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Vector-borne and zoonotic diseases (VBZDs) remain some of the most dynamic and
complex challenges in veterinary medicine, public health, and environmental sciences.
Companion animals, particularly dogs and cats, have long been recognized as reservoirs
of pathogens of zoonotic concern. Given the rapidly changing ecological, climatic, and
socioeconomic conditions, understanding the shifting patterns of these diseases is im-
perative. This comprehensive volume brings together 11 peer-reviewed research articles
originally published in a Special Issue of Animals, now consolidated into a thematic book
offering a robust, multidisciplinary perspective on VBZDs in dogs and cats from a One
Health perspective.

As we witness an unprecedented expansion in the distribution of vector species due to
climate change, urbanization, deforestation, and globalization, the threat of emerging and
re-emerging zoonoses grows. The One Health paradigm, which emphasizes the intercon-
nectedness of human, animal, and environmental health, is the most suitable framework
for addressing these complex dynamics [1,2]. Companion animals are increasingly central
to these discussions, particularly dogs and cats, as their proximity to humans, vulnerability
to vector-borne infections, and roles in transmission cycles render them both victims and
facilitators of disease spread [3].

Leishmaniasis is a vector-borne parasitic disease of major concern in small animals
and humans. Control of this infectious agent is crucial, and the search for candidate
vaccines opens a wide area of research. This book opens with a study focusing on an
innovative multi-epitope peptide vaccine candidate delivered via PLGA nanoparticles,
which demonstrated promising immunogenic and protective effects in murine models.
This research not only illustrates the advances in veterinary immunoprophylaxis but also
offers hope for scalable, cost-effective preventive tools that could be adapted for field
use. Complementing this, clinical evaluation of meglumine antimoniate in dogs with
naturally acquired Leishmania infantum infection, despite potential adverse reactions, can
achieve significant reductions in parasitic load and symptomatology, reinforcing its role
in therapeutic protocols while underscoring the need for improved, less toxic alternatives.
These studies are critical in regions where leishmaniasis remains endemic and where
co-infection with other pathogens complicates clinical management.

Heartworm disease caused by Dirofilaria immitis is a parasitic cardiopulmonary infec-
tion with implications for both canine and feline health. This agent is widely distributed
worldwide but is considered hyperendemic in some areas, such as the Canary Islands [4].
Using radiographic thoracic indices demonstrates that specific imaging markers can predict
pulmonary hypertension, a serious sequela of advanced heartworm disease. Meanwhile,
radiographic evaluations in cats highlight subtle D. immitis-induced vascular changes that
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precede overt clinical signs, revealing opportunities for earlier diagnosis and intervention.
In hyperendemic regions, it is crucial to control D. immitis in dogs, so this volume presents
an important review on the use of long-acting moxidectin, demonstrating its efficacy and
benefits when preventative medicine is a problem for owners.

Chagas disease (American trypanosomiasis) is transmitted by vectors and caused by
the protozoan Trypanosoma cruzi, although it is commonly associated with humans. Another
study confirms that dogs are capable of developing significant cardiomyopathy, detectable
through echocardiographic parameters [5]. These findings are particularly relevant in Latin
America, where peridomestic transmission involving dogs is key in maintaining the life
cycle of T. cruzi [6]. Another critical zoonotic bacterial infection examined in this volume is
leptospirosis, whose global burden remains underestimated [7]. A study presented here
underscores the value of region-specific antigens in serological assays, which significantly
improve the sensitivity and specificity of ELISA tests. This is particularly relevant given
that Leptospira spp. are highly diverse, and local strains often differ antigenically from
reference laboratory strains.

Protozoan and nematode zoonoses have notably been reported. One article revisits the
epidemiology of Cryptosporidium spp. and Giardia duedenalis in dogs and cats, where human
assemblage strains demonstrate their potential cause of zoonotic transmission [8]. There is
compelling molecular evidence that G. intestinalis assemblage E is present in symptomatic
children in rural settings, implicating animal-to-human transmission and challenging
established epidemiological assumptions [9]. This aligns with calls for a re-evaluation of
host specificity and better integration of molecular diagnostics in surveillance systems.
Toxocara spp. are highly relevant nematodes distributed worldwide. Their main hosts
are dogs (T. cani) and cats (T. cati) [10], but they also have significant zoonotic potential
with severe clinical consequences [11]. The systematic review and meta-analysis of T. cati
presented in this book [12] describes its widespread prevalence and highlights the necessity
for actions to mitigate the clinical manifestations in cats and the risk of zoonosis.

Trematode infections, particularly Opisthorchis viverrini and Clonorchis sinensis, have
been reviewed in light of emerging evidence from Vietnam and Southeast Asia [13,14].
These parasites are known for their carcinogenic potential, particularly in relation to
cholangiocarcinoma. However, conventional copro-parasitological diagnostics often fail
to distinguish between these liver flukes and minute intestinal trematodes. The reviewed
data stress the necessity for robust diagnostic alternatives such as genetic markers and the
expansion of molecular tools in endemic settings where dogs and cats may be involved in
the epidemiology of these parasites [15].

This book serves not only as a repository of current scientific evidence but also as a
tool for veterinary practitioners, epidemiologists, policymakers, and students engaged in
the control of zoonotic and vector-borne diseases. Its relevance spans endemic and non-
endemic regions alike, given the increasingly transboundary nature of infectious disease
emergence. We are grateful to the contributing authors for their high-quality work and
to the editorial team of Animals for supporting the consolidation of this Special Issue into
a dedicated book. We hope that this compilation will inspire further crossdisciplinary
collaborations and inform more effective, evidence-based interventions in the field of
zoonoses and vector-borne diseases in companion animals.

Author Contributions: Conceptualization, A.O.-P. and M.].-C.; writing—original draft preparation,
A.O.-P; writing—review and editing, A.O.-P. and M.].-C. All authors have read and agreed to the
published version of the manuscript.
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Article
Radiological Evaluation of Vascular Structures in Cats Infected
with Immature Worms of Dirofilaria immitis

Soraya Falcon-Cordon, Yaiza Falcon-Cordon, Sara Nieves Garcia-Rodriguez, Noelia Costa-Rodriguez,
Daniel Julio Vera-Rodriguez, José Alberto Montoya-Alonso * and Elena Carreton

Internal Medicine, Veterinary Medicine and Therapeutic Research Group, Faculty of Veterinary Medicine,
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Canaria (ULPGC), 35016 Las Palmas de Gran Canaria, Spain; soraya.falcon@ulpgc.es (S.E-C.);
yaiza.falcon@ulpgc.es (Y.F.-C.); saranieves.garcia@ulpgc.es (5.N.G.-R.); noelia.costa@ulpgc.es (N.C.-R.);
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* Correspondence: alberto.montoya@ulpgc.es

Simple Summary: This study aimed to identify thoracic radiographic abnormalities in cats infected
with immature worms of Dirofilaria immitis. A total of 123 cats from a hyperendemic area were in-
cluded and divided into healthy cats (n = 50), asymptomatic cats who were seropositive to D. immitis
antibodies (n = 30), and seropositive cats with clinical signs (n = 43). Different radiographic measure-
ments were assessed including the VHS and CrPA /R4, CdPA/R9, CVC/Ao, and CVC/R4 ratios.
The results showed that significant differences were observed between healthy and infected cats for
all except the VHS, demonstrating enlarged vasculature in cats with D. immitis. Moreover, 62.8%
of the cats with clinical signs showed a marked bronchointerstitial pattern, while asymptomatic
cats mainly (33.3%) had a mild bronchointerstitial pattern. This study highlights the importance of
thoracic radiography in diagnosing and monitoring heartworm disease in cats.

Abstract: This study aimed to assess thoracic radiographic abnormalities in cats infected with im-
mature stages of Dirofilaria immitis to evaluate the utility of this diagnostic technique during early
infection. A total of 123 cats from a hyperendemic area were classified into three groups: asymp-
tomatic cats seronegative to anti-D.-immitis antibodies (Group A), seropositive asymptomatic cats
(Group B), and seropositive cats with clinical signs that were at high risk of heartworm-associated
respiratory disease (HARD) (Group C). Radiographic measurements and lung parenchymal abnor-
malities were analyzed and compared across the groups. Significant differences in several parameters,
including CrPA /R4, and CdPA /R9 ratios, were observed between healthy and seropositive cats,
suggesting early arterial damage even in the absence of adult worms. Other parameters that showed
differences between healthy and infected cats were CVC/Ao and CVC/R4 ratios, but not the VHS.
Group C exhibited a marked bronchointerstitial pattern, indicating severe parenchymal alterations
associated with clinical signs. The study demonstrated that thoracic radiography can detect early
vascular and parenchymal changes in feline D. immitis infections, providing valuable information for
diagnosing HARD. However, it also highlights the limitations of radiographic techniques, as some
seropositive cats displayed no significant abnormalities. The findings underscore the importance of
combining radiography with clinical and serological assessments for a more accurate diagnosis of
feline heartworm disease.

Keywords: feline heartworm disease; imaging diagnosis; thoracic radiography; vector-borne disease;
radiographic indexes; cardiac silhouette; vascular enlargement

1. Introduction

Dirofilaria immitis is a nematode parasite that causes heartworm disease. It has a
cosmopolitan distribution and is considered endemic in the Canary Islands [1,2]. While
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cats can become infected, they are more resilient to infections with adult D. immitis worms
compared to dogs [3]. The pathophysiology of feline heartworm is basically differentiated
into two stages; the first stage is associated with the arrival of immature heartworms in the
pulmonary vasculature, and the second stage is related to the presence and death of adult
worms [4-6].

The first stage happens approximately 3—4 months post-infection, with the arrival of
immature worms in the pulmonary arteries and arterioles and subsequent death of most of
them, mainly due to the action of the intravascular alveolar macrophages. This reaction
causes clinical signs due to an acute vascular and parenchymal inflammatory response [6,7].
These signs are mostly respiratory in nature and this symptomatic phase is referred to
as heartworm-associated respiratory disease (HARD) [8,9]. Those larvae that manage to
develop and reach adulthood cause the second stage of the disease. In general, cats have a
low parasite burden and the longevity of the worms is relatively short [10].

Given the complicated diagnosis of feline heartworm, a combination of serological
and imaging techniques is usually recommended to detect adult parasites. Feline heart-
worm disease is a dynamic disease, and all the diagnostic tests carried out should be
performed and studied altogether to determine whether the animal is indeed infected by
adult parasites or whether there is a high index of suspicion of infection [11-13].

Among the diagnostic techniques available, thoracic radiography is widely used
for evaluating the pulmonary parenchyma and vascular structures in feline cardiopul-
monary diseases [14]. In D. immitis infections, an enlargement of the main and peripheral
pulmonary arteries has been described, characterized by the loss of the conical shape, tor-
tuosity, and truncation of the caudal lobar branches. Additionally, parenchymal alterations
are commonly observed, with diffuse or focal bronchointerstitial patterns detectable on
radiographs [10,15-17]. However, these lesions are not patognomonic and are similar to
the lesions found in other diseases, such as infections by Toxocara cati or Aerostrongylus spp.,
asthma, or allergic bronchitis [10,18-20]. In most cases, these alterations are accompanied
by clinical signs such as coughing or dyspnea, among others [5,10,16]. In any case, a
radiological study, used in combination with the clinical history, has proven essential for
establishing a correct diagnosis [21,22].

Regarding studies related to HARD induced by immature D. immitis in cats, it has
been reported that histopathological lesions were mainly focused on the main pulmonary
artery and arterioles; this caused bronchointerstitial changes, such as bronchiolar lesions
and partial obstruction of some primary bronchi, hyperplasia and hypertrophy of the
muscular layer and medial hypertrophy of the small pulmonary arterioles, and interstitial
lung disease [6,9,10,23]. Moreover, the studies reported that these alterations may result
in pulmonary endarteritis, indicating that even transient infection can cause long-term
lesions in cats [10,23] that may be detectable with thoracic radiography, which is the aim of
the present study. However, other studies reported that the minor distinctions observed
between infected and healthy cats indicated that clinical use of thoracic radiology was very
limited or, in some cases, thoracic radiographs provided no evidence of infection in cats
with immature infections [10,17]. Therefore, the aim of this study was to identify thoracic
radiographic abnormalities in cats infected with immature stages of D. immitis to determine
the utility of this diagnostic technique at this stage of infection.

2. Materials and Methods
2.1. Study Animals

A total of 123 rescued and client-owned cats brought to the Veterinary Teaching
Hospital of the University of Las Palmas de Gran Canaria were included in the study. These
cats lived in a hyperendemic area for D. immitis [1,2]. They were cats that participated in a
feline heartworm screening campaign for cats over 7 months of age who never received
heartworm chemoprophylaxis. Clinical history and data were recorded for each animal,
including age, sex, and breed. All owners provided their consent for participation in
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this study. The study was conducted in accordance with current European legislation on
anima protection.

The cats were further examined for the presence or absence of clinical signs related
to feline heartworm, such as coughing, dyspnea, tachypnea, increased respiratory effort,
vomiting, systolic heart murmur, anorexia and weight loss, ascites, syncope, or neurologi-
cal signs.

In addition, each feline patient underwent a thorough medical history and physical
examination to eliminate the possibility of other conditions that could impact the results;
cats with concomitant diseases were not included in the study. Additionally, testing for
feline immunodeficiency virus (FIV) and feline leukemia virus (FeLV) was also carried out
and any cat that tested positive was excluded from the study.

Out of the 123 cats surveyed, 42.35% (52/123) were male while 57.65% (68/123) were
female. There were 170 European Shorthair cats, 2 Sphynx cats, 1 Maine Coon cat, and
1 Turkish Angora cat included in the breed categorization.

2.2. Serology

Blood samples were taken from either the cephalic or jugular vein and spun in dry
tubes to check their serological status. The serum was stored at a temperature of —20 °C
until the tests were conducted. The presence of feline D. immitis infection was determined
through serological methods to detect specific antibodies against D. immitis using an indi-
rect enzyme-linked immunosorbent assay (ELISA) (in-house ELISA, Urano Vet®, Barcelona,
Spain). In short, each well of the ELISA plate was covered with recombinant D. immitis
antigens (Di33 protein, 0.5 ug/mL). The sample diluent was mixed with the serum in
a 1:100 dilution ratio. Following an initial wash to eliminate unbound molecules, the
TMB substrate, labeled with horseradish peroxidase, was introduced, targeting feline IgG
specifically. The readings of absorbance (or optical density) were taken at 450 nm within
a 5-min time frame following the introduction of the stop solution (sulfuric acid). As per
the kit manufacturer’s guidelines, seronegativity was defined at a cut-off of < 1, while
seropositivity was defined at a cut-off of 1 or higher. Furthermore, all samples were tested
for circulating D. immitis antigens using a commercial immunochromatographic test kit
(Uranotest Dirofilaria ©, UranoVet SL, Barcelona, Spain) according to the manufacturer’s in-
structions.

2.3. Imaging Diagnosis

Echocardiograms were conducted on every cat to confirm the presence or absence of
adult worms, as well as to exclude any other concurrent diseases. The cats were positioned
on their right side with the transducer positioned in the third intercostal space to check for
worms in the pulmonary arteries and right-sided heart chambers. Cats remained conscious
and were continuously monitored with electrocardiography throughout the entire test.

Thoracic radiographs from all cats were taken using the same radiographic equipment
(Bennett HFQ-600P, Greensboro, NC, USA) during inspiration and without sedation to
minimize changes in heart size [24]. Views were obtained in both right laterolateral and
dorsoventral projections, and radiographic measurements were taken using adjustable
calipers by an unbiased operator (SFC), who has 10 years of clinical experience in cardiores-
piratory diseases in small animals and was blinded to the clinical status of the study cats
(Figure 1).

In lateral recumbent radiographs, the Vertebral Heart Score (VHS) measurement was
obtained from the sum of the short-axis and the long-axis measurements as previously
described [25]. The cardiac long axis was obtained from the cardiac apex to the base of
the heart where it meets the trachea just cranial to the carina, expressed as the number of
vertebral lengths in the lateral radiograph, measured caudally from the cranial border of
T4. The short axis of the heart was measured perpendicular to the long-axis measurement
at the point of maximum heart width, expressed as the number of vertebral lengths in the
lateral radiograph, measured caudally from the cranial border of T4 [26].
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Figure 1. Thoracic radiographs of a cat seropositive for anti-Dirofilaria-immitis antibodies and

presenting with clinical signs. The measurements taken during this study are shown as follows:
(A) Right laterolateral projection illustrating the measurements of the caudal vena cava (CVC) and
aorta (Ao) (in orange), the fourth rib (R4) (in blue), the right cranial pulmonary artery (CrPA) (in red)
and the vertebral heart score (in green). (B) Dorsoventral projection displaying the measurement of
the right caudal pulmonary artery (CdPA) (in red) in relation to the ninth rib (R9) (in blue).

In the laterolateral projection, the diameter of the right fourth rib (R4) just below the
spine and the greatest diameter of the caudal vena cava (CVC) were also measured as
described in previous studies, which included dogs with heartworm, in order to determine
the mean caudal vena cava size, expressed as a ratio of the diameter of R4 [27-29]. The
measurement of the diameter of the descending aorta (Ao) at the same intercostal space
as the CVC was carried out as well, following previous guidelines in dogs [29]. Next, the
CVC/Ao and CVC/R4 ratios were established.

Other radiological measurements were taken, including the diameter of the right
cranial pulmonary artery (CrPA) passing through R4 in the laterolateral projection and the
diameter of R4 at a point just distal to the spine. Moreover, in the dorsoventral projections,
the distal and left sides of the summation shadow created by the right caudal pulmonary
artery (CdPA) with R9 were measured. Finally, the CrPA /R4 and CdPA /R9 ratios were
calculated from these measurements [30].

In addition, quantitative evaluation of the shape and tortuosity of the lung vasculature
in both radiographic projections took place. Finally, the parenchyma of all radiographs
was examined to determine the presence or absence of radiological abnormalities and their
nature, classified as bronchial pattern, vascular pattern, interstitial pattern, alveolar pattern,
or mixed patterns in all groups.

2.4. Statistical Analyses

The data were analyzed using SPSS Base 29.0 software for Windows. A Shapiro-
Wilk test was performed to verify the normal distribution of the data. Additionally, a
Siegel-Tukey test was performed to verify the variability of variances between groups.
The chi-squared test was used to assess the association between categorical variables. A
non-parametric Mann-Whitney U test was performed to determine differences between
the groups for all recruited-cat measurements. In all cases, a p-value < 0.05 was determined
as significant. Continuous variables were expressed as the median & standard deviation,
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while qualitative variables were expressed as percentages. In all cases, a p-value < 0.05
was considered significant. In addition, Pearson’s correlation coefficient was obtained
to determine the relationship between variables. The strength of the correlations was
categorized according to standard conventions: a correlation coefficient of r < 0.30 was
considered weak, 0.31 < r < 0.50 was classified as moderate, and r > 0.50 was regarded
as strong.

3. Results

Based on the results, cats were divided into three groups: Group A (n = 50) consisted
of cats with no clinical signs that were seronegative for anti-D.-immitis antibodies, Group B
(n =30) consisted of cats seropositive to D. immitis but who were asymptomatic, and
Group C (n = 43) comprised seropositive animals with D. immitis exhibiting clinical signs
included in the differential diagnosis of HARD. Antigen tests were negative in all cats
included in the study. The list of clinical signs observed in the cats of Group C can be seen
in Table 1.

Table 1. Summary of clinical signs observed in the study cats from Group C. Legend: n = number of
cats showing the clinical sign described. Percentage (%) = percentage of cats in Group C showing the
described clinical sign.

Clinical Sign Number of Cats (n) Percentage (%)
Cough 18 41.9%
Tachypnea 14 32.6%
Respiratory distress 23 53.5%
Vomiting 4 9.3%

The average age of the cats in the study was 4.60 &= 3.36 years, with Group A having an
average age of 4.64 + 3.33 years, Group B 4.27 £ 3.66 years, and Group C 4.67 £ 3.40 years.
No significant statistical differences were found in age among the groups. The average
weight of the cats was 3.72 4= 1.11 kg (3.51 & 0.56 kg for cats from Group A, 3.86 £ 1.03 kg
for cats from Group B, and 3.89 & 1.57 kg cats from Group C). There were no significant
differences in weight between the groups. During the echocardiographic study, adult
parasites were not found in any of the cats.

No quantitative abnormalities in the shape or tortuosity of the pulmonary vasculature
were found on any of the radiographs studied. The obtained radiographic measurements
are shown in Table 2. A VHS value for Group A was determined as 6.43 & 0.92 (with an
upper limit of 7.3), with no significant differences between the groups in terms of the VHS
value. However, 37.21% (10/43) of cats from Group C showed cardiomegaly based on
established reference values [25].

For the CVC/Ao and CVC/R4 ratios, the results from Group A showed a mean value
of 1.09 £ 0.12 (upper limit 1.22) and 1.62 £ 0.15 (upper limit 1.77), respectively, being
significantly higher in the seropositive cats for both ratios (Table 2). Moreover, statistically
significant differences were present between Groups B and C (p = 0.003 for CVC/Ao and
p =0.021 for CVC/R4).

The mean value for the CrPA /R4 ratio for Group A was 0.76 £ 0.05 (upper limit 0.81).
Statistically significant differences were observed between healthy cats and the rest of the
studied groups (p < 0.001); however, no significant differences were observed between
Groups B and C for this parameter (Table 2).

For ventrodorsal projection, the obtained ratio for CdPA/R9 was 0.79 4 0.05 (upper
limit 0.84). Statistically significant differences were observed between Group A and the rest
of the studied groups (p < 0.001). Also, a statistically significant difference was presented
between Group B and Group C (p = 0.017) (Table 2).

To determine if there is a correlation between the parameters with age and weight,
the Pearson correlation model was used. Initially, the results showed a low positive or
negative correlation between radiographic measurements and age or weight, and only
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a moderate positive correlation was observed between CdPA /R9 and weight. Finally, a
moderate positive correlation was determined between the CVC and VHS (Table 3).

Table 2. Results expressed by radiographic measurements and groups. Legend: VHS (Vertebral Heart
Size); CrPA /R4 (right cranial pulmonary artery passing through the fourth rib in the laterolateral
projection ratio); CVC/Ao (ratio of the caudal vena cava and diameter of the descending aorta in the
laterolateral projection); CVC/R4 (caudal vena cava expressed as a ratio of the diameter of the fourth
rib in the laterolateral projection); CdPA /R9 (right caudal pulmonary artery to the ninth rib in the
dorsoventral projection ratio). Group A: seronegative asymptomatic cats; Group B: asymptomatic
cats seropositive to anti-Dirofilaria-immitis antibodies; Group C: cats with clinical signs that were
seropositive to D. immitis. Results are expressed as mean + standard deviation.

Measure Groups Results p-Value R Effect Interpretation
No statistically significant differences
Group A 6.43 £0.92 0.27 s 0.05472692 between seronegative and
VHS seropositive cats
Group B 598 £1.04 No statistically significant differences
Group C 6.61 £ 1.62 0.41655099 = 0.02500844 between Groups B and C
Statistically significant difference
Group A 0.76 & 0.05 3.0545 x 10721 *+ 0.74419009 between seronegative and
CrPA/R4 seropositive cats
Group B 1.12 +£0.22 No statistically significant differences
Group C 1.17 £ 0.19 0.41783262 0.02427917 between Groups B and C
Statistically significant difference
Group A 1.09 £ 0.12 5.02886 x 1077 ** 0.44459144 between seronegative and
CVC/Ao seropositive cats
Group B 1.16 £0.14 Statistically significant difference
Group C 1.35+0.25 0.00349851 ** 0.31565838 between Groups B and C
Statistically significant difference
Group A 1.62 + 0.15 1.2276 x 10721 ** 0.74896233 between seronegative and
CVC/R4 seropositive cats
Group B 2414 0.61 Statistically significant difference
Group C 2.62 + 047 0.021834542 % 0.23490465 between Groups B and C
Statistically significant difference
Group A 0.79 + 0.05 8.7566 x 10722 ** 0.75130749 between seronegative and
CdPA/R9 seropositive cats
Group B 1.23 £0.31 . Statistically significant difference
Group C 1.36 +0.34 0.017873607 0.24919937 between Groups B and C

**, Correlation is significant at 0.5% (p < 0.005); *, correlation is significant at 5% level (p < 0.05); ns, correlation is
not significant.

Table 3. Correlation coefficient for all studied parameters with weight and age values, as well as
correlation between CVC and VHS.

Correlation Coefficient Interpretation
VHS-Weight 0.26410673 ** Low positive correlation
VHS-Age 0.2625266 * Low positive correlation
CrPA/R4-Weight 0.24220781 * Low positive correlation
CrPA/R4-Age —0.02621345 s Low negative correlation
CVV/Ao-Weight 0.27288863 ** Low positive correlation
CVV/Ao-Age —0.06015906 " Low negative correlation
CVV/R4-Weight —0.0537349 Low negative correlation
CVV/R4-Age —0.1179146 ™ Low negative correlation
CdPA/R9-Weight 0.41493029 ** Moderate positive correlation
CdPA/R9-Age 0.0134005 "¢ Low positive correlation
VCC-VHS 0.4903414 ** Moderate positive correlation

**, Correlation is significant at 0.5% (p < 0.005); *, correlation is significant at 1% level (p < 0.01); ns, correlation is
not significant.
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Regarding the obtained results for pulmonary patterns, Group A cats did not show
any lung abnormalities. The results pertaining to cats in Groups B and C showed various
lung parenchymal abnormalities including bronchial, mild and marked bronchointerstitial,
and alveolar patterns (Table 4). The findings indicated that the predominant pulmonary
pattern in Group B was a mild bronchointerstitial pattern (33.3%; 10/30), while in Group C,
a marked bronchointerstitial pattern was observed in 62.8% (27/43) of cats. On the other
hand, 30% (9/30) of cats in Group B showed no radiological abnormalities at the level of
the lung parenchyma. A chi-squared test was performed to confirm the correlation between
the presence/absence of clinical signs and the presence/absence of lung parenchymal
abnormalities in cats from Groups B and C, irrespective of the type of radiological lung
abnormality and its severity. A strong correlation was found between the presence of
clinical signs and the presence of lung parenchymal abnormalities, with a statistically
significant difference (p < 0.001) (Table 4).

Table 4. Lung parenchymal abnormalities observed in the studied cats. Group B: asymptomatic
cats seropositive to anti-Dirofilaria-immitis antibodies; Group C: cats with clinical signs that were
seropositive to D. immitis. Results are expressed as percentage (%) as well as number of cats exhibiting
each lung pattern by group.

