG responses in two mild and one moderate case using an in-house
S1-ELISA. They observed an increase in the IgA response over time in a moderate case.
An early or increased IgA response on arrays, as seen in our patients #2 and #3, was not
observed with ELISA, possibly due to differences in the patients (sample collection dates)
or assay performance. Key differences in these assays are the limitation of only using S1-
proteins for the ELISA (vs. whole proteome on the microarray) and a higher sensitivity of
peptide arrays towards linear epitopes. With the peptide arrays, cross-reactions to previous
infections (e.g., with other coronaviruses) may become visible.

In contrast to ELISA, arrays are more time- and cost-intensive but provide more
information on the development of antibodies. We identified several spike protein epitopes
that are bound by IgA antibodies. We identified spike-specific IgA epitopes in the receptor
binding domain, AA343-357, AA415-429, and AA449-463. The latter epitope is located in
the receptor binding domain-angiotensin-converting enzyme II (RBD-ACE2)-complex and,
therefore, may be the target of neutralizing antibodies [20]. In addition, we also confirm a
part (AA369-383) of the SARS-CoV-2 and SARS-CoV cross-reactive IgG epitope (AA369-392)
identified by Yuan et al., which is located in the receptor binding domain of spike [21]. Next,
we observed IgA (AA809-827) and IgG (AA811-831) antibody binding, corresponding to
the S2 cleavage site and fusion peptide. These have been described as distinctive epitopes
in COVID-19 patients with neutralizing potential [20,22]. Furthermore, we could identify
reactive peptides, especially in the N protein, as well as NSP3 and NSP12. Data from a
partial proteome array approach was reported [23], which confirms strong binding to
the N protein, although they did not cover NSP3 and NSP12. In contrast to NSP-binding
antibodies, which could be cross-reactive from other viral infections, antibodies binding
structural proteins like the S and N proteins, could be more distinctive for a SARS-CoV-2
infection [22]. It will be of interest to determine the longevity of these antibody responses
and its impact on neutralization [24].

With the peptide arrays, we detected an early IgA response in the mild cases (patients
#2 and #3). Respiratory viruses can induce efficient IgA responses in secretions as well as
in sera. It was proposed that an early IgA response is predominant in COVID-19 and is
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more effective in SARS-CoV-2 neutralization than IgG [25]. IgA antibodies might be valu-
able diagnostic markers for early SARS-CoV-2 identification especially in mild-symptom
patients. Due to high sensitivity and specificity, arrays may be relevant as diagnostics for the
detection of these early antibody responses. Patient #2 potentially benefited from her early
IgA response, which led to a mild course of the disease.

Employing glycan arrays, we identified several glycans that correspond to small
fragments of the N-glycan core (e.g., Man2GlcNAc2). In addition, we observed an increase
in binding to α1-2-Man3 (GL99 on the array) in patients #2 and #3. This fragment is part of
the antennae of high-mannose (M7–M9) N-glycans, present on the spike protein (e.g., N122,
N234, N343, and possibly others) [17,26]. A promising, but technically overly challenging
approach, would be to screen glycopeptides with native glycan structures. Casalino et al.
highlighted the modulating role of the spike protein N-glycan sites N165 and N234 for the
conformation of the RBD [27]. Furthermore, a neutralizing antibody has been identified
that binds a larger glycopeptide epitope of the SARS-CoV-2 spike protein [28]. Interestingly,
we observe many spike-related peptide epitopes on the array, which would carry an N-
glycosylation on the native virus (e.g., patient #1 in spike: AA63-79, AA271-289, AA343-357,
AA605-619, and AA1087-1111). The glycan arrays generally show a similar trend as the
peptide array results: the antibody response increases in patient #1 over time, whereas it
stays constant or decreases over the course of the infection in patients #2 and #3, except
for α1-2-Man3. Since many microorganisms express α1-2-Man3 on their surface, the SARS-
CoV-2 infection might have caused a boost of a pre-existing immune response towards
this epitope. Yet, data has to be evaluated in a broader context, since signals to glycans
may be part of an unrelated cross-reaction or response to a larger glycopeptide epitope and
multivalency can strongly influence the results.

We screened longitudinal serum samples of COVID-19 patients with different methods
to get insights into their antibody responses and compared our data with findings of recent
literature. A clear limitation of our study is the number of subjects, but still we were able to
observe trends for the development of antibodies early after SARS-CoV-2 infection. Since
all samples were collected from the same cluster of infection, which were the first detected
SARS-CoV-2 infections in Hamburg, Germany, a clear chain of infection could be assured
and samples could be collected repeatedly. This, and the limited access to arrays (especially
glycan arrays), restricted the cohort size.

Our study emphasizes the importance of microarrays for early diagnostics and un-
derstanding of antibody development following SARS-CoV-2 infection. Arrays are able to
reveal heterogeneous antibody responses in patients with different severity of symptoms.
With a high assay sensitivity, antibody development in patients can be tracked during the
course of disease and also early after infection. A general limitation of arrays is the use of
exclusively linear peptides, which cannot identify antibodies that bind conformational or
discontinuous epitopes. We exclusively considered the initially published Wuhan strain
without mutations, but can quickly incorporate these mutations into the assay, since the
array production method is rapid and flexible [29].

With the limitations listed above, our study contributes to the understanding of differ-
ences in the course of disease. There is still limited understanding of the immune correlates of
protection. Collectively, we present an analysis of longitudinal antibody response in serum
samples, comparing the degree of disease severity with three different approaches.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/pathogens10040438/s1. Supplementary A: Additional Information; Supplementary B: Peptide
Microarray Data; Supplementary C: Glycan Microarray Data.
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Abstract: Filoviruses, especially Ebola virus, cause sporadic outbreaks of viral haemorrhagic fever
with very high case fatality rates in Africa. The 2013–2016 Ebola epidemic in West Africa provided
large survivor cohorts spurring a large number of human studies which showed that specific neutral-
ising antibodies played a key role in protection following a natural Ebola virus infection, as part of
the overall humoral response and in conjunction with the cellular adaptive response. This review
will discuss the studies in survivors and animal models which described protective neutralising
antibody response. Their mechanisms of action will be detailed. Furthermore, the importance of
neutralising antibodies in antibody-based therapeutics and in vaccine-induced responses will be
explained, as well as the strategies to avoid immune escape from neutralising antibodies. Under-
standing the neutralising antibody response in the context of filoviruses is crucial to furthering
our understanding of virus structure and function, in addition to improving current vaccines &
antibody-based therapeutics.

Keywords: neutralising antibodies; filoviruses; ebolavirus; post-vaccination; post-infection;
monoclonal antibodies; longitudinal antibody response

1. Filoviridae Background

1.1. Filoviridae Phylogeny

The first filovirus genus to be identified was Marburgvirus in 1967 composed of one
species Marburg marburgvirus with two viruses: Marburg virus (MARV) and the very
closely related Ravn virus (RAVV). Both viruses cause Marburg virus disease (MVD), a
highly lethal form of viral haemorrhagic fever, with the largest outbreak occurring between
2004 and 2005 in Angola, with 252 infected individuals and a case fatality rate (CFR) of
90% [1].

The second and most notorious genus of filovirus, Ebolavirus, contains six species
each with one virus; Zaire ebolavirus, Ebola virus (EBOV); Sudan ebolavirus, Sudan virus
(SUDV); Bundibugyo ebolavirus, Bundibugyo virus (BDBV); Tai Forest ebolavirus, Tai Forest
virus (TAFV); Reston ebolavirus, Reston virus (RESTV) and Bombali ebolavirus, Bombali virus
(BOMV). The first four of these six viruses are known to cause Ebola virus disease (EVD) in
humans, with a CFR frequently reported between 40% and 90%. However, this is likely an
overestimate as many EBOV infections may go unreported [2]. EBOV is predominantly
responsible for the EVD outbreaks of the greatest magnitude, with the largest being the
2013–2016 West African outbreak [3,4].

Most recently, new filoviruses have been discovered, which have not yet been as-
sociated with outbreaks in humans. In 2011, a third genus Cuevavirus was discovered
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with a sole species Lloviu cuevavirus including one virus, Lloviu virus (LLOV) [5]. Whilst
infectious LLOV still remains to be isolated, anti-LLOV antibodies have been detected
in bats [6,7]. In 2019, a new filovirus species Měnglà dianlovirus, including Mengla virus
(MLAV) was discovered in China as the sole species of a new genus Dianlovirus [8]. Still to
date, neither BOMV, LLOV nor MLAV are known to cause viral haemorrhagic fever with
its pathogenicity in humans still to be determined [8,9]. However, both BOMV and MLAV
Glycoprotein (GP) pseudoviruses as well as LLOV virus-like particles (VLPs) demonstrate
a broad tissue tropism in cell lines from different animals, replicate similarly to ebolaviruses
and use the Niemann pick type C1 (NPC1) as an entry receptor indicating a potential for
spillover events [3,8,10]. Two much more divergent species of filovirus Huángjiāo tham-
novirus including Huángjiāo virus (HUJV) and Xı̄lǎng striavirus including Xı̄lǎng virus
(XILV), which belong to the genera Thamnovirus and Striavirus respectively, have been also
described. These filoviruses infect fish [11].

While non-EBOV filoviruses will be mentioned, this review will be more focused
on EBOV due to the ongoing impact of this pathogen on world health and the recent
developments in antibody-based therapeutics and EBOV vaccines.

1.2. Genome Organisation of Ebolavirus

With the exception of the more divergent Thamnovirus and Striavirus genera, all
filoviruses encode seven structural proteins: Nucleoprotein (NP), Viral Protein (VP) VP35,
VP40, GP, VP30, VP24 and L polymerase (L) as shown in Figure 1A.

 

Figure 1. (A) A comparison of the EBOV and MARV genome structures highlighting key differences such as how EBOV
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has multiple GP gene products and where there are differences in overlapping genes. (B) A diagram of the EBOV GP with
domains highlighted based on the work of Lee et al. 2009 [12]. Domains of the EBOV GP as they appear on the gene: GP1,
SP (signal peptide), GP1 base residues: (33–69, 95–104, 158–167 and 175–189), GP1 Head: (70–94, 105–157, 168–175 and
214–226), Glycan Cap: (227–310), MLD Mucin-like-Domain, and in GP2, N-terminus of GP2, Internal Fusion Loop: (511–553),
HR1 (554–598), HR2 (599–630), MPER Membrane proximal external region, TM transmembrane domain, CT Cytoplasmic
tail. Regions highlighted in brown are uncharacterised as they could not be assigned to a domain due to differences with
the protein structure used and the domains as listed by Lee et al. 2009 (32, 191–195, 210–211, 470–478) and the protein
structure used from Zhao et al. [12,13]. Regions of the EBOV GP in white boxes with blue outlines are regions that could not
be shown via X-ray diffraction and so do not appear on the GP structure in the diagram, in addition to residues (28–30,
196–209, 284–285, 294–300, 431–469, 632–669) [12,13]. Diagram was created with BioRender.com (©BioRender 2021, accessed
in June 2021) and the protein structure was generated in The PyMOL Molecular Graphics System, Version 2.0 Schrödinger,
Delano Scientific LLC, Berkeley, CA, USA using the PDB accession: 5JQ3.

The NP is the main component of the ribonucleoprotein or nucleocapsid, though VP30
and VP24 are also required for the stability of the nucleocapsid and together make the
changes in NP required to incorporate the viral RNA. L polymerase is an RNA-dependent
RNA polymerase which complexes with the polymerase co-factor VP35 and is responsible
for transcribing the viral RNA, while the initiation of transcription is activated by VP30.
L polymerase also functions in regulating and editing the viral RNA e.g., in the case of
GP where three different gene products are produced [14]. VP40 is considered the matrix
protein and is crucial for viral assembly and budding. It is also worth noting that many
of the viral proteins, particularly VP24, VP30, VP35 and VP40 have functions linked to
host pathology or immune evasion. For instance, VP24 and VP35 inhibit interferon (IFN)
pathways (reviewed in Cantoni and Rossman, 2018) [15].

1.3. Cellular Entry of Ebola Virus

Cell entry is a critical stage in the lifecycle of any virus. GP exposed on the surface of
the virion has been demonstrated to be essential for cell entry. In which case GP is the most
important target for neutralising antibodies.

In EBOV, co- or post- translational editing (e.g., transcriptional slippage) of the GP
transcript produce various GP products (reviewed in detail by Lee et al.) [12]. Similar post-
translational modifications are not observed in MARV (Figure 1A). In EBOV, the pre-GP
gene is transcribed as one protein but is cleaved by the furin protease into two subunits,
GP1 and GP2, joined by a disulphide bridge to form a heterodimer [16]. Surface GP exists
as a trimer of the GP heterodimers expressed on the surface of the virion and interacts
with NPC1 for cell entry [17]. However, surface GP is not the main gene product. The
primary product, which is expressed from unedited RNA transcripts, is a non-structural
protein called secreted GP (sGP). Secreted GP is a dimer of GP1 and a truncated GP2 bound
by disulphide bridges [18] which is hypothesised to act as a decoy antigen to sequester
antibodies or cause antigenic subversion. Surface GP is only produced upon the addition
of an adenosine residue to the GP transcript in 20% of cases. A deletion of one adenosine
or addition of two adenosines in the transcript leads to the production of another non-
structural protein, small secreted GP (ssGP) [12,19]. The role of ssGP is unclear in EBOV
pathogenesis. Lastly, during EBOV infection, GP can be shed from infected cells in a soluble
form due to cleavage by TACE metalloprotease. This soluble GP is named shed GP and
was shown to sequester EBOV-specific neutralising antibodies directed towards GP [20].

The entire GP is required for cell entry. GP1 is associated with cell attachment and
receptor binding, whilst GP2 has functions regarding fusion with the host cell membrane.
Both subunits are therefore targets of neutralising antibodies. GP1 contains four subdo-
mains: the head, base, mucin-like domain (MLD) and glycan cap (GC). The GP1 head, when
arranged in its trimeric conformation forms a three lobed chalice containing the receptor
binding domain (RBD). The GP1 base clamps the internal fusion loop (IFL) and heptad
repeat 1 (HR1) and heptad repeat 2 (HR2) from GP2 for arrangement into its pre-fusion
conformation (Figure 1B) [12]. There are also two heavily glycosylated regions on the GP1,
GC and the MLD [12]. The GC is a large chain of sugars, some of which are thought to act
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as attachment factors to host cells e.g., binding to C-type lectins. Both the MLD and GC are
highly variable regions and can block neutralising antibodies binding to the GP, e.g., the
MLD overhangs the GP to protect critical epitopes [21].

GP2 is docked into the viral membrane by its transmembrane domain. GP2 is also
responsible for fusing the virus membrane and the host endosome membrane. It contains
several domains that are key to this process such as HR1 and HR2 that change conformation
to aid the IFL insertion into the host endosome membrane ultimately leading to fusion
(Figure 1B) [12].

EBOV uses a broad range of binding factors to attach to a variety of host cell types
before being internalised by the host cell into an endocytic compartment by receptor
mediated endocytosis or macropinocytosis [12,22]. In the late endosome, cathepsins cleave
the GP removing the MLD and GC and exposing the RBD in a stage called priming,
allowing better access to the RBD for receptor binding [17,23]. The RBD then binds to the
NPC1 cholesterol transporter [24]. The base of GP1 is a clamp, that when released triggers
the conformational changes required to expose the hydrophobic IFL which inserts into
the endosomal membrane [12,25]. HR1 and HR2 pull on the IFL causing it to fuse with
endosomal membrane, creating a pore for the release of the ribonucleoprotein into the cell
cytoplasm [12,26].

1.4. EVD and Immunity

EVD is characterised as a systemic inflammatory response (“septic-shock-like-syndrome”)
with coagulation abnormalities and multi-organ failure, immunosuppression and lym-
phopenia [4]. This pathology is a result of GP-mediated activation of innate immune cells.

EBOV preferentially targets dendritic cells (DC), monocytes and macrophages but can
also productively infect epithelial and endothelial cells, adrenal fibroblasts and hepato-
cytes [27]. GP-mediated activation of the TLR4 pathway in DCs and macrophages [28,29] re-
sults in the expression and secretion of inflammatory cytokines (e.g., IL-6, IL-1β, TNF) [30–33].
In macrophages, EBOV elicits a strong upregulation of IFN-I signalling [34], a crucial
feature of the immune response to viral infection that provides the link between innate and
adaptive immunity [35]. However, the role of Type I IFN in EBOV clearance and protection
is not fully understood. Several studies demonstrated that IFN-I impacted EBOV repli-
cation in vitro and survival in animal models [36–40], while higher levels of IFN-α were
associated with EVD fatal cases [41]. With that said, the picture is likely more complicated
as EBOV has also developed some strategies to dampen innate immune responses [42].

Following the activation of the innate immune system, adaptive immune responses
are induced. Early studies in individuals who succumbed to EVD described robust T
cell activation, followed by a collapse in the T cell population [43,44]. More recent stud-
ies demonstrated the impact of T cell dynamics, kinetics and phenotype on EVD out-
come [44–46]. It is known that T cells, particularly CD8+ T cells, are important in viral
infection. However, the role of CD4+ and CD8+ T cells in protection is still under discussion.
For example, it was demonstrated that CD8+ T cell deficient mice, but not CD4+ T cell or B
cell deficient mice, succumbed to a subcutaneous infection with a mouse-adapted EBOV
strain suggesting a crucial role of CD8+ T cells in protection [47]. Following the 2013–2016
West Africa epidemic, more studies analysed the activation of T cells in EVD survivors.
We reported that the dominant CD8+ polyfunctional T cell phenotype was IFNγ+, TNF+,
IL-2− in EVD survivors in Guinea [48]. We also found that both CD4+ and CD8+ T cells
contributed to specific T cell memory but with a differing cytokine profile. CD4+ T cells
produced IFNγ, TNFα and IL-2, whereas CD8+ T cells only produced IFNγ and TNFα [49].
Sakabe et al. found that CD8+ responses to the NP were immunodominant in survivors in
Sierra Leone [50]. More details about T cell responses following a natural EBOV infection
can be found in several reviews [46,51]. Regarding the humoral response, some studies
have suggested that early development of IgM and IgG was associated with a positive
outcome [52] while antibody deficiencies were reported in fatal cases [53]. Furthermore,
monoclonal antibodies (mAbs) were isolated from EVD survivors, some of which were
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shown to be neutralising and protective in animal models [54–59]. However, it is still de-
bated whether the antibody titres or the neutralisation activity of antibodies is the stronger
forecaster of protection [60]. This review will discuss the role of neutralising antibody
responses following a natural infection and in the context of therapeutics and vaccination.

2. Neutralising Antibodies Following a Natural Infection

2.1. Neutralising Antibodies against EBOV

Mechanisms of antibody activity include neutralisation and Fc receptor-mediated
effector functions (e.g., antibody-dependent cellular cytotoxicity, which is the killing of a
target cell coated with antibodies by an effector immune cell; antibody-dependent cellular
phagocytosis, which is a mechanism of clearance of antibody-coated pathogens or tumour
cells by macrophages and natural killer cells and antibody-dependent complement deposi-
tion, which is the deposition of a complement component on infected cells mediated by
IgG or IgM).

In the context of EBOV infection, it is not fully clear which function is the most
associated with protection [46]. However, the characterisation of neutralising antibodies
isolated from survivors and their subsequent evaluation in animal challenge models helped
to improve our insight into neutralising antibody responses. It is crucial to underline that a
lot of studies that analysed antibody responses to EBOV focused on IgG, especially total
IgG in serum. However, the neutralisation activity can also involve pentameric IgM and
monomeric/dimeric IgA present in serum and particularly abundant in mucosae [61].

Some studies suggested that neutralising antibody levels were modest early post-
infection in humans but increased over time. Luczkowiak et al. analysed the neutralising
activity of the plasma of three 2013–2016 West Africa epidemic survivors using a lentiviral
EBOV-GP pseudotyped infection assay. They found that neutralising antibody titres in-
creased up to 9 months post-infection [62]. Another study in Western patients confirmed
this. Williamson et al. analysed B cell responses in four acute Ebolavirus-infected patients
that had been repatriated to the US during the 2013–2016 West Africa epidemic. They found
that between 1 and 3 months post-recovery, there was a low frequency of EBOV-specific
B cells encoding for antibodies that displayed low neutralising activity. However, one
neutralising antibody isolated in this study led to protection in a mouse EBOV challenge
model [63]. A high diversity of neutralising antibodies may be needed for an efficient neu-
tralisation, which could explain the delay in the development of neutralising responses [46].
However, it was clearly observed in several studies that long-term survivors developed
robust and sustained neutralising antibody responses mainly targeting GP. Antibodies able
to neutralise a pseudotyped EBOV GP were detected in survivors from the 1976 Yambuku
outbreak 40 years later [64]. In addition, mAb 114, a potent neutralising mAb against
pseudotyped EBOV GP lentivirus particles was first isolated from a survivor of the 1995
Kikwit outbreak, 11 years post-recovery [54]. This mAb is now a component of the recently
approved drug named Ebanga®. The presence of persistent neutralising antibodies was
confirmed in a larger cross-sectional study. Halfmann et al. measured anti-EBOV-specific
humoral responses in 214 survivors and 267 close contacts (including 56 healthcare workers)
in Sierra Leone, 15–32 (median 28) months post-recovery [65]. The study revealed 97.7%
of survivors had antibodies against at least one of the three antigens (GP, VP40, NP) with
85% harbouring antibodies against all three. Of the survivors with a detectable antibody
response against GP, all but one had neutralising titres, typically in the range of 1:128 to
1:152, but some exceeded >1:2048 [65]. A longitudinal study performed by Thom et al. also
confirmed the maintenance of total and neutralising antibody responses over the course
of several years. Thom et al. performed a longitudinal study looking at 117 survivors
and 66 contacts, sampling patients from 3 to 14 months post-discharge, with follow up
collections 12 and 24 months later [48]. The study found similar findings to Halfmann et al.,
where at 3–14 months 96% of survivors developed IgG specific response and this correlated
well with total antibody titres (r 0.85; p < 0.0001). Interestingly, 96% of survivors maintained
high titres of neutralising antibody against live Ebola virus, with a mean of 1/174. This
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is ten-fold greater than the titres observed in patients one-month post-vaccination with
an EBOV vaccine, however, it is not known what it means for the protection as correlates
of protection are unclear [48]. A smaller longitudinal study investigating B cell responses
carried out by Davis et al. followed the four 2013–2016 West Africa epidemic survivors
repatriated to the US (previously mentioned) from discharge to 2 years post-infection.
Davis et al. concluded that IgM levels typically declined after a few months, while IgG and
IgA levels remained elevated [66]. This was hypothesised to be a result of antigen restimu-
lation. However, opposing evidence by Thom et al. indicated no antigen stimulation of T
cells was detected during their longitudinal study, suggesting there might be a different
reason for the retention of high titres. This topic is still debated [48]. Davis et al. also char-
acterised EBOV GP-specific monoclonal antibodies and they found that only a subset was
capable of recognising cell-surface GP, a subset that contained neutralising antibodies [66].
Some research groups characterised the regions targeted by the neutralising antibodies.
Bornholdt et al. analysed 349 monoclonal antibodies specific to GP isolated from a 2014
EBOV Zaire outbreak survivor. They found that 77% of these antibodies could neutralise
live EBOV. After analysing the epitopes recognised by the neutralising antibodies, they
reported that mAbs which targeted the GP stalk region proximal to the viral membrane
were particularly effective at protecting mice against lethal EBOV challenge [59]. Recently,
Khurana et al. described specific sites on GP mounting a neutralising antibody response
in rabbits, which were protective in a lethal EBOV mouse model [67]. EBOV GP regions
targeted by neutralising antibodies will be discussed in the Section 5.2.

Recently, Gunn et al. described the profile of humoral responses in EVD survivors from
Sierra Leone. Interestingly, this study highlighted the development of both neutralising
and polyfunctional IgG1 and IgA in survivors [68]. It is probable that there is a synergy
between the neutralising activity and the innate immune effector functions via Fc receptor
of antibodies. To our knowledge, it has not been shown in the context of EBOV, but it has
been recently described in the context of SARS-CoV-2 [69].

The delay in neutralising antibody response early post-infection but long-term persis-
tence of neutralising antibodies in survivors may suggest a role of neutralising antibodies
in the clearance of the Ebola virus rather than in the early stages of infection resolution.
The characterisation of GP epitopes inducing protective neutralising antibodies, as well
as a better understanding of antibody polyfunctionality at systemic and mucosal levels
could be very valuable and may help to improve the efficacy of current antibody-based
therapeutics and vaccines.

2.2. Neutralising Antibodies against Non-EBOV Filoviruses

Aside from EBOV epidemics, SUDV, BDBV and MARV outbreaks make up the vast
majority of other recorded human filovirus infections and so it is important to consider the
analysis of immune responses to these viruses. This is especially true because historically
their small outbreaks have often occurred in remote regions of Africa with limited health
infrastructure which restricts the collection of patient samples and data. Consequently, our
understanding of these diseases is less detailed and, despite being equally deadly, there are
currently no licensed therapeutic options for non-EBOV filoviruses.

Sobarzo et al. analysed the neutralising antibody responses of survivors of the
2000–2001 Gulu [70] and 2012 Kibaale [71] outbreaks caused by SUDV. Serum sam-
ples were collected 12 years or 3 years post-recovery, respectively. Similarly to EBOV,
a robust and persistent SUDV-specific antibody response, mainly targeting GP and NP,
was observed in both cohorts. Five of five Kibaale survivors and five of six Gulu sur-
vivors displayed antibodies capable of neutralising the whole SUDV by plaque reduction
neutralisation assay (PRNT) [70,71].

Marburg has been responsible for two outbreaks exceeding case numbers of 100.
Stonier et al. performed a longitudinal study following PCR positive survivors of the
2012 MARV outbreak in Uganda sampling patients 9, 15, 21 and 27 months after the
outbreak [72]. All survivors had an antibody response to MARV GP and NP and most had
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a response to VP30 and VP40. Whilst total antibody titres remained high in all patients
throughout the study, at 9 months, only two of six survivors demonstrated, via PRNT, a
neutralising antibody response between 1:20 and 1:40 which diminished by 21 months and
disappeared by month 27 [72]. These results suggest a more rapid waning of neutralising
antibodies following MARV infection compared to EBOV infection. Could this difference
be linked to the presence of extra GP products with EBOV, which is not observed with
MARV? The mechanisms behind these results are unclear.

Other researchers isolated monoclonal antibodies from peripheral blood B cells from
survivors of the 2007 BDBV outbreak in Uganda. They found a large proportion of BDBV
GP-specific monoclonal antibodies including some antibodies which strongly neutralised
BDBV but also SUDV and EBOV using chimeric filoviruses [57].