- Group B Group C Groups B+ C
Lung Parenchymal Abnormalities (1 = 30) (n = 43) (n = 73)
Bronchial pattern 20% (6/30) 4.6% (2/43) 10.9% (8/73)

Bronchointerstitial pattern (mild) 33.3% (10/33) 13.9% (6/43) 21.9% (16/73)
Bronchointerstitial pattern (marked) 16.7% (5/30) 62.8% (27/43) 43.8% (32/73)
Alveolar + interstitial pattern 0% (0/30) 18.6% (8/43) 10.9% (8/73)

Total 70% (21/30)  100% (43/43) 87.6% (64/73)

4. Discussion

The diagnosis of heartworm infection in cats is far more complex than in dogs due to
the specific characteristics of the feline host, such as a low parasite load [3,10]. In the case
of juvenile or pre-adult worm infections, diagnosis is virtually impossible and therefore very
complicated. Thus, the objective identification of compatible radiographic changes may be
useful as an indicator of a high suspicion of HARD in infected cats. In infections with adult
parasites, thoracic radiography is a valuable diagnostic and monitoring tool for the diagnosis
of feline heartworm disease [26,31]. However, it has never been objectively assessed in cats
with high suspicion of HARD. Radiographic abnormalities may be less consistent in feline
heartworm disease than in canine heartworm disease, and the absence of such abnormalities
does not exclude the diagnosis of heartworm disease in cats [3,12,32]. Therefore, this study was
undertaken to evaluate whether specific and objective radiographic features of the heart and
pulmonary vasculature could aid in the diagnosis of HARD.

The VHS values for healthy cats were similar to those previously reported by other
authors (6.7-8.1, mean 7.5) [25,33]. The results indicated no significant differences in the
VHS between the different groups, in contrast to what was reported by Litster et al. [26],
who found that the mean VHS for the heartworm-infected cats was significantly greater
than the reference value, and Venco et al. [17], who observed a tendency for the heart
silhouette to increase in size during infection and at the onset of clinical signs. These
differences may be attributed to the fact that the present study focused on cats with early
infections, whereas the cited studies [17,26] were performed in cats with adult parasites.
Nevertheless, it should be noted that 10 cats in Group C showed cardiomegaly, suggesting
a trend towards an increased cardiac silhouette in cats with clinical signs, similar to that
reported by Venco et al. [17]. However, the small variations in the analyzed parameters
compared to healthy cats indicate the minimal usefulness of these measures as clinical
diagnostic tools [17,26]. Indeed, the heart is rarely affected in feline heartworm disease [6].

10
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A moderate (almost strong) positive correlation between the VHS and the diameter
of the CVC was identified. Quite similar results (r = 0.59) were previously obtained in
cats infected with D. immitis [26]; these authors reported that this finding, along with
the increased mean VHS, may be linked to an elevation in filling pressures during the
infection. Additionally, the CVC/ Ao ratios were increased in infected cats compared to
the healthy group; however, while the CVC/Ao ratio may provide some insights into
right-sided heart conditions, pulmonary hypertension, and right ventricular hypertrophy,
these are not typically observed in cats infected with D. immitis [6,10,15]. Similar findings
were reported by Litster et al. [26], who found that the maximum width of the CVC
in heartworm-infected dogs and cats was significantly greater than that obtained in the
reference group, suggesting elevated right-sided heart filling pressures in both species.
The authors argued that increased cardiac size and elevated filling pressures correlated
and progressed together with heartworm disease. However, while the present study has
shown an increased CVC/ Ao ratio in infected cats, other potential factors influencing
this measurement should be considered, and it should not be solely attributed to right-
sided heart disease. Moreover, the echocardiographic exam carried out in the studied cats
showed no evidence of right-sided heart disease. Further research is necessary to clarify
the relationship between the CVC/ Ao ratio and right-sided heart disease specifically in
cats, given the unique aspects of feline heartworm infection.

Regarding the results obtained for the CVC/R4 ratio, similar results were observed,
with the highest mean values seen in Group C. These findings are similar to those of other
studies that examined the CVC/R4 ratio in dogs with heartworm with varying degrees of
cardiac enlargement and found that this ratio increased with the severity of right ventricular
enlargement [27,28]. The authors stated that, assuming that the degree of right ventricular
enlargement was directly related to the severity and duration of heartworm infection, the
relationship between CVC and right ventricular enlargement may reflect an increase in
central venous pressure due to impending cor pulmonale [27]. This finding would be similar
to that reported in cats, as discussed earlier [26], where it was suggested that increased
cardiac size and elevated filling pressures occurred and were proportional to each other as
the cardiac effects of heartworm disease progressed. Although the CCV /R4 ratio is not
yet widely used in feline cardiology, these canine studies, along with the aforementioned
study conducted in cats with heartworm, provide a reasonable basis for hypothesizing that
an increased CCV /R4 ratio may indicate cardiac stress in cats with HARD, just as other
authors have seen an increased VHS in cats with D. immitis showing clinical signs [17].
However, as mentioned earlier, further research is needed to determine the diagnostic
utility of this ratio in feline heartworm disease.

The CrPA /R4 ratios obtained for healthy cats were very similar to those previously
reported, which were 0.7 & 0.13 [30]. The results showed that this ratio was significantly
increased in cats with heartworm and, regardless of the presence or absence of clinical
signs, these values were elevated in a large proportion of the animals infected with D. im-
mitis. This differs from that reported by other authors, who subjectively reported that
cranial lobar vessels were not enlarged in cats with heartworm [32]. However, previous
studies found that cats infected with immature parasites had a significant increase in wall
thickness, with occlusive medial hypertrophy present in 50% of cats infected by immature
worms [34]; moreover, these authors argued that it was possible that medial hypertrophy of
the small pulmonary arteries in exposed cats represented a pathologic response to transient
heartworm infection. The first detectable pulmonary lesions of D. immitis infection include
arteritis, pneumonitis, and hypertrophy of smooth muscle cells in the tunica media of small
pulmonary arteries, which are likely attributable to pulmonary embolization of fifth-stage
larvae before the establishment of infection with adult heartworms [35,36]. Therefore,
it would be expected that certain arterial abnormalities would be found in the thoracic
radiographs of these cats.

Similarly, the results showed values for CdPA /RO ratios in healthy cats within the
reference ranges usually considered (<1) [37]. Other authors have established significantly
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higher reference values for healthy cats (1.37 &= 0.28 for CdPA/R9) [32]. The reason for
these differences beyond interobserver variability is unknown. Several authors agreed that
a CdPA/R9 ratio greater than 1.6 has previously been reported in association with feline
heartworm disease [26,32]. The results of the present study do not show such a pronounced
thickening, likely because the cats examined were in the early stages of infections with
immature parasites, while other studies involved chronic infections with adult parasites
and, therefore, more advanced arterial damage [9]. However, the presence of significant
differences between the seropositive cats and the Control Group is indicative of vascular
lesions; moreover, these ratios were higher in cats with clinical signs. As noted above, in
HARD, occlusive medial hypertrophy of the small pulmonary arterioles occurs, as well as
changes in the pulmonary arteries [6]. Death of D. immitis in the pre-cardiac stages can also
lead to smooth muscle hypertrophy of pulmonary arterioles.

In cats with HARD, changes are observed in the bronchi, bronchioles, and alve-
oli [5,6,23,34]. In this study, the lung patterns observed were more severe in feline patients
with clinical signs, as lung parenchymal abnormalities were also observed in asymptomatic
patients. Cats with clinical signs showed predominantly marked bronchointerstitial pat-
terns, while asymptomatic cats showed milder forms. This is consistent with the patho-
physiology of the feline heartworm and the pathogenesis of HARD, which is caused by
the death of immature worms upon reaching the lungs. Obviously, this leads to clinical
signs and radiological changes. Conversely, other studies have reported no correlation
between radiographic lesions, clinical signs, or antibody levels [38]; however, this was a
study based on a small number of cats (n = 10), all infected with adult worms. On the other
hand, it has been described that infected cats may present with apparently normal thoracic
radiographs [3,10], as observed in this study. The cardiopulmonary response to heartworm
infection is dynamic and radiographs may not show changes if they are produced very
early or very late in the course of the disease [11]. When present, feline heartworm should
be considered in cats whose clinical and epidemiological characteristics are consistent with
the infection.

A cat can remain seropositive for anti-D.-immitis antibodies for up to a year after
clearance of the infection [23], so the seropositivity of the study cats does not necessarily
indicate active infections, especially in asymptomatic cats, which is a limitation of this
study. Moreover, the radiographic lesions of feline heartworm infection are dynamic over
time, as demonstrated in experimental cat models where the timing of infection was known
with accuracy [6,10,38]; as these cats were naturally infected, the exact time of infection
is unknown, which may have affected the results. Nonetheless, these were infected cats
that had been exposed to larval forms of the parasite in a hyperendemic region. In a
study in which cats were experimentally inoculated with 100 L3 and subsequently treated
with macrocyclic lactones as early as 70 days after infection, they showed radiographic
and histopathological changes consistent with HARD at necropsy [5,23]. In addition, a
large study with client-owned cats showed that 28% of heartworm-infected cats were
asymptomatic [39].

5. Conclusions

The radiographic changes observed in the cats of this study indicated the presence of
vascular and parenchymal abnormalities in those likely infected by immature D. immitis
parasites. This was particularly evident in cats exhibiting clinical signs consistent with
HARD, suggesting early vascular damage caused by this parasite. Given the challenges
in diagnosing infections by immature D. immitis worms in cats, the examination of these
radiographic measurements could serve as a valuable diagnostic tool for veterinary clin-
icians when HARD is strongly suspected. The results of the present study support the
diagnostic suspicion of HARD in cats with compatible clinical signs and radiographic
findings; however, heartworm infection should not be entirely ruled out in cats showing
normal thoracic radiographs.
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Simple Summary: Pulmonary hypertension (PH) is a common and severe complication in dogs
infected with Dirofilaria immitis, often persisting even after treatment. This study aimed to evaluate the
progression of PH in dogs by assessing changes in radiographic parameters and the Right Pulmonary
Artery Distensibility (RPAD) Index before and after treatment. Parameters were measured on the
day of diagnosis (Day 0), at discharge (Day 90), and six months post-discharge (Day 270). The
results indicated that in non-hypertensive dogs, the RPAD Index significantly improved following
treatment. In contrast, hypertensive dogs exhibited a persistently low RPAD Index throughout the
study, indicating ongoing PH. Additionally, hypertensive dogs showed consistently elevated VHS,
CrPA /R4, and CdPA/R9 ratios compared to non-hypertensive dogs. These findings underscore
the persistence of PH despite treatment, suggesting that regular radiographic monitoring of VHS,
CrPA /R4, and CdPA /RO ratios is crucial for assessing and managing long-term outcomes in dogs
with heartworm disease.

Abstract: Pulmonary hypertension (PH) is a prevalent and severe complication in dogs infected with
Dirofilaria immitis. This study aimed to elucidate the progression of PH by analyzing radiographic
parameters and the Right Pulmonary Artery Distensibility (RPAD) Index at three key time points:
diagnosis (day 0), discharge (day 90), and six months post-discharge (day 270). Fifty-two heartworm-
infected dogs were divided into two groups: non-hypertensive and hypertensive. Radiographic
measurements, including Vertebral Heart Size (VHS), CrPA /R4 ratio, and CdPA /RO ratio, along
with the RPAD Index, were assessed on Days 0, 90, and 270. Results indicated that, in Group A, the
RPAD Index improved significantly from 42% on Day 0 to 43.16% on Day 90, with no significant
change by Day 270 (42%). In contrast, hypertensive dogs exhibited a persistently low RPAD Index,
averaging 17% throughout this study (p < 0.001). Radiographic parameters in hypertensive dogs
showed continuous elevation compared to non-hypertensive dogs, with significant increases in VHS,
CrPA /R4, and CdPA/R9 ratios on day 270 compared to day 0 (p < 0.05). The results confirmed
that PH persisted in dogs with D. immitis after adulticide treatment, highlighting the importance
of regular radiographic monitoring for assessing and managing long-term outcomes in dogs with
PH during and after adulticide treatment. Continuous surveillance is thus essential for the effective
post-treatment management of PH in dogs.

Keywords: vector-borne disease; Dirofilaria immitis; pulmonary hypertension; radiographic indexes;
image diagnosis; echocardiography; veterinary diagnosis; dogs
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1. Introduction

Heartworm disease is caused by the nematode Dirofilaria immitis, with adult worms
lodging in the pulmonary arteries and right ventricle and mainly affecting domestic and
wild carnivores [1]. Pulmonary arterial hypertension (PH) is a frequent and generally severe
condition in infected dogs; it is caused primarily by proliferative intimal changes driving
irreversible structural damage to the vasculature, inflammation, loss of elasticity, and
occlusion of the vascular lumen, leading to persistent PH [2,3]. In addition, embolization
of dead heartworms contributes to the development and perpetuation of PH [1,4].

Previous authors agreed that severity and chronicity of pulmonary endarteritis can be
assessed through the determination of PH [5-8]. To this aim, the use of echocardiography
can provide valuable information for diagnosing PH based on indirect measurements, since
right heart catheterization, which is the gold standard for diagnosing PH, is unacceptably
invasive in routine procedures or in compromised patients [9,10].

Thoracic radiography is a valuable tool for identifying concurrent or underlying dis-
eases in an individual patient and can also provide evidence supporting the presence of
PH [9,11]. This imaging modality has the advantage that it is widely accessible for clinicians
on a daily basis. Indeed, there are studies that have characterized the association of radio-
logical and echocardiographic findings in dogs with PH [12,13]. In dogs with heartworm,
thoracic radiographs may reveal right ventricular enlargement, main pulmonary artery
dilation, and pulmonary artery tortuosity, although these findings are not specific [3,14].
Moreover, chest radiographs are useful in helping to estimate the severity and chronicity of
heartworm disease [15]. More recently, a study in dogs with heartworm reported that eval-
uating certain thoracic radiographic measurements can serve as an objective preliminary
screening when assessing whether complementary tests should be performed to evaluate
the presence of PH [16].

Previous studies have shown that PH persisted in dogs after heartworm adulticide
treatment for a minimum of 10 months following the completion of heartworm removal.
The authors suggested that endarteritis may not be reversible after parasite elimination,
highlighting the need for continued monitoring for PH after completion of adulticide
treatment [8,17,18]. However, there is currently no research associating specific thoracic
radiographic findings with the severity of PH in D. immitis-infected dogs and their changes
following adulticide treatment. Therefore, the objective of this study was to determine if
specific radiographic findings are linked to the severity of PH in naturally infected dogs
before and after adulticide treatment.

2. Materials and Methods
2.1. Enrollment and Treatment of the Dogs

This research included 52 dogs owned by clients, which were taken to the Veterinary
Medicine Service of the Veterinary Teaching Hospital of the University of Las Palmas de
Gran Canaria (Spain). These dogs resided in an area with a high prevalence of heart-
worm [19-21] and were selected for this study based on a positive test result for circulating
D. immitis antigens (Urano test Dirofilaria®, Urano Vet SL, Barcelona, Spain). Clinical
history and information of each animal, such as age, sex, and breed, were recorded. A
thorough medical history and examination were conducted for each dog to rule out the
presence of other diseases that could impact the results. Any animal that was given med-
ication for cardiovascular conditions was not included in this research. Likewise, dogs
showing symptoms of heart disease (such as valvular heart disease, cardiomyopathy, and
congenital defects) were not included in this research. Diagnostic imaging tests (thoracic
radiography and echocardiography), as well as physical examination, clinical history, and
anamnesis, were also used to rule out other coexisting cardiorespiratory conditions.

The infected canines underwent adulticide treatment as per the treatment protocol
advised by the international Heartworm Societies, incorporating the recently published
modifications [22-24]. To summarize, upon diagnosis on day 0, the dog started doxycycline
administration (10 mg/kg BID) for 4 weeks for the treatment of the endosymbiont bacteria
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Wolbachia pipientis, along with monthly oral tablets for heartworm prevention containing
ivermectin (>6 mcg/kg) and pyrantel pamoate (>5 mg/kg). On days 30, 60, and 61, the
dog received intramuscular melarsomine doses (2.5 mg/kg). A follow-up examination
on day 90 determined discharge eligibility based on the absence of abnormalities (adult
parasites in echocardiography, radiographic irregularities, or cardiorespiratory symptoms).
After 6 months from discharge, on day 270, adulticidal efficacy was confirmed through
an antigen detection test. It was advised to restrict exercise during the treatment period,
especially from the first melarsomine dose until discharge.

2.2. Radiograph and Ultrasound Evaluations

On day 0 (diagnosis), day 90 (discharge), and 270 (6 months after discharge), thoracic
radiographs were digitally captured using an RX generator (HFQ 300 P, Bennett, NC, USA)
during peak inspiration, without sedation. The radiographic parameters (kVP and mAs)
were adjusted individually for each dog based on thoracic thickness. Both right laterolateral
and dorsoventral views were taken. Vertebral Heart Size (VHS) was determined following
the guidelines previously established by Buchanan and Biicheler [25]. While potential
dorsal spine alterations were not a basis for exclusion in VHS interpretation, none of the
dogs in this study exhibited such alterations [26]. Furthermore, the CrPA /R4 ratio was
calculated based on the measurement of the diameter of the right cranial pulmonary artery
(CrPA) passing through the fourth rib (R4) in the laterolateral view, as well as the diameter
of R4 just distal to the spine [16,27]. Finally, the CdPA/R9 ratio was determined in the
dorsoventral view by the measurement of the diameter of the right caudal pulmonary
artery (CdPA) overlapping the ninth rib (R9), in accordance with established guidelines
and previous studies [16,27]. All measurements were conducted using electronic callipers
on a DICOM workstation (DAIPACS, version 2.71) by a researcher who was unaware of
the clinical status of the dogs involved in this study.

The canines also underwent echocardiographic evaluations on days 0, 90, and 270 uti-
lizing an ultrasound device equipped with spectral and color Doppler as well as multifre-
quency probes (5.5-10 MHz) (Logic P5, General Electric, New York, NY, USA) to determine
the presence or absence of PH, in accordance with the guidelines set by the American
College of Veterinary Internal Medicine (ACVIM) [11]. The dogs were positioned in right
laterolateral recumbence with the transducer placed in the third intercostal space. They
remained conscious and were continuously monitored electrocardiographically. Each mea-
surement involved recording six consecutive cardiac cycles, and all echocardiographic
assessments were performed by the same researcher. To the aims of this study, the Right
Pulmonary Artery Distensibility Index (RPAD Index) was utilized for comparison with
thoracic radiographic measurements, with dogs being more likely to exhibit moderate
to severe PH if their RPAD Index was <29.5%, a criterion that has been described and
validated in dogs affected by heartworm disease [28-30]. The dogs were divided into
2 groups: Group A included dogs without PH, and Group B included dogs with PH. All
dogs with PH showed a RPAD Index < 29.5%, and all dogs without PH showed a RPAD
Index > 29.5%.

2.3. Statistical Analysis

The data were analyzed using the SPSS Base 29.0 software for Windows (SPSS
Inc./IBM, Chicago, IL, USA). A Shapiro-Wilk test was performed to verify the normal
distribution of the data. Additionally, the Siegel-Tukey test was performed to verify
the variability of variances between groups. Continuous variables were expressed as
mean =+ standard deviation. Qualitative variables are expressed as percentages. The non-
parametric test of Wilcoxon was used to determine the differences in the different stages
(day 0, 90, and 270). In addition, a U-Mann-Whitney test was used to determine differ-
ences between dogs with and without PH. In all cases, a p-value < 0.05 was determined
as significant. Furthermore, Cohen’s D was employed to interpret the differential mag-
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nitude between the studied statistical groups. Considering a statistical difference with
values > 0.70 for this study.

All dog owners gave their approval for their pets to take part in this research, and an
informed consent was specifically signed for this purpose. This study was carried out in
compliance with the existing animal welfare laws in Europe.

3. Results

Of the dogs studied, 57.7% (30/52) were males and 42.3% (22/52) were females,
ranging in age from 1 to 14.5 years (mean: 5.5 &= 0.4 years). Regarding breed, 75% (39/52)
were mixed-breed dogs, and 25% (13/52) were purebred. Of the latter, PH was present
in the following breeds: Labrador Retriever (n = 5), American Pit Bull Terrier (n = 1), and
Rat Terrier (n = 1). On the other hand, PH was absent in the following purebred dogs:
Garafian Shepherd (n = 2), Canarian Mastiff (n = 1), Spanish Water Dog (n = 1), Miniature
Pinscher (n = 1), and Rat Terrier (n = 1). Regarding sex, 42.3% (22/52) were females and
57.7% (30/52) were males. In addition, the mean weight of the animals included in this
study was 15.33 == 1.35 kg. On day 0, 40.4% (21/52) of the dogs had PH with a mean RPAD
Index of 17%, whereas 59.6% (31/52) were normotensive with a mean RPAD Index of 42%.

Symptoms were observed in 19.35% of dogs without PH, whereas all dogs diagnosed
with PH exhibited symptoms, with cough and dyspnea being the most common (Table 1).

Table 1. Distribution of symptoms and frequency by groups. Group A: dogs without pulmonary
hypertension. Group B: dogs with pulmonary hypertension.

Groups Symptoms Percentage
Asymptomatic 80.65% (25/31)
Group A
Cough 19.35% (6/31)
Asymptomatic 0% (0/21)
Cough 95.24% (20/21)
Group B
Dyspnea 57.14 (12/21)
Weight loss 4.76% (1/21)

The Wilcoxon-signed rank test was used to compare the differences in scores between
patients on days 0, 90, and 270. For the RPAD Index, only significant differences were
observed between days 0 and 90 (p = 0.011). For VHS, statistically significant differences
were observed between day 0 and day 90 (p = 0.001) and between day 0 and day 270
(p = 0.000). However, no statistically significant differences were observed between the
measurements at the three time points for the CrPA /R4 and CdPA /RO ratios (Table 2).

As described in the Section 2, the dogs were further divided into two groups: Group
A included dogs without PH (n = 31), and Group B included dogs with PH (1 = 21).

The results showed that RPAD Index values were significantly lower in the group
of dogs with PH at all time points (p = 2.1218 x 10~ for day 0, p = 2.1218 x 10~ for
day 90, and p = 1.4216 X 1012 for day 270). In addition, while the RPAD Index increased
significantly between days 0 and 90 in dogs from group A, the RPAD Index did not change
significantly throughout the treatment in dogs with PH (Table 3). Additionally, a dog in
group A experienced a decline in pulmonary arterial values, leading to the end of treatment
with the presence of PH and an RPAD Index of 22%.
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Table 2. Results of radiographic measures in all studied dogs in different time points. RPAD Index
(Right Pulmonary Artery Distensibility Index); VHS (Vertebral Heart Size); CrPA /R4 (right cranial
pulmonary artery passing through the fourth rib in the laterolateral projection ratio); CdPA /R9 (right
caudal pulmonary artery to the ninth rib in the dorsoventral projection ratio). (*): p < 0.05.

Measure Time Point p-Value

RPAD Index Day 0-Day 90 0.01108686 *
Day 0-Day 270 0.37772975

Day 90-Day 270 0.14238119
VHS Day 0-Day 90 0.00137051 *
Day 0-Day 270 0.00027207 *

Day 90-Day 270 0.05733536

CrPA/R4 Day 0-Day 90 0.16833147

Day 0-Day 270 0.2023426

Day 90-Day 270 0.36260403

CdPA/R9 Day 0-Day 90 0.16833147
Day 0-Day 270 0.22349953

Day 90-Day 270 0.18534784

Table 3. Results of the Wilcoxon test for all measures by time points and groups of studied dogs.
RPAD Index (Right Pulmonary Artery Distensibility Index); VHS (Vertebral Heart Size); CrPA /R4
(right cranial pulmonary artery passing through the fourth rib in the laterolateral projection ratio);
CdPA/R9 (right caudal pulmonary artery to the ninth rib in the dorsoventral projection ratio). Group
A: dogs without pulmonary hypertension. Group B: dogs with pulmonary hypertension. Results are
displayed as mean =+ standard deviation. NS: No significant differences were found between time
points. (*): p <0.05.

Time Points with

Measure Group Day 0 Day 90 Day 270 Significant Differences p Value
between Measures
Group A 42% +0.06  43.16% =+ 0.07 42% =+ 0.07 Day 0-Day 90 0.043641 *
RPAD Index
Group B 17% £ 0.11 17.96% £ 0.11  17.84% +0.11 NS >0.05
Group A 9.85 4+ 0.74 9.92 + 0.68 9.98 +0.72 Day 0-Day 270 0.01313415 *
VHS Day 0-Day 90 0.01844421 *
Group B 10.29 £ 0.74 10.43 £ 0.76 10.48 £ 0.76 Day 0-Day 270 0.01313415 *
Group A 1.08 £0.16 1.06 £0.18 1.06 £0.16 NS >0.05
CrPA/R4 Day 0-Day 90 0.01448255 *
Group B 1.54 £0.36 1.59 £ 0.41 1.60 £ 0.47 Day 0-Day 270 0.04484749 *
Group A 1.14 £0.15 1.13 £0.16 1.12 £ 0.15 NS >0.05
CdPA/R9 Day 0-Day 90 0.02499993 *
Group B 1.68 £0.38 1.77 £0.39 1.79 £0.39 Day 0-Day 270 0.01999474 *

Regarding the radiographic indices, the mean VHS for each group on days 0, 90, and
270 are shown in Table 3. These results indicated that the mean VHS was significantly
higher in Group B than in Group A at all time points (p = 0.03645206 for day 0, p = 0.0131386
for day 90, and p = 0.01618378 for day 270). In addition, a significant increase in VHS was
observed between days 0 and 270 for Group A dogs and between days 0-90 and days 0-270
for Group B dogs. These results show that VHS tended to increase over time from day 0 to
6 months after treatment, particularly in the group of hypertensive dogs. When compared
with the established reference values [25], the number of dogs in Group B exceeding the
reference range increased towards the end of this study, whereas the number of dogs in
Group A exceeding the reference value remained stable throughout this study (Table 4).
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Table 4. Results for Vertebral Heart Score (VHS) results are distributed by time points in the studied
dogs. Group A: dogs without pulmonary hypertension. Group B: dogs with pulmonary hypertension.
Results are displayed as mean =+ standard deviation.