Together these results show that robust neutralising antibody responses are also
induced following an infection with non-EBOV filoviruses.

3. Antibody-Based Therapeutics and Vaccines

3.1. Monoclonal Antibodies

Therapeutic mAbs have been a field of great interest. Two EBOV specific mAb thera-
peutics, REGN-EB3 (Inmazeb™, Regeneron Pharmaceuticals, Tarrytown, NY, USA) and
mAb114 (Ebanga™, Ridgeback Biotherapeutics, Miami, FL, USA) having recently been
approved by the Food and Drug Administration (FDA, Silver Spring, MD, USA).

Monoclonal antibodies can be created in a laboratory or isolated from a specific B cell
clone from survivors or vaccinated animals. Monoclonal antibody therapy is the passive
transfer of immunity in the form of one, or a small number of, antibodies targeting a single
epitope of a protein, usually GP [73]. This differs from polyclonal antibodies elicited from
vaccination or infection where antibodies target a higher number of epitopes on the viral
protein [73]. One of the advantages is that mAbs have an immediate and potent effect and
can be used as a post-exposure therapeutic and can also be administered prophylactically
with a relatively long half-life, e.g., mAb114 24.2 days [56,74].

The GP1 head is home to the RBD and therefore an obvious target for mAbs including
mAb 114. Mab114 is the only effective monotherapy and is licensed under the name
Ebanga™ following impressive results from the Pamoja Tulinde Maisha (PALM) trial where
it demonstrated a protective effect by reducing mortality to 35.1% [75,76]. Odesivimab is
also part of the licensed Inmazeb™ cocktail but it is non-neutralising because it binds to
the GP1 head but a little further away from the RBD than mAb114 and consequently does
not neutralise (Table 1) [77]. FVM04 is a broadly neutralising antibody that binds to the
GP1 head of the GP and can neutralise EBOV and SUDV in addition to providing good
efficacy in mouse models (Table 1) [78].

The GP1 base is potentially the most common target for neutralising antibodies. It
is the target of KZ52, which is a research standard for neutralisation, even though it
was shown not to be protective in NHP trials. KZ52 binds to an epitope on the GP1
base that at least partially overlaps with several other potential therapeutics e.g., 2G4
and 4G7 [79]. 2G4 and 4G7 are both neutralising antibodies from the ZMapp cocktail
which share overlapping epitopes on the GP1 base (Table 1) [80]. Maftivimab neutralising
antibody of the Inmazeb™ cocktail also binds to the GP1 base. While it does not share an
epitope with the aforementioned mAbs of the Inmazeb™ cocktail, it is thought to have the
same mechanism of neutralisation (Table 1) [77].

The GC is a highly variable region that is usually thought of as non-neutralising,
but it was found to be a target for several therapeutic mAbs. Saphire et al. via the
Viral Haemorrhagic Fever Consortium demonstrated that antibodies targeting GC were
mostly non-neutralising but a small subset of neutralising antibodies were detected [81].
The GC is also a target for Atoltivimab which is a neutralising antibody in the licensed
Inmazeb™ cocktail and able to activate effector functions (Table 1) [77,81]. Furthermore,
the GC contains the epitope for the broadly neutralising EBOV-548. This mAb binds to a
conserved GC epitope in EBOV and BDBV. It can neutralise both viruses and effectively
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activates effector functions [82]. EBOV-520, which binds to the GP base region, strongly
demonstrates co-operative binding. It binds to its epitope with 5× greater affinity once
EBOV-548 is bound to the GC. Together, EBOV-520 and EBOV-548 can fully protect NHPs
from mortality, though EBOV-520 alone has also demonstrated partial protection in animal
models [82–84]. Finally, 13C6 is a non-neutralising antibody from the ZMapp cocktail that
binds to the GC but is removed during cathepsin cleavage. It also effectively activates Fc
functions [80].

ADI-15878 is a neutralising pan-ebolavirus mAb which binds to conserved regions
on the HR1 and IFL domains of EBOV, SUDV and BDBV [85]. When administered alone,
survival rates post-challenge in guinea pigs of 33–50% were observed. However, when
paired with ADI-23774 in a cocktail called MBP134 at a high dose, it provided 100%
protection [86]. CA45 is another pan-ebolavirus mAb with neutralising activity against
EBOV, SUDV, BDBV and RESTV that binds to the IFL and GP1. This mAb was shown
to be protective in animal models, both individually and in combination with FVM04 in
NHP trials (Table 1) [87]. CA45 and FVM04 can also be given in a cocktail with MR191
an anti-MARV and RAVV mAb, that provides 100% protection against NHPs challenged
with MARV when tested alone and within the cocktail [87,88]. MR191 binds to residues
in the RBD that are essential for receptor binding and are hence highly conserved among
related filoviruses. MR191 however, does not neutralise EBOV because the GC obscures
the epitope whereas MARV has a disordered and flexible GC that gives the mAb access to
this epitope [89,90].

The PALM trial is the only large clinical trial to date evaluating anti-EBOV experi-
mental therapeutics in a field setting during the 2018 outbreak in the Congo, with patients
presenting during various stages of disease following positive RT-PCR. It compared ZMapp,
mAb114, REGN-EB3 and Remdesivir in 681 participants in a 1:1:1:1 ratio. One striking
result was that ZMapp and Remdesivir were found to have no statistically significant effect
on reducing EBOV mortality which stood around 50% [76]. The study did find however,
that REGN-EB3 (Inmazeb™) and mAb114 (Ebanga™) had a protective therapeutic effect,
reducing mortality to 33.5% and 35.1%, respectively. The effectiveness of the treatments
was especially high among patients who received treatment early, with an estimated 11%
increase in the risk of mortality with each day the treatment was delayed. Furthermore,
patients who were classified to have a high viral titre also had a much higher mortality of
67% even with mAb114 or REGN-EB3 [76].

Table 1. A table describing the characteristics and epitopes of several key mAbs, with a figure integrated highlighting the
residues on the EBOV GP that make up the epitopes of each of the mAbs in the table. The critical/known residues are in red,
and the putative residues highlighted in yellow. The protein structure was generated in The PyMOL Molecular Graphics
System, Version 2.0 Schrödinger, Delano Scientific LLC, Berkeley, CA, USA using the PDB accession: 5JQ3.

Antibody (Cocktail) Epitope
Brief Description—How It Was Discovered and

Where It Targets
Neutralising

KZ52—WHO Research Standard
Critical residues—red: 511, 550, 552, 552, 556
Putative residues—yellow: 24, 40, 43, 507-508,

513-514, 549, 551

 

A potently neutralising antibody isolated from a
survivor of the 1995 Kikwit outbreak binding to the
GP1/GP2 interface to prevent insertion of the fusion

loop into the membrane [80].

�
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Table 1. Cont.

Antibody (Cocktail) Epitope
Brief Description—How It Was Discovered and

Where It Targets
Neutralising

13C6 (ZMapp)
Critical residues—red: 270, 272

 

A non-neutralising humanised mouse antibody that
binds to the GP1 head and GC regions and can

activate effector functions [80].
X

2G4 (ZMapp)
Critical residues—red: 511, 550, 553, 556

A neutralising humanised mouse antibody that
binds to the GP1/GP2 interface to prevent insertion

of the fusion loop into the endosome membrane [80].
�

4G7 (ZMapp)
Critical residues—red: 511, 552, 556

 

A neutralising humanised mouse antibody that
binds to the GP1/GP2 interface to prevent insertion

of the fusion loop into the membrane [80].
�

Ansuvimab-zykl/mAb114 (Ebanga™)
Known residues—red: 111-119

Isolated from a survivor of the 1995 Kikwit outbreak
that targets the RBD blocking access to NCP1 [74,91]. �

Atoltivimab/REGN3470 (Inmazeb™)
Putative residues—yellow: 236-244, 264-297

and 298-308

 

Developed by the VelcoImmune platform in which
genetically engineered mice express fully human
antibodies. Atoltivimab is a neutralising antibody
that binds to GC, it is also able to activate effector

functions [92].

�

Odesivimab/REGN3471 (Inmazeb™)
Putative residues—yellow: 114 to 122, 139 to

151, 236 to 244, and 265 to 287

A non-neutralising VelcoImmune antibody that
binds to the GP1 head but further from the residues
involved in receptor binding compared to mAb114.

It is very capable of activating effector functions [92].

X
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Table 1. Cont.

Antibody (Cocktail) Epitope
Brief Description—How It Was Discovered and

Where It Targets
Neutralising

Maftivimab/REGN3479 (Inmazeb™)
Putative residues—yellow: 531 to 545

 

A neutralising VelcoImmune antibody that binds to
the GP1/GP2 interface to prevent insertion of the

IFL into the endosome membrane [92].
�

CA45—Pan-ebolavirus
Critical residues—red: 64, 517, 546, 550

Putative residues—yellow: 38, 40-41, 66, 68,
101-104, 184, 186-187, 211-213, 513-516,

518-519, 544-545, 547-549, 551-552, 554, 558

Isolated from challenged NHPs, CA45 binds to the
IFL and GP1/GP2 interface preventing insertion of

the IFL into the endosome membrane and hence
neutralises EBOV, SUDV, BDBV and RESTV. CA45

provides protection in mice, guinea pigs and ferrets.
Also gives 100% protection to NHPs when given in a

cocktail with FVM04 and MR191 [87,93,94].

�

FVM04—Pan-ebolavirus
Known residues—red: 115, 117-118

Targets the RBD blocking interactions with NPC1. It
neutralises EBOV, SUDV and BDBV, though only

protective from EBOV and SUDV challenge in
mouse and Guinea pig model. Can be given in

cocktail with CA45 and MR191 [78,87].

�

3.2. Convalescent Plasma

Convalescent plasma therapy is the passive transfer of immunity from a convalescent
donor to a patient with an acute infection [95]. The transfer of convalescent blood product
to a patient is an old therapy which was already used to treat various infections in humans
and animal models at the end of 1800’s [96]. The theoretical basis for its use against EBOV
infection is that EVD survivors are thought to be protected from re-infection through
humoral immunity and so the transfer of this protective sera containing EBOV-specific
antibodies could have therapeutic benefits for patients. EBOV outbreaks take place in
low-income countries where expensive drugs are not always affordable and so convalescent
plasma may provide a more cost-effective treatment solution. However, it comes with its
complications as donor blood must be tested for a wide variety of contaminants including
HIV, malaria and hepatitis A which are known to have high prevalence in many regions
that suffer EBOV outbreaks [95]. Convalescent plasma therapies were tested to reduce the
risks of transfusion-transmitted infections and their impacts on anti-EBOV antibodies were
assessed. For example, Amotosalen/UVA pathogen reduction technology was tested to
treat EVD convalescent plasma. Plasma were analysed by two types of ELISA and three
neutralisation assays and it was found that anti-EBOV titres remained relatively unchanged
following the treatment [97].

During the 2013–2016 West Africa epidemic, the Ebola Tx trial in collaboration with
The Conakry Ebola Survivors Association organised a large plasma collection programme
in Conakry in Guinea between November 2014 and July 2015 [98]. This consortium evalu-
ated the efficacy of convalescent plasma in comparison with standardised supportive care
in EVD patients in a phase 2/3 open-label non-randomised trial setting. Even though no
serious adverse effects were observed with the use of the convalescent plasma, the therapy
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was found to have no significant effect on mortality compared to the control group (31%
of patients treated with convalescent plasma died 3–16 days post-diagnosis, compared
to the 38% in the control group) [99]. These results may be due to the varying levels
of EBOV-specific neutralising antibody in the plasma. At that time, they did not have
any test to measure EBOV-specific antibody titres and neutralising antibodies in the field.
Other clinical trials evaluated some methods to screen the antibody responses in donors’
plasma in order to potentially select the plasma with high neutralising antibody titres.
Brown et al. measured anti-EBOV antibodies in EVD survivors in Liberia in 2014–2015
using two ELISA and two neutralisation assays (microneutralisation, PRNT) [100]. They
found that the four assays were concordant to measure donor antibody titres. However, 15
of 100 donors, including seven with a confirmed EBOV PCR positive result, did not have
any detectable EBOV-specific antibodies. This trial found that viral load was reduced in
EVD patients who received the convalescent plasma containing higher antibody levels,
but not in patients who received the therapy with lower antibody levels [100]. Tedder et al.
performed a similar evaluation in Sierra Leone using an IgG capture competitive double-
antigen bridging enzyme immunoassay and a pseudotyped virus assay [101]. Both studies
demonstrate the benefit of screening donors’ plasma for neutralising antibody titres even
though neutralising antibodies are yet to be validated as correlates of protection.

3.3. Vaccine-Induced Neutralising Responses
3.3.1. EBOV Vaccines

The role of antibody responses in protection following vaccination with a replication
competent recombinant VSV virus encoding for Zaire EBOV Kikwit 1995 GP (rVSV-ZEBOV)
was firstly analysed in preclinical studies. Marzi et al. vaccinated five NHP groups 28, 21,
14, 7 and 3 days before challenge [102]. Surprisingly, an induction of EBOV-GP specific
IgG responses was already reported 3–7 days post-vaccination in NHPs. The research
group found a partial protection of animals vaccinated 3 days before the challenge and
a full protection of animals immunised ≥7 days before the challenge. This indicates that
rVSV-ZEBOV may elicit very rapid humoral response and protection [102]. Another pre-
clinical study reported that antibodies were sufficient at protecting mice from infection
following immunisation with rVSV-ZEBOV. Meanwhile the depletion of CD8+ T cells
did not compromise protection [103]. Similar results were observed by Marzi et al. in
NHPs. CD8+-depletion did not impact on survival of rVSV-vaccinated animals follow-
ing a challenge [104]. Wong et al. also analysed the role of humoral response following
rVSV-ZEBOV vaccination in NHPs and found significantly higher total IgG titres in the
serum of animals which survived post-challenge compared to the non-survivors [105]. The
same team also confirmed long-term protection by challenging vaccinated animals 6–12
months post-immunisation with rVSV-ZEBOV. They observed that the levels of EBOV
GP-specific IgG antibody, measured immediately before challenge, correlated with pro-
tection, whereas neutralising antibody were not always a reliable measure of protection
in their animal model [106]. Another research group determined whether rVSV-ZEBOV
vaccine could be used as a post-exposure treatment in Rhesus macaques. They found
that four of eight macaques were protected if treated up to 30 min following a lethal
infection. While the differences in cellular responses where minimal between the animals
that survived and those that succumbed to the virus, there was a significant difference
in neutralising responses. Indeed, neutralising antibodies were detected on days 14–36
post-challenge in animals that survived the infection, while the humoral response was
not detected in animals that succumbed to the infection, suggesting a critical role for the
humoral response [107]. Another study showed that NHPs vaccinated with rVSV-ZEBOV
were also protected from EBOV aerosol challenge. Interestingly, upon measurement of
circulating rVSV-ZEBOV specific-IgG responses post-vaccination and post-challenge, an-
tibody responses were found to increase post-challenge. While the neutralising capacity
of the antibodies was not analysed, they found there was no evidence of IFNγ or TNFα
production in CD4+ or CD8+ before or after the challenge, which further suggests a major
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role of humoral response in protection [108]. Qiu et al., compared the protective immune
responses in NHPs immunised with rVSV-ZEBOV by intramuscular (IM), intranasal (IN)
or oral route (OR). They observed that IgG, IgA and IgM antibody responses were detected
in the serum of all vaccinated animals independent of the route of vaccine administra-
tion. Post-challenge, IgG and IgA titres increased, while IgM titres did not exceed the
levels observed post-vaccination. Globally, IgM titres ranked IN ∼= OR > IM, with an
IN titre 2.4 times higher than IM, while IgA and IgG responses ranked IN > OR > IM
(IN 6.8-fold > IM) and IN > OR ∼= IM (IN 9.0-fold > IM), respectively. They also analysed
the level of neutralising antibodies in the sera 21 days post-vaccination and a few days
prior to the challenge. Whilst neutralising antibody titres were relatively low in all animals,
the OR (OR > IN >IM) produced the highest neutralising antibody titres. This study clearly
highlighted the impact of immunisation with rVSV-ZEBOV on the induction of neutralising
antibody responses [109]. Interestingly, NHPs previously infected with simian-human
immunodeficiency virus were vaccinated with rVSV-ZEBOV. Following EBOV challenge,
4/6 animals survived. None of the six animals had a detectable antibody response by the
day of challenge but three animals which survived developed a modest antibody response
post-challenge, which suggests a role of antibodies in survival of these animals [110].

Recombinant VSV-ZEBOV (Erbevo®, Merck, Kenilworth, NJ, USA) is now the first
fully licensed EBOV vaccine. This vaccine is delivered in humans in one dose and its safety
and efficacy were also evaluated in clinical trials. Open-label, dose-escalation phase 1 trials
were performed in healthy volunteers in Europe and Africa. They measured a persistent
EBOV GP-specific antibody response in all vaccinated participants and higher neutralising
responses when individuals received a higher dose of rVSV-ZEBOV vaccine [111]. Other
phase 1 clinical trials reported very similar results in the US, Canada or Europe. In each
study, a dose-dependent neutralising response was observed but occasionally neutralising
responses failed to be detected in some individuals who received a lower dose of rVSV-
ZEBOV vaccine [112–114]. One study provided clinical data on rVSV-ZEBOV efficacy, a
phase 3 trial in Guinea, where a ring vaccination program was employed to include cases,
contacts and contacts of contacts. The study reported 100% efficacy after 10 days and found
that, 32 days following the detection of the first case in a vaccinated cluster, no new cases
were reported, highlighting the ability of this vaccine to prevent transmission [115]. Despite
the potential for bias relating to the standard of care between the experimental and control
groups in the protocol of this study (as reported by some researchers), this latter highlights
the high efficacy of the rVSV-ZEBOV vaccine in humans [116]. Halperin et al. showed
that rVSV-ZEBOV produced strong antibody titres with 94% of participants becoming
seropositive after 28 days and 91% remaining seropositive after 24 months. Geometric
mean titres (GMT) rose from below the assay detection limit of 36.11 to 1262.0 after 28 days
before gradually decreasing but retaining a high GMT of 920 after 24 months. The GMTs of
neutralising antibodies, measured by PRNT, were high and continued to increase, peaking
at 18 months with a plateau at 24 months [117]. Interestingly, Khurana et al. studied the
human antibody repertoire in individuals vaccinated with rVSV-ZEBOV. They reported a
high initial neutralising IgM immune response before IgG becomes the dominant subtype,
which may explain the rapid protection provided by the vaccine. They demonstrated a
higher diversity of antibody epitopes in vaccinees who received 20 million plaque-forming
units (PFU) compared to those who received 3 or 100 million PFU. Another finding was that
higher levels of neutralising GP-specific antibodies were induced after a single vaccination
with 20 or 100 million PFU. A boost did not improve neutralising antibody response [118].

Adenoviral vector vaccines have been also developed in the context of EBOV. These
vaccines are well known to induce robust T cell responses [119–121]. Wong et al. evaluated
the antibody responses in the context of vaccine candidates based on AdHu5 expressing
Zaire EBOV GP [105]. They compared the immune responses and survival rates of knockout
mice (Rag-1−/−, B cell−/−, CD8+ T cell−/−, IFN-γ−/−, and CD4+ T cell−/−), reporting that
B cell and CD4+ T cell responses were the most critical in the development of a protective
immune response against a mouse adapted strain of EBOV [105]. When repeated in
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guinea pigs, the average titres of anti-EBOV GP antibodies and neutralising antibody post-
challenge were significantly higher in survivors than in non-survivors [105]. Interestingly,
they also performed a similar study in NHPs. In this animal model, they found a higher
anti-GP IgG response in survivors, but they did not detect any differences in neutralising
antibody response between the survivors and non-survivors. However, a difference in
T cell responses between the cohorts was detected in this latter model [105]. Chen et al.
observed a durable EBOV-neutralising response in mice vaccinated with a prime-boost
vaccine regimen based on a chimpanzee serotype 7 adenovirus expressing EBOV GP and a
truncated version of EBOV GP1 protein [122].

In humans, the two-phase vaccine candidate Ad26.ZEBOV (Zabdeno®) and MVA-BN-
Filo (Mvabea®), produced by Johnson&Johnson (New Brunswick, NJ, USA), is a vaccine
candidate that has progressed well through clinical trials and has received marketing autho-
risation by the European Commission in July 2020. This is a viral vector vaccine, that uses
two heterologous doses. The first dose is a non-replicating Adenovirus type-26 encoding
EBOV GP and the second dose is a multivalent recombinant Modified Vaccinia Ankara
vector-based vaccine encoding the GPs from EBOV, SUDV, MARV and the nucleoprotein
of TAFV [123]. Anywaine et al. compared the immunogenicity of heterologous two-dose
Ad26.ZEBOV and MVA-BN-Filo vaccination regimens in a phase 1 trial in Uganda and Tan-
zania. They demonstrated a robust immunogenicity when Ad26.ZEBOV was administered
as the first dose followed by MVA-BN-Filo. This regimen promoted higher neutralising
and total antibody titres with 93% of participants achieving seropositivity at the time of
the second dose, reaching 100% 21 days after the second dose. Neutralising antibody titres
were initially low but peaked at 21 days following the second dose 100% of participants
in the 56-day interval group, before decreasing and stabilising 180 days post-initial vac-
cination. Titres plateaued until the final time-point at day 365 [124]. A similar phase 1
clinical trial was run in Kenya, where high levels of neutralising GP-specific antibodies
were detected and sustained up to 360 days after the first dose [125].

Globally, preclinical and clinical studies demonstrated a key role of antibody responses
in protection post-vaccination, particularly in the context of rVSV-ZEBOV. However, the
correlation between neutralising responses and protection following vaccination is still de-
bated.

Finally, there is uncertainty regarding the efficacy of postexposure mAb treatments fol-
lowing a recent vaccination with an EBOV vaccine. This scenario of exposure may happen
early post-injection when vaccination is not yet fully effective. Cross et al. demonstrated
in rhesus macaques that vaccination with rVSV-ZEBOV 1 day prior to EBOV challenge
followed by anti-EBOV GP mAb MIL77 treatment 3 days later increased the rate of survival
compared to animals vaccinated or treated with MIL77 only [126]. However, additional
data is needed to draw a robust conclusion about a potential synergy between vaccination
and antibody-based immunotherapy.

3.3.2. MARV Vaccine Candidates

To date no MARV vaccine has been approved yet, but several vaccine platforms
have been attempted, including a recombinant VSV vector expressing MARV GP which
showed efficacy in NHPs both post-exposure and prophylactically [127]. Jones et al.
demonstrated that a single intramuscular injection led to 100% protection of vaccinated
NHPs from a lethal MARV challenge [128]. Daddario-DiCaprio et al. confirmed these
results with the same vaccine by proving the 100% protection following a challenge with
heterologous MARV strains and RAVV [129]. Both studies reported high IgG titres in
vaccinated NHPs but an absent or very low neutralising response. More recently, Mire et al.
conducted a study involving six NHPs immunised with a rVSV-MARV-GP platform prior
to challenge 13 months later. Immunisation elicited strong total antibody titres (between
1600 and 12,800) which remained elevated throughout the study. Regarding the neutralising
antibody responses determined by PRNT, all NHPs had a neutralising response at day 28
post-vaccination but the titres were relatively low and by the day of challenge, two had
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no neutralising antibodies [130]. Together, these results suggest a less important role of
neutralising antibodies in protection from MARV challenge.

Interestingly, a follow-up study by Daddario-DiCaprio et al. showed that immuni-
sation with rVSV-MARV vaccine up to 20–30 min post-challenge protected all NHPs. All
treated animals showed low to moderate amounts of IgM by day 6 post-challenge. Four of
the five vaccinated animals developed a moderate IgG response by day 10 post-challenge.
However, PRNT demonstrated low amounts of neutralising antibodies between days 6
and 37 in the plasma of all immunised animals [131]. Similar results were confirmed by
Geisbert et al. In addition, a partial protection was reached when the vaccine was admin-
istered 24 h and 48 h post-challenge, when five out of six and two out of six macaques
were protected, respectively. All animals which survived to challenge showed moderate to
high levels of MARV-specific IgG in sera, whereas animals that died did not have any de-
tectable IgG responses [132]. The sum of these results suggests the importance of humoral
response following rVSV-MARV vaccination even though the neutralising activity may be
less important with rVSV-MARV vaccine compared to rVSV-EBOV vaccine.

4. Methods to Measure Neutralising Antibody Responses

Researchers use different assays to evaluate neutralising antibody titres in serum or
other biological fluids. To measure EBOV-specific neutralising antibody responses, the gold
standard is the PRNT, which uses authentic live virus to measure the number of plaques
formed upon infection of a cell line, such that if the sample is capable of neutralisation,
fewer plaques would be observed [133]. Briefly the biological fluid (e.g., serum) containing
the antibodies is mixed with the authentic live virus, usually for 1–2 h, and used to infect
a permissive cell line. An agarose overlay is added for 5–7 days to avoid a ‘too rapid’
spreading of the virus. Finally, the cells can be fixed and plaques are counted, often
manually. The PRNT takes several days and its development at a large-scale can be limited.
It is the reason why microneutralisation assays (MNA) were also developed in the context
of EBOV [97]. The concept of MNA is very similar to PRNT but 1 h post-incubation of cells
with the mix EBOV/serum, the cells are washed and fixed for 1–2 days. Finally, infected
cells can be detected using anti-EBOV and secondary antibodies. The number of spots
can be counted using an imaging system [58]. Both methods, PRNT and MNA, are robust.
However, EBOV is classified as a biosafety safety level (BSL) 4 organism as it is a very
dangerous pathogen. BSL-4 work requires Class III safety cabinets, very specific pressure
conditions in the lab, very strict decontamination procedures of the materials and trained
staff. This increases the time and cost of such experiments, as well as limiting the number
of sites with such capabilities [134].