Dogs above Reference Value

Groups VHS (>10.5) [25]
Day 0 GROUP A 9.85 + 0.74 12.90% (4/31)
GROUP B 10.29 + 0.74 28.57% (6,/21)
Day 90 GROUP A 9.92 + 0.68 12.90% (4/31)
GROUP B 10.43 + 0.76 42.86% (9/21)
Day 270 GROUP A 9.98 + 0.72 12.90% (4/31)
GROUP B 10.48 + 0.76 47.62% (10/21)

The CrPA /R4 and CdPA /R9 ratios were significantly higher in Group B dogs at all
time points (CrPA/R4: p = 2.5007 x 1078 for day 0, p = 2.5007 x 10~8 for day 90, and
p =7.5505 x 108 for day 270; CAPA/R9: p = 2.0504 x 10~ for day 0, p = 5.7586 x 10~ !
for day 90, and p = 1.4513 x 10~!! for day 270). In addition, the CrPA /R4 and CdPA /R9
ratios remained constant without significant variation throughout the treatment in dogs
from Group A; however, significant modifications were observed in dogs from Group B
during adulticide treatment, which were statistically significant between days 0 and 90 and
tended to increase during this study (Table 3).

Cohen’s D, a standardized measure of effect size, was used to interpret the magnitude
of differences between the statistical groups studied. For VHS, the calculated Cohen’s
D value was between 20.99 and 21.29, indicating a substantial difference between nor-
motensive and hypertensive dogs. This extremely large effect size suggests a clinically
meaningful distinction between the two groups in terms of VHS measurements. Simi-
larly, for the CrPA /R4 ratio, the Cohen’s D value was between 2.87 and 2.89, indicating
a significant difference between the normotensive and hypertensive groups. Although
this was slightly smaller than the effect size for VHS and the CdPA /R9 ratio, it was still
a large effect size, indicating a notable difference in the CRPA /R4 ratio between the two
groups. In the case of the CdPA /RO ratio, the Cohen’s D value was between 3.08 and 3.15,
while indicating a smaller effect size compared to VHS, still reflected a moderate difference
between the normotensive and hypertensive groups, remaining a relevant and potentially
informative parameter to discriminate between these groups, underscoring its importance
in the assessment of PH (Table 5).

Table 5. Cohen’s D for the studied parameters. RPAD Index (Right Pulmonary Artery Distensibility
Index); VHS (Vertebral Heart Size); CrPA /R4 (right cranial pulmonary artery passing through the
fourth rib in the laterolateral projection ratio); CdPA /R9 (right caudal pulmonary artery to the ninth
rib in the dorsoventral projection ratio).

Measure Cohen’s D Value Interpretation
VHS Day 0 20.9929921 Large effect
Day 90 21.1714818 Large effect
Day 270 21.2935957 Large effect
CrPA/R4 Day 0 2.86616835 Large effect
Day 90 2.88762566 Large effect
Day 270 2.84047934 Large effect
CdPA/R9 Day 0 3.07601672 Large effect
Day 90 3.15304145 Large effect
Day 270 3.11923901 Large effect

Cohen’s D: d = 0.2 small effect, d = 0.5 moderate effect; d = 0.8 large effect.
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4. Discussion

Several studies have suggested that adult D. immitis parasites begin to produce lesions
once they reach the pulmonary arteries, resulting in proliferative endarteritis that chroni-
cally leads to PH and heart failure [3]. PH is therefore a lesion associated with proliferative
endarteritis and is consequently common in this disease.

The determination of PH can be indirect, as its direct estimation by right heart catheter-
ization is neither clinically nor practically feasible [31]. Therefore, echocardiography is
considered the best method of measurement. Furthermore, previous studies have shown
that thoracic radiographs are useful in determining the presence and severity of lesions
associated with PH, both in heartworm infection and in other cardiopulmonary patholo-
gies [2,32,33], and some studies have even characterized the association between some
radiological changes and echocardiographic findings in dogs with PH [12,13]. As in the
present study, these authors reported the presence of cardiomegaly and enlarged pul-
monary arteries, among other findings. Recently, a study showed that the assessment of
VHS, CrPA /R4, and CdPA /R9 ratios may be used objectively in the preliminary evaluation
of chest radiographs of dogs with PH as a screening tool when deciding whether to perform
additional tests to assess the presence of PH [16]. The results of the present study confirmed
the findings of the previous study, as statistically significant increases in the parameters
evaluated (VHS, CrPA /R4, and CdPA/R9 ratios) were observed at all time points between
dogs with and without PH.

Furthermore, other previous studies using echocardiography and specific serum
biomarkers (i.e., endothelin-1 and acute phase proteins) have shown that PH persisted
in dogs after the end of adulticide treatment, at least 10 months after the last dose of
melarsomine, reporting that proliferative endarteritis may not be reversible and may
persist even after the elimination of adult parasites, thus being a chronic problem that may
affect the quality of life and life expectancy of the dog [8,17,18]. Therefore, its study and
early detection should be a priority. The results of this study would add to this evidence
by demonstrating the persistence of PH, in this case by means of a thoracic radiographic
study.

Regarding radiographic indices, the results show an increase in VHS in dogs with PH
throughout this study. These results are similar to those reported by other authors who
have suggested that heartworm-infected dogs often have an enlarged cardiac silhouette
on thoracic radiographs, which is a reliable parameter to discriminate severe PH from
non-pulmonary hypertensive dogs [34]. When compared to the reference values [25], 28.6%
of dogs with PH had a VHS above the reference value on day 0, rising to 47.6% by the end of
this study. Chronic persistence of PH eventually leads to right-sided heart disease, and the
observed increase in cardiac silhouette in dogs with PH, despite parasite clearance, may be
due to this persistence [5,9]. On the other hand, 12.9% of dogs without PH were observed
to have increased VHS on day 0, which remained constant throughout this study. These
dogs did not have any other associated pathology, as this was an exclusion criterion, and
the animals were examined prior to inclusion in this study. Therefore, this could be due to
the use of a generic reference value established without taking into account breed-specific
indices, and some dog breeds have variations in VHS reference values [35,36].

Similarly, a significant increase in CrPA/R4 and CdPA/R9 ratios was observed
throughout this study, indicating a slight worsening of arterial damage. This is con-
sistent with previous reports by other authors, indicating persistence of endarteritis in dogs
after parasite clearance [8,17]. In this research, even one of the dogs went from having
normal pulmonary arterial pressure to being hypertensive at the end of the treatment,
which had also been observed in a previous study [8]. Furthermore, as mentioned before, a
study observed a possible persistence of inflammation at the vascular level by serological
detection of acute phase proteins and endothelin-1 in dogs with PH, 7 months after the
end of adulticidal treatment [18]. In this context, the results of the present study are in
agreement with previous reports, showing that CrPA /R4 and CdPA /RO ratios could be
used to determine the persistence of PH after the end of adulticide treatment.
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Given the accessibility of radiological techniques to veterinary clinicians, the low
technical requirements, and the low cost, the results of this study are of great interest as an
aid in the post-treatment evaluation of dogs with heartworm. Given the high incidence
of PH in dogs with D. immitis and the persistence of endarteritis and PH in chronically
infected dogs, the objective determination of VHS, CrPA /R4, and CdPA/R9 ratios may be
useful for long-term monitoring when other imaging tools are not available or in support
of other imaging tools. This could have a beneficial impact on the animal, as it would allow
for close monitoring, leading to better quality and life expectancy.

5. Conclusions

In conclusion, knowledge of the response and possible changes in the pulmonary
vasculature after adulticide treatment by radiological assessment of VHS, CrPA /R4, and
CdPA/R9 ratios could be useful in the detection and monitoring of PH in dogs during
adulticide treatment and for close monitoring thereafter.
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Simple Summary: This study evaluates the potential adverse effects associated with meglumine
antimoniate (aNm) in the treatment of canine leishmaniasis through both a retrospective analysis and
a prospective study. The retrospective study comprised records of 87 dogs treated with aNm. Adverse
effects during treatment emerged in about one third of dogs, including local reactions at the injection
site, injection site pain-related systemic reaction, systemic disease due to renal function worsening,
acute pancreatitis, gastrointestinal self-limiting signs or severe idiosyncratic skin reactions. Half of
these animals required treatment suspension. The prospective study included 16 dogs (LeishVet
stages II and III) treated with the same aNm; of these, 2 dogs were excluded for severe reactions at
the injection site and 4 dogs reported mild and transient adverse events. In the prospective study,
treatment efficacy was also evaluated at 1-year follow-up. No animals showed clinical laboratory
relapse during the study and interestingly, PCR turned negative between DO and D60 in 78.5% of
animals. Adverse severe events associated with aNm are possible, but the high rate of parasitic
clearance supports its use as first line treatment, at least in dogs with normal renal function.

Abstract: Antimoniate therapy, in association with allopurinol, is one of the first-line treatments of
canine leishmaniasis (CanL). This study evaluates the potential adverse effects associated with aNm
in the treatment of CanL through both a retrospective analysis and a long-term prospective study
also aimed to investigate its efficacy. The retrospective study reviewed records of 87 dogs with CanL
with at least one follow-up available during or at the end of therapy with aNm (Glucantime®) at a
dose of 50 mg/kg administered subcutaneously twice a day in association with allopurinol. In total,
29.8% of dogs showed adverse effects during treatment as local reactions at the injection site (n = 6),
severe systemic reaction to pain (originating from the inoculation site) with depression and anorexia
(n =4), systemic disease due to renal function worsening (n = 4), acute pancreatitis (n = 1), diarrhea
(n = 5), vomiting (n = 3) and severe idiosyncratic skin reactions (n = 3). Of these dogs, 13 (14.9%)
required treatment suspension. The prospective study included 16 dogs, selected among the LeishVet
stages II and III CKD IRIS stage 1 (International Renal Interest Society staging of canine Chronic
Kidney Disease) and treated with the same aNm plus allopurinol protocol as in the retrospective
study and observed for 360 days; 2 dogs were excluded for severe reactions at the injection site. Mild
and transient adverse events were reported in the other 4 dogs. The criteria used to evaluate the
efficacy of treatment with aNm were as follows: a reduction in the clinical score and improvement
and/or normalization of laboratory parameters, negativization of PCR on the bone marrow samples
and disease-free interval time. The proportion of reduction in the clinical score reached 91.9% at D180.
No animals showed clinical laboratory relapse during the whole study duration and interestingly,
the PCR results showed complete negativity between D0 and D60 in 78.5% of animals. Veterinarians
must be vigilant regarding the potentially serious adverse effects associated with aNm and promptly
stop drug administration if unexpected clinical manifestations occur. On the other hand, they should
not discard its use for CanL treatment since it is confirmed that aNm in association with allopurinol
is highly effective in controlling CanL.
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Animals 2024, 14, 2244

Keywords: canine leishmaniasis; meglumine antimoniate; adverse effects; efficacy

1. Introduction

Canine leishmaniasis (CanL) is a protozoal disease caused by Leishmania infantum. The
life cycle of L. infantum involves definitive mammal hosts and vector insects, including the
sand fly [1]. CanL is endemic in the Mediterranean basin, South America, and central and
southwestern Asia [1]. L. infantum commonly causes chronic infection with subclinical or
clinical course, depending on parasite strain, host genetics and immune status [2]. Based
on this, some dogs will be able to control the infection for many years without clinical signs.
On the other hand, some infected dogs may present acute evolution and severe disease, or
a progressive disease that could be fatal if proper management and supportive therapy are
not promptly provided [2].

Several pharmacological treatment protocols have been proposed for CanL. The pur-
pose of CanL treatment is to control clinical signs and hematobiochemical alterations,
improve the dog’s cellular immunity, reduce the parasitic load, prevent relapses, and
decrease the transmission rate to the vector [3]. It is common opinion that treatment can
lead to parasitological clearance, though this is not frequent [1,4,5]. Consequently, clinical
remission may only be temporary [1,6] and clinical relapse can occur, although reinfec-
tion is always possible in endemic areas. First-choice treatments used for CanL are the
combinations of N-methylglucamine antimoniate (aNm) plus allopurinol and miltefosine
(MIL) plus allopurinol [1]. Although aNm is a much older and effective treatment for
CanL, upon introduction in the veterinary market in the last 15 years, MIL has increasingly
been used by veterinarians with some undeniable advantages, such as the once-a-day oral
administration and the mild adverse effects, which are mostly self-limiting and result in
dose-dependent gastrointestinal reactions [7]. In this study, we explored whether there
was enough evidence to suggest treatment with MIL instead of treatment with aNm in all
dogs affected by CanL. Several authors have compared the efficacy of aNm and allopurinol
treatment with MIL and allopurinol, finding similar clinical efficacy, although treatment
response is faster [8,9] and clinical relapses are less frequent [9-11] when the aNm protocol
is used. Other studies have suggested that aNm compared to MIL may be more effective
in controlling inflammation and oxidation in CanL [12-15], while few comparing data are
available on the parasitological clearance after treatment.

On the other hand, the possibility of clinical adverse events associated to aNm treat-
ment is known [1,16], but mostly based on fragmentary descriptions rather than on large-
scale studies focusing on this aspect [6,9,17]. Furthermore, based on the current litera-
ture, the impact of aNm on renal function is controversial, with some authors concerned
about potential impairment [8,17-20], and others suggesting the absence of renal involve-
ment [6,9,12,21].

The purpose of this work was to report the potential clinical adverse events associ-
ated with the administration of aNm as well as the efficacy of the treatment with aNm
plus allopurinol.

2. Materials and Methods

The aNm tolerability was evaluated with a retrospective and a prospective study,
while the efficacy was estimated with the prospective study only. Procedures to confirm
diagnosis and treatment protocol were the same both in the retrospective and prospective
study (see below).

2.1. Retrospective Study

Clinical records of patients diagnosed with CanL, treated with aNm and allopurinol
(standard protocol) and with at least one follow-up available during and /or immediately
after aNm discontinuation were reviewed.
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Dogs were included regardless of the LeishVet clinical stage. Dogs presented for
consultation due to the appearance of new clinical signs during standard treatment set by
a practitioner were also included. Exclusion criteria were as follows: (i) treatment with
different aNm protocols; (ii) treatment with further drugs for concomitant diseases; (iii)
severe concomitant diseases.

Available clinical records during the aNm 30-day treatment and/or the first post-aNm
treatment record were reviewed to identify described or reported potential adverse events.
Available collateral exams (i.e., laboratory and imaging examinations) were also reviewed
to better understand the clinical picture in dogs presenting adverse events.

2.2. Prospective Study

Dogs with a CanL diagnosis of stage II or III (IRIS 1) according to the LeishVet
classification [22] were included in the study, irrespective of breed, sex or age.

Exclusion criteria were as follows: (i) treatment with effective drugs against CanL
in the previous 3 months; (ii) treatment with long-acting corticosteroids and other im-
munomodulatory drugs within 1 month before inclusion; (iii) concurrent disorders and
potentially lethal diseases; (iv) pregnancy or lactation. Dogs were housed, fed regularly,
and received treatment by owners. Dogs were tested for other vector-borne diseases (i.e.,
Ehrlichia spp.) and only negative dogs were included. Dogs were treated with the aNm
plus allopurinol standard protocol.

Dogs whose pharmacological side effects required treatment interruption during
follow-up evaluation were excluded. All possible side effects reported by owners were
documented during the month of aNm therapy.

Dogs were observed for 360 days. Clinical scores and body weights were recorded on
individual files at day 0, 30, 60, 90, 180, and 360 (D0-D360). Clinical scores were obtained
by assessing the presence and severity of 26 clinical signs according to Miro et al. [23].
Blood samples were collected at each follow-up to record the complete blood count (CBC),
biochemical data (e.g., urea, creatinine, total plasma proteins, albumin concentration, glob-
ulin concentration and fractions, albumin/globulin ratio, protein electrophoresis, alanine-
aminotransferase (ALT), alkaline phosphatase (ALP), plasma bilirubin), and Leishmania spp.
IFAT. At DO and D60, fine needle aspiration on popliteal lymph nodes was performed to
microscopically identify Leishmania spp. amastigotes [24], and bone marrow samples were
collected to perform qPCR analysis from sternum bones. Urine samples were collected
under ultrasound-guide at DO, D30 and D60 to perform a complete urine analysis and to
evaluate the urine protein/creatinine ratio (UPC). The study was approved by the ethics
committee of the Department of Emergency and Organ Transplantation, Uniba (Prot. DETO
226/2018).

Treatment safety was assessed by the incidence of adverse events observed daily by
the owner. Evaluation of urea, creatinine, and liver enzymes as well as the UPC ratio before
and after treatment were also considered to assess treatment safety.

Clinical score reduction, improvement and /or normalization of laboratory parameters,
serological data, PCR negativization on bone marrow, and disease-free interval time were
used as criteria to assess treatment efficacy.

These parameters were evaluated during each follow-up in order to identify dogs
under relapse. Numbers and times of relapses were assessed at the end of the study:.
Relapse was defined by the reappearance of clinical signs and/or clinical-pathological
alterations indicative of leishmaniasis [3,22].

2.3. Diagnostic Procedures

In both retrospective and prospective studies, diagnosis was confirmed by cytological
positivity in lymph node aspirates stained with May-Grtiwndal-Giemsa [24] and observed
under a microscope by an experienced operator and/or by IFAT (cut off dilution 1:80)
in patients with a compatible, strong clinical suspicion. An in-house IFAT assay was
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performed using L. infantum promastigotes as the antigen, and following a previously
recommended protocol [25].

Bone marrow fine needle aspirate material was examined a posteriori by q-PCR assay
following the methodology used by the Italian National Reference Center for Leishmaniasis
(C.Re.Na.L., Palermo, Italy). In brief, DNA from bone marrow was subjected to two
consecutive PCR amplifications using the kinetoplast-specific primers R221 and R332 in
the first run, and the Leishmania-specific primers R223 and R333 in the second run [26].

2.4. Treatment

Dogs were treated with aNm (Glucantime®, Boehringer, Milan, Italy) at a dose of
50 mg/kg/twice a day (BID) subcutaneously (SC) for 30 days and allopurinol (Zyloric®,
Teofarma, Pavia, Italy) at a dosage of 10 mg/kg/BID per os (OS) for 6 months (standard
protocol) in both retrospective and prospective studies. As a matter of practice, at the time
of diagnosis, the owners were instructed to use the following injection pattern: left side of
midline in the morning; right side in the evening moving cranio-caudally from the neck to
the thorax each day to avoid proximity between injections. In the retrospective study, only
dogs under the standard aNm protocol were included to avoid variability due to dosage.

3. Results
3.1. Retrospective Study

The records of 87 dogs were reviewed. Data on signalment, presenting complaints, and
clinical signs at the time of diagnosis are reported in Tables 1 and 2. Diagnosis was achieved
through lymph node cytology and IFAT in 80/87 dogs and with just IFAT in 7 dogs. Clinical
signs and pathological conditions occurring during treatment and associated with aNm
adverse events are reported in Table 3. In brief, 26 (29.8%) animals showed clinical evidence
of adverse events of various types and severity. Treatment suspension was necessary in
13 animals (14.9%) (Table 3). In particular, six (6.9%) dogs showed a local reaction at the
inoculation site (swelling/granuloma/abscess), which required interruption of treatment
in one case; four (4.6%) dogs showed a severe systemic reaction to pain (originating from
the inoculation site) and characterized by lethargy, anorexia and reluctance to move (with
normal blood test results and with return to normality within a few days after treatment
discontinuation); five patients developed clinical signs associated with renal failure (4.6%)
and acute pancreatitis (0.87%); five (5.7%) patients manifested diarrhea and three (3.4%)
vomiting during treatment. Severe cutaneous reactions were reported in three other patients
that needed immediate aNm discontinuation and were reported as idiosyncratic reactions.
In particular, a 3-year-old male Great Dane presented with acute onset of facial and ventral
erythema, itching, and erosions (Figure 1), which appeared 3 days after treatment and
worsened (consultation was carried out after 7 days from treatment onset); a 5-year-old
female Yorkshire presented to consultation for a progressive serpiginous cutaneous lesion
on their back with a burn-like appearance (Figure 2) that manifested during treatment;
a 6-year-old medium-sized female mongrel initially presented with a deep linear skin
ulcer on one limb, which, in a few days, extended to all four limbs and led to complete
detachment of the foot despite treatment suspension (Figure 3).
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Table 1. Signalment data of the 87 dogs included in the retrospective study.

Breed
Mongrel 26 (29.9%)
Females n: 40 (46%) English setter 12 (13.8%)
Males n: 47 (54%) German Shepherd 7 (8%)
Doberman pinscher 7 (8%)
Great Dane 4 (4.6%)
Beagle 4 (4.6%)
Boxer 4 (4.6%)
Mean: 5.25 (Min: 0.75; . o
Age (years) Max: 14) Breton Spaniel 3 (3.4%)
. Mean: 22.47 (Min: 4.5 . . o
Weight (kg) Max: 50) English pointer 2 (2.3%)
Labrador retriever 2 (2.3%)
Pomeranian 2 (2.3%)
Others * 14 (16%)

* One dog for each of the following breeds: American Pit Bull Terrier, Border Collie, Cocker Spaniel, Argentine
mastiff, Golden Retriever, Greyhound, Husky, Italian hound, Italian Spinone, Little Italian Greyhound, Maremma
Sheepdog, Pinscher, Shar Pey; Weimaraner.

Table 2. Clinical signs and/or presenting complaints at diagnosis in the 87 dogs included in the
retrospective study.

Clinical Signs Dogs n % (tot 87)
Lymphadenomegaly 69 79.3
Dermatological signs 61 70
Weight loss 48 55.2
Pale mucous membranes 14 16
Ophthalmological signs 13 15
Lameness 9 10.3
Dysorexia 7 8.1
Splenomegaly 7 8.1
Lethargy 6 6.9
Epistaxis 5 5.7
Ophthalmological signs 5 57
Gastrointestinal signs 5 5.7
Joint swelling 5 5.7
Abdominal pain 4 4.6
Others * 31 35.6

* “Other” clinical signs/presenting complaint at the time of diagnosis include unilateral epistaxis (n = 3), lameness
(n = 3), polyuria/polydipsia (n = 3), respiratory sounds (n = 3), unformed soft stools (n = 2), polyuria/polydipsia
(n = 2), tonsillitis (n = 2), tremors (n = 2), gingivitis (n = 1), and sneezing (n = 2), oral cavity mouth ulcer (n = 1),
posterior train pain (n = 1), vulvar discharge (n = 1), frontal muscle atrophy (n = 1), cough (n = 1), hyperthermia
(n = 1), muscular hypotrophy (n = 1), and dysorexia (n = 1).

Table 3. Number and relative percentage of dogs that developed clinical signs and pathological
conditions during treatment associated with N-methylglucamine antimoniate (aNm) adverse events;
number and relative percentage of dogs in which treatment was discontinued.

Clinical Signs/Pathological Conditions Dogs n (tot 87) % (tot 87) Treatment Suspension (Dogs n) % (tot 87)
Local reaction at the site of inoculation 6 6.9 1
Diarrhea 5 5.7 1

Severe systemic reaction to pain originating from the

inoculation site associated with lethargy, anorexia, 4 4.6 3
and reluctance to move
Severe systemic reaction due to renal failure 4 4.6 4
Vomiting 3 3.4 0
Severe cutaneous idiosyncratic reactions 3 3.4 3
Severe systemic reaction due to acute pancreatitis 1 1.1 1
Total 26 29.8 13 14.9
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Figure 1. Meglumine antimoniate (aNm) cutaneous idiosyncratic reaction on a 3-year-old male Great
Dare. (a) Mild clinical signs at the time of diagnosis before aNm treatment started; (b) acute onset of
facial and ventral erythema and erosion, which appeared 3 days after aNm treatment started and rapidly
progressed until aNm was stopped at day 7. Pictures (b) refer to the day of consultation (i.e., day 7).

Figure 2. A 5-year-old female Yorkshire. Progressive serpiginous cutaneous lesion on the back with a
burn-like appearance that manifested during aNm treatment.

Figure 3. A 6-year-old female mongrel. Deep linear skin ulcer on all limbs that appeared after aNm
treatment started. Evolution until complete detachment of the feet despite treatment suspension.
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3.2. Prospective Study

Sixteen dogs met the inclusion criteria and were enrolled. The dogs’ data, clinical score,
laboratory parameters, and LeishVet classification at the time of inclusion are reported in
Table 4. Nine dogs were classified as stage II, and seven as stage III, IRIS 1. Two dogs
were excluded from the study before D30 due to a severe local reaction (Figure 4); thus,
they were treated with an alternative drug (i.e., MIL) (dog 5 and 12). The remaining
14 dogs presented the following adverse events during treatment: a mild and transient
subcutaneous reaction appearing in the first week of treatment and self-limiting in 2
dogs (dog 13 and 16), episodic recurrent diarrhea throughout the treatment duration (dog
6), laboratory alterations indicative of liver impairment (ALT 478 IU/L 20-75, AST 301
IU/L 18-50, bilirubin 1.25 mg/dL 0.10-0.30) in the absence of clinical signs at D30 and
self-limiting (dog 3).

Table 4. Dogs’ data, clinical score, laboratory parameters, and LeishVet classification at the time of
inclusion in the prospective study. Dog 5 and dog 12 were excluded from the study before D30 due
to severe local reaction.

Sex/Age e Glob Glob LeishVet

Dog Breed (Years)/ Cémml }tlf )T (xlig(ﬁ)/ 9 (Hfa'i. ( ];gL) (Allc:’L) Y Y AIG E?T 1Ugr/?u (CQ/?L) urc  Clinical
Weight (kg) core o nb - ler 8r L (%) (gr/dL) rer m m Stage
c1 Mongrel M/8/32 5 2 7.34 145 9 207 383 345 03 320 28 099 0.26 1l
[ Mongrel F/3/20 14 403 657 135 13 231 618 8.03 022 320 31 1.02 0.61 1l
3 Mongrel M/9/30 9 424 687 143 9 267 335 3.02 042 320 34 1.06 0.28 1
c4 ;fe’;";g F/6/18 11 383 597 132 75 2.66 272 2.04 055 320 58 1.01 11 if
cs Mongrel M/7/13 6 40.6 6.14 134 113 2.85 45.7 516 034 320 40 1.29 11 T IRIS 1
Cé Boxer F/4/26 10 282 449 92 102 191 55.4 5.65 023 320 30 0.78 355 TTIRIS 1
7 Rottweiler ~ M/6/20 13 308 465 101 84 227 39.6 333 037 320 21 083 0.4 1
c8 Setter M/5/17 6 446 6.96 152 75 2381 36.3 272 06 320 39 1.07 159 RIS 1
9 Mongrel M/8/13 5 431 645 146 81 3.02 146 118 059 320 55 095 04 1l
C10 German F/7/25 7 385 6.08 12.8 73 247 21.6 158 051 320 32 113 0.18 i
Sheperd

ci Sl}i‘;i‘;;‘e M/5/20 9 329 493 106 9.2 260 388 357 039 320 46 1.07 1.62 TTIRIS 1
c12 Labrador  M/12/30 10 248 3.80 72 10 182 535 532 022 320 41 078 0.96 TIRIS 1
c13 Mongrel M/8/22 15 339 538 11.1 9.4 248 46.2 434 036 320 30 095 0.94 1
Cl4 Mongrel F/7/18 11 325 520 10 9 175 49.1 442 024 320 32 1.18 1.49 TITIRIS 1
C15 Mongrel F/5/48 12 282 445 94 92 294 343 316 047 320 28 0.87 1.24 TITIRIS 1
C16 Mongrel F/8/12 2 27.3 428 83 82 141 423 347 021 320 24 06 11 TTIRIS 1

Figure 4. Severe local reaction (granuloma and abscess) after aNm treatment started in two dogs (C5
and C12) that led to their exclusion from the prospective study before D30.