Pseudotyped virus neutralisation assays can be a more flexible and manageable
approach. Pseudotyped viruses (pseudoviruses) are recombinant viruses with core and
envelope proteins derived from different viruses. They carry full or partial/modified
sequence genomes to give rise to replication proficient or deficient virus. A reporter gene
(e.g., luciferase, green fluorescent protein) is incorporated into the genome of the vector to
detect a reduction of luminescence or fluorescence by neutralising antibodies, following
infection of a permissive cell line. In the context of EBOV, recombinant VSV or lentiviral
viruses are often used as a backbone to express EBOV GP. The advantage is that the
recombinant pseudotyped viruses can usually be used at lower containment levels than
EBOV. However, data generated from different pseudovirus systems can vary. Indeed,
parameters such as the type of backbone, the reporter system and the expression of GP
on the backbone may impact the sensitivity and the specificity of the assays, as well as
their ability to accurately detect neutralising antibodies. Therefore, some studies have
investigated conditions to improve the correlation with live EBOV neutralisation assays.
We compared side by side two systems of EBOV GP pseudoviruses. Steeds et al. showed
that the VSV luciferase pseudovirus system had a greater correlation (r = 0.85 + p < 0.0001)
to the live EBOV assay than the HIV-1 system (r = 0.54 + p = 0.0004) [135,136]. Similarly,
Wilkinson et al. ran a study across several laboratories and reported that labs using the VSV
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system reported higher correlation with a wildtype Ebola virus neutralisation assay (r = 0.84
and r = 0.96). Konduru et al. also confirmed a high correlation between the VSV platform
and live EBOV neutralisation assay [137,138]. A limitation of the pseudovirus system is the
absence of proteins aside from GP. While neutralisation antibodies mainly target EBOV GP,
we cannot exclude the possibility that neutralising antibodies may be directed against other
key proteins (e.g., VP40, other forms of GP) and cannot be detected using a pseudovirus
system. For instance, VSV systems do not produce sGP, which could have an impact on
neutralisation outcomes. Interestingly, Saphire et al. evaluated the impact of sGP on the
results generated by three different neutralisation assays: VSV platform, authentic live
EBOV, EBOVΔVP30-RenLUc virus. The VSV system did not express sGP whereas the other
systems expressed wildtype sGP. Globally, they observed that the presence of sGP did not
prevent neutralisation and in some cases, neutralisation was higher in the sGP-expressing
assays [81]. When pseudoviruses are replication-deficient, this system can only detect
the antibodies which prevent the entry of the virus into the cell. For example, the system
cannot detect the impact of antibodies on the production of new viral progeny.

Pseudovirus platforms are surrogate systems to identify neutralising antibodies. How-
ever, the production of recombinant filoviruses expressing a reporter protein, which can
help to monitor and quantify the infection, may be useful to improve the characterisation
of antibodies able to neutralise EBOV or other filoviruses. Thus, an alternative approach to
measuring filovirus-specific neutralising antibody responses is to use chimeric filoviruses.
Chimeric filoviruses are man-made viruses composed of components from two filoviruses.
Usually, one live filovirus is used as a backbone and its GP is replaced by a heterolo-
gous filovirus GP (e.g., EBOV GP). The potential difference in neutralisation-sensitivity
between a chimeric filovirus and a pseudovirus has to be considered in order to avoid
producing misleading results in the detection of neutralising antibodies [139]. Llinykh
et al. compared the neutralisation-sensitivity of VSV-expressing filovirus GP with EBOV-
expressing heterologous filovirus GP from BDBV, SUDV, MARV and LLOV. They reported
that chimeric filoviruses were as sensitive as authentic filoviruses expressing the same
GP. However, VSV chimeric viruses were more sensitive to antibody neutralisation than
authentic filoviruses [139]. The analysis of neutralising antibody responses can also be
performed by surrogate virus neutralisation tests. Whilst these tests have been broadly
developed for other viruses such as SARS-CoV-2, to our knowledge they have yet to be
developed for EBOV or other filoviruses.

To conclude, the choice of platform used to measure neutralising antibody responses
is crucial in order to yield the most accurate results. However, the neutralising antibody
titres generated with different platforms may be difficult to compare. It is the reason why
the use of a WHO research standard in each assay can help to compare the titres between
the studies and consequently, the neutralisation efficacy determined in each study.

5. Viral Neutralisation

5.1. Main Mechanisms of Neutralisation

Neutralising antibodies bind epitopes which block critical amino acids in the virus’s
lifecycle, typically epitopes involved in cell entry or the production of new viral progeny.
The different mechanisms of neutralisation are shown in Figure 2 (pink boxes).

The vast majority of EBOV neutralising antibodies are targeted towards the GP as it
contains multiple crucial epitopes exposed on the surface, particularly in the RBD [140].
Neutralising antibodies which bind to the EBOV GP block the interactions between the
EBOV GP and NPC1 and prevent receptor binding via a direct binding to the RBD or in a
way to block access to the RBD, thus preventing any subsequent binding [90]. The presence
of neutralising antibodies can also prevent EBOV fusion with the endosomal membrane,
usually necessary for the virus to escape into the cytoplasm. Indeed, neutralising antibodies
can impede this by binding to the GP1/GP2 interface, clamping the GP and preventing
the conformational changes in the GP required for this process (Figure 2) [17]. Finally,
cathepsin cleavage usually removes the GC and MLD to expose the RBD mediating access
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for receptor binding. Neutralising antibodies can bind to GP in such a way to partially or
totally prevent cleavage. For example, mAb CA45 disrupts cleavage to produce partially
cleaved GPs, while mAb100 almost completely inhibits cleavage [54,140,141]. Though
not clearly described in the context of EBOV, some antibodies can neutralise by altering
the structure or conformation of the viral GP to the point that it is unable to perform a
critical function, e.g., receptor binding (see Figure 2) [142]. VP40 is critical for viral budding
and the production of new progeny and therefore its potential as a therapeutic target has
been investigated. For example, anti-VP40 mAbs have been shown to neutralise EBOV by
preventing the formation of new progeny (Figure 2). This is bolstered when administrated
in cocktails with mAbs targeting different sites on the VP40 protein or with GP-specific
antibodies [143,144]. Antibodies, particularly polymeric IgM and IgA, can also agglutinate
virus particles, forming aggregates that reduce the contact between the virus and the cell
and affect subsequent entry, in addition to signalling, for antibody-dependent phagocytosis
(Figure 2) [145–147].

 

Figure 2. The mechanisms of action of neutralising antibodies (pink boxes) and non-neutralising antibodies (yellow boxes).
Diagram was created with BioRender.com (©BioRender 2021, accessed in June 2021) and the protein structure was generated
in The PyMOL Molecular Graphics System, Version 2.0 Schrödinger, Delano Scientific LLC, Berkeley, CA, USA using the
PDB accession: 5JQ3.

Finally, it is important to highlight that based on some studies performed by the Viral
Haemorragic Fever Immunotherapeutic Consortium, 5% of non- or weakly neutralising
EBOV-specific antibodies tested in the panel were found to be protective when assessed
in vivo proving a crucial role for non-neutralising antibodies in protection [81]. Perhaps
more protective antibodies have not yet been discovered, as the assays of choice for the
analysis of antibody responses are largely based on neutralisation only. Indeed, non-
neutralising antibodies can stimulate an array of processes that aid in viral clearance
including initiating complement deposition, contributing to viral inactivation, phagocytosis
and complement-dependent cytotoxicity (Figure 2) [148]. Monoclonal antibodies are also
capable of interacting with Fc receptors activating antibody-dependent cell-mediated
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cytotoxicity and antibody-dependent cellular phagocytosis [68,146,148,149]. Furthermore,
it has been reported that non-neutralising antibodies have been shown to have synergistic
neutralising ability, whereby they bind to the viral GP, altering the structure of an epitope
making it more accessible for neutralising antibodies to bind. This has been documented for
both EBOV and SUDV [150]. The three main mechanisms of non-neutralising antibodies
are mentioned in Figure 2 (yellow boxes). Some monoclonal antibodies isolated from
EBOV survivors have been shown, at sub-neutralising concentrations, to cause antibody-
dependent enhancement via antibody-dependent phagocytosis, especially in macrophages
which are thought to be the preferred target cell of EBOV. This could play a potential role
in antibody-dependent enhancement of EBOV infection leading to a more severe disease
and worse clinical outcomes [151].

5.2. Regions Targeted by Neutralising Antibodies

Antibodies binding to the GP head are frequently neutralising because they block the
function of the RBD, hence inhibiting cell entry and GP binding to NPC1 which is required
for escaping the endosome.

The Viral Haemorrhagic Fever Immunotherapeutic Consortium investigated 168 EBOV
specific mAbs for their ability to neutralise live virus and pseudotyped VSV and measured
their ability to protect BALB/c mice following a challenge with mouse-adapted EBOV. The
study found that antibodies specific for the GP1 head, base, the HR2 and IFL provided sta-
tistically significant protection. All of the same domains, except the GP1 base were targeted
by more potently neutralising antibodies. Consequently, the neutralising ability of the
antibodies showed a statistically significant correlation with protection, with a Spearman’s
rank value of 0.65 (the closer rank value is to 1, the stronger the association between the
ranks), based on the percentage of infected cells using an authentic EBOV [81]. HR1, HR2
and IFL are also important neutralisation targets given that HR1 and HR2 both facilitate IFL
insertion into the host membrane [12]. Some studies clearly described that the neutralising
activity of CA45 or ADI-15878 and ADI-15742 were linked to IFL binding [58,93]. Finally,
the base of GP1 is also a target for neutralisation, when an antibody binds, it prevents the
release of the base which clamps HR1 and HR2 to instigate the conformational changes
required for viral escape from the endosome, thereby preventing these conformational
changes from taking place [12].

The GC and MLD are designed to shield GP from humoral responses and are cleaved
by cathepsin in the endosome. They play no part in the receptor binding or fusion of the
EBOV GP with the cell membrane, hence are not always targets for neutralisation [81].
This is demonstrated by the potently neutralising mAb114 and the non-neutralising 13C6
which have overlapping epitopes binding to the GP1 core and at least partially to the GC.
MAb114’s binding to the GC isn’t critical and remains bound and neutralising when the GC
is removed following cathepsin cleavage. Meanwhile, residues on GC are critical for 13C6
binding and when removed, 13C6 no longer remains bound to the EBOV GP, rendering it
non-neutralising and allowing EBOV to freely interact with NPC1 [75].

6. Strategies to Prevent Immune Escape from Neutralising Antibodies

The efficacy of antibody-based therapeutics and vaccine-induced antibody responses
may be reduced over time due to viral immune evasion. Immune evasion may impair
antibody binding and consequently neutralisation reducing protection provided by the
mAbs-based therapeutics, vaccines or a previous natural response.

A major drawback of mAbs is that they are specific to one epitope. Consequently, they
are more vulnerable to immune escape from rapidly mutating viruses, and this has been
observed with many other viruses such as influenza, HIV or SARS-CoV-2 [77,152–155]. In
an experimental setting, Steeds et al. showed that GP variants G74R, P330S and H407Y were
capable of readily escaping the WHO research neutralisation standard KZ52. Worryingly,
KZ52 has overlapping epitopes with several other promising mAb therapeutics, e.g., CA45,
4G7 and more (Table 1) [135]. A solution to this concern is the use of mAb cocktails, that
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target several distinct epitopes, hence reducing the chance of immune evasion. It is the
reason why numerous mAbs discussed previously are part of a cocktail. Furthermore,
this strategy also allows the addition of non-neutralising antibodies which may be more
effective at initiating effector functions to increase the efficacy of the drug e.g., 13C6 or
Odesivimab [77,80]. Another tactic that is employed involves targeting highly conserved
epitopes that are often critical to viral fitness.

Currently, there are only two licensed EBOV-specific mAbs, with no licensed thera-
peutics on the market for the treatment of any other filovirus. Thus, pan-ebolavirus or
pan-filovirus mAbs would significantly improve filovirus treatment options. An example
of which includes CA45 and FVM04 that when used in combination as a cocktail provide
100% protection against both EBOV and SUDV in NHP and mouse models [87,93]. Fur-
thermore, when MR191, is added to the cocktail, it also provides 100% protection against
MARV [87]. Interestingly, some pan-neutralising mAbs were isolated from a 2013–2016
West Africa EBOV epidemic survivor and showed protection in mouse and ferret mod-
els [58]. Gilchuk et al. also isolated mAbs from the 2013–2016 West African epidemic
and 2018 DRC outbreak survivors targeting epitopes at the base region of the GP which
displayed pan-neutralising and protective abilities in mice, guinea pigs and ferrets [83].
Some survivors from the 2014 Boende EVD outbreak also mounted pan-filovirus serum
neutralising responses [156].

There has also recently been a push for cross-reactive pan-filovirus vaccine candidates.
Experimental DNA- and VSV-based vaccines encoding multiple GPs of various filoviruses
have been tested in NHP models. For example, Keck et al. immunised two cynomolgus
macaques three times with a trivalent GP cocktail consisting of EBOV/SUDV/MARV. Sera
from the macaques had strong IgG measured by ELISA. While neutralising titres against
the GP of all three filoviruses, were detected, although significantly lower neutralisation
was observed with MARV. As MARV is more distantly related, it is not surprising that less
cross-reactivity is shared [157].

The development of pan-neutralising therapeutics and vaccines is likely the future of
filovirus research. These therapies may prove to be a highly beneficial resource in the poor
regions where filoviruses are endemic.

7. Conclusions

This review has summarised that antibodies, and in particular neutralising antibodies,
are an important line of defence against filovirus infection but current research falls short
of defining them as a correlate of protection. Preclinical and clinical studies were not able
to determine the level of neutralising antibodies necessary to protect an individual.

Monoclonal antibodies are the first licensed post-exposure therapeutics for EVD,
which, coupled with expanded use of vaccines, have the potential to save a large number of
lives. However, vaccine access in the field is still limited and mAb therapies are not perfect.
In addition, the emergence of EBOV variants which could reduce the efficacy of mAbs and
vaccine-induced humoral responses has to be considered. Consequently, newer and more
effective antibody-based treatments containing more broadly neutralising antibodies, as
well as the development of vaccines based on epitopes eliciting cross-reactive neutralising
antibodies, would be very beneficial.
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Abstract: The filoviruses, including ebolaviruses and marburgviruses, are among the world’s dead-
liest pathogens. As the only surface-exposed protein on mature virions, their glycoprotein GP is
the focus of current therapeutic monoclonal antibody discovery efforts. With recent technological
developments, potent antibodies have been identified from immunized animals and human survivors
of virus infections and have been characterized functionally and structurally. Structural insight into
how the most successful antibodies target GP further guides vaccine development. Here we review
the recent developments in the identification and characterization of neutralizing antibodies and
cocktail immunotherapies.
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1. Introduction

The Filoviruses belong to the family Filoviridae and are among the world’s deadliest
pathogens. Among the six genera are the Ebolaviruses, the Marburgviruses, the Cuevavirus,
the recently discovered Dianlovi rus [1], Striavirus [2], and the Thamnovirus [2]. There are
11 species in total, of which the ebolaviruses and marburgviruses are known to cause
severe disease in humans. The genus ebolavirus includes six known viruses that are each
antigenically distinct and named after the location of the disease outbreak where they were
first identified. These include Ebola virus (EBOV), Sudan virus (SUDV), Bundibugyo virus
(BDBV), Reston virus (RESTV), Taï Forest virus (TAFV), and Bombali virus (BOMV). The
Marburgvirus genus contains Marburg virus (MARV) and its variant Ravn (RAVV).

The first filovirus to be identified, MARV, was discovered in 1967 when several lab-
oratory workers in Germany developed hemorrhagic fever after handling tissues from
non-human primates (NHPs). A total of 31 people were infected, and 7 died [3]. EBOV
was first identified in 1976 when two separate outbreaks occurred in northern Zaire (now
the Democratic Republic of Congo, DRC) and southern Sudan. Each outbreak resulted in
hundreds of cases with 88% and 53% case fatality, respectively [4,5]. Ebolavirus has since ap-
peared sporadically in Africa. The largest outbreak to date, which occurred in West Africa
from 2014 to 2016, caused more than 28,600 infections and more than 11,300 deaths from
Ebola Virus Disease (EVD). In 2021, two additional outbreaks occurred in the Democratic
Republic of Congo [6] and Guinea [7]. Other filoviruses have similar outbreak potential
and lethality. The most recent significant emergence of MARV in Angola had a case fatality
rate of 90% [8]. Meanwhile, Sudan virus (SUDV) and the newly emergent Bundibugyo
virus (BDBV) have case fatality rates of ~50% and 25–50% [9], respectively.

Symptoms of EVD include fever, headache, muscle pain, weakness, fatigue, diarrhea,
vomiting, stomach pain, and hemorrhage (severe bleeding) [10,11]. The infection prodrome
of filoviruses is virtually identical to common, co-circulating diseases like typhoid fever
and malaria [10]. As such, early diagnosis, particularly for those cases early in a disease
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outbreak, is challenging. Given this potential delay in diagnosis, the therapeutic window
for potential treatments must be broad so that treatments are effective even if delivered late
in a disease course. Traditional approaches involving post-exposure vaccination and small
molecule interventions required almost immediate administration to be effective [12]. Cur-
rently, monoclonal antibody (mAb) therapy has been shown to be the most effective route
of therapy after symptoms appear, and can confer 100% protection for non-human primates
(NHPs), even if administered as late as 5 days post-challenge [13,14]. Therefore, studies of
antibodies against filoviruses are an important source for potential reliable therapeutics.

In recent years, progress has been made towards vaccine and treatment development.
The first vaccine to be approved, Ervebo, is rVSV-based and was tested in an open-label,
cluster-randomized ring vaccination trial in Guinea in 2015 [15], deployed in 2018 in the
DRC under compassionate use, before gaining approval from the United States Food and
Drug Administration (FDA) in late 2019 [16,17]. Another vaccine candidate utilizes a
two-dose heterologous vaccination regimen with a replication-deficient adenovirus type
26 vector-based vaccine expressing a Zaire Ebola virus glycoprotein (Ad26.ZEBOV) and
a modified vaccinia Ankara (MVA) vector-based vaccine, encoding glycoproteins from
the Zaire EBOV, SUDV, and MARV as well as TAFV nucleoprotein (MVA-BN-Filo). This
vaccine has been granted marketing authorization by the European Medicines Agency in
the European Union [18,19].

The mAb monotherapy mAb114 and antibody cocktail REGN-EB3 were tested in
clinical trials and proved to be effective against EBOV; both were granted FDA approval
to treat EVD, and showed superior outcomes in reducing mortality compared to ZMapp
and remdesivir [20–22]. The longer and multiple-dose regimen required for ZMapp and
remdesivir administration could contribute to the slower rate of viral clearance of patients
in those groups, and further lead to the difference in mortality between groups [20]. The
intrinsic difference between the patient conditions among the four groups may contribute
to the variation in treatment protection outcomes [20]. Notably, however, the therapeutic
antibodies for humans approved thus far are only effective against EBOV. None show
broad reactivity against other pathogenic filoviruses. Efficacious treatments against a range
of pathogenic filoviruses are urgently needed.

2. Viral Entry and Glycoprotein Structure

Filoviruses are enveloped, non-segmented, negative-sense RNA viruses that have a
characteristic filamentous shape. The genome has seven genes that encode eight proteins
(Figure 1). Six proteins are encoded by the corresponding viral genes, including VP24,
NP, VP30, VP35, VP40 (matrix protein), and the RNA-dependent RNA polymerase (L).
The ebolavirus GP gene expresses two major products: the trimeric glycoprotein, termed
GP, which is displayed on the viral surface, and a dimeric, soluble version, termed sGP
that represents the majority (80%) of the transcripts and is abundantly shed from infected
cells [23–26]. GP and sGP share 295 amino acids and have some similarities in the folding
of the monomeric unit [23–26]. The function of sGP remains unclear [23,27], but it has been
proposed to act as an immune decoy [28]. Indeed, multiple antibodies cross-react with sGP
and GP [29,30]. These antibodies may be absorbed by the much more abundant sGP and
thus unavailable to neutralize virtual-surface GP. Many cross-reactive antibodies have a
higher affinity for sGP [29,31], and its abundance indicates it may be a major antigen in
a natural infection. Interestingly, marburgviruses and dianloviruses do not produce sGP;
cuevaviruses express sGP similarly to ebolaviruses [31].
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Figure 1. Schematic of the Ebola virus genome and virion. The glycoprotein GP (red) is the only viral
protein displayed on the virion surface.

GP mediates attachment and entry into target cells. As the only surface-exposed
protein on mature virions, GP is the focus of current filovirus therapeutic mAb discovery
efforts (Figure 2) [32]. Filovirus GPs share a common core fold and trimeric organization,
but are antigenically distinct due to species-specific sequence differences of up to 70%. The
ebolavirus GP monomer comprises GP1 and GP2 subunits that are anchored together by a
single GP1-GP2 disulfide bond [33]. The larger GP1 subunit harbors the receptor-binding
site (RBS), the glycan cap domain, and the heavily glycosylated mucin-like domain (MLD).
GP2 contains the membrane fusion machinery, including the internal fusion loop (IFL), two
heptad repeats (HR1 and HR2), the membrane-proximal external region (MPER), and the
transmembrane domain (TM) [25]. The GP2 subunit, particularly the IFL and stalk regions,
has greater sequence conservation than GP1 among filoviruses. Marburgvirus GPs have a
similar arrangement (Figure 2C,D). However, in marburgvirus GP, the furin cleavage site is
shifted towards the N-terminus (residue 435 for Marburgvirus vs. 501 for ebolavirus), the
region corresponding to the MLD is split into two halves: the major portion of the MLD is
attached to the C terminus of GP1. The minor portion (residues 436–501) is attached to the
N terminus of the GP2 and is termed the wing domain [34,35].

Filoviruses enter cells via macropinocytosis [36–38]. Once in the endosome, GP
is cleaved by host endosomal cathepsins that remove both the MLD and the glycan
cap [39–41] to form cleaved GP (GPCL). In GPCL, the RBS for the cellular receptor Niemann-
Pick C1 (NPC1) is exposed at the apex of GP1 [42]. Following receptor binding, the fusion
subunit in GPCL rearranges into a six-helix bundle that mediates fusion between host and
virus membranes [43].
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Figure 2. Epitopes on the GP surface. (A) Surface representation of Ebola Virus GP struc-
ture (PDB: 5JQ3) colored by domain. Side view and top view of Ebola virus GP are illustrated.
(B). Schematic of the EBOV GP sequence. Amino acid numbering is at top, and polypeptide re-
gions that form key domains are numbered in the center of the schematic blocks. 1: portions of
the N-terminus of GP1 that form the base, 2: receptor-binding head, 3: glycan cap, 4: mucin-like
domain (MLD), 5: GP2 N-terminal peptide; 6: fusion loop, 7: Heptad repeat 1 (HR1), 8 and 9: Heptad
repeat 2 (HR2); 9: stalk; and 10: and membrane-proximal external region (MPER), respectively. Other
regions include SP: signal peptide, and TM: transmembrane domain. The organization of sGP is
illustrated below. The first 295 residues are identical to those in GP1 (labelled sGP-1). Residues
296 through 324 are unique to sGP (labelled sGP-2). The C-terminal sequence, termed delta peptide,
is released from sGP by furin cleavage. (C) The surface representation of Marburg Virus GP struc-
ture (PDB: 6BP2) colored by domain. Side view and top view of Marburg virus GP are illustrated.
(D) Schematic of the MARV GP sequence. Amino acid numbering is at top. 1–2: GP1, with 2 for
RBS; 3: glycan cap, 4: MLD, 5: wing; 6: N-terminal loop: 7: fusion loop, 8: HR1, 9: HR2; 10: MPER;
SP: signal peptide, and TM: transmembrane domain.
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3. Efforts for Antibody Discovery

Analyses of antibody responses in human survivors of virus infection can outline key
characteristics of antibodies elicited in response to infection and provide an important basis
for the development of therapeutic antibodies.

Beginning in the early 1990s, isolation of neutralizing mAbs was mostly enabled by
display library approaches, such as phage display [44,45]. Early antibodies like KZ52 and
others were discovered from human survivors of the 1995 Kikwit outbreak in DRC [46].
These antibodies facilitated and enhanced understanding of the virus and permitted the
determination of the structure of EBOV GP in its pre-fusion conformation [25]. Screening of
antibody-secreting hybridomas from immunized mice produced a panel of novel antibodies
that could be categorized into multiple different epitope groups [47]. This classification
guided the formation of several successful mAb cocktails, including MB-003, ZMAb, and
ZMapp, which had non-overlapping binding sites and high efficacy in NHP studies of
EBOV infection [13,48,49].

Technological advancements, such as single B cell isolation and next-generation se-
quencing, accelerated large-scale mAb discovery, direct functional analysis, and exploration
of the Ab maturation process. Potent antibodies were subsequently discovered in immu-
nized animals [50–52], human survivors [30,53–55], and vaccinated human volunteers
in clinical trials [56,57]. Notably, antibodies in these panels target a spectrum of epi-
topes on GP, and several neutralize broadly are active against several filovirus species.
Several therapeutic antibody cocktails, including REGN-EB3, FVM04/CA45, MBP134AF,
rEBOV-520/548, rEBOV-442/515, and 1C3/1C11, were generated and shown to be highly
effective [52,58–62].

The functional activity of antibodies isolated during discovery efforts can be evaluated
by in vitro neutralization assays to determine whether they block infection by one or more
ebolaviruses together with structural biology to reveal the molecular basis for protective
activity. Neutralization can be analyzed using authentic virus under BSL-4 containment [63]
or at lower biosafety levels using model systems. The biologically contained Ebola virus
ΔVP30 system can be performed at BSL-3 [64]. In this system, the entire open reading
frame of VP30, which is an essential transcription factor for EBOV replication, is deleted
to generate a replication-deficient particle. The VP30 needed for replication is supplied
in trans through Vero cells that stably express VP30 such that EBOVΔVP30 can undergo
multiple replication cycles only in VeroVP30 cells, but not the parental cells that lack
VP30. In this system, all viral antigens and proteins, including sGP, are stably expressed.
A second neutralization system involves recombinant vesicular stomatitis virus (VSV)
bearing EBOV GP [65] and can be performed at BSL-2. This method uses a recombinant
VSV (rVSV) in which the VSV-G gene is replaced with filovirus GP that is then displayed on
the rhabdoviral surface [65–68]. These pseudovirus constructs typically carry a fluorescence
reporter such as GFP to monitor infection, and are frequently modified so that only GP, and
not secreted sGP, is expressed.

A systematic analysis of 171 mAbs by The Viral Hemorrhagic Fever Immunotherapeu-
tics Consortium (VIC) compared the readouts of 3 different neutralization assays by epitope
and level of in vivo protection [31]. There were several differences in the performance
of the 171 mAbs across the 3 assays. For example, the authentic EBOV assay was more
forgiving: a group of glycan-cap-directed antibodies only neutralized authentic EBOV and
no model system. The ΔVP30 system was more stringent: fewer antibodies demonstrated
neutralization overall. The results that correlated best with in vivo protection, however,
were those assays that contained sGP (i.e., authentic EBOV and ΔVP30), as well as the
fraction left un-neutralized, which was measured in rVSV assay. Antibodies that failed to
completely neutralize rVSV at the highest concentration similarly failed to protect in the
mouse model.