Table 5 displays the parameters of renal function in dogs under aNm treatment, with
urea, creatinine, and UPC values at D0, D30, and D60. No animal showed alterations in
urea or creatinine parameters during or after therapy; UPC did not worsen in any of the
dogs. In all the 6 dogs with proteinuria (UPC > 1) at DO (Leish Vet stage III CKD IRIS 1), a
reduction in UPC was registered. The UPC trend is reported in Figure 5.
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Table 5. Urine protein/creatinine ratio (UPC), urea, and creatinine parameters of the 16 dogs

enrolled in the prospective study evaluated at DO, D30, and D60 to assess the renal impact of N-

methylglucamine antimoniate (aNm) treatment. Dogs 5 and 12 were excluded from the study before

D30 due to severe local reaction.

upPC UREA CREATININE
DOGS Do D30 D60 Do D30 D60 Do D30 D60
c1 0.26 0.24 0.33 28 31 32 0.99 1.04 1.08
Cc2 0.61 0.27 0.14 31 43 26 1.02 0.89 0.27
C3 0.28 0.97 0.23 34 16 28 1.06 0.69 0.98
C4 0.21 0.17 0.17 58 32 27 1.01 0.71 0.89
C5 1.1 40 1.29
Cé6 3.55 1.66 0.39 30 21 15 0.78 0.85 0.95
c7 0.4 0.61 0.28 21 19 23 0.83 0.84 0.8
C8 1.59 0.24 0.24 39 24 34 1.07 0.96 1.08
C9 0.4 0.47 0.55 55 28 30 0.95 0.77 0.73
C10 0.18 0.23 0.27 32 28 36 1.13 1.04 1.02
C11 1.62 0.51 0.2 46 38 38 1.07 0.9 0.89
C12 0.96 41 0.78
C13 0.94 0.33 0.47 30 32 25 0.95 0.99 1.13
C14 1.49 0.31 0.5 32 22 43 1.18 1.01 1.31
C15 1.24 0.89 0.95 28 23 45 0.87 0.76 0.9
C16 1.1 2.98 0.83 24 40 38 0.6 0.88 0.86
UPC
1
0.9
0.8
0.7
0.6
g 05
=]

D0

D30

Time

D60

Figure 5. Urine protein/creatinine ratio (UPC) trend assessed at DO, D30 and D60.

The clinical score decreased from 10.64 (average value) to 0.86 from DO to D180, while

the average weight of the 14 dogs included in the study increased from 20.05 to 26 kg. The
clinical score showed a 53.7% reduction from DO to D30, reaching 91.9% at D180. The trend
of clinical and laboratory parameters through the six time points is reported in Figure 6.
None of the dogs showed clinical/laboratory relapse until the end of the study. In all
dogs, IFAT titers decreased or remained stable during the study, but none of the patients
showed serological negative results. Lymph node cytology, which was positive in all dogs
at DO, turned negative in all dogs at D60. PCR results on bone marrow showed complete
parasitological clearance between DO and D60 in 11/14 animals (Table 6).
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Figure 6. Selected clinical and hematobiochemical parameters trend assessed throughout the study,
from DO to D360. (a) Hematocrit (Hct) trend; (b) hemoglobin (HGB) trend; (c) total protein (TP) trend;
(d) albumin/globulin ratio (A/G) trend; (e) albumin (Alb) trend; (f) gamma globulin (Glob v) trend;
(g) urea trend; (h) creatinine (Crea) trend; (i) clinical score trend; (j) weight trend.

Table 6. qPCR results on bone marrow at DO and D60 of the 14 dogs included in the prospective
study. In dogs 5 and 12, PCR was not performed since both patients were excluded from the study.

DOG DO D60
C1 1.1 x 103 (=)
c2 3.3 x 10° (=)
C3 1.3 x 10% (-)
C4 1.1 x 103 (=)
C6 8.7 x 104 (-)
Cc7 (=) (=)
C8 3.5 x 10% 1.7 x 10*
C9 2.8 x 10° (=)
C10 2.3 x 10° 24 x 102
C11 1.1 x 10° (-)
C13 9.2 x 10° (=)
Cl4 6.6 x 10° (-)
C15 6.7 x 10° (=)
C16 6.0 x 10° 1.7 x 10*
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4. Discussion

Potential adverse events associated with aNm treatment were registered in nearly
one-third (29.8%) of dogs in the retrospective study. This percentage may have been
overestimated, since it includes seven dogs that manifested self-limiting vomiting and
diarrhea where dietary indiscretions cannot be completely excluded due to the retrospective
nature of the study. Furthermore, the percentage of adverse events decreases to 14.9%, if
severe adverse events requiring treatment discontinuation are considered.

The most frequently reported clinical events include apathy, anorexia, vomiting,
diarrhea, and pain at the inoculation site [6,9,19,27]. Increased liver transaminases (for
transient hepatotoxicity in the absence of clinical signs), and decreased iron levels have also
been described [1,16]. It has also been hypothesized that aNm may cause cardiotoxicity
(arrhythmias, QT prolongation, and sudden death) in human patients with various forms
of leishmaniasis treated with antimonials [28,29]. However, Xenoulis et al. [30] compared
serum concentrations of troponin, a marker of heart disease, in dogs with leishmaniasis
treated either with aNm or with another drug, showing that no dogs developed signs
of cardiotoxicity.

Local reaction at the inoculation site was the most common side effect in the retrospec-
tive study, but treatment discontinuation was needed just in one dog. In the prospective
study, two dogs developed a severe local reaction resulting in their exclusion from the
study, with one requiring surgical curettage. Local reactions were described as warm and
painful edematous areas and granulomas localized at the injection sites. As mentioned,
these reactions occurred although owners were instructed on how to administer injections.
The possibility of local reactions should always be considered, and owners should be
instructed to monitor the sites of injections. Noteworthy are the severe systemic reactions
characterized by a reluctance to move, tremors and generalized pain affecting mostly small
breed dogs and resolving with treatment discontinuation.

One dog developed acute pancreatitis with severe symptoms, requiring treatment
suspension and hospitalization. Acute pancreatitis had already been described in rare
single cases [18,31]. However, in a study of 30 dogs, specific canine pancreatic lipase
concentration (cPLI) did not show a significant increase during aNm treatment, and no
signs or alterations attributable to pancreatitis were recorded [30].

Based on the available literature, there are conflicting data concerning the possibility
that aNm may induce renal damage and worsen an already compromised renal situation.
Some studies have documented a worse impact of aNm on kidneys, evaluated through
biochemical parameters and urine examination, in comparison with MIL [8,17,18,20]. Tubu-
lar damage was identified through renal biopsy in healthy animals treated with aNm
but not in those treated with MIL [19]. On the other site, some studies have reported no
impact of aNm on renal function [6,9,12,21]. Furthermore, the use of aNm in patients with
documented renal injury associated with CanL is a highly debated issue, but most of the
authors suggest that in patients with advanced renal impairment, the use of aNm may be
contraindicated [12,27] and in this circumstance, an alternative pharmacological treatment
such as MIL is often preferred. Our retrospective study again calls for caution in the use
of aNm in patients with renal damage, as three dogs presented worsening renal function
parameters associated with clinical signs of renal failure. Moreover, one dog developed
severe renal failure, despite normal renal function before treatment (LeishVet stage II).
Daza Gonzales et al. [12] already described the development of acute renal failure after
treatment in a single dog and attributed it to antimonate toxicity inducing tubular necrosis
or to glomerular disease related to immunocomplex deposition due to rapid parasite death.
The dog in our study, a 2-year-old male Dogue de Bordeaux, showed sudden lethargy,
anorexia, and weakness about 1 week after the beginning of aNm treatment. The dog’s
renal condition never reverted to normal and the dog died 1 month later. The authors are
more prone to consider aNm-associated direct tubular damage rather than damage due
to the rapid death of amastigotes with the development of an acute immune-mediated
glomerulopathy because of the absence of proteinuria. Acute pancreatitis and tubular
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renal damage are rare but possible, probably due to individual predisposition or unknown
concomitant factors.

In the prospective study, we decided to select a population of dogs with clinical
leishmaniasis associated with no or mild compromised renal function (LeishVet stage 11
and III, CKD IRIS 1). This decision was made due to ethical reasons and based on the
retrospective study results, showing that the impact of aNm on subjects with compromised
renal function can lead to clinical worsening. In this selected population, none of the dogs
presented worsening of renal function during or after treatment. Only one dog (14) showed
temporary hyperazotemia at D180, but timing excludes the hypothesis of an association
with aNm.

Regarding the interpretation of UPC, proteinuria was considered of renal-glomerular
origin in the absence of urinary active sediment. In most dogs with CKD IRIS 1 (UPC > 1),
treatment with aNm was associated with a reduction in proteinuria as previously reported
by other authors [12,21,32]. In two dogs, a temporary increase in UPC at D30 was ob-
served (dog 3 and 16). Transient increments in proteinuria had already been reported and
attributed to the release of antigens after the parasite’s death [33].

From our prospective study data, we can deduce that in dogs with normal renal
function or with CKD IRIS 1, treatment with aNm had no negative impact on renal function
itself. On the other hand, data from our retrospective study suggest caution in the use
of aNm, particularly in subjects with advanced renal injury and/or compromised renal
function and again document that acute renal damage can be a possible but rare event in
single dogs with normal renal function.

Noteworthy are the severe idiosyncratic cutaneous reactions not previously reported
to the author’s knowledge. It is interesting that in the three dogs presented for consultation
due to the rapid onset of cutaneous signs under treatment, therapy was not immediately
discontinued because neither the owners nor the referral vet quickly associated them with
aNm adverse events. Treatment discontinuation allowed complete recovery in two dogs.
On the contrary, in the third dog, despite treatment suspension, the process progressed. In
this extremely severe case, it is possible to hypothesize that immune-mediated vasculitis
probably due to the rapid death of parasites could have contributed to the dramatic evolu-
tion. Cutaneous vasculitis has already been described as a post-treatment complication in
CanL [9].

Due to the severity of some reported conditions, it is critical that clinicians and owners
are aware of the possibility of immediately discontinuing treatment if unexpected signs
appear during therapy.

Concerning aNm clinical efficacy, the results of our prospective study confirm what
has already been reported by numerous authors, including the following: clinical score
improvement already evident at the end of treatment, normalization of hematobiochemical
alterations, and absence of clinical relapses until the end of the study.

It was not surprising that IFAT titers after treatment slowly reduced in most of the dogs
without seroconversion in any dog. The relevance of monitoring IFAT titers for disease
follow-up and post-treatment monitoring has long been controversial [22], but common
opinion is now that it is of limited value. In fact, IFAT does not show any significant
correlation with the clinical status of the animals and in some subjects, the antibody titers
may remain elevated for years after treatment, particularly in endemic areas [9,34].

The most interesting finding of our study is the high number of dogs (78.6%) that tested
negative with qPCR at D60, suggesting that the parasitological clearance after treatment
could be more frequent than previously suggested; in fact, it is reported in the literature as
a possible but rare event under leishmanicidal treatment [1]. Efficacy of the aNm tested
protocol in terms of parasitic clearance was very high in our study. In a recent study by our
own research group that aimed to compare two dosing regimens of MIL [7], and working
with a similar study design and dog population, bone marrow qPCR was negative in 50%
and 14.3% of the dogs treated with a modified or standard dose of MIL, respectively [7].
The high percentage of parasitic clearance after treatment leads the authors to suggest that
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the potential side effects do not justify discarding the aNm protocol, which remains an
excellent option at least in the absence of renal damage.

A limitation of the retrospective study is that the adverse effects were extrapolated
based solely on the presence of clinical manifestations. Any possible subclinical labo-
ratory alterations presented during treatment were not investigated. Only in dogs for
whom clinical adverse events were registered, collateral tests were evaluated for a better
understanding of the condition (i.e., renal failure, pancreatitis).

A limitation of the prospective study is the limited number of dogs and the lack of a
specific control group. To address the latter limitation, the authors referred to a previous
work of the same research group to compare efficacy in terms of parasitic clearance.

5. Conclusions

In conclusion, treatment with aNm in dogs with CanL can be associated with mild
to severe adverse events including local, systemic and idiosyncratic reactions, and can
have a potential impact on renal function, especially if already compromised. Veterinarians
must be vigilant regarding the potentially serious adverse effects associated with aNm
and immediately stop drug administration if unexpected clinical manifestations occur.
Nevertheless, it is the authors’ opinion that the aNm protocol should still be proposed as
the first-choice treatment for CanL, at least in dogs with preserved renal function and in
CKD IRIS 1. Monitoring during treatment and owner compliance are essential to its safe
use; what does not kill you makes you stronger!
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Simple Summary: Pulmonary hypertension (PH) is a high-risk condition in dogs with heartworm
disease (Dirofilaria immitis). Echocardiography is the diagnostic technique of choice to detect PH;
however, it is not accessible to all routine clinicians. Therefore, given the importance of this condition
during an infection with D. immitis, the aim of this study was to evaluate the association of the radio-
logical findings in dogs with heartworm disease and the presence or absence of echocardiographically
characterised PH. The results obtained suggest that the evaluation of certain radiographic measures
may be useful in the preliminary evaluation of the thoracic radiographs of a dog as a preliminary
screening when assessing whether to perform complementary tests to evaluate the presence of PH in
dogs with heartworm disease.

Abstract: Pulmonary hypertension (PH) is a consequence of pulmonary endarteritis during infection
with Dirofilaria immitis in dogs. Echocardiography is the technique of choice but is not always
accessible to all clinicians. This study aimed to evaluate the association of the radiological findings in
dogs with heartworm disease and the presence or absence of echocardiographically characterised
PH. The study included 62 heartworm-infected dogs that underwent thoracic radiographs and
echocardiography. The studied dogs showed moderate to severe PH when the Right Pulmonary
Artery Distensibility (RPAD) Index was <29.5%. The RPAD Index was used for comparison with
thoracic radiographs. The Vertebral Heart Size (VHS), right cranial pulmonary artery passing through
the fourth rib in the laterolateral projection (CrPA /R4) ratio, and right caudal pulmonary artery to
the ninth rib in the dorsoventral projection (CdPA /R9) ratio showed significant differences between
dogs with/without PH (p < 0.001). Sensitivity (sen) and specificity (sp) cut-off values were obtained:
VHS > 9.53 (sen 93.75%, sp 63.33%); CrPA /R4 > 1.08 (sen 87.5%, sp 70%); and CdPA/R9 > 1.10 (sen
96.88%, sp 76.66%). The CrPA /R4 and CdPA /R ratios showed potential as a preliminary screening
tool for PH in heartworm-infected dogs, suggesting that they may reliably indicate the presence of
PH and guide the decision for further diagnostic testing.

Keywords: vector-borne disease; Dirofilaria immitis; pulmonary hypertension; radiographic indexes;
image diagnosis; echocardiography; veterinary diagnosis

1. Introduction

Pulmonary hypertension (PH) is one of the most common findings in dogs infected
by Dirofilaria immitis (heartworm disease) as a consequence of the chronic development
of proliferative endarteritis within the pulmonary vasculature [1]. The diagnosis of PH is
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mainly based on transthoracic Doppler echocardiography, which provides a non-invasive
and reliable method for estimating pulmonary arterial pressure since right heart catheteri-
sation, the gold standard for diagnosing PH, is unavailable and unacceptably invasive in
compromised patients [2]. However, this method has limitations as the diagnosis is often
based on indirect and subjective parameters. In addition, some of these echocardiographic
measurements, such as tricuspid valve regurgitation, can be difficult to achieve. On the
other hand, other estimators, such as the Right Pulmonary Artery Distensibility Index
(RPAD Index), have been shown to be of great help in estimating the presence of PH [3],
especially in dogs with heartworm disease [4], which can be useful in cases in which
tricuspid regurgitation or pulmonary regurgitation cannot be measured.

The radiographic changes that occur in canine heartworm disease also provide impor-
tant information. In infected dogs, the main findings are dilatation of the main pulmonary
artery and tortuosity of the pulmonary arteries; right ventricular enlargement may also
be observed in chronic infestations [5,6]. Furthermore, these signs are associated with the
presence of PH in dogs with heartworm disease [7,8]. Thoracic radiography can provide
supportive evidence for PH and information on concomitant or causative diseases in an
individual dog [2,9], and, unlike echocardiography, this imaging technique is mostly avail-
able to the everyday clinician and does not require such specific training or dedicated
equipment. Therefore, it would be interesting to perform studies aimed at evaluating its
usefulness in detecting the presence of PH in this disease.

In fact, there are studies that have characterised the association of radiological and
echocardiographic findings in dogs with PH [10,11], but there are not as many studies
performed in dogs with heartworm disease. Given that PH is a common and serious
condition in this pathology and given the unique and characteristic changes that pulmonary
endarteritis produces in this pathology, this research aims to evaluate the association of
the radiological findings in dogs with heartworm disease and the presence or absence of
echocardiographically characterised PH.

2. Materials and Methods

The study included 62 dogs owned by clients who were brought to the Veterinary
Service of the University of Las Palmas of Gran Canaria. The dogs lived in a hyperendemic
area for D. immitis [12-14]. Inclusion in the study was based on a positive result for
circulating D. immitis antigens (Urano test Dirofilaria®, Urano Vet SL, Barcelona, Spain).
Dogs were also examined for the presence or absence of microfilariae using a modified
Knott test. Clinical history and data including age, sex, and breed were recorded for
each animal. A complete history and examination were performed on each dog to rule
out the presence of other pathologies that might influence the results, and animals with
concomitant diseases were excluded from the study.

On the day of diagnosis and the start of treatment (day 0), digital thoracic radiographs
were taken using a radiographic unit (RX generator; model: HFQ 300 P, Bennett, NC, USA)
at the time of peak inspiration without sedation. The examination protocols (kVP and
mAs) were adapted specifically for each dog according to the thoracic thickness of the dog.
Views were obtained in its right laterolateral and dorsoventral projections. Vertebral Heart
Size (VHS) was measured according to the guidelines of Buchanan and Biicheler 1995 [15].
Although no consideration was given to excluding dogs that might have some type of
alteration in the dorsal spine when interpreting VHS, none of the dogs in the present study
had such alterations [16].

In addition, the diameter of the right cranial pulmonary artery (CrPA) passing through
the fourth rib (R4) in the laterolateral projection and the diameter of R4 at a point just distal
to the spine, as well as the distal and left sides of the summation shadow created by the
right caudal pulmonary artery (CdPA) with the ninth rib (R9) in the dorsoventral projection,
were also measured according to previous guidelines [17]. CrPA /R4 and CdPA /R9 ratios
were calculated from these measurements (Figure 1). Measurements were performed using
electronic callipers on a DICOM workstation (DAIPACS. 2.71 version). All measurements
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were performed by the same technician, blinded to the clinical status of the dogs included
in this study.

(A)

Figure 1. Right laterolateral (A) and dorsoventral (B) thoracic radiographs illustrating the measure-
ment methods for this study. (A) The diameter of the right cranial lobar artery (CrPA) at the level of
the fourth rib (R4) and the fourth rib just distal to the spine were measured, and (B) the diameter of
the caudal lobar artery (CdPA) passing through the ninth rib (R9).

Dogs underwent echocardiographic examination using an ultrasound machine with
spectral and colour Doppler and multifrequency probes (5.5-10 MHz) (Logic P5, General
Electric, New York, NY, USA). Dogs were placed in the right laterolateral position with the
transducer in the third intercostal space. Dogs were conscious and monitored electrocar-
diographically throughout the study. Six continuous cardiac cycles were recorded for each
measurement. All echocardiography exams were performed by the same technician. The
presence or absence of PH was determined according to the American College of Veterinary
Internal Medicine (ACVIM) guidelines [9]. Of all the echocardiographic indices studied,
the determination of the Right Pulmonary Artery Distensibility Index (RPAD Index) was
used in this study for comparison with thoracic radiographs as all dogs showed higher
likelihood of moderate to severe PH when the RPAD Index was <29.5%, as previously
described and validated in dogs with heartworm disease [3,4,18].

In addition, other echocardiographic findings were used to estimate worm burden [19],
and a score of 1 to 4 was assigned from low to high worm burden as follows: (1) no worms
visualised, (2) few worm echoes in the distal part of the right pulmonary artery, (3) worm
echoes occupying the right pulmonary artery and extending to the main pulmonary artery,
and (4) worm echoes occupying the entire right pulmonary artery and the main pulmonary
artery to the level of the pulmonary valve. Scores of 1 and 2 corresponded to low parasite
burden, and scores of 3 and 4 corresponded to high burden.

The data were analysed using the SPSS Base 29.0 software for Windows (SPSS Inc./IBM,
Chicago, IL, USA). A Shapiro-Wilk test was performed to verify the normal distribution of
the data. Continuous variables were expressed as median + standard deviation. Qualita-
tive variables were expressed as percentage. The chi-squared test or Fisher’s exact test was
used to assess the association between categorical variables. In all cases, a p value < 0.05
was determined as significant. The results of the statistical procedures were also graphed
by scatter plot. A simple linear regression was performed between the RPAD Index values
and the other variables studied (VHS, CrPA /R4, and CdPA /R9 ratios) to identify the best
one-variable model, and a regression analysis of all subsets was performed with a max-
imum improvement of R? as a selection criterion. Receiver operator characteristic curve
(ROC) analyses were performed to determine the optimal cut-off values for the prediction
of the RPAD Index being <29.5% (moderate or severe hypertension). For all results, p < 0.05
was considered statistically significant. Furthermore, Cohen’s D was employed to interpret
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the differential magnitude between the studied statistical groups considering a statistical
difference with values > 0.70 for this study.

All the owners provided their consent to participate in this study, which was carried
out in accordance with the current European legislation on animal protection.

3. Results

Of the studied dogs, 27 were male and 35 were female, with the ages ranging from
1.5 to 12 years (mean: 5.25 years). Based on breed, 37 were mixed-breed dogs and 25 were
pure-bred dogs. PH was present in 32 dogs (51.6%), with a mean RPAD Index of 29.1%.
Microfilaremia was present in 40.3% of the dogs. The parasite burden was low in 87.1% of
the dogs and high in 12.9% of them.

The results showed significant differences between the body weight and worm burden
(p = 0.023), with the mean weight being 18.3 = 10.3 kg for the dogs with a low worm burden
and 11.1 £ 7.8 kg for the dogs with a high worm burden. Additionally, the dogs with PH
were significantly older (p = 0.021).

The VHS showed a mean value of 10.1 £ 0.8 for all the studied dogs, with signifi-
cant differences observed when differentiating based on the presence or absence of PH
(10.41 £ 0.81 vs. 9.72 £ 0.81, respectively) (p < 0.001). There were no statistically significant
differences in the VHS values based on the microfilaremia, parasite load, age, or sex.

The results for the CrPA /R4 and CdPA/R9 ratios were 1.21 4+ 0.39 and 1.4 + 0.5,
respectively. Significant differences were observed between the groups for the CrPA /R4
ratio (1.37 & 0.44 vs. 1.01 £ 0.23, respectively) (p < 0.001) and for the CdPA/R9 ratio
(1.63 £ 0.56 vs. 1.16 £ 0.27, respectively) (p < 0.001) (Table 1). Statistically significant
differences were also found for the CdPA /R9 ratio in relation to the presence or absence
of microfilaremia (1.45 £ 0.35 vs. 1.37 &£ 0.58, respectively) (p = 0.031). No significant
differences were found for the rest of the studied parameters (parasite load, age, or sex).

Table 1. Correlation coefficients for all studied radiographic parameters.

Correlation Coefficient Interpretation

IDAPD-VHS —0.4776417 *** Moderate negative correlation
IDAPD-CRPA /R4 —0.4344274 *** Moderate negative correlation
IDAPD-CDPA/R9 —0.53781329 *** Moderate negative correlation

*** Correlation is significant at 0.5% (p < 0.005).

The Pearson correlation model was used to determine whether there was a correlation
between the presence of PH, based on the RPAD Index, and the studied radiographic
parameters (VHS, CrPA /R4, and CdPA/R9 ratios). The correlations obtained for all three
were moderately negative, indicating that, as the RPAD Index decreased, the other pa-
rameters increased. Furthermore, the results for all three correlations were statistically
significant (p < 0.005) (Table 1).

In this study, regression analysis was performed to determine the area under the
curve (AUC), coefficient of determination (R?), and the specificity and sensitivity of the
radiographic indicators (VHS, CrPA /R4, and CdPA/R9 ratios). In addition, cut-off values
were established for each of these parameters.

The CdPA/R9 ratio model proved to be the most effective in explaining the variability
of the dependent variable (RPAD Index), with an R? of 0.976, followed by the CrPA /R4
ratio and VHS. This indicated that CdPA /R9 had a superior ability to model the influence
of the independent variables on the RPAD Index.

AUC values were calculated for each radiographic indicator and showed that all the
values were above 0.5 but below 1. This suggested that the models provided a more accurate
classification than would be achieved by chance, enabling the correct prediction of positive
and negative cases. Specifically, the AUC for VHS was 0.78, indicating good discriminatory
ability, with a 78% probability of distinguishing between the positive and negative cases.
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Similarly, the CrPA /R4 ratio showed an AUC of 0.77, and the CdPA /RO ratio, the highest,
reached an AUC of 0.82, highlighting its superior performance in model discrimination.

For VHS, a cut-off of 9.53 or higher resulted in a sensitivity of 93.75% and a specificity
of 63.33%. This indicated a high ability to detect true positive cases, but with a moderate
false positive rate. For the CrPA /R4 ratio, a cut-off of 1.08 or higher yielded a sensitivity of
87.5% and a specificity of 70%, providing a reasonable balance between detecting positive
cases and minimising false positives. Finally, the cut-off for the CdPA /R9 ratio was set at
1.10 or higher, providing a sensitivity of 96.88% and a specificity of 76.66%, making it the
most efficient of the three in terms of correctly identifying both positive and negative cases
(Table 2).

Table 2. Results of simple regression analyses for the prediction of PH using the Right Pulmonary
Artery Distensibility Index (RPADI < 29.5%). R? (coefficient of determination); AUC (area under re-
ceiver operating characteristic curve); VHS (Vertebral Heart Size); CrPA /R4 (right cranial pulmonary
artery passing through the fourth rib in the laterolateral projection ratio); CdPA /R9 (right caudal
pulmonary artery to the ninth rib in the dorsoventral projection ratio).

Parameter R2 AUC Cut-Off Value Sensitivity Specificity
VHS 0.853 0.78 >9.53 93.75% 63.33%

CRPA /R4 0.959 0.77 >1.08 87.5% 70%

CDPA/R9 0.976 0.82 >1.10 96.88% 76.66%

In addition, Cohen’s D, a standardised measure of effect size, was used to interpret
the magnitude of the differences between the statistical groups studied. For VHS, the
calculated Cohen’s D value of 22.11 indicated a substantial difference between the dogs
with the presence of pulmonary hypertension and those in absence. This extremely large
effect size suggests a clinically meaningful distinction between the two groups in terms
of the VHS measurements. Similarly, for the CRPA /R4 ratio, the Cohen’s D value of
4.31 indicated a significant difference between the groups. Although this is slightly smaller
than the effect size for VHS, it is still a large effect size, indicating a notable difference in
the CRPA /R4 ratio between the two groups. In the case of the CDPA/R9 ratio, the Cohen’s
D value of 0.702, while indicating a smaller effect size compared to VHS and the CDPA /R4
ratio, still reflects a moderate difference between the dogs without PH and the group with
the presence of PH. This suggests that, although the effect size was smaller, the CDPA /R9
ratio remains a relevant and potentially informative parameter to discriminate between
these groups, underlining its importance in the assessment of PH (Table 3).

Table 3. Cohen’s D for the three studied parameters. VHS (Vertebral Heart Size); CrPA /R4 (right
cranial pulmonary artery passing through the fourth rib in the laterolateral projection ratio); CdPA /R9
(right caudal pulmonary artery to the ninth rib in the dorsoventral projection ratio).

Measure Cohen’s D Interpretation
VHS 221 Large effect

CrPA/R4 4.31 Large effect

CdPA/R9 0.702 Moderate effect

Cohen’s D: d = 0.2 small effect; d = 0.5 moderate effect; d = 0.8 large effect.

4. Discussion

Pulmonary hypertension is caused by the presence of adult D. immitis parasites as a
result of the lesions they cause in the pulmonary arteries from the early stages of parasitism.
These lesions lead to proliferative endarteritis, resulting in the enlargement, tortuosity, and
loss of elasticity of the pulmonary vasculature [1]. PH is a common phenomenon in this
pathology, severe and apparently irreversible in most cases [20,21], so its study and early
detection should be a priority.
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Echocardiography is the method of choice to detect this condition, but this technique is
often inaccessible to clinical veterinarians, either due to a lack of knowledge or equipment,
or to animal owners due to financial constraints. However, radiology is a diagnostic
imaging technique widely used in all veterinary clinics that is less technically demanding
and more affordable [22]. Therefore, in this study, the authors aimed to evaluate its
usefulness as a first approximation imaging tool to determine the presence or absence of
PH in dogs with heartworm disease.

The results showed significant differences between the VHS indices and the CrPA /R4
and CdPA /RO ratios in animals with PH compared with those without PH in dogs with
heartworm disease. Previous studies have demonstrated radiological changes in dogs with
PH caused by several pathologies, mainly cardiomegaly, with other findings described as
infiltration of the lung parenchyma and enlargement of the pulmonary arteries [10,23]. In
addition, the ECVIM guidelines recommend that echocardiography be performed when
a dog has radiological changes consistent with PH [9]. Indeed, thoracic radiography is
a useful technique for detecting cardiopulmonary abnormalities in dogs with D. immitis,
with the enlargement of the right ventricle, the main pulmonary artery, and the right lobar
pulmonary artery being the most commonly reported abnormalities [24-26]. However,
no studies were found on the use of radiological changes objectively as an estimator of
PH, so the results of this study validate the clinical usefulness of radiographs in dogs with
heartworms to estimate the presence of PH.

The results obtained showed that the VHS was increased in the group with PH com-
pared to the group without PH. Other authors have reported increased cardiac silhouettes
on thoracic radiographs in dogs with PH, especially when symptomatic [25,27]. The cut-off
value of 9.53 provides high sensitivity but low specificity for the detection of PH, which is
consistent as the value of 9.53 is within the normal range for healthy dogs [15]. Therefore,
although statistically there are differences between VHS as a function of the presence or
absence of PH, and there is a significant correlation between the RPAD Index and VHS, it
could not be considered an adequate value to determine the presence of this condition with
the results of this study. In dogs with heartworm disease, cardiomegaly occurs only in the
final stages of the disease and in dogs with severe PH, whereas this study included dogs
with PH considered to be moderate to severe.

The comparison between the pulmonary arteries and the rib is a useful and com-
mon criterion to assess the pulmonary vasculature in dogs, as pointed out by previous
authors [17,28], also in canine heartworm disease [24,25]. In D. immitis infection, there is
enlargement, dilation, and increased tortuosity of the pulmonary arteries as a result of
endarteritis, leading to PH. However, whether these vascular changes can act as predictors
of PH in infected dogs has never been investigated. The results showed that both ratios
showed significant differences between the presence/absence of PH. Furthermore, there
was a correlation between both ratios and the RPAD Index, especially for the CdPA/R9
ratio. The cut-off values for the CrPA /R4 (>1.08) and CdPA/R9 (>1.10) ratios showed
good sensitivity, excellent in the case of the CdPA /R9 ratio, with good specificity, indicating
that these parameters could be used in the radiological evaluation of dogs with heartworm
disease as a preliminary screening to determine the need for further testing for the presence
of PH. These cut-off values are different from the reference values established by previous
authors for the CrPA /R4 ratio < 1.2 [28] and CdPA/R9 of 1 for healthy dogs [29,30], or
those described to differentiate dogs with mitral regurgitation from healthy dogs (CrPA /R4
(>0.95) and CdPA/R9 > 1.32) [17].

Other authors have already demonstrated the usefulness of these radiological indices
to detect PH caused by other thoracic pathologies, such as Oui et al. (2015) [17], who used
these indices, among others, to differentiate between dogs with mitral regurgitation and
healthy dogs. In addition, other authors have demonstrated the usefulness of other similar
radiological indicators to predict the presence of PH caused by different pathologies, such
as the ratio of the area of the pulmonary artery crossing the ninth rib to the area of the ninth
thoracic vertebra (areaPA/areaT9), the ratio of the width of the pulmonary artery crossing
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the ninth rib to the width of the ninth thoracic vertebra (widthPA /widthT9), or the caudal
pulmonary artery to vein ratio [11,31].

As a limitation of the study, it must be remembered that, in veterinary medicine, the
measurement of PH is based on indirect echocardiographic measurements and that they
have not been confirmed with direct measurements through right heart catheterisation.

5. Conclusions

In conclusion, an increase in the cardiac silhouette does not appear to be useful in
assessing the presence or absence of PH in dogs with heartworm disease. However, the
results obtained for the CrPA /R4 and CdPA /R9 ratios seem to show cut-off values with quite
acceptable sensitivity and specificity, which could suggest the evaluation of these ratios when
carrying out a preliminary evaluation of the thoracic radiographs of a dog as a preliminary
screening when assessing whether to perform complementary tests to evaluate the presence
of PH. Moreover, additional studies with a larger number of animals, to enable a more robust
statistical analysis, are necessary to further evaluate these radiological indicators.

Author Contributions: ].LA.M.-A. and E.C. designed the study. S.E-C., Y.F-C., and E.C. wrote the
manuscript. S.F-C., YE-C., A.C.-V,, and N.C.-R. performed the fieldwork, collected the data, and
performed the experiments. All authors participated in the discussion of the results, corrected, read,
and approved the final manuscript. All authors have read and agreed to the published version of
the manuscript.

Funding: The presented study was supported by own funds from the Internal Medicine Service
FULP/ULPGC (SD-240/030/0026). N.C.-R. was supported by the “Grants for the predoctoral training
program for researchers” programme of the Government of the Canary Islands (TESIS2021010010).

Institutional Review Board Statement: Ethical review and approval were not required for the
animals in this study. All radiographs and echocardiographic measures were routinely collected for
prescribed diagnostic purposes or official monitoring studies and subsequently made available to this
study. All the dog owners were informed about the present study and consented to participate. The
study was carried out in accordance with the current Spanish and European legislation on animal
protection (Spanish Royal Decree 53/2013 and 2010/63/UE Directive).

Informed Consent Statement: Written informed consent has been obtained from the owner of the
animals involved in this study.

Data Availability Statement: All data generated or analysed during this study are included in
this article. The datasets used and/or analysed during the present study are available from the
corresponding author upon reasonable request.

Acknowledgments: The authors would like to thank Uranovet for kindly providing the Urano test
Dirofilaria®. Also, they would like to thank the Hospital Clinico Veterinario of the Universidad de
Las Palmas de Gran Canaria (ULPGC) for their support.

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

References

1.  McCall, J.W.; Genchi, C.; Kramer, L.H.; Guerrero, J.; Venco, L. Heartworm disease in animals and humans. Adv. Parasitol. 2008, 66,
193-285. [CrossRef] [PubMed]

2. Kellihan, H.B; Stepien, R.L. Pulmonary hypertension in dogs: Diagnosis and therapy. Vet. Clin. N. Am. Small Anim. Pract. 2010,
40, 623-641. [CrossRef] [PubMed]

3. Visser, L.C.; Im, M.K; Johnson, L.R.; Stern, ]J.A. Diagnostic Value of Right Pulmonary Artery Distensibility Index in Dogs with
Pulmonary Hypertension: Comparison with Doppler Echocardiographic Estimates of Pulmonary Arterial Pressure. J. Vet. Intern.
Med. 2016, 30, 543-552. [CrossRef] [PubMed] [PubMed Central]

4. Venco, L.; Mihaylova, L.; Boon, J.A. Right pulmonary artery distensibility index (RPAD index). A field study of an echocardio-
graphic method to detect early development of pulmonary hypertension and its severity even in the absence of regurgitant jets
for doppler evaluation in heartworm-infected dogs. Vet. Parasitol. 2014, 206, 60-66. [CrossRef] [PubMed]

5. Bahr, RJ. Canine and feline cardiovascular system. In Textbook of Veterinary Diagnostic Radiology, 7th ed.; Thrall, D.E., Ed.; Elsevier:

Amsterdam, The Netherlands, 2017; pp. 692-706.

45



Animals 2024, 14, 1900

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.
28.

29.

Robert, J.B. Heart and pulmonary vessels. In Textbook of Veterinary Diagnostic Radiology, 5th ed.; Thrall, D.E., Ed.; Saunders
Elsevier: Philadelphia, PA, USA, 2007; pp. 576-582.

Kellum, H.B.; Stepien, R.L. Sildenafil citrate therapy in 22 dogs with pulmonary hypertension. J. Vet. Intern. Med. 2007, 21,
1258-1264. [CrossRef] [PubMed]

Tudor, N.; Ionita, L.; Tapaloaga, D.; Tudor, P; Ionita, C.; Vlagioiu, C. Radiographic cardiopulmonary changes in dogs with
heartworm disease. Rom. Biotechnol. Lett. 2014, 19, 9918-9992.

Reinero, C.; Visser, L.C.; Kellihan, H.B.; Masseau, I.; Rozanski, E.; Clercx, C.; Williams, K.; Abbott, J.; Borgarelli, M.; Scansen, B.A.
ACVIM consensus statement guidelines for the diagnosis, classification, treatment, and monitoring of pulmonary hypertension
in dogs. J. Vet. Intern. Med. 2020, 34, 549-573. [CrossRef] [PubMed] [PubMed Central]

Adams, D.S.; Marolf, A.].; Valdés-Martinez, A.; Randall, E.K.; Bachand, A.M. Associations between thoracic radiographic changes
and severity of pulmonary arterial hypertension diagnosed in 60 dogs via Doppler echocardiography: A retrospective study. Vet.
Radiol. Ultrasound 2017, 58, 454-462. [CrossRef] [PubMed]

Chanroon, K.; Tuntipas, T.; Sukpanich, P.; Punyarit, P.; Surachetpong, S. Novel methods to diagnose pulmonary hypertension in
dogs assessed by thoracic radiography. Thai |. Vet. Med. 2018, 48, 385-391. [CrossRef]

Montoya-Alonso, J.A.; Carreton, E.; Morchon, R.; Silveira-Viera, L.; Falcon, Y.; Simén, F. The impact of the climate on the
epidemiology of Dirofilaria immitis in the pet population of the Canary Islands. Vet. Parasitol. 2016, 216, 66-71. [CrossRef]
[PubMed]

Montoya-Alonso, J.A.; Morchén, R.; Costa-Rodriguez, N.; Matos, J.I.; Falcon-Cordén, Y.; Carreton, E. Current Distribution of
Selected Vector-Borne Diseases in Dogs in Spain. Front. Vet. Sci. 2020, 7, 564429. [CrossRef] [PubMed] [PubMed Central]
Montoya-Alonso, J.A.; Morchén, R.; Garcia-Rodriguez, S.N.; Falcon-Cordon, Y.; Costa-Rodriguez, N.; Matos, J.I.; Rodriguez
Escolar, I; Carreton, E. Expansion of Canine Heartworm in Spain. Animals 2022, 12, 1268. [CrossRef] [PubMed] [PubMed Central]
Buchanan, ].W.; Biicheler, J. Vertebral scale system to measure canine heart size in radiographs. J. Am. Vet. Med. Assoc. 1995, 206,
194-199. [CrossRef] [PubMed]

Costanza, D.; Greco, A.; Piantedosi, D.; Bruzzese, D.; Pasolini, M.P.; Coluccia, P; Castiello, E.; Baptista, C.S.; Meomartino, L. The
heart to single vertebra ratio: A new objective method for radiographic assessment of cardiac silhouette size in dogs. Vet. Radiol.
Ultrasound 2023, 64, 378-384. [CrossRef] [PubMed ]

Oui, H.; Oh, J.; Keh, S; Lee, G.; Jeon, S.; Kim, H.; Yoon, J.; Choi, J. Measurements of the pulmonary vasculature on thoracic
radiographs in healthy dogs compared to dogs with mitral regurgitation. Vet. Radiol. Ultrasound 2015, 56, 251-256. [CrossRef]
[PubMed]

Serrano-Parrefio, B.; Carreton, E.; Caro-Vadillo, A.; Falcén-Cordoén, Y.; Falcon-Cordén, S.; Montoya-Alonso, J.A. Evaluation of
pulmonary hypertension and clinical status in dogs with heartworm by Right Pulmonary Artery Distensibility Index and other
echocardiographic parameters. Parasites Vectors 2017, 10, 106. [CrossRef] [PubMed] [PubMed Central]

Venco, L.; Genchi, C.; Vigevani Colson, P.; Kramer, L. Relative utility of echocardiography, radiography, serologic testing and
microfilariae counts to predict adult worm burden in dogs naturally infected with heartworms. In Recent Advances in Heartworm
Disease. Symposium’01; Seward, R.L., Knight, D.H., Eds.; American Heartworm Society: Batavia, IL, USA, 2003; pp. 111-124.
Serrano-Parrefio, B.; Carreton, E.; Caro-Vadillo, A.; Falcon-Cordon, S.; Falcon-Corddn, Y.; Montoya-Alonso, J.A. Pulmonary
hypertension in dogs with heartworm before and after the adulticide protocol recommended by the American Heartworm Society.
Vet. Parasitol. 2017, 236, 34-37. [CrossRef] [PubMed]

Falcon-Cordon, Y.; Montoya-Alonso, J.A.; Caro-Vadillo, A.; Matos-Rivero, J.I.; Carreton, E. Persistence of pulmonary endarteritis
in canine heartworm infection 10 months after the eradication of adult parasites of Dirofilaria immitis. Vet. Parasitol. 2019, 273,
1-4. [CrossRef] [PubMed]

Duler, L.; Visser, L.C.; Jackson, K.N.; Phillips, K.L.; Pollard, R.E.; Wanamaker, M.W. Evaluation of radiographic predictors of left
heart enlargement in dogs with known or suspected cardiovascular disease. Vet. Radiol. Ultrasound 2021, 62, 271-281. [CrossRef]
[PubMed]

Johnson, L.; Boon, J.; Orton, E.C. Clinical characteristics of 53 dogs with Doppler-derived evidence of pulmonary hypertension:
1992-1996. |. Vet. Int. Med. 1999, 13, 440-447. [CrossRef] [PubMed]

Losonsky, ].M.; Thrall, D.E.; Lewis, R.E. Thoracic radiographic abnormalities in 200 dogs with spontaneous heartworm infestation.
Vet. Radiol. 1983, 24, 120-123. [CrossRef]

Litster, A.; Atkins, C.; Atwell, R.; Buchanan, J. Radiographic cardiac size in cats and dogs with heartworm disease compared with
reference values using the vertebral heart scale method: 53 cases. J. Vet. Cardiol. 2005, 7, 33—40. [CrossRef] [PubMed]

American Heartworm Society. Current Canine Guidelines for the Prevention, Diagnosis and Management of Heartworm (Dirofilaria
immitis) Infection in Dogs; American Heartworm Society: Holly Springs, NC, USA, 2024.

Kim, S. Radiographic evaluation of canine heartworm disease. Korean J. Vet. Clin. Med. 1995, 12, 265.e75.

Thrall, D.E.; Losonsky, ]. M. A method for evaluating canine pulmonary circulatory dynamics from survey radiographs. J. Am.
Anim. Hosp. Assoc. 1976, 12, 457-462.

Bahr, R. The heart and pulmonary vessels. In Textbook of Veterinary Diagnostic Radiology, 6th ed.; Thrall, D., Ed.; Elsevier: St. Louis,
MO, USA, 2013; pp. 585-607.

46



Animals 2024, 14, 1900

30. Losonsky, J.M. The pulmonary vasculature. In Textbook of Veterinary Diagnostic Radiology, 4th ed.; Thrall, D., Ed.; Saunders: St.
Louis, MO, USA, 2002; pp. 420-430.

31. Lee, SK.; Choi, J. Caudal pulmonary artery to vein ratio on radiography can predict pulmonary hypertension in dogs with mitral
regurgitation. Vet. Radiol. Ultrasound 2023, 64, 18-27. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

47



. animals

Article

Echocardiographic Documentation of Dilated Cardiomyopathy
Development in Dogs Naturally Infected with Trypanosoma cruzi

Eduardo E. Avalos-Borges !, Carlos M. Acevedo-Arcique 2, Jose C. Segura-Correa !, Matilde Jiménez-Coello 3,
Nisha J. Garg 4 and Antonio Ortega-Pacheco *

Departamento de Salud Animal y Medicina Preventiva, Facultad de Medicina Veterinaria y Zootecnia,
Universidad Auténoma de Yucatan, Km 15.5 Carretera Mérida-Xmatkuil, Apdo. Postal 4-116 Itzimna,
Meérida 97000, Yucatan, Mexico; animal.health@hotmail.com (E.E.A.-B.);

jose.segura@correo.uady.mx (J.C.S.-C.)

Hospital Veterinario para Perros y Gatos, Universidad Auténoma de Yucatan, Av. Itzaes No. 490 x 29,

C. 18 No. 271, San José Vergel, Mérida 97000, Yucatan, Mexico; carlos.acevedo@correo.uady.mx
Laboratorio de Microbiologia, Centro de Investigaciones Regionales “Dr. Hideyo Noguchi”, Universidad
Auténoma de Yucatan, Av. Itzaes No. 490 x 29, Mérida 97000, Yucatan, Mexico; mjcoello@correo.uady.mx
Department of Microbiology & Immunology, University of Texas Medical Branch,

Galveston, TX 77555-1070, USA; nigarg@utmb.edu

*  Correspondence: opacheco@correo.uady.mx; Tel.: +52-9991508936

Simple Summary: Trypanosoma cruzi is a protozoan parasite with high tropism to the cardiac tissue,

causing severe cardiopathies. This study determined the changes in the cardiac structure and
myocardial parameters using real-time ultrasonography in dogs naturally infected with T. cruzi
while living in an endemic region. A major indicator of cardiac involvement in infected dogs was
changes in the left ventricular internal diameter (LVID) during systole and diastole. Changes in the
intraventricular septum and LV posterior wall (LVPW) thickness at systole and diastole, as well as
findings of fractional shortening and an E/A ratio above or below the normal range, may be used to
predict dilated cardiomyopathy (DCM) progression.

Abstract: We aimed to characterize the echocardiographic alterations in dogs from an endemic region
that were naturally infected with T. cruzi. Dogs (n = 130) seropositive for antibodies against T. cruzi
and/or with acute parasitemia were enrolled in the study. Indicators of changes in the structure and
systolic and diastolic functions of the left ventricle (LV) and blood flow patterns were evaluated by
echocardiography. The frequency and extent of alterations in these indicators were associated with
the severity of the disease. Briefly, 15 (11.54%) dogs were diagnosed with dilated cardiomyopathy
(DCM), and 115 (88.46%) dogs were diagnosed as being without DCM. Infected dogs with DCM
exhibited structural features of LV dysfunction, e.g., a significant (p < 0.05) increase in the LV internal
diameter at systole and diastole (LVID-s, LVID-d) and a decline in the LV posterior wall (LVPW-d)
thickness at diastole. Despite an increase in stroke volume and cardiac output indicating contraction
force, DCM resulted in a decreased ejection fraction, affecting systolic function. Dogs that were
diagnosed as DCM-negative but were positive for T. cruzi by PCR exhibited a high frequency of an
increase in the thickness of the interventricular septum in systole (IVS-s) and the LV posterior wall in
diastole (LVPW-d), a decline in the LV inner diameter (LVID-d, LVID-s), and fractional shortening
(FS). The thinning of the LVPW at systole was the most defining feature observed in chronically
infected dogs. In summary, this is the first study reporting the echocardiographic changes occurring
in dogs naturally infected with T. cruzi and developing DCM. Our data suggest that changes in LVID

are a major indicator of risk of cardiac involvement, and the observation of changes in the IVS, LVPW,

and FS have predictive value in determining the risk of DCM development in infected dogs.

Keywords: echocardiographic alterations; left ventricle; dog; Trypanosoma cruzi; flow patterns; dilated
cardiomyopathy; Chagas disease
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1. Introduction

Chagas disease, also referred to as American Trypanosomiasis (AT), is an illness caused
by a flagellated protozoan that is transmitted by hematophagous vectors. The etiological
agent, Trypanosoma cruzi, is distributed across a large part of the American continent, and it
infects several species of wild and domestic mammals and humans [1]. AT is endemic in
Latin America, and an increase in the incidence of T. cruzi infection in dogs and humans
has been noted in Mexico [2]. In Yucatan, Mexico, AT in dogs has been detected in rural
and urban areas [3]. In the capital city of Yucatan, Merida, T. cruzi is frequently detected
with a prevalence of 12.2% in apparently healthy domiciled dogs [4].

Chronic Chagas disease presents in humans as myocardial abnormalities, ranging
from mild forms, such as apical aneurysm and left ventricular (LV) diastolic dysfunction
only, to significant cardiac chamber dilatation, coupled with severe systolic dysfunction.
Dilatation of the left and right ventricles is the most recognizable alteration of the heart in
dogs and humans with Chagas disease [1,2,5-8]. Dogs are important reservoirs of T. cruzi,
and due to the similar progression of the disease to that occurring in humans, canine AT
can serve as a surrogate model for studying the course of human Chagas disease.

Electrocardiographic and echocardiographic studies in experimentally infected dogs
have noted a decline in the ejection fraction is associated with thinning of the LV walls,
mural thrombi, hypokinesis, and thickening of the septum [9]. More recently, echocardiog-
raphy examination of seven dogs that were experimentally infected with T. cruzi eight years
earlier identified an inversion of the E/A index, indicating a delayed relaxation pattern or
mild dysfunction and hypomotility of the interventricular septum, but cardiomegaly signs
were not found [10]. A detailed evaluation of the changes in cardiac structure and function
in dogs naturally infected with T. cruzi isolates circulating in Mexico has not been carried
out yet.

In this study, we aimed to characterize the echocardiographic alterations in dogs
naturally infected with T. cruzi with ultrasound equipment normally used in routine veteri-
nary practice. Our primary objective was to determine whether dogs naturally exposed to
T. cruzi isolates circulating in the state of Yucatan could develop dilated cardiomyopathy
and to describe the cardiac findings before the clinically severe form of the heart disease
appeared in infected dogs. Our secondary objective was to obtain a comprehensive view of
the changes in a range of myocardial parameters in infected dogs and determine whether
these variabilities are reflective of human Chagas disease.

2. Materials and Methods
2.1. Bioethics and Study Area

All the animal studies were performed according to the protocol approved by the
bioethics committee (CB-CCBA-1-2017-003) at the Facultad de Medicina Veterinaria y
Zootecnia, Universidad Auténoma de Yucatan. Informed consent was obtained from the
dog owners before the dogs were enrolled in the study. The study was conducted with
pet dogs referred by veterinary clinics in Merida, Yucatan, Mexico (19°30” and 21°35” N;
87°30" and 90°24” W). The climate of the area is tropical sub-humid, with a well-defined
rainy season during the months of May-June and October-November.

2.2. Selection of Animals

A cross-sectional study was carried out where 130 dogs with physical symptoms of
cardiac involvement were randomly chosen. The inclusion criteria were that the dogs
resided in Merida, Yucatan, with a pet owner and were seropositive for T. cruzi according
to an ELISA. The enrolled dogs were later confirmed in terms of their T. cruzi exposure by
Western blotting and /or PCR diagnostic approaches and had not received any treatment.
The enrolled dogs (both males and females) were older than two years old and of variable
sizes, weights, and breeds. Dogs were considered to have a cardiopathy when their medical
history and physical exams were compatible with heart disease [11]. Electrocardiographic
abnormalities, not attributable to electrolyte imbalance, were also recorded [12]. In some
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cases, radiographic studies or determination of blood pressure [13] were also conducted
to confirm the cardiopathy. Healthy dogs (n = 16) that were seronegative for anti-T. cruzi
antibodies and PCR-negative for T. cruzi DNA and exhibited no physical symptoms of
cardiac involvement were used as the controls.