A small fraction of antibodies had no neutralization activity in any assay, yet neverthe-
less protected in a mouse model of EBOV infection. In high-throughput systems-serology
assays, which examined the contribution of immune effector functions like phagocytosis
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and activation of natural killer (NK) cells to in vivo antibody efficacy, these antibodies
had high immune effector function activity, indicating the potential contribution of Fc-
mediated activity to protection [31,69]. By comparison of the in vivo activity of the Fc
variants of mAbs from different epitope groups, a previous study revealed the differential
requirements for FcγR to achieve protection [70]. MAbs targeting the membrane-proximal
regions (HR2 and MPER) or the MLD do not inspire Fc–FcγR interactions. However, the
mAbs that contact to chalice bowl region or the fusion loop are linked to FcγR engagement.
Moreover, by applying an Fc engineering platform, a library of Fc variants of a specific mAb
could be generated to compare how Fc effector functions correlate with mAb protection
performance. Based on the results of functional characterization of the variants and the
in vivo protection in mice, Fc variants with high complement activity, yet moderate and
balanced ADCC activity are more protective against viral infection in vivo [71]. Together,
the previous results suggested that effective antibody treatments should comprise mAbs
that achieve both neutralization and immune effector functions. The VIC study and other
work [31,51,53,54] also revealed the epitopes at which broader ebolavirus cross-reactivity
can be achieved.

Structural biology has served a vital role in increasing our understanding of the molec-
ular mechanisms underlying antibody-mediated neutralization of many viral infections.
In particular, atomic resolution structures obtained using cryogenic electron microscopy
(cryo-EM) or X-ray crystallography allow exploration of the fine details of binding between
antibodies and virus proteins like GP to reveal crucial information about molecular inter-
actions and the basis of cross-reactivity. Combining structural studies with virology and
in vitro biochemistry allows a thorough evaluation of therapeutic candidates and their
target interactions.

3.1. Structural Biology to Reveal Epitopes on GP Targeted by Antibodies

Antibodies isolated from immunized animals or patients infected with ebolavirus
have been shown to target several different regions on the surface of the GP trimer. Epitope
mapping can be achieved rapidly using competition binding assays or negative stain
electron microscopy (EM). However, to definitively understand the antibody interactions
with glycoprotein, a high-resolution structure by X-ray crystallography or cryo-EM is
required. Structural characterizations of these antibodies in complex with full-length GP
ectodomain or GP peptides provide detailed information of the neutralizing mechanism
and inform new approaches for broad immunotherapy and vaccine design. The recent
development of single-particle cryo-EM capabilities facilitated the determination of more
structures of antibody-glycoprotein complexes, including those that involve asymmetric
interactions that are difficult to assess by crystallography. As a whole, the structural
analyses illustrate how antibodies target the various epitopes on the GP surface, particularly
those epitopes in highly conserved regions, to achieve high potency and/or cross-reactivity.

3.2. mAbs Targeting the Glycan Cap

In EBOV, the glycan cap spans between residues 227 and 312, and the majority of
residues (amino acids 227–295) are present in both GP and sGP (Figure 2). Thus, antibodies
targeting the GP glycan cap typically also react with the abundant, non-structural sGP. If
these antibodies were elicited by natural infection, they may, in fact, have been elicited
against sGP, which is at least five-fold more abundant than membrane-bound GP. One
component of the therapeutic cocktail ZMapp [13,72,73], 13C6 [74], targets the glycan
cap and offers protection in in vivo models of infection despite having low neutralizing
potency [29,72].

Antibodies against the glycan cap, including 13C6, can be characterized by higher lev-
els of immune effector functions [69]. Some neutralize as well, and several have been char-
acterized functionally and structurally, such as EBOV-548 and EBOV-296 (Figure 3A) [60,75].
Approaching the glycan cap via different angles, anti-glycan cap mAbs with GP largely
involve CDRH3 or CDRH2 that mimic and displace the β18-18′ hairpin, which acts as an
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anchor for the MLD. The proposed mechanism of neutralization for these anti-glycan cap
antibodies is blockage of the cathepsin cleavage event that is required for RBS exposure and
viral entry [75]. Higher numbers of contacts between a mAb and the MLD cradle are shown
to introduce instability in the GP trimer, and thus these antibodies can synergize with those
that target the fusion loop. Other glycan-cap targeting mAbs include the Q206, Q314, and
Q411 antibodies identified in immunized macaques, which provide partial protection in a
mouse model of EBOV challenge [76]. Overall, mAbs in this group are usually potent but
rarely have broad neutralizing activity. However, a combination of both neutralizing and
effector functions and the demonstrated synergistic effect when pairing with mAbs that
target the fusion loop, make some of the more potent glycan cap mAbs good candidates for
inclusion in therapeutic cocktails [54,60,75].

Figure 3. Structural models of neutralizing antibody recognition against key epitopes on the GP sur-
face. GP epitopes are colored as in Figure 2. The variable regions of the antibodies targeting different
epitopes are shown in cartoon representation. (A) Glycan cap-targeting antibody EBOV-296 (PDB:
7KF9) (B) Head-region targeting antibody 5T0180 (PDB:6S8J) (C) IFL-targeting antibody ADI-15878
and ADI-15946 (PDB: 6EA5, 6MAM) (D) Stalk region-targeting antibody BDBV 223 (PDB: 6N7J, 5JQ3)
(E) MLD-targeting antibody 14G7 (PDB: 2Y6S. 5JQ3) (F) An example of a broad neutralizing antibody
cocktail 1C3 and 1C11, with 2 antibodies targeting the head and IFL, respectively. (PDB: 7SWD).
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3.3. mAbs Targeting the Apex/Head/Receptor Binding Region of GP

The GP1 Head epitope lies under the glycan cap and contains residues that are part of
the RBS. In the late endosome, primed GPCL exhibits a fully exposed RBS that is competent
for binding to domain C of NPC1 (NPC1-C) [42]. In contrast to ebolaviruses, the glycan
cap of marburgviruses provides a less complete shield and the RBS is more exposed
prior to cleavage, such that several antibodies including MR78 and MR191 can target the
RBS directly [77–79]. MR78 and MR191 somewhat mimic interactions made by a loop of
NPC1-C, which contains aromatic residues that can reach into a hydrophobic cavity on
GPCL [42].

The monotherapy mAb114, which was isolated from a survivor of the 1995 Kikwit
EVD outbreak, and is approved to treat EVD, targets the head epitope in the RBS via
a near-vertical angle to block receptor binding [80]. FVM04, isolated from immunized
macaques [50], binds to the inner chalice of the GP trimer near the glycan cap with a tilted
angle, so that from low-resolution negative stain EM, only one Fab bound to GP trimer can
be visualized [81]. FVM04 can bind and neutralize both EBOV and SUDV but has lower
activity toward BDBV [81]. Other head-targeting antibodies (5T0180, 1T0227, and 3T0265),
isolated from rVSV-ZEBOV vaccine recipients, also bind the RBS and block NPC1-C, while
avoiding contact with the glycan cap region [82] (Figure 3B). Although the residues within
the footprint of these 3 antibodies are mostly conserved, a key difference between EBOV
and BDBV/SUDV at residue 224 (G in EBOV, N in BDBV/SUDV) sterically prevents their
binding to BDBV/SUDV GP, thus limiting the breadth of antibody potency [82]. Overall,
previously discovered head targeting neutralizing antibodies are potently neutralizing and
protective, but limited in breadth.

A recently published apex-targeting antibody 1C3 is unique among currently charac-
terized EBOV antibodies in that it targets the center of the GP chalice and binds one Fab to
one GP trimer (Figure 3F) [62]. 1C3 potently neutralizes both EBOV and SUDV. Although
1C3 does not neutralize BDBV, it does bind to recombinant BDBV GP in ELISA, suggesting
that this antibody could potentially contribute to protection against BDBV infection through
Fc-dependent effector functions [62]. The asymmetric binding with 1:1 stoichiometry of
1C3 allows more variability within its footprint [83]. Notably, the quaternary recognition
of 1C3 is specific for GP and not shed sGP, which may provide an advantage for mAb
therapeutic candidates.

3.4. mAbs Targeting Internal Fusion Loop (IFL)

The IFL region (residues 511–554) plays a critical role in viral-host membrane fusion.
This important role translates to a high degree of sequence conservation (60–70%), which
makes the IFL an ideal epitope for cross-reactive antibodies. The IFL region can be further
divided into stem/base (IFLstem; residues 511–520 and 543–554) and the loop/paddle
(IFLloop; residues 521–542) [84]. MAbs targeting the IFL usually also contact parts of the
base epitope, which is immediately adjacent to the IFL and forms the base of the “bowl”
of the GP chalice. The central span of GP, including both the IFL and base, has been
termed the “waist” and is targeted by antibodies via a continuum of antibody epitopes [85].
Several cross-reactive antibodies identified thus far have been categorized into the IFL
targeting group, including CA45 [86,87], 6D6 [88], ADI-15946 [89], ADI-15878 [85], 2G1 [90],
EBOV-520 [60], EBOV-515 [61], and 1C3 [62]. Among these mAbs, 6D6, ADI-15878, and
1C3 have similar footprints that overlap and include the IFLloop region and part of the base
region (although the 6D6 complex structure has been resolved only at low-resolution with
negative stain EM). Meanwhile, CA45, ADI-15946, EBOV-520, and EBOV-515 have similar
footprints that include both the IFLstem and other parts of the base region (Figure 3C). 2G1,
isolated from a vaccinated donor and which cross-neutralizes pseudotyped EBOV, SUDV,
and BDBV, was determined to bind GP2 by competition assays and was further mapped to
the fusion loop by computational modeling [90].

ADI-15878 contacts the IFLloop and the portion of the base termed the N-terminal
pocket, which is occupied by the flexible N-terminal tail of GP2 in the GP apo-structure.
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The residues that line the N-terminal pocket are highly conserved, but those in the flexible
N-terminal tail are not. Therefore, the ability of the ADI-15878 CDRs to reach the conserved
pocket region underneath the N-terminal tail provides the cross-reactivity against different
ebolaviruses [85]. CA45 targets both the IFLstem and a region termed the DFF cavity [87,91],
which is occupied by a short flexible loop that includes residues 192–194 near the cathepsin
cleavage site (residues DFF) in the apo GP structure. The footprint of 1C11 partially
overlaps that of ADI-15878, but is shifted upwards [62].

ADI-15946, EBOV-520, and EBOV-515 all contact the IFLstem and a region termed the
310 pocket, the core of which encompasses residues 71–75 of GP1. The pocket extends to
surrounding residues, including 76–78 of GP1 and 510–516 of GP2 [60,89]. This region is
occupied by the β17-β18 loop (residues 287–291), which is part of the glycan cap in the
uncleaved GP apo-structure and is exposed in GPCL following removal of the glycan cap.
Similar to the crystal structure of the ADI-15946-GPCL complex, the cryo-EM structure
of EBOV-520 in complex with uncleaved GP ectodomain shows that the CDRH3 loop of
the antibody contacts the 310 pocket [60]. Although the glycan cap region is intact in the
EBOV-520 complex structure, the β17-β18 loop cannot be visualized, suggesting that this
flexible loop is displaced upon contact with the mAb [60].

ADI-15946 potently neutralizes EBOV and BDBV, but not SUDV, whereas EBOV-520
neutralizes all three viruses. Comparing the footprints of the two mAbs, EBOV-520 is shifted
slightly upward to avoid non-conserved position 506 (N506 in EBOV and R506 in SUDV),
which may allow the extra reactivity towards SUDV GP [60]. The study on ADI-15946 also
provided a good example of structure-based rational engineering. Three residues were
substituted to reduce steric and charge clashes with the non-conserved residues in SUDV
(R100A in CDRH3) or to improve binding by generating a double tyrosine binding motif
(S65Y and F67Y in the FRL3). The designed mAb variant successfully expanded the breadth
of ADI-15946 to enhance its binding and neutralization against SUDV [89].

Overall, mAbs that target the IFL region enlist a variety of approaches to contact the
most conserved region on the GP surface and showcase the largest number of broadly
neutralizing antibodies that have been discovered and characterized to date. The identifica-
tion of the flexible loops in GP that potentially compete with the mAbs from this group
suggests that removal of such regions would contribute to improved antigens and facilitate
the development of more antibodies that target these ideal epitopes.

3.5. mAbs Targeting GP Stalk and MPER Region

The stalk/MPER region lies near the C terminus of GP2 above the transmembrane
domain. As part of the fusion machinery, the stalk/MPER region has high sequence
conservation across filovirus species and is a prime target for mAbs that have broad
potency. Negative stain EM was used to map the binding footprint of several cross-
reactive antibodies that target the stalk region (BDBV 223, BDBV 317, BDBV 340, and
ADI-16061) [54,55]. A high-resolution X-ray crystal structure of the Fab from BDBV 223,
isolated from a survivor of BDBV infection, was determined in complex with a synthetic
peptide of the epitope region was determined [92] (Figure 3D). Interestingly, the alignment
of the complex structure to the GP trimer structure and tomographic reconstruction of the
GP trimer on the virus membrane [93] revealed that BDBV 223 binding interferes with the
trimeric bundle assembly and anchoring of the GP spike in the viral membrane. Thus,
interference with the six-helix bundle formation needed to drive membrane fusion could
be a key mechanism by which BDBV 223 neutralizes infection [92].