2.3. Blood Samples

From each dog, two blood samples were obtained via cephalic or jugular vein puncture.
Half of each blood sample was collected in a PAXgene Blood DNA Tube (BD-QIAGEN)
to preserve the DNA for later purification. A second aliquot of each blood sample was
collected in a BD Vacutainer and centrifuged at 400 rpm for 15 min at room temperature to
obtain the serum.

2.4. Serology

A serological diagnosis of AT was made according to the detection of immunoglobulins
(IgGs) against T. cruzi by using the Chagatest ELISA recombinant v.3.0 kit (Wiener, Rosario,
Argentina). The assay was carried out following the manufacturer’s recommendations,
except that the 2nd antibody was replaced with horseradish peroxidase (HRP)-conjugated
goat anti-dog IgGs. The details of the protocol were previously described by us [14].

2.5. Western Blotting

Epimastigotes of the H4 strain of T. cruzi were lysed in Laemmli sample buffer contain-
ing a protease inhibitor cocktail (Sigma-Aldrich, St. Louis, MO, USA). The protein samples
(20 pg) were resolved on 10% polyacrylamide gels and transferred onto nitrocellulose
membranes. The membranes were probed with serum samples of the dogs, and color was
developed using the standard methods. A serum sample was considered positive when at
least five antigenic bands were recognized [4,14].

2.6. PCR Detection of T. cruzi

Total DNA was extracted from whole blood samples according to a previously pub-
lished protocol [4]. Alternatively, the DNeasy Blood and Tissue Kit (69504, QIAGEN,
Hilden, Germany) was used to isolate the genomic DNA from the blood samples by fol-
lowing the manufacturer’s instructions. Total DNA was examined in terms of quality
(ODygp/ODgg ratio of 1.7-2.0) and quantity ([ODygp — OD3pp] x 50-pug/mL) by using a
DU 800 UV /visible spectrophotometer. To detect the presence of T. cruzi DNA in the blood,
a PCR assay was carried out, as described previously [3].

2.7. Echocardiographic Evaluation of Cardiac Structures and Function

The dogs were prepared, positioned, and scanned according to the conventional
technique [15-17]. Mindray M5 real-time ultrasound equipment (Mindray Electronics®,
Shenzhen, China) equipped with a cardiac transducer probe with a frequency range of 2 to
4 MHz was employed for echocardiography. The parameters of the cardiac structure and
function were obtained as follows: In the right parasternal window with a short-axis view
of the LV at the level of the papillary muscles, the thickness of the interventricular septum
and the free walls and the diameter of the LV were measured with the M mode in systole
and diastole [15-17]. To compare these parameters between dogs of variable sizes, weights,
and breeds, the measurements of the structures were normalized according to the allometric
scale formula for cardiac M-mode measurements in adult dogs [18]. Using the Teichholtz
method, the software calculated the fractional shortening (FS), ejection fraction (EF), stroke
volume (5V), and cardiac output (CO), which together provide an indication of LV systolic
function. In the left apical position with a view of four chambers, the trans-mitral flow
was measured with a pulse Doppler instrument, placing the probe at the tip of the mitral
valve [19]. The peaks of the E and A waves were marked, the E/A index (a marker of LV
diastolic function) was calculated, and the flow patterns were identified as normal, delayed
relaxation, or restrictive, as described previously [20]. When increased blood flow velocities
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were observed with a normal pattern, they were surmised to be pseudo-normal, as further
confirmation with a tissue Doppler was not feasible.

Dogs were considered positive for DCM according to the ultra-sonographic criteria
proposed by the European Society of Veterinary Cardiology (major criteria: dilatation
of the LV in systole or diastole, ventricular spheroid structure, thinning of the septum,
and a reduction in fractional shortening; minor criteria: increased space between point E
and the septum, incongruent values for fractional shortening and left or bilateral atrial
dilatation) [21]. The reference values were based on a prediction interval of 95%, as
described in the published literature [18].

2.8. Statistical Analysis

The normal distribution of the variables of interest was confirmed by the Shapiro-Wilk
test. The evaluated animals were first grouped according to the results of the serologic
and molecular tests and the presence and absence of DCM as follows: group A, serology-
negative, PCR-positive, DCM-negative; Group Aw, serology-negative, PCR-positive, DCM-
positive; group B, serology-positive, PCR-negative, DCM-negative; group Bw, serology-
positive, PCR-negative, DCM-positive; group C, serology-positive, PCR-positive, DCM-
negative; and group Cw, serology-positive, PCR-positive, DCM-positive. The control group
included seronegative, PCR-negative, DCM-negative, healthy dogs (n = 16).

Echocardiographic, age, and body size data showing a normal distribution were
analyzed using a one-way ANOVA, followed by Tukey’s post hoc test. The non-normally
distributed data were analyzed using the Kruskal-Wallis test with Bonferroni correction,
and the frequencies of the alterations in each indicator of cardiac structure and function
were determined. Binary data were analyzed using the Chi? test or the exact Fisher’s test
to establish the association between sex, size, age, and transmitral flow patterns and a
DCM-positive vs. DCM-negative disease status. All the statistical analyses were performed
using Statgraphics v.19.0 software.

3. Results
3.1. Characteristics of T. cruzi Infection

All the dogs enrolled in the study were in the age range of 6.94 to 9.83 years old and
of a small to medium size (weight range: 8.41-13.06 kg). PCR detection of T. cruzi DNA
in the blood is indicative of circulating parasites and is mostly noted in response to acute
infection or repeat infection. Seropositivity for anti-T. cruzi antibodies is generally noted in
all infected cases irrespective of the stage of disease development. Thus, a lack of anti-T.
cruzi IgGs in T. cruzi DNA-positive dogs indicates the very early stage of acute infection
before adaptive humoral immunity has been elicited by the host. Our data showed that
most of the dogs enrolled in the study were positive in both diagnostic tests, i.e., anti-T.
cruzi antibodies by ELISA and Western blot analysis and parasite DNA detection by PCR
(group C: 97 out of 130 dogs, 75% of total), indicating their exposure to repeat infections.
Some dogs were PCR-positive only (group A: 26 out of 130, 20% of total), indicating the
first, early phase of acute infection, and the fewest dogs were in the chronic phase (group B:
7 out of 130, 5% of total), indicated by their seropositive status only (Table 1).

Table 1. Categorization of 130 dogs based on serological and molecular tests for Trypanosoma cruzi
infection and the presence of dilated cardiomyopathy.

Dilated Group A Group B Group C
Cardiomyopathy Seronegative, Seropositive, Seropositive, Total
PCR-Positive PCR-Negative PCR-Positive
Absent 23 6 86 115
Present 3 - 12 15
Total 26 6 98 130
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Dogs were screened for anti-T. cruzi antibodies using two serological tests, includ-
ing an enzyme-linked immunosorbent assay (ELISA) and Western blot analysis, and for
circulating parasites using T. cruzi-specific PCR, as described in Materials and Methods.
Echocardiography was performed to measure the changes in cardiac structure and func-
tion, and the animals in each group were further identified to have or not have dilated
cardiomyopathy. No association was found between seX, age, or size and the presence of
DCM according to the Chi? or Fisher’s test.

3.2. Echocardiographic Findings

Dogs were analyzed by echocardiography to measure the changes in left ventricular
(LV) structure and function and characterize the presence and absence of DCM. Figure 1
shows a representative image in B mode of the cardiac characteristics of DCM in a dog
positive for anti-T. cruzi antibodies. Note the dilatation of the LV (ventricular sphericity)
with the thinning of the interventricular septum and its bowing towards the right ventricle.
A greater diameter of the right atrium compared to the left atrium is also noticeable.

mindray VET ANIM 52% MIOGTISO2  Admin
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B1FH3.5/ D13.6
1P4/ DRE5

Figure 1. (A). Ultrasound (B-mode) image of the heart of a dog negative for T. cruzi. Chambers and
septum are within the normal patterns for a healthy dog. (B). Ultrasound (B-mode) image of the heart
of a dog with dilated cardiomyopathy (DCM) and seropositive for anti-T. cruzi antibodies. Shown is
a right parasternal window with long-axis view of the four chambers. Dilatation of the left ventricle
(spheroid shape) can be seen with thinning of the septum and its bowing towards the right ventricle.
A greater diameter of the right atrium with respect to the left atrium is also noticeable. Abbreviations:
RA = right atrium, LA = left atrium, RV = right ventricle, LV = left ventricle, Ao = aorta artery,
IVS = interventricular septum.

3.3. M-Mode Ultrasonographic Findings

Representative M-mode ultrasonographic images and measurements of the LV struc-
ture from normal and infected dogs are shown in Figure 2. In comparison to non-infected,
seronegative dogs (Figure 2A), the infected dogs with DCM (Figure 2C) and advanced DCM
(Figure 2D) exhibited the highest values in terms of LV diameter, indicating the dilatation
of the LV. Dogs that were infected but without DCM exhibited minor to no changes in LV
diameter. Based on these structural features, we noted that 3 and 12 dogs within groups
A and C, respectively, exhibited the features of DCM, while the remaining 115 infected
dogs did not present with DCM (Table 1). Thus, overall, 15 out of the 130 infected dogs
(i-e., 11.54%) exhibited DCM.

Next, we performed one-way ANOVA or Kruskall-Wallis analyses to determine
whether the infection and seropositivity status were significantly correlated with any of the
echocardiographic parameters of LV structure in dogs (Table 2A). In general, we did not
observe any major changes in the IVS thickness at diastole (IVS-d) or systole (IVS-s) between
any of the infected groups and the non-infected, healthy controls. The dogs exhibited an
average IVS thickness of 0.4-0.5 cm at diastole and 0.64-0.70 cm at systole. The mean
values of the internal diameter of the LV at diastole (LVID-d) and systole (LVID-s) were also
not significantly changed in the DCM-negative dogs in groups A, B, or C (without DCM)
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compared to the healthy controls. However, the Aw (acute infection) and Cw (chronic and
parasitemic dogs) groups with DCM exhibited a 23-40% increase in LVID-d and a 30-43%
increase in LVID-s in comparison with the infected groups without DCM and the healthy
controls. The mean LV posterior wall thickness at diastole (LVPW-d) was decreased by
14.9-17% in the Aw and Cw (vs. control) groups. The dogs in group B (chronic infection)
exhibited a 22-28% decline in their LVPW-d and LVPW-s values (p < 0.05). Together, these
results suggest that an increase in the LVID and thinning of the LVPW were major features
of DCM in the infected dogs, and the risk of LVPW thinning was increased with chronic
infection (group B).

Echocardiographic parameters of global LV function were also measured in all enrolled
dogs (Table 2B). These results showed that the mean values for LV systolic function,
including stroke volume (SV), heart rate (HR), and cardiac output (CO), were increased
by 39-80%, 11.2-21.4%, and 62-110%, respectively, in the Aw and Cw groups compared
to those noted in the infected groups (A, B, C) without DCM and the normal, healthy
controls. The maximal increase in the SV, HR, and CO values was noted in the dogs in the
Cw group (chronic-stage and parasitemic dogs). Despite their increased SV, the dogs in
the Cw group exhibited a 15.9% decline in the ejection fraction (EF). Fractional shortening
(FS) was decreased by 15% in the dogs in the Cw group. These findings indicate the early
stage of DCM in the majority of the dogs in the Aw and Cw groups, as was also noted in
the echocardiography imaging (Figure 2C).
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Figure 2. Representative images of the M-mode ultrasonographic measurement of the structures
of the left ventricle in right parasternal window, short-axis view at the level of the papillary mus-
cles, shown for infected and non-infected dogs. (A) Healthy, non-infected. (B) Seropositive for
anti-T. cruzi antibodies and no DCM. (C) Seropositive with incipient DCM. (D) Seropositive with
advanced DCM. Abbreviations: IVS = interventricular septum, LVID = left ventricle inner diameter,
LVPW = left ventricle posterior wall, d = diastole, s = systole, FS = fractional shortening, EDV = end
diastolic volume, ESV = end systolic volume, SV = stroke volume, EF = ejection fraction, SI= stroke
index, CO = cardiac output, CI = cardiac index, HR = heart rate.
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Table 2. Echocardiographic, age, and body size parameters in Trypanosoma cruzi-positive dogs.

Parameters Mode A (n=23) Aw (n =3) B(n=06) C (n=86) Cw (n=12) Controls (n = 16)
A: Structural features
IVS diastole (IVS-d) * ! M mode 0.540.072 0.51 + 0.05 0.4 =+ 0.08 0.49 + 0.08 b 0.4+ 0.08 20 0.44 + 0.07
IVS systole (IVS-s) * ! M mode 0.69 + 0.01 0.66 + 0.05 0.67 + 0.17 0.7 +0.15 0.64 + 0.18 0.64 + 0.09
LVID diastole (LVID-d) * 2 M mode 144 40242 2.02 +0.163b 1.57 4 0.20 b¢ 1.35 4+ 0.25 bed 2.05 + 0.15 acde 1.55 4 0.1 bde
LVID systole (LVID-s) * 2 M mode 0.83 +0.182 1.15 +0.10 2P 0.91+0.13¢ 0.76 + 0.2 ° 1.23 4+ 0.19 ¢ 0.86 4+ 0.1°
LVPW diastole (LVPW-d) * 2 M mode 0.51 £ 0.092 0.39 +0.162 0.34 + 0.03 2P 0.49 + 0.1 bed 0.4 + 0.09 2ede 0.47 + 0.06 bde
LVPW systole (LVPW-s) * 2 M mode 0.71£0.092 0.62 4 0.18 0.53 +0.11 20 0.73+0.12° 0.69 +0.19° 0.68 + 0.08 °
EPSS ! (cm) M mode 0.39 +0.212 0.93 +0.13° 05+02 0.31 +0.21 b< 0.96 + 0.09 <4 0.27 +0.11 >4
LA/Ao ! ratio B mode 1.39 £ 0512 1.69 + 0.51 1.38 +0.17 1.25 + 024 1.86 + 0.43 2b< 1.19 +£0.14°¢
SI! ratio B and M mode 1.99 +0.212 154 +01P 1.87 +0.19 1.97 4+ 0.24 be 1.53 + 0.08 a¢ 1.75 + 0.07 &€
B: Functional features
Fractional shortening (FS), % ** 1 M mode 40.35 + 6.66 40.33 4 5.69 38.83 + 5.03 4139 +£112 37 +10.72 41.75 +5.36
Ejection fraction (EF), % ** ! M mode 72.61 + 7.69 712+ 7.30 68.33 + 7.51 72.75 4+ 12.58 64.17 + 14.1 74.09 + 6.68
Stroke volume (SV), mL ** ! M mode 20.85 + 14.37 2 33.52 + 14.77 27.49 + 26.35 2217 +155° 51.18 4 28.4 30 24.01 + 10.97
Heart rate ! M mode 102.43 + 17.98 121 + 8.54 95.33 + 8.71 102.5 4 31.57 121.25 + 41.29 108.75 + 23.95
Cardiac output (CO), L/min ** ! M mode 2141312 4+153 2.63 +2.52 222 +155b 6.6 +5.13 %P 2.46 + 0.81
E/A ratio ! PW Doppler 1.53 +0.34° 1.24 +0.24 1.35 +0.26 1.37 +0.34 1.41 4+ 0.61 11402942
Age, years ! . 9.83 4+ 3.46° 7.33 378 7.33 +3.33 8.52 4 4.01 9.83 +2.25 5.94 43232
Weight, kg ! . 8.41 + 6.31 9.53 + 7.33 13.06 + 11.86 12.77 4+ 10.03 16.03 + 18.61 9.56 + 6.84

The Mindray© M5 ultrasound system was used to perform transthoracic echocardiography in the B and M
modes and pulse wave Doppler echocardiography used to assess the changes in left ventricular diastolic function.
Group A: seronegative by ELISA and Western blotting and PCR-positive, indicative of acute infection; group Aw:
seronegative and PCR-positive with DCM; group B: seropositive and PCR-negative, indicative of chronic infection;
group C: seropositive and PCR-positive, indicative of chronic-stage and repeat infections; group Cw: seropositive
and PCR-positive for repeat infection with DCM. Controls included seronegative and PCR-negative dogs with no
indication of cardiac involvement. Parameters of structural features in 1A are presented in cm. Data are presented
as mean values + standard deviation, calculated using Statgraphics software version 19. Significance (p < 0.05) is
plotted with superscript letters, where different letters indicate statistical difference; * values were normalized as
defined in Cornell et al., 2004 [18]. ** Values calculated with Teichholz formula. ! Compared by Kruskal-Wallis
test with Bonferroni correction, 2 compared by ANOVA and Tukey’s test; Abbreviations: IVS, interventricular
septum; LVID, left ventricular (LV) internal diameter; LVPW, LV posterior wall; EPSS, E point septal separation;
LA/ Ao, left atrium/aorta; SI, sphericity index; ELISA, enzyme-linked immunosorbent assay; PCR, polymerase
chain reaction; DCM, dilated cardiomyopathy.

3.4. Pulse Doppler Ultrasonographic Findings

The transmitral flow was assessed and calculation of the E/A index was carried out
using ultrasonic recording with a pulse Doppler instrument. Representative images of the
four chambers in the left apical window view of a seronegative healthy dog and infected
dogs are presented in Figure 3, and the mean E/A values for each group are presented
in Table 2. Most of the infected dogs without DCM exhibited a normal transmitral flow
pattern, as was noted in the healthy controls (Figure 3A,C). A pattern of delayed relaxation
(E < A) was observed in some of the infected dogs without DCM and in all the dogs with
early signs of DCM (Figure 3B,D).

An increase in the velocity and time of the E and A values (Figure 3D) in T. cruzi-
positive dogs with DCM could correspond to a pseudo-normal pattern of blood flow, but
tissue Doppler imaging (TDI) is required to confirm this. At the population level, 20%
of the dogs with DCM (i.e., 3 out of 15) exhibited a restrictive pattern, while a normal
pattern was observed in 60% and a delayed relaxation flow was observed in 20% of the
infected DCM-positive dogs. Among the infected DCM-negative dogs, 75.44% had a normal
pattern, 4.39% exhibited a delayed relaxation pattern, 5.26% exhibited some features of a
pseudo-normal pattern, and 14.91% exhibited a restrictive flow pattern. Though all the
infected dogs exhibited an increase in the E/ A ratio and the maximal increase was noted in
group A (acutely infected), the average E/A values in the infected dogs were within the
normal range of 0.98-1.7, and no association of the flow patterns with infection or disease
status was noted using the Chi? test (probability of association between type of flows and
groups: 0.82). These results suggest that changes in the blood flow patterns are not directly
correlated with infection and/or disease status.
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Figure 3. Ultrasonic recording with pulse Doppler of the transmitral blood flow and calculation
of the E/A index in dogs naturally infected with T. cruzi. Shown is the left apical window view of
four chambers. (A) Normal, healthy, seronegative for anti-T. cruzi antibodies; (B) pattern of delayed
relaxation in a seropositive dog without DCM; (C) normal pattern in a seropositive dog without
DCM; (D) flow of a restrictive pattern in a T. cruzi-positive dog with DCM. LA = left atrium, LV = left
ventricle, RA = right atrium, RV = right ventricle, MV = mitral valve. MV E vel = velocity of peak E,
MV A vel = velocity of peak A, MV E/A =index E/A.

We examined the frequency of alterations in the heart structure and function of the LV
in infected dogs without DCM to determine whether status of infection is associated with
particular features of LV dysfunction (Table 3). In group A (acute infection), 26.09% (6 out
of 23) of the dogs exhibited an increase in the E/ A ratio, and 21.74% of dogs exhibited a
reduction in the LVID in both stages of the cardiac cycle. In group B (chronic infection),
33.3% of cases showed thinning of the LVPW at systole. In group C, the most frequent
alterations were noted in LVID-s and LVID-d, which were decreased in 42.3% and 38.8%
of dogs, respectively. These results suggest that changes in LVID-s and LVID-d and an
increased E/A ratio are important indicators of the risk of DCM development in dogs
that are acutely infected (group A) or have been repeatedly exposed to T. cruzi infection
(group C) and are positive for T. cruzi by PCR. In comparison, thinning of the LV posterior
wall was the most defining feature of the risk of DCM development in the chronically
infected dogs (group B).

Table 3. Frequency of cardiac alterations in dogs that were positive for Trypanosoma cruzi exposure
and negative for dilated cardiomyopathy.

A (n=23) B (n=6) C (n=85)
P, t Reference Range
arameters Mode Increase (%) Decrease (%) Increase (%) Decrease (%) Increase (%) Decrease (%) &
1VS, at diastole (IVS-d) M mode 435 . . ... 8.24 1.18 0.29-0.591
IVS, at systole (IVS-s) M mode 13.04 o 16.67 . 22.35 2.35 0.43-0.79 1
LVID, at diastole (LVID-d) M mode .. 21.74 . 16.67 e 38.82 1.27-1.851
LVIDW, at systole (LVID-s) M mode o 21.74 e 42.35 0.71-1.26
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Table 3. Cont.

A (n=23) B(n=6) C (n=85)
P Ref R

arameters Mode Increase (%) Decrease (%) Increase (%) Decrease (%) Increase (%) Decrease (%) elerence Range

LVPW, at diastole (LVPW-d) M mode 13.04 . . . 10.59 1.18 0.29-0.60 !

LVPW), at systole (LVPW-s) M mode .. ... . 33.33 941 1.18 0.48-0.871

Fractional shortening (FS) M mode 8.70 13.04 . 16.67 22.35 20.00 33.6-49.9 2

Ejection fraction (EF) M mode 8.70 4.35 . 16.67 22.35 12.94 58.9-82.93

E/A ratio PW Doppler 26.09 8.70 16.67 A 11.76 3.53 0.98-1.74

The Mindray© M5 ultrasound system was used to perform transthoracic echocardiography in the B and M modes
and pulse wave Doppler echocardiography used to assess the left ventricular diastolic function. Please see Table 2
for units of measurement for each parameter: Group A: seronegative by ELISA and Western blot analysis and
PCR-positive, indicative of acute infection; group B: seropositive and PCR-negative, indicative of chronic infection;
group C: seropositive and PCR-positive, indicative of chronic and repeat infections. Reference cited: ! Cornell
et al., 2004 [18]; 2 Brown et al., 2003 [22]; ° Serres et al., 2008 [23];  Schober and Fuentes, 2001 [24].

4. Discussion

The presence of circulating T. cruzi DNA in seropositive dogs (group C) may indicate
a low but persistent parasitemia in chronic Chagas disease. This trend is similar to the
observation made in seropositive people from endemic areas that exhibit persistence of
circulating T. cruzi using a PCR approach [25,26]. Yucatan State, the site of this study, isa T.
cruzi-endemic zone with abundance of the vector Triatoma dimidiata [27] and vector-borne
transmission. Curtis-Robles et al. [28] found 25% of dogs included in their study from
southern Texas were PCR-positive/seropositive for T. cruzi. In the present study, a larger
number of cases were positive according to both tests (97 out of 130 dogs), which cannot
be justified only by the presence of low, occasional parasitemia. Thus, we surmise that
repeat exposure to infection contributed to the detection of circulating parasites in the
seropositive dogs.

The published literature has not addressed the prevalence of DCM and heart failure
in dogs. Our in-depth analysis of changes in LV structure and function in the infected
dogs in this study identified a prevalence of DCM of 11.54% in the infected dogs, and
the DCM features in the dogs were consistent with the clinical characterization of chronic
AT made by other investigators [10,29]. The majority of the dogs included in the study
were without DCM or in the early stages of DCM development. These observations do not
mean that DCM is uncommon in dogs with AT but that it is a terminal feature of Chagas
disease [1,2,7,30]. It is also possible that most animals do not present with this clinical
condition and perhaps many may die due to arrhythmias, blockages, endocarditis, valvular
endocardiosis, congestive heart failure, or other conditions that may manifest before DCM
develops [8,30]. In this study, it was also found that three dogs with DCM were negative in
the serological tests but positive in the PCR test, which indicates that acute T. cruzi infection
can also result in DCM and heart failure in dogs, as is noted in 5% of acutely infected
human patients. Another possibility is that these dogs were exposed to T. cruzi infection
after they had already developed DCM from other etiologies.

Ventricular dilatation is the main feature of DCM [21], and it is recognized as one of
the most well-known alterations of AT in dogs and humans [1,2,5-7,30]. As expected, the
groups of infected dogs with DCM showed higher mean values for LVID-s and LVID-d, and
these values were statistically different when compared to the other groups (Table 2). In
comparison, many of the PCR-positive dogs in group A and group C exhibited a reduction
in their LVID-s and LVD-d values (Table 3). This pattern is similar to that reported [31] in
puppies during the acute stage of Chagas disease.

Chetboul [21] has documented the thinning of the IVS and/or the LVPW in dogs
with DCM. In this study, some of the infected DCM-negative dogs exhibited increased
thickening of the IVS at systole (Table 3); however, no significant changes in IVS thickness
were observed in the dogs with Chagas disease (vs. healthy controls) (Tables 2 and 3).
Barr et al. [9] also documented septal thickening during systole in dogs with Chagas dis-
ease, which exceeded the maximum reference value for septal thickness. The reduction in
LVPW-s seen in group B is consistent with the decrease in the size of the cardiac wall in
dogs with AT reported in other studies [9].
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The frequency of reduction in the LVID at systole and diastole, along with the observa-
tion of the thickening of the IVS and LVPW at systole, particularly in the PCR-positive dogs
(group A and group C), suggests a tendency towards a progressive decline in the ventricular
diameter. This condition has been reported in patients with acute AT [9,10,29,31,32] but not
in the chronic phase of Chagas disease in experimental models and human patients. This
acute left ventricular diameter reduction and septum/wall thickening of seropositive /PCR-
positive dogs is possibly due to an increase in ventricular mass, as reported in mice with
myocarditis [33], which in turn is produced by persistent parasitemia [26,34]. In the chronic
stages, fibrosis caused by the loss of myocardial cells and their replacement by collagen
fibers [35-37] may contribute to this reduction before DCM develops over time due to com-
pensatory cardiovascular mechanisms [5,26]. It is also possible that there was a difference
in the DTU of T. cruzi circulating in Merida at the time of this study with respect to previous
studies [9,10,29] The T. cruzi DTU (Tcl) circulating in this area [38] is documented to be
cardiotropic and highly virulent [39,40].

Although the Teichholtz method is not optimal for determining EF, SV, and CO, it
allows us to obtain values that can be obtained even using low-end ultrasound machines
without specific software and by operators with little experience in echocardiography,
which offers a great advantage when working in small veterinary clinics.

As noted in other studies [9,29], we recorded systolic dysfunction (decreased FS and
EFs) in some of the infected animals without DCM (Table 3), though the average values for
these parameters in the infected dogs (groups A, B, C) were not significantly different from
those observed in the healthy controls (Table 2). This observation indicates that though they
were identified as DCM-negative with normal myocardial contractility, some of the infected
dogs were progressing towards the clinical development of DCM. The EF in the animals
with DCM was less efficient than that in the animals without DCM despite the observation
that SV and CO were significantly greater due to the dilated ventricular space. Yet there is a
possibility that the increase in the systolic function parameters in the PCR-positive groups,
especially in group C (Table 2), occurred due to the stress effect of the ultrasonographic
procedure, which was conducted without anesthesia. Stress is documented to increase
the heart rate and the ventricular contractibility transiently in small animals [41]. Further
studies comparing sedated and non-sedated dogs will be needed to address the effect of
stress on LV function in infected dogs.

The mean diastolic function (E/A index) was found within the reference ranges [24]
in all groups (Table 2), though the E/A ratio tended to increase in all the infected groups.
Blood flow patterns were not directly correlated with AT or its severity (with or without
DCM) because there were similar numbers of cases with delayed relaxation and restrictive
and normal patterns, with no predominance of any one parameter, in both the DCM-
positive and DCM-negative infected dogs. A pattern of delayed relaxation in dogs was
reported by Pascon et al. [10] in T. cruzi-infected dogs without DCM, but it has not been
described in T. cruzi-positive dogs with DCM, although this and the other patterns found
in the infected dogs are consistent with the pathophysiology of DCM [21].

It is particularly important to consider those indicators that were statistically different
between the DCM-positive and DCM-negative groups (i.e., IVS-s, LVID-d, LVID-s, LVPW-d,
and EF) because they allow for an approximation in the evaluation of these variables in
dogs that are at risk of developing DCM. It should be noted that the alterations found
here, when applied to an uncontrolled, randomized population, may not be associated
with T. cruzi infection only since it is possible that there are other diseases or chronic
degenerative processes that may affect the heart in a similar manner as was observed for
the T. cruzi-infected dogs.

5. Conclusions

Changes in the heart structure were evident in infected dogs with DCM. Some of the
infected dogs exhibited a decreased left ventricular diameter with the presence of IVS and
LVPW thickening, indicating the risk of DCM development. Transmitral flow patterns were
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not associated with the severity of cardiac damage in the DCM-positive infected dogs. The
results of the present study also suggest that changes in the LVID at systole and diastole
are a major indicator of cardiac involvement in T. cruzi-infected dogs, and observation of
changes in the thickness of the IVS and LVPW at systole or diastole, fractional shortening,
and an E/A ratio above or below the normal range will provide high predictive efficacy in
determining the risk of DCM progression.
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Simple Summary: Leptospirosis is an infectious zoonotic disease caused by pathogenic Leptospira
and affects both humans and animals throughout the world. Domestic animals, such as dogs,
can act as potential reservoirs of leptospires for human or animal infections and environmental
contamination. Due to the different varieties of the predominant local circulating pathogenic serovars
in several regions, serodiagnosis tests, such as conventional microscopic agglutination tests (MATs) or
others that do not include local serovars and their protein antigens, have limitations, and may fail to
detect the disease and carry out antibody surveillance in certain regions. This study aimed to develop
a more accurate antibody detection tool for canine leptospirosis in our region by using an indirect
enzyme-linked immunosorbent assay (ELISA) using relevant local isolates of leptospiral serovars
from asymptomatic dogs. All the modified IgG-ELISAs with the local isolates gave positive results
for all infected dogs, especially outer membrane protein (OMP)-based IgG-ELISAs that showed
negative results for all dogs from non-endemic areas, demonstrating improved accuracy and reduced
limitations over those of the standard MAT and providing an enhanced method for leptospirosis
detection in the study area. This improvement is crucial when investigating the epidemiology of the
disease and preventing its spread. The article highlights the requirement and significance of utilising
local circulating isolates in serological approaches to accurately diagnose and monitor leptospirosis.

Abstract: Leptospirosis is a zoonotic disease of significant concern for human and animal health,
with domestic animals, including dogs, acting as reservoirs for human infection. Serology is widely
used for leptospirosis diagnosis, even though the standard microscopic agglutination test (MAT)
using a panel of serovars lacks specificity and can lead to detection limitations in certain regions. In
this study, we aimed to develop an antibody detection tool for dogs using an indirect enzyme-linked
immunosorbent assay (ELISA) with a set of local serovar isolates, including Paidjan, Dadas, and Mini,
to enhance the accuracy of leptospirosis surveillance in our region. The specificity and sensitivity of
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various antigen preparations, namely leptospiral whole-cell protein (WCP), total membrane protein
(TMP), and outer membrane protein (OMP), were assessed using sera from infected and non-infected
dogs, as well as negative puppy sera. Leptospirosis diagnosis was supported using a genus-specific
nested polymerase chain reaction test on all collected sera. Protein preparations were validated
using SDS-PAGE and Western blotting analysis. In the results, the standard MAT failed to detect
antibodies in any of the dogs confirmed as being infected using PCR and isolation, highlighting
its limitations. In contrast, the OMP-based ELISAs using local isolates of Leptospira serovars gave
positive results with sera from all infected dogs, and negative results with sera from all dogs from
non-endemic areas. IgG titres of infected and unvaccinated dogs from endemically affected areas
were significantly higher than those in non-endemic regions. Using the OMP-based IgG/ELISAs
with the local serovar Dadas resulted in higher specificity and lower sensitivity than when using the
WCP- and TMP-based IgG/ELISAs. Agreement analysis revealed fair and moderate concordance
between OMP-based IgG/ELISAs and PCR results, whereas slight and fair agreement was observed
between OMP-based ELISAs and the MAT. Overall, the modified OMP-based IgG/ELISAs, utilising
relevant local serovar isolates from dogs, demonstrated improved accuracy in detecting leptospirosis
in the study area, overcoming the limitations of the MAT. This study highlights the importance of
identifying and incorporating these local circulating serovar isolates into serological techniques for
leptospirosis diagnosis and surveillance.

Keywords: canine leptospirosis; diagnosis; serological test; microscopic agglutination test; enzyme-
linked immunosorbent assay; local serovars or isolates

1. Introduction

Leptospirosis is considered a worldwide significant infectious zoonosis for humans
and animals, particularly in developing countries, including Thailand [1-4]. The disease
is caused by pathogenic spirochetes in the genus Leptospira, which currently contains
68 species, in which pathogenic groups can be divided into over 24 pathogenic serogroups
and 250 pathogenic serovars based on the surface epitopes of the lipopolysaccharide (LPS)
antigens on their outer membrane [2,5-7]. As various pathogenic serovars can infect
humans and animals, it is crucial to identify the serovar involved and develop improved
serological diagnostic techniques to understand their epidemiology and prevent the spread
of disease [5,8-13].

Mammals, especially domestic animals (dogs and livestock), can play a significant
role as reservoirs for disease maintenance and transmission, contaminating the environ-
ment via their urine [1,14]. The four pathogenic serovars Canicola, Icterohaemorrhagiae,
Grippotyphosa, and Pomona can be found in dogs, as assessed by antibody prevalence or
isolation, and have been included in several commercial canine vaccines and diagnostic
methods [15,16]. Despite this, studies on antibody prevalence have suggested that the
serovars circulating in dogs vary among locations.

According to studies previously conducted in Thailand, various leptospiral serovars,
including Autumnalis, Australis, Bataviae, Bratislava, Canicola, Copenhageni, Grippoty-
phosa, Icterohaemorrhagiae, Javanica, Mini, Pomona, Sejroe, Shermani, and Tarassovi have
been shown to have high seroprevalence in dogs; moreover, these serovars also have been
described as the predominant circulating serovars found in humans in Thailand [17-21].
Previous reports demonstrate that dogs may spread and increase the probability of human
infection with the circulating serovars, where dogs and humans share the same areas and
environment [22-25].

In Thailand, L. interrogans serovars Paidjan, Dadas, and Batavaie, and L. weilii serogroup
Mini were the leptospires most frequently detected in asymptomatic dogs via a cross-
agglutination test, whereas evidence for their presence could not be detected via the MAT.
Phylogenetic analysis indicated that they were genetically related to L. interrogans isolates
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from the urine of asymptomatic humans with a previous history of symptoms and close
contact with unvaccinated animals in their backyards (L. interrogans serovars Paidjan strain
CUDOS5 and Dadas strain CUDOS) [26,27]. In addition, two local canine isolates of L.
weilii belonged to sequence type (ST) 94 (containing an undesignated serovar and strains
CUDO6 and CUDO13), and this ST was closely related to ST183 (containing an undes-
ignated serovar and strain LNT1234) and ST193 (containing serovar Hekou, strain H27
of L. weilii), isolated from humans in Laos and China [26-30]. Moreover, these serovars,
especially Bataviae, have been reported to cause disease in humans and dogs and are
carried by rodents [13,31-34]. Overall, dogs represent a significant potential source of
human leptospirosis infection [26,32,35].

Current methods for diagnosing animal leptospirosis follow recommendations by the
World Organisation for Animal Health (OIE), focusing either on detecting the agent or
immune response indicating past exposure [36-38]. PCR is the gold-standard method for
detecting early and chronic infection in agent detection, while serum antibody detection
using the MAT with live leptospires or an ELISAs with protein antigens is suggested for
surveillance [38,39]. The serovars used in the test should reflect the serovars circulating in
the investigated populations [36,37].

Recent studies in Thailand have identified issues with the use of serological and
PCR detection methods for guiding the country’s strategic approach to leptospirosis. The
local Leptospiral isolates, specifically serovars Paidjan and Dadas for L. interrogans and
serogroup Mini for L. weilii, are not included in the 24 serovars used in the MAT panel by
Thailand’s National Institute of Health. The MAT panel includes 23 pathogenic serovars
and 1 non-pathogenic serovar [40,41]. Challenges arise due to differences in strains and
serovars, impacting diagnostic accuracy. Discrepancies between PCR and MAT results
have been observed, impacting the application of serological detection for surveillance
in Thailand [26]. To address these limitations, several studies have developed ELISAs to
detect IgM and IgG antibodies against leptospiral antigen proteins, which are cost-effective,
offer good specificity and sensitivity, and are suitable for the large-scale surveillance of
animal populations [42-44].

This study aimed to assess the effectiveness of using locally sourced leptospiral isolates
from dogs in Thailand for modified indirect ELISAs by comparing these with the standard
MAT test, which utilises conventional serovars, to enhance the accuracy of leptospirosis
detection in canine sera. Different protein antigen preparations comprising whole-cell, total
membrane, and outer membrane protein were evaluated to provide recommendations for
optimal antigen selection to improve test sensitivity and specificity.

2. Materials and Methods
2.1. Bacterial Cultures and Growth Conditions

Nine Leptospira isolates were used for antibody detection in the MAT and for protein ex-
traction in developing modified ELISAs. These comprised five local leptospiral isolates that
were found in the urine of asymptomatic dogs in Thailand, including three from Leptospira
interrogans: serogroup Bataviae, serovar Paidjan, strain CUDOS5; serogroup Grippotyphosa,
serovar Dadas, strain CUDOS; and serogroup Bataviaem serovar Bataviae, strain D64. They
also comprised two Leptospira weilii strains: serogroup Mini strains CUDO6 and CUD13
(non-identified serovars) [26,32], and four isolates of L. interrogans that are commonly used
in commercial leptospirosis vaccines in dogs, comprising serovars Icterohaemorrhagiae,
Pomona, Grippotyphosa, and Canicola. The methods used to control biohazards associated
with handling Leptospira were approved by the Institutional Biosafety Committee of the
Faculty of Veterinary Science, Chulalongkorn University (IBC 2031004). All leptospiral
isolates were cultivated and incubated in 25 mL of liquid Ellinghausen-McCullough—
Johnson-Harris (EMJH) medium (Difco, Sparks, MD, USA) supplemented with enrichment
EMJH (Difco, USA) and 3% (v/v) rabbit serum for two weeks in aerobic conditions at
28-30 °C. The other leptospiral standard serovars used in the MAT panel were provided
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by the National Institute of Health (NIH), Thailand [40,41]. The list of all 29 isolates of
27 serovars used is shown in Table 1.

Table 1. Names of 29 leptospiral isolates, including 24 representative reference isolates and 5 local
Thai isolates, that were used in the microscopic agglutination test (MAT) and enzyme-linked im-
munosorbent assay (ELISA) in the study. These isolates were associated with 27 serovars (serovar
Bataviae and Mini each had two different isolates).

Serovars/Isolates MAT ELISA
24 representative reference isolates (belonging to 24 serovars)
Australis Used -
Aumtumnalis Used -
Ballum Used -
Bataviae Used -
Canicola Used Used
Cellidoni Used -
Cynopteri Used -
Djasiman Used -
Grippotyphosa Used Used
Hebdonadis Used -
Icterohaemorrhagiae Used Used
Javanica Used -
Louisaina Used -
Manhao Used -
Mini Used -
Panama Used -
Pomona Used Used
Pyrogenes Used -
Ranarum Used -
Sarmin Used -
Sejroe Used -
Shermani Used -
Tarasovi Used -
Semaranga Used -

5 local Thai isolates (belonging to 4 serovars)

Paidjan strain CUDO5 Used Used
Dadas strain CUDOS8 Used Used
Bataviae strain D64 Used Used
Mini strain CUDO6 Used Used
Mini strain CUD13 Used Used

2.2. Serum Samples and Groups of Dogs

Whole canine sera were collected from 260 dogs and divided into five groups based
on their status and origin. The collection of serum samples from dogs was approved by
the Chulalongkorn University Animal Care and Use Committee (CU-ACUC; Protocol NO.
1531075, groups 1 and 2). Moreover, the remaining canine sera from another study were
authorised by the owners with written informed consent for the participation of their dogs
in this study (groups 3, 4, and 5). Group 1 (n = 6) included leptospiral-infected dogs in an
area endemic to local isolates of leptospiral serovars (Nan Province) from a previous study.
Leptospirosis infection was confirmed by testing urine using a nested PCR targeting a
genus-specific region on the leptospiral 16S ribosomal RNA (rrs) gene. The four leptospiral
serovar isolates were also obtained from the urine of these dogs [26]. The serogroups
and serovars of these isolates were identified by using the microscopic agglutination test
(MAT) with polyclonal and monoclonal antibodies raised against Leptospira isolates at
the OIE National Collaborating Centre for Reference and Research on Leptospirosis, The
Netherlands [27,30]. The isolates were identified as L. interrogans serovars Paidjan and
Dadas and L. weilii serogroup Mini, as mentioned earlier. Group 2 (n = 21) included
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unvaccinated dogs from the same endemic area as that of the positive leptospiral-infected
dog group from a previous study [26]. The urines of these dogs were all negative for
Leptospira, as determined via nested PCR and isolation. Group 3 (n = 112) was a set of
one-year-old dogs from Bangkok with a history of a complete vaccination program from
the Blood Bank Unit, Small Animal Hospital, Faculty of Veterinary Science, Chulalongkorn
University. Each dog had received various combinations of vaccine isolates from the
multivalent leptospiral vaccine (bivalent, trivalent, or quadrivalent leptospiral vaccine)
when they were vaccinated at different hospitals or small animal clinics before blood
donation. The quadrivalent vaccine for leptospirosis contained four leptospiral serovars
from the species Leptospira interrogans, including serovars Icterohaemorrhagiae, Canicola,
Grippotyphosa, and Pomona (trivalent vaccine: serovars Icterohaemorrhagiae, Canicola,
and Grippotyphosa; bivalent vaccine: serovars Icterohaemorrhagiae and Canicola). Group
4 (n = 108) comprised unvaccinated dogs from non-endemic areas for the isolated serovars
(Bangkok, Samut Prakan, and Chonburi provinces). Group 5 (n = 13) included two-month-
old unvaccinated puppies from the same non-endemic areas as those represented by Group
4, and these served as a negative control to determine the cut-off values. The sera from
Groups 4 and 5 were provided by staff of the Faculty of Veterinary Technology, Kasetsart
University. All the canine sera were tested for the Leptospira genus gene via nested PCR to
help investigate any history of leptospirosis infection.

2.3. Detection of Leptospira in Sera Using a Genus-Specific Nested PCR Assay

DNA was extracted from 100 pL samples of each canine serum using Genomic DNA
Extraction and Purification Kit (Thermo Scientific™, Thermo Fisher Scientific, Waltham,
MA, USA), following the manufacturer’s instructions. DNA extracts were stored at —20 °C
before use. A single-tube nested PCR was used to detect a genus-specific region on the lep-
tospiral 16S ribosomal RNA (rrs) gene found in pathogenic and intermediate pathogenic Lep-
tospira spp., as previously described [45]. A 25 uL nested PCR was performed using two sets
of primers, including rrs-outer-F (5'-CTCAGAACTAACGCTGGCGGCGCG-3'), rrs-outer-R
(5'-GGTTCGTTACTGAGGGTTAAAACCCCC-3'), rrs-inner-F (5-CTGGCGGCGCGTCTTA-
3’), and rrs-inner-R (5'-GTTTTCACACCTGACTTACA-3'). The sizes of the final amplicon
were 547 and 443 bp. The genomic DNA extracted from the local isolates of the leptospiral
serovars from L. interrogans and L. weilii was used as the positive control. In contrast, the
negative control was the reaction mixture without a DNA template. Both positive and neg-
ative controls were included in each run of the nested PCR assay. The resulting amplicons
were separated via 1.5% agarose gel electrophoresis and visualised under ultra-violet light
following staining with ethidium bromide. The DNA extracts of a serum sample showing
bands of resulting amplicons were recorded as positive PCR results.

2.4. A Preliminary Study Using the Microscopic Agglutination Test (MAT)

Fifty serum samples including all of those in Group 1 (6 sera) and Group 2 (21 sera),
and a subset of 23 serum samples from Group 3 were selected for use in a preliminary
study of the MAT. This was conducted to test the hypothesis that the use of the approved
standard MAT might not detect antibody titres in the sera samples from dog groups in this
study, especially leptospiral-infected dogs. In the MAT panel, 29 isolates of 27 serovars
were used, including 24 representative reference isolates of Leptospira serovars [40,41] and
5 local isolates of Leptospira serovars isolated from Thai asymptomatic dogs [26,32]. The
MAT procedure was carried out as previously described [46]. Individual serum samples
were tested via two-fold dilutions from 1:20 to 1:10,240. The threshold of MAT cut-off for
reactivity was defined as >1:20 [32]. The titre, the maximum dilution at which 50% of
leptospires agglutinated with the antibody from the serum dilution, was used to interpret
the MAT results.
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2.5. Leptospiral Protein Preparations for Modified ELISAs
2.5.1. Whole-Cell Protein Using Sonicated Leptospiral Preparations

All leptospiral protein preparations were extracted in duplicate using 50 mL of Lep-
tospira EMJH culture (one replicate; 25 mL). After protein preparations were completed,
the extracted proteins from each replicate were pooled in a single tube. Whole-cell protein
(WCP) extraction was modified from a previously described method [47]. In total, of
2.1-2.9 x 10® cells/mL of each Leptospira isolate cultured in EMJH medium was washed
three times with phosphate-buffered saline (PBS, pH 7.4) and centrifuged at 13,000 g at
4 °C for 10 min. The cells were subjected to 10 cycles of —80 °C freezing and 10 min of
thawing at room temperature. Each Leptospira preparation was then sonicated for 30 min
at 4 °C in an ice bath. Cells containing PBS were mixed using SiLibeads Type S with an
equivalent volume of PBS, and ten cycles of shaking for 1 min and cooling for 2 min were
conducted. The WCP extracts were then centrifuged at 10,000 x g for 5 min to elute them,
after which each was aliquoted and kept at —20 °C until needed. The protein concentra-
tions of the extracts ranged from 502 to 641 ug/mL for the five local isolates and 707 to
872 nug/mL for the four vaccine isolates of Leptospira serovars.

2.5.2. Total Membrane Protein Fraction Obtained Using Lysis Buffer

Total membrane protein (TMP) extraction utilising lysis buffer was modified from a
previously described method [48]. For each isolate, 2.1-2.9 x 108 Leptospira cells cultured
in EMJH medium were centrifuged three times at 13,000 x g for 10 min at 4 °C using
PBS for washing. The final Leptospira pellets were dissolved in 1 mL of lysis buffer
(20 mM Tris (pH 8), 150 mM NaCl, 2 mM EDTA, and 2 mg of lysozyme per mL). Each
live Leptospira serovar suspension was then sonicated after standing for 30 min in an
ice bath at 4 °C. Finally, the Leptospira suspension was centrifuged at 13,000 x g for
10 min at 4 °C to separate the complete membrane protein pellet from the soluble protein
supernatant. For the ELISAs and protein concentration measurements, the TMP pellets
were resuspended in PBS and stored at —20 °C. The concentrations of the TMPs for the
five local isolates were 308 to 429 pug/mL, and these were 534 to 663 pg/mL for the four
vaccine isolates of Leptospira serovars.

2.5.3. Outer Membrane Protein Isolation Using Triton X-114

Outer membrane protein (OMP) extraction using Triton X-114 was modified from pre-
viously described methods [48-51]. Leptospiral isolates containing 2.1-2.9 x 10% cells/mL
in EMJH medium were washed in triplicate with PBS via centrifugation at 13,000x g and
4 °C for 10 min. Each Leptospira pellet was immersed in Triton X-114 buffer (20 mM Tris (pH
8), 150 mM NaCl, 2 mM EDTA, and 2% Triton X-114) for 1-2 h at 4 °C to extract the OMPs.
The suspension was centrifuged at 17,000x g for 45 min to remove the insoluble pellet
and preserve the supernatant. Phase separation was then conducted on the supernatant
by adding PBS containing 20 mM CaCl,, subjecting it to warming at 37 °C for 1 h, and
centrifuging it at 6000x g for 10 min at 25 °C. The protein phase of each Leptospira isolate
was divided into three phases: an aqueous phase, a detergent phase that contained outer
membrane proteins, and pellets. The detergent phase was dissolved in PBS and stored at
—20 °C for use in the ELISAs and measurements of protein concentration. The protein
concentrations of all the isolates ranged from 113 to 227 g/mL.

2.6. Confirmation of Protein Components via SDS-PAGE and Western Blotting

SDS-PAGE and Western blotting techniques were modified from the methods de-
scribed in previous studies [48,52]. The protein components of the three extractions from
the five local isolates of Leptospira serovars were visualised via 12.5% polyacrylamide gel
electrophoresis and staining with Coomassie Brilliant Blue R-250. For Western blotting,
proteins in the polyacrylamide gels were transferred onto polyvinylidene difluoride (PVDEF)
membranes, which were equilibrated using absolute methanol. After protein transfer, the
membranes were blocked with 5% skim milk in TBS buffer with 0.1% Tween (TBST) and
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washed three times with TBST after being incubated for 2 h at room temperature. Each
membrane was incubated at 4 °C overnight with pooled leptospirosis sera from dogs con-
firmed as infected from Nan Province (Group 1) diluted 1:200 in TBST containing 5% Bovine
serum albumin (TBST-BSA). The membranes were washed with TBST and incubated with
1:1000 horseradish peroxidase (HRP)-conjugated goat anti-dog IgG antibody in TBST at
room temperature for 2 h. After incubation, the membranes were washed with TBST and
visualised via chromogenic detection using a 3,3’-diaminobenzidine tetrahydrochloride
(DAB) substrate.

2.7. Indirect Immunoglobulin G (IgG) ELISAs
2.7.1. Optimisation of Indirect ELISAs and Cut-Off OD Values

The optimum single-working protein concentrations and serum dilutions were estab-
lished using checkerboard titration with the indirect ELISA technique, modified according
to previously described studies [53,54]. The protein obtained from each extraction tech-
nique and isolate was suspended in 2 pg/mL of 0.05 M carbonate-bicarbonate buffer (pH
9.6), serially diluted two-fold to a final dilution of 0.015625 pug/mL, and applied to the
wells of 96 well-microplates with a total volume of 100 pL of diluted protein in coating
buffer. Three different groups of dog sera were used to optimise the indirect ELISAs, in-
cluding (1) pooled serum samples from six asymptomatic dogs with Leptospira successfully
isolated from their urine or who tested antigen-positive via PCR (Group 1), (2) pooled
serum samples from six vaccinated dogs older than one year and with a history of complete
vaccination (Group 3), and (3) pooled serum samples from 13 non-vaccinated 2-month-old
dogs without a history of vaccination (Group 5). Each pooled sera preparation was added
to PBS buffer with 0.05% Tween 20 containing 1% Bovine serum albumin (PBST-BSA) at
a starting dilution of 1:80,serially diluted two-fold to a final dilution of 1:81,920 and then
added to the wells across the columns of the microplates. After the optimisation of protein
concentrations and serum dilutions, all 13 sera from the unvaccinated 2-month-old dogs
(Group 5) were individually used to detect the optical density (OD) value and define the
cut-off OD value for each modified indirect ELISA using the optimal protein concentration
and serum dilution with the same conditions as those of the indirect ELISA technique used
before. Each individual serum sample was examined for the OD value in triplicate. All
OD values from 13 sera in triplicate were then computed as the single optimal OD cut-offs
using the sum of the mean ODs plus four standard deviations (Mean + 4SD) to enhance the
specificity of the modified ELISA tests for distinguishing between positive and negative
results. The use of 45D aimed to minimise false positives while maintaining sensitivity, as
in other field studies [55-58].