3.6. mAbs Targeting Mucin-Like Domain

The mucin-like domain (MLD) is a heavily glycosylated region located on the C-
terminus of GP1 that shields the top of the GP trimer. The MLD has the most sequence
variation among various species. Due to its highly flexible nature, the structure of MLD is
not well characterized, and thus the mAbs targeting MLD are less understood. The residues
required for binding of MLD mAbs were identified by peptide binding assays [47] or by
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alanine scanning, which evaluates how mutations at individual residues affect binding to
EBOV GP [74]. Several mAbs targeting EBOV MLD have been discovered, including the
MB-003 cocktail mAbs 6D8 and 13F6, which exhibit low or no neutralization in vitro [47],
yet protected in the mouse challenge model, and, collectively with 13C6, provide protection
in the NHP model [49]. Efforts have been made to co-crystalize mAb Fab fragments in
complex with peptides of identified epitopes. Such structures have been determined for
13F6 [94] and another mAb targeting the MLD, 14G7 [95] (Figure 3E).

In marburgviruses, the unique wing domain located at the N terminus of GP2 is
also part of the MLD. Although this domain has not been fully characterized structurally
and functionally, four mAbs targeting this region have shown 90–100% protection in the
mouse challenge model [35]. Studies on two wing-specific antibodies, MR228 and MR235,
identified from human survivors revealed more features of mAbs in this epitope group.
MR228 is non-neutralizing but protective in the mouse model, and its protective activity is
likely mediated by Fc effector functions, specifically the engagement of FcγRs [96]. MR235
does not protect in in vivo models of infections, yet cooperatively enhances binding of
RBS-targeting neutralizing antibodies by facilitating the structural rearrangement of mar-
burgvirus GP [96]. Overall, mAbs targeting the MLD are less likely to be neutralizing [31]
but may offer protection through Fc-mediated functions [74,96].

3.7. mAb Cocktail Immunotherapies

For more than a decade, studies exploring mAbs against filoviruses have demonstrated
the potential of using a single or a cocktail of mAbs as immunotherapy, leading to two
approved mAb treatments, mAb114 and the cocktail REGN-EB3 in 2020. However, the
uncertainty of the causative agents of the next viral outbreak requires a versatile toolbox.
The usage of high quantities of mAbs to treat disease caused by filovirus infection presents
challenges in production and in cost. Therefore, the development of mAb cocktails as
immunotherapies aims to achieve broader reactivity and lower dosage.

First-generation cocktail immunotherapies such as MB-003, ZMAb, and ZMapp can
protect against EBOV challenge in NHP [13,48,49]. MB-003 contains antibodies against the
MLD and the glycan cap, whereas ZMAb is composed of antibodies against the glycan
cap and the base domain. ZMapp is derived from both MB-003 and ZMAb, and combines
one mAb from MB-003 with two mAbs from ZMAb, with one mAb (13C6) against the
glycan cap and two against the base (2G4 and 4G7) [72,74]. ZMapp was the first antibody
cocktail shown to reverse severe disease in the NHP model [13]. During the 2014–2016
outbreak in West Africa, the ZMapp and ZMAb cocktails were used to treat 25 EVD patients
under compassionate use protocols in several countries [97]. However, the benefits of the
cocktail therapeutics themselves could not be determined definitively since these patients
also received other aggressive supportive measures [98]. In a randomized controlled
clinical trial, administration of ZMapp was beneficial against human EVD but did not
meet the efficacy threshold compared to patients who received the current standard of care
alone [99].

REGN-EB3 is a second-generation cocktail of three mAbs, REGN3470, REGN3471, and
REGN3479, each isolated from Velocimmune mice, which have human immunoglobulin
variable regions [52]. REGN3470 targets the glycan cap from the side, with a binding angle
parallel to the viral surface. REGN3471 targets the GP1 head region at the inner chalice,
with an angle perpendicular to the viral surface, and REGN3479 targets the fusion loop [52].
REGN-EB3 was superior to ZMapp in reducing EVD mortality in a randomized clinical
trial [20], and was approved by the FDA in 2020. An antibody against the head domain,
mAb114 [14], was similarly effective as a monotherapy [20]. A two-antibody cocktail
including rEBOV-520 that targets the fusion loop region/base area, and rEBOV-548, which
targets the glycan cap, is also effective in protecting NHP from EBOV infection [60].

With the uncertainty of viral species responsible for the next outbreak, the next gen-
eration of immunotherapy ideally will offer a cross-protective cocktail. In recent years,
several mAb cocktails have been characterized and investigated in NHPs to demonstrate
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protection against viral infection. Two broadly neutralizing mAbs, FVM04 and CA45, have
been evaluated as a cocktail in NHPs with EBOV and SUDV infections, and proved to be
protective [58]. When supplemented with MR191, an anti-MARV mAb, the triple mAb
cocktail exhibited full protection against death in MARV-infected NHPs [58]. In addition,
antibody cocktail RIID F6-H2 is comprised of two SUDV specific mAbs, 16F6 and X10H2,
targeting the base and glycan cap of GP, respectively [100,101]. This mAb cocktail protects
macaques from the SUDV challenge with two doses on day 4 and day 6, at 25 mg/kg
per mAb. The model is not fully lethal; 50% of the mock-treated exposed control animals
survived the SUDV challenge [100].

A second cocktail named MBP134AF contains two non-competing IFL targeting mAbs,
ADI-15878 (described in IFL region mAb section) and ADI-23774, which was selected after
specificity maturation of ADI-15946 to bind SUDV GP using yeast-display technology [102,103].
The mAb pair was further optimized to improve their capacity to activate NK cell functions
by adopting all afucosylated glycans (thus the AF in the cocktail name), in order to reach
higher efficacy against EBOV [31,102]. The cocktail protects NHPs against EBOV, SUDV,
and BDBV [59].

A third cocktail, which also comprises two mAbs, rEBOV-442 and rEBOV-515, was
recently reported to protect NHP from disease caused by EBOV, BDBV, and SUDV [61].
These two mAbs exhibited synergy in neutralization by occupying non-overlapping epi-
topes, with rEBOV-442 targeting the glycan cap region [75], and rEBOV-515 targeting
the conserved IFL region. Compared to the previously described ADI-15946 [89] and
EBOV-520 [60], the footprint of rEBOV-515 is more conserved and thus provides better
neutralizing breath against SUDV [61].

The fourth cocktail of two human survivor antibodies was recently described [62].
This cocktail includes antibodies isolated from survivors of EVD: 1C3 and 1C11, and also
protects NHP against lethal challenge with EBOV or SUDV [62]. The 1C3 and 1C11 pair
was chosen from a broad analysis of the VIC consortium, and has been tested in multiple
animal models (mouse, guinea pig, and NHP). 1C3 uniquely targets the head region with
one Fab anchoring into the GP chalice to bind all the three monomers of the GP trimer
simultaneously (Figure 3F). This tripartite recognition mode leads to strong binding to the
GP trimer, and no cross-reactivity to the dimeric shed sGP. The GP specificity of 1C3 is
unique for an EBOV GP head-binding antibody and results from its particular quaternary
epitope recognition. Interestingly, different parts of 1C3 target the identical GP residues
on each monomer. For example, GP residues D117 in monomer A forms hydrogen bonds
with CDRH3 of 1C3, in monomer B forms hydrogen bonds to FRL3, and contacts FRL1 in
monomer C [62]. The broadly reactive 1C11 antibody targets the fusion loop/base region
via an epitope similar to that of 6D6 [88] and ADI-15878 [85]. 1C11 binds with three copies of
the Fab per GP trimer, with each individual Fab bridging two adjacent monomers together
to link the fusion loop paddle of monomer A to the neighboring monomer B, including the
N-linked glycan at position 563 at each of the three positions around the trimer.

These third-generation candidate therapeutic cocktails can all protect NHP against
infection by multiple ebolaviruses, representing the direction of therapeutic development
in the field.

For the two approved EVD treatments, the mAb114 monotherapy required a 50 mg/kg
dose, whereas the REGN-EB3 triple cocktail required 50 mg/kg of each mAb component
for a total 150 mg/kg dose [21,22]. Here we also compare the recently reported cocktails
that are protective in NHPs. FVM04/CA45 was protective against EBOV when offered
at 40 mg/kg (20 mg/kg each) on day 4, and protective against SUDV when offered at
40 mg/kg (20 mg/kg each) on day 4, plus a second dose at 13 mg/kg (8 mg/kg FVM04,
5 mg/kg CA45) on day 6. Against MARV, MR191 was administered in addition to the
two-mAb FVM04/CA45 cocktail at 50 mg/kg, with the first dose (90 mg/kg total) on day
4 and the second dose on day 6 (70 mg/kg total). The second cocktail, MBP134AF, was
tested in NHPs against EBOV, SUDV, and BDBV, and showed protection with a single
25 mg/kg dose. However, in both studies, the mock-treated exposed control animals
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survived the SUDV challenge (one out of two in the FVM04/CA45 study, two out of
four in the MBP134AF study), which limits the significance of the protection results. In
the MBP134AF BDBV protection study, five out of six treated animals survived. The
third cocktail, rEBOV-442/515, was tested in NHPs against EBOV, SUDV, and BDBV, and
showed protection with a two-dose regimen at 30 mg/kg (10 mg/kg rEBOV-442, 20 mg/kg
rEBOV-515). The fourth cocktail, 1C3/1C11, was protective against EBOV at 25 mg/kg,
and protective against SUDV at 50 mg/kg, both with two doses on day 4 and day 7. The
synergistic effect between mAbs described in several studies also hinted at the possibility
that these dosages could be further optimized.

One limitation shared by these NHP studies is the relatively small number of animals
per group, which results in lower statistical power for examination of the significance
of the beneficial effect. Future studies will need to include additional NHPs to test the
reported regimens and dosages and to explore the efficacy of single and lower dosages of
the proposed cocktails.

4. Conclusions

After the neutralizing monoclonal antibody KZ52 was found not to protect NHPs
infected with Ebola, it was initially thought to be an indication that mAbs may not be effec-
tive against rapidly progressing EVD [104]. The discovery that the three non-neutralizing
antibodies of MB-003 could protect primates, and subsequent refinement and improvement
of antibody cocktails to include neutralizing antibodies that targeted epitopes in the GP
base allowed not only survival, but reversion of advanced disease symptoms, as demon-
strated by ZMapp in NHPs [13], set a starting point for use of mAbs as therapeutics. The
broad collaborative analysis of the VIC illuminated multiple antibody features that led to
protection and proposed that antibody therapies ideally should offer potent neutralization,
a lack of an un-neutralized viral fraction, and recruitment of Fc effector functions. Further,
the analysis by the VIC indicated that the Fc effector function recruitment, particularly
phagocytosis, could be strongest at the top of the molecule (e.g., head, glycan cap, and
MLD), and that the head epitope, in particular, was a sweet spot that permits both effector
function recruitment, as well as potent neutralization by blocking receptor binding [31].
The VIC work established standards, enabled cross-comparison, and allowed side-by-side
evaluation of all the cocktail components thus far, including the second-generation mAb
cocktails (MB-003, ZMAb, ZMapp, MBP134AF, REGN-EB3), and the proposed mAb cocktail
(mAb 1C3 and 1C11) for the combination of complementary activities with antibodies of
broad specificity.

Second-generation antibody treatments combine both neutralization and Fc functions,
either by binding a single monotherapy at the head sweet spot (i.e., mAb114 [14]), or by
combining antibodies having different epitopes and functions, as in REGN-EB3 [20]. The
third generation of antibody treatments aims to confer protection against other disease-
causing ebolaviruses, and ideally, involve a lower dosage or a simpler therapeutic regimen.
These cocktails, including MBP134AF, rEBOV-520/548, rEBOV-442/515, and 1C3/1C11,
have reduced the three-antibody cocktail to two, and each contains at least one mAb
targeting the fusion loop region, with the other mAb binding to IFL, glycan cap, or the
apex/head region [59–62]. Mapping the structures and activities of antibodies effective
against different ebolaviruses illuminates not only emergency post-exposure treatment
options, but also illustrates the types of antibodies that vaccines should elicit.

The role of sGP in the immune system during viral infection still remains largely
unclear. In the VIC systematic review, sGP cross-reactivity did not significantly affect
in vivo protection [31]. The approved monotherapy mAb114 cross-reacts with sGP, and
protects against EVD in NHP studies and in the clinical trial at a 50 mg/kg dosage. However,
the currently lowest treatment dosage to protect NHP, 25 mg/kg, was achieved by mAb
cocktails MBP134AF and 1C3/1C11, the components of which are specific to the GP trimer
and do not bind to sGP [59,62]. This result could suggest that a lower effective dosage
could be achieved using GP-specific antibodies alone. More studies are needed to better
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understand whether sGP is an immunogen or a decoy, so that we can address whether cross-
reactivity against sGP is an advantageous feature or should be avoided for mAb candidates.

With the current vaccine only available for EBOV, there remains the need for the
continued availability of antibodies as it is impractical to vaccinate all, and the frequency
and unpredictable timing and location of outbreaks suggest continued treatment develop-
ment is needed. Studies focusing on characterizing vaccine-elicited mAbs and comparison
to those elicited from viral infection would also contribute to the next stage of broadly
effective vaccine and immunotherapy development [56,57].

Lastly, platforms and expertise honed on the Ebola virus and the collaborative frame-
work of the VIC [31] were both deployed in rapid development, advancement, and com-
parison of antibody therapeutics against SARS-CoV-2 [105], and will likely be called upon
again against future emerging infections.
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