2.7.2. IgG Antibody Detection

The optimal protein concentration for all three extraction methods (1 pg/mL) in 0.05 M
carbonate-bicarbonate buffer (pH 9.6) was used to coat the wells (100 pL/well) overnight at
4 °C. After rinsing them three times with PBS buffer (pH 7.4), the plates were blocked with
PBST-BSA blocking solution (100 nL/well) for 1 h before being washed three times with
PBS buffer. The optimal serum sample dilutions for WCP, TMP, and OMP preparations
were used at 1:1280, 1:640, and 1:640 with PBST-BSA, respectively. In total, 260 serum
samples from the 5 dog groups were used. Each diluted serum sample was added to the
well of the microplate (100 uL/well) and incubated at 37 °C for 1 h. After protein and serum
incubation, plates were washed three times with PBS buffer. The bound IgG antibody
was detected using a 1:10,000 dilution of goat anti-dog IgG conjugated with HRP enzyme
in PBST-BSA buffer (100 pL/well) and incubated for 1 h at 37 °C. The microplates were
washed three times with PBS buffer before 3,3',5,5' -Tetramethylbenzidine (TMB) substrate
(50 pL/well) was added to the wells, and the plates were then left at room temperature
for 5-10 min to allow the development of a blue-green colour. Then, 2M sulphuric acid
(50 nuL/well) was used to terminate the colour development reaction, under which the
colour changed to yellow. The IgG levels in individual serum samples were examined in
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duplicate. The reactivity was assessed by measuring the OD value at a 450 nm wavelength
with a microplate ELISA reader. The OD of the blank control with PBST-BSA without
serum dilution was subtracted from the OD of each well.

2.8. Statistical Analysis

The effectiveness of the modified indirect ELISAs was preliminarily assessed. The
results of the modified ELISAs, PCR, and MAT assays were compared by utilising the first
50 serum samples selected from dog groups 1, 2, and 3. The evaluation included calculating
the values for sensitivity, specificity, positive predictive value (PPV), negative predictive
value (NPV), intra-assay (repeatability), inter-assay (reproducibility), and accuracy. The
OD values obtained via IgG detection for all 260 serum samples from all serum groups,
including the first 50 serum samples from dog groups 1, 2, and 3, that were used to
evaluate the diagnostic performance of the modified ELISAs were calculated and analysed
using nonparametric statistics via the Kruskal-Wallis test and Dunn’s post hoc test in
GraphPad prism software v.9 to compare the differences in the levels of IgG antibody
between groups of dog sera within each modified indirect ELISA. A receiver—operator
curve (ROC) analysis was determined and used to establish the appropriate cut-off OD
values for the specificity and sensitivity of each modified ELISA test using MedCalc
software v.20.006. The association between the antibody titre of the MAT and the antibody
level of the modified ELISAs was determined using the 14 serum samples with MAT
titres above a 1:20 dilution from dog groups 1, 2, and 3 via Pearson correlation analysis.
Using agreement analysis and Cohen’s kappa statistics, the degree of concordance among
the three diagnostic methods was determined by comparing the results for the 50 serum
samples (groups 1, 2, and 3) with the modified ELISAs against PCR and the MAT assays.

3. Results
3.1. Detection of Leptospira in Serum via Nested PCR

The results of the nested PCR for the 260 serum samples are shown in Table 2. Only
the six serum samples of infected dogs from the endemic area (Group 1) tested positive.

3.2. Antibody Titres in the Microscopic Agglutination Test

The 50 serum samples, which were selected from the three dog groups, Group 1, 2 and
3, were tested via the MAT against 29 isolates (27 serovars), including 24 representative
reference isolates and 5 local isolates of Leptospira serovars. Tables 2 and 3 record the
number of evaluated sera and antibody titres against the serovars. Of the 50 serum samples,
only 11 (11/21; 52%) sera from unvaccinated dogs in the endemic area (Group 2) and 3
(3/23; 13%) sera from vaccinated dogs in the non-endemic areas (Group 3) had antibody
titres equal to or greater than a 1:20 dilution. In contrast, no sera (0%) from positive
leptospiral-infected dogs in the endemic areas (Group 1) had antibody titres equal to or
above the 1:20 dilution. The positive MAT serum samples from groups 2 and 3 were in the
1:20 to 1:80 dilution range, with Group 2 having higher antibody titres than group 3. In
addition, antibody titres were only detected for four Leptospira serovars, including serovars
Hebdonadis, Sejroe, Shermani, and Paidjan, with the numbers of positive sera to these
serovars in MAT being four, one, nine, and one, respectively. One serum sample from an
unvaccinated dog in the endemic area (Group 2) had antibody titres against the local isolate
of serovar Paidjan, previously recovered from asymptomatic dogs. One serum sample from
the same group displayed antibody titres with serovars Hebdonadis and Shermani, which
are reference serovars used in standard MAT panels in Thailand.
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3.3. The Protein Components Confirmed via SDS-PAGE and Western Blot Analysis Using Serum
from a Dog with Leptospirosis

The protein components of the three extractions from the five local leptospiral serovar
isolates were assessed via SDS-PAGE and Western blotting before use in modified ELISAs,
and the results are shown in Supplementary Figure S1. The proteins from the preparations
of WCP, TMP, and OMP were shown to react to pooled sera from a dog confirmed as
positive for leptospirosis via isolation and PCR, and displayed different staining intensities
and patterns.

3.4. Determination of the Optimal OD Cut-Off Values for Indirect ELISAs

Based on the optimal protein concentration and serum dilution for each antigen protein
preparation, all 39 OD values from 13 unvaccinated 2-month-old dogs (Group 5) from
non-endemic areas that acted as a negative control due to their history of no vaccination
and the fact that they were PCR-negative for the leptospiral 16S ribosomal RNA (rrs) gene
were examined in triplicate and computed to define the optimal OD cut-off values using
the sum of the mean ODs plus four standard deviations (Mean + 4SD). The cut-off OD
values for the ELISA using WCP, TMP, and OMP at a protein concentration of 0.1 pg/well
(1 pg/mL) and serum dilutions of 1:1280, 1:640, and 1:640 were 0.593, 0.816, and 0.898,
respectively. Serum samples that displayed an OD value equal to or greater than the values
of the optimal OD cut-off were considered positive in the modified ELISAs that used the
leptospiral serovar isolates in this study.

3.5. Detection of Antibody Levels via the Modified ELISAs

For the 260 serum samples, the number and percentage that tested positive in the
modified ELISAs using five local isolates of Leptospira serovars and four Leptospira serovars
commonly used in the leptospirosis vaccine in dogs are shown in Table 3 and Supple-
mentary Table S1. Sera from all infected dogs with positive infection status confirmed
via urine PCR and isolation (group 1) had positive antibody results under all ELISAs
modified using local isolates of Leptospira serovars. At the same time, they did not exhibit
positive titres under the MAT or in the ELISAs using the common Leptospira serovars used
in canine vaccines. However, some sera from all unvaccinated dogs from the concurrent
endemic area (Group 2) and vaccinated dogs from Bangkok (Group 3) that were negative
under serum PCR tested positive under the MAT and modified ELISAs. In the WCP and
TMP-based ELISAs using local isolates of Leptospira serovars, 52% to 71% and 0% to 33% of
sera from groups 2 and 3, respectively, were positive. Using the OMP-based ELISAs, 43
to 62% of the sera from Group 2 were positive, but none of the sera from Group 3 were
positive. Moreover, all sera from unvaccinated dogs from non-endemic areas (Group 4)
and unvaccinated puppies from non-endemic areas (Group 5) were negative in all ELISAs
utilising local isolates of Leptospira serovars. On the other hand, the OMP-based ELISAs
coated with the set of serovars used in the vaccine gave strongly positive results for the
vaccinated dogs (Group 3), for 66% to 76% of the sera. In contrast, infected dogs (group 1)
and unvaccinated dogs (Group 2) were negative. Additionally, some of the sera, 21% to
31%, from the unvaccinated dogs in Group 4 were positive, whereas none of the sera from
Group 5 were positive in any modified ELISAs utilising the Leptospira serovars commonly
used in the canine leptospirosis vaccine.

The distribution of IgG antibody levels against the OMP of five local isolates of
Leptospira and four common Leptospira serovars used in vaccines in the modified ELISAs are
shown in Figure 1, and Supplementary Figures S2 and S3. All OMP-based ELISAs using
local isolates of Leptospira serovars identified IgG antibodies in dogs from the endemic
area (groups 1 and 2), with a highly significant difference (p-value < 0.05) from dogs in
non-endemic areas (groups 3, 4, and 5). On the other hand, some of the WCP and TMP-
based ELISAs using local isolates of Leptospira serovars did not significantly differentiate
(p-value > 0.05) between the groups of dogs from the endemic and non-endemic areas
(Figure 1, and Supplementary Figure S2). In contrast, all the modified ELISAs using
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the common Leptospira serovars used in vaccines showed that only the IgG antibody
levels of the vaccinated dogs from non-endemic areas (Group 3) were significantly higher
(p-value < 0.05) than those in the four other dog groups from the endemic and non-endemic
areas (Supplementary Figure S3).
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Figure 1. The levels of IgG antibody detected in modified ELISAs against whole-cell protein (WCP),
total membrane protein (TMP), and outer membrane protein (OMP) from the local Thai isolate of
Leptospira serovar, including serovar Dadas, at 1:1280 (A), 1:640 (B), and 1:640 (C) sera dilutions.
Comparisons among 260 sera from five groups consisting of dogs from Nan Province confirmed
as infected via PCR and isolation (Group 1), unvaccinated dogs from Nan Province (Group 2),
vaccinated dogs from Bangkok (Group 3), unvaccinated dogs from non-endemic areas (Group 4),
and unvaccinated puppies from non-endemic areas (Group 5). The significant differences of the IgG
antibody levels between dog sera group were analyzed using Kruskal-Wallis test and Dunn’s post
hoc test (p-value < 0.05). (A—C) demonstrated the modified ELISAs against WCP, TMP and OMP from
serovar Dadas identified that dogs from endemic area (groups 1 and 2) have the higher level of IgG
antibody than dogs in non-endemic areas (groups 3, 4, and 5), with a highly significant difference.

3.6. Diagnostic Performance of All Modified ELISAs

The sensitivity, specificity, and intra- and inter-assay comparisons for all the modified
ELISAs are shown in Supplementary Table S2. The diagnostic performance of the modified
ELISAs was calculated using the results of the serum PCR, MAT, and ELISAs with 50 sera
from three dog groups (groups 1, 2, and 3). All the modified ELISAs had the highest
sensitivity compared with PCRs from both urine and sera. At the same time, OMP-based
ELISAs showed the highest specificity, followed by TMP-based ELISAs and WCP-based
ELISAs. For the comparison of the ELISA with the MAT, the highest sensitivity was
for WCP-based ELISAs, whereas the highest specificity was for OMP-based ELISAs. In
comparing the sensitivity among all modified ELISAs to that of the MAT, all ELISAs from
the serovar Dadas produced the highest sensitivity, at 64.3 to 85.7%. However, the highest
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specificity was mostly found with OMP-based ELISAs, mainly where serovar Mini06 and
Bataviae were used. The intra-assay (repeatability) and inter-assay (reproducibility) values
of all three ELISA protein platforms were assessed for diagnostic precision. The percentage
of the coefficient of variation (% CV) determined via the intra-assay analysis of the three
modified ELISA platforms were 6.3, 4.1, and 2.6 for WCP, TMP, and OMP-based ELISAs,
respectively. Furthermore, the inter-assay assessment showed that the percentage of the
coefficient of variation for the three ELISA platforms based on WCP, TMP, and OMP were
11.0, 9.3, and 8.5, respectively.

3.7. Receiver—Operator Curve (ROC) Analysis, Correlation Analysis, and Agreement Analysis

The receiver-operator curve (ROC) analysis and area under the ROC curve (AUC) for
the determination of the cut-off OD value for the specificity and sensitivity of each modified
ELISA are shown in Figure 2 and Supplementary Figure S4. The AUC of the modified
ELISAs against WCP /IgG-ELISAs, TMP /IgG-ELISAs, and OMP /IgG-ELISAs ranged from
0.610 to 0.676, 0.607 to 0.696, and 0.585 to 0.691, respectively. The cut-off OD values of each
modified ELISA were 0.564-0.744, 0.413-0.865, and 0.2695-0.899 for the WCP/IgG-ELISAs,
TMP /1gG-ELISAs, and OMP /IgG-ELISAs, respectively. Among the cut-off OD values of all
the modified ELISAs, the modified ELISA tests for the WCP/IgG-ELISA, TMP /IgG-ELISA,
and OMP/IgG-ELISA using the serovar Dadas isolate yielded the highest specificity, while
maintaining good sensitivity in the ROC analysis.

The results of the Pearson correlation of MAT antibody titres and the IgG antibody
levels under modified ELISAs in dog sera with MAT titres above a 1:20 dilution are
shown in Supplementary Figure S5. Overall, the antibody levels in dogs with MAT titres
above a 1:20 dilution from the MAT and ELISA positively correlated with those under
all modified ELISA platforms. IgG antibodies from the WCP-Minil3/IgG-ELISA, TMP-
Mini06/IgG-ELISA, and OMP-Paidjan/IgG-ELISA had the most positive correlation to the
MAT antibody titre among the IgG-ELISAs.

The agreement analysis of serum PCR and the MAT against all modified ELISAs
is shown in Supplementary Table S3. The degree of concordance from a comparison
of a PCR assay from urine and all modified ELISAs demonstrated that only the WCP-
/1gG-ELISA using serovars Dadas, Bataviae, and Minil3, and the OMP-Dadas/IgG-ELISA
showed slight agreement (k = 0.10-0.20), while the other modified ELISAs represented
fair agreement (k = 0.21-0.40). On the other hand, a comparison of the serum PCR results
with those of all modified ELISAs demonstrated that the TMP-Mini06/IgG-ELISA and
OMP/IgG-ELISA from serovar Bataviae and Mini06 had moderate agreement (k = 0.41-
0.60), whereas the others showed fair agreement—except for the WCP-Dadas/IgG-ELISA,
which only had slight agreement. In contrast, a comparison of the MAT assay with all
modified ELISAs showed that the seven modified ELISAs, including the WCP /IgG-ELISA
using the serovars Dadas, Mini06, and Minil3, the TMP/IgG-ELISA using the serovars
Paidjan and Bataviae, and the OMP/IgG-ELISA from serovars Dadas and Paidjan showed
fair agreement with the MAT, while the remaining modified ELISAs displayed slight
agreement.
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Figure 2. Receiver-operator curve (ROC) and area under the curve of ROC (AUC) of modified
ELISAs against whole-cell protein (WCP), total membrane protein (TMP), and outer membrane
protein (OMP) from the local Thai isolates of Leptospira serovars, including serovar Dadas, at 1:1280
(A), 1:640 (B), and 1:640 (C) sera dilutions, with 50 sera from three groups consisting of dogs from
Nan Province confirmed as infected via PCR and isolation (Group 1), unvaccinated dogs from Nan
Province (Group 2), and vaccinated dogs from Bangkok (Group 3). All the ROC curve and AUC of
the ROC of modified ELISAs were analyzed by MedCalc software. (A-C) displayed the sensitivity
and specificity of the modified ELISAs against WCP, TMP and OMP from serovar Dadas using the
cut-off OD values that were set by ROC analysis showed the moderate sensitivity, specificity and
AUC, with p-value < 0.05.

4. Discussion

Leptospirosis is a zoonotic disease that poses a threat to both human and animal
health. Dogs can act as asymptomatic carriers of the pathogen, making them potential
sources of infection for humans [1,32]. To effectively combat leptospirosis, it is essential to
have reliable diagnostic tools and vaccines for surveillance and prevention, respectively.
Serological techniques, including ELISAs, have been developed to diagnose and screen for
leptospirosis in dogs [42,53,59-61]. This study aimed to improve the sensitivity and speci-
ficity of antibody detection in leptospirosis in our region by proposing modified indirect
ELISAs incorporating local isolates of Leptospira serovars isolated from asymptomatic dogs
in Thailand.

The leptospiral serum antibody content of animals reflects exposure to immunodomi-
nant Leptospira antigens during infection and vaccination. Leptospiral surface proteins are
often cross-reactive, while the surface lipopolysaccharide (LPS) components are mostly
serovar-specific and generate antibodies specific for those serovars [62-66]. Previous stud-
ies on antibody detection in dogs have used sera from animals that have either been infected
or have received serovar-specific vaccines [42,53,57,65-67]. In the current study, the canine
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sera used were chosen from various types of dogs from areas where there were different
circulating serovars. This allowed an analysis of serovar-specific and non-serovar-specific
antibodies generated against local isolates of leptospiral serovars. The five groups of dogs
represented those from an area endemic for local isolates (groups 1 and 2) and those where
these isolates have not been recorded (groups 3-5). This allowed us to evaluate and confirm
the modified ELISAs’ diagnostic performance using local leptospiral serovars for detecting
corresponding antibodies in dogs.

Group 5, including unvaccinated puppies from non-endemic regions, was chosen
as the negative control group for a serological investigation since the dogs had not been
vaccinated and tested negative under PCR, confirming the absence of the pathogen in
them. This group provides a clear baseline for seronegative samples, which is crucial for
determining the cut-off in serological tests. The MAT was not used for these sera because
the MAT is typically reserved for cases with uncertain pathogen presence or to measure
antibody response, and these puppies were already confirmed as negative under PCR,
a method that directly detects a pathogen’s genetic material with high sensitivity and
specificity, rendering further MAT testing unnecessary [68,69]. The reliability of the PCR
in confirming the absence of the pathogen justifies its use over the MAT, which, despite
its high specificity, has lower sensitivity and can yield false negatives in early infection
stages or in patients with low antibody levels. Therefore, the PCR-negative status of Group
5 puppies ensures a valid negative control for establishing serological test cut-offs [68-71].

Determining an optimal cut-off value for ELISA tests is essential for accurately distin-
guishing between positive and negative results in detecting antibodies against Leptospira
spp. The method of setting the cut-off value at the average optical density (OD) plus
four standard deviations (SD) is highlighted for its ability to improve the specificity of the
test, ensuring that positive results truly reflect the presence of the disease [55-58]. This
approach is supported by a study in which use of the ELISA gave high specificity (95.6%)
and sensitivity (100%) compared with those of the MAT for detecting leptospirosis in
dogs, by adopting the mean OD + 4SD as the cut-off value [57]. This method effectively
minimises the risk of false positives, which is crucial for reliable diagnostics in a clinical
setting [72].

Using local isolates of Leptospira serovars as protein antigens in the modified ELISAs
significantly improved the accuracy of serological detection for leptospirosis in dogs in
Thailand. Previous studies also have demonstrated the efficacy of ELISAs using local
serovars, such as the L. interrogans serovar Canicola, in detecting leptospiral antibodies and
increasing sensitivity and specificity compared with those of the standard MAT [42,53].
Similar results have been observed in leptospirosis studies in dogs and cattle using local
serovars and isolates from endemic areas, such as L. fainei, serovar Hurstbridge, strain BUT
6T, and L. interrogans, serovar Hardjo [60,73]. These findings and the present study indicate
that using known or local serovars in ELISA testing enhances the diagnostic accuracy of
serological antibody detection.

The ELISAs modified using local isolates of Leptospira serovars demonstrated the
ability to detect IgG antibodies and differentiate their levels in sera between different
groups of dogs, particularly in infected dogs (group 1) that did not produce the antibody
titres detected in the MAT but showed positive results via PCR on urine and serum. This
is consistent with previous studies that have shown the effectiveness of modified ELISAs
using local isolates of Leptospira serovars in detecting antibodies in negative sera and in sera
shown to be positive under the MAT [42,53,54,60,73]. Unvaccinated dogs from endemic
areas (Group 2) and vaccinated dogs from non-endemic areas (Group 3) exhibited different
ELISA results and antibody levels compared with infected dogs (Group 1). While serum
PCR results were negative for groups 2 and 3, MAT and ELISAs showed positive titres and
antibody levels in some animals. The positive animals in Group 2 might have developed
antibodies from previous exposure to local leptospiral isolates in the endemic area. In
contrast, antibodies in Group 3 could have been generated via exposure to serogroup
cross-reactive antigen proteins from vaccine serovars. In diagnosing leptospirosis, it is well
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recognised that there is no direct correlation between the results of tests that detect the
agent, such as PCR, and serological testing that provides evidence of past exposure [38,44].
However, combining PCR results with serological test results can improve the effectiveness
of leptospirosis diagnosis [74-77]. Using ELISAs with local serovars and isolates may
enhance the diagnostic efficacy of serological tests, especially in samples that are PCR-
negative and negative for conventional antibody detection under the MAT.

The modified ELISAs employed different protein components as antigens, including
WCP, TMP, and OMP preparations. WCPs of leptospiral cells contain many proteins derived
from the whole and outer membranes. On the other hand, TMPs consist of cytoplasmic
membrane and outer membrane proteins. The heat shock proteins GroEL and Dnak,
which are primarily present in cytoplasmic membranes, are potential immunoreactive
protein antigens in these preparations. The OMPs, which include numerous possible highly
immunogenic proteins, such as LipL32, LipL45/31, and LipL41, are the most conserved
components across all leptospiral serovars and species. In contrast, lipopolysaccharides
have a wide range of carbohydrate side chains, influencing antigenic diversity across
several leptospiral serovars [47-52]. Among these, the ELISAs based on WCPs exhibited
higher sensitivity, followed by those based on TMPs and OMPs. The WCP-based ELISAs
are better suited for antibody surveillance due to their high sensitivity; nevertheless, this
enhanced sensitivity can frequently result in false-positive results. Although ELISAs based
on total membrane proteins (TMPs) and outer membrane proteins (OMPs), especially
OMP-based ELISAs, demonstrated a high level of specificity and are therefore suitable for
antibody screening and diagnosis to differentiate between infection and no infection or
vaccination in dogs, they tend to yield a high percentage of false-negative results. False-
positive and false-negative serological reactivities reflect the sensitivity and specificity of
each method via the synthesis of protein antigens and serovars used in the ELISAs. These
findings can be attributed to the differences in protein components and the impact of
various serovars on the sensitivity and specificity of the ELISAs [42,48,53,61].

Agreement analysis between the ELISAs modified using local isolates of Leptospira
serovars and the PCR test in this study indicated a slight to moderate degree of concordance,
suggesting a reliable correlation between the two methods. The agreement between the
ELISAs and MAT ranged from slight to fair, highlighting more satisfactory agreement
between PCR-based antigen detection and ELISA-based antibody detection using local
serovars and isolates compared with the MAT using reference serovars combined with
local serovars and isolates [73,78,79]. To enhance the accuracy of serological diagnostic
testing for antibody detection and monitoring in canine leptospirosis, the utilisation of local
serovars or isolates in combination with appropriate antigen preparations is crucial. Thus,
the identification of the local serovars and isolates in each area, as well as the serovars
identified via serotyping, is essential and should be explored.

The discrepancies observed between the ELISA and the MAT results in diagnosing
leptospirosis are primarily due to the different antigenic profiles that each test targets and
the stages of disease at which they are most effective. The ELISA is designed to detect
antibodies against specific antigens or epitopes, which may be highly specific to certain
strains of a pathogen, while the MAT detects antibodies against a broader range of antigens
presented by live bacteria, including surface proteins not targeted by the ELISA [80]. This
can lead to discrepancies, particularly if the ELISA and MAT do not include antigens
and leptospires from the strains circulating in each region, potentially resulting in false
negatives. The World Health Organization recommends using a locally optimised MAT
panel that represents the currently circulating strains to improve sensitivity [81]. The
discrepancies between these tests underscore the importance of the regional customisation
of diagnostic tests to enhance accuracy, which can be achieved by including antigens from
local strains in ELISAs or by optimizing MAT panels with these strains [80,81].

The research highlights the importance of finding and using local strains of Leptospira
from dogs to improve diagnostic tests in regions with high prevalence like Thailand where
leptospirosis presents significant public health and economic difficulties. The CDC stresses
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the significance of national surveillance for controlling leptospirosis, a condition that must
be reported nationally in several countries. This study proposes that creating ELISA plates
specific to the most common local serovars could enhance diagnostic precision, given the
current diagnostic methods” shortcomings in accurately detecting the disease due to their
low specificity and the risk of cross-reactivity with other tropical diseases. A detailed plan
for consistent monitoring and readiness for diagnosis, which involves creating a collection
of serovars, regularly assessing the composition of ELISA plates, improving surveillance
programs, developing ELISAs based on recombinant antigens, and fostering collaboration
and data exchange, is suggested to direct future diagnostic methods and improve public
health outcomes in the area [32,44,82].

The introduction of new serovars in tests for leptospirosis has the potential to greatly
improve the accuracy of diagnostic tests, which are now limited by the specificity and
sensitivity of current assays. Integrating the new serovars with the authorised set may
enhance diagnostic accuracy and epidemiological surveillance, perhaps establishing them
as the standard for leptospirosis diagnosis and surveillance, pending additional research
and validation studies. This method would require revisions to current regulations and
guidelines to include the new genotypes and serovars. If the new set is not officially
adopted, it can still be used in conjunction with the approved set to improve surveillance
and research, helping to understand the genetic diversity and evolution of Leptospira spp.
Adopting new serovars requires regulatory compliance, integration with current processes,
improved epidemiological data gathering, heightened public health awareness, and per-
haps revised immunisation approaches. Both sets of serovars can be used together, with
the new serovars being utilised for more accurate and quicker diagnosis. This development
offers a chance to enhance the comprehension and control of leptospirosis by improving
diagnostic precision and epidemiological monitoring [83-88].

Overall, the findings of this study contribute to the advancement of leptospirosis
surveillance and emphasise the importance of using local isolates of Leptospira serovars in
the design of effective serological techniques. Further research and validation studies are
warranted to confirm the efficacy and applicability of these indirect ELISAs modified using
local Leptospira serovar isolates in diverse geographical locations and dog populations.

5. Conclusions

In conclusion, this study demonstrates the effectiveness of ELISAs modified using
local isolates of leptospiral serovars in improving the sensitivity and specificity of antibody
detection for leptospirosis in dogs. Using protein antigens extracted from local isolates of
leptospiral serovars enhanced the diagnostic accuracy of the serological tests, particularly
in samples that were PCR-negative and negative for conventional antibody detection
under the MAT. The choice of protein antigen preparation, such as WCPs, TMPs, or
OMPs, affects the sensitivity and specificity of the ELISAs. The WCP-based ELISAs offer
higher sensitivity, while the OMP-based ELISAs provide higher specificity. The ELISA
modified with the combination of local isolates of leptospiral serovars with appropriate
antigen preparations can improve the accuracy of serological diagnostic testing for antibody
detection and monitoring in canine leptospirosis. The importance of the identification
of local circulating leptospiral serovars in certain regions needs to be determined, and
has practical implications for achieving more accurate diagnosis and management of the
disease in endemic areas to prevent leptospirosis in animals and humans.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/ani14060893/s1, Figure S1: The confirmation of the protein
components from the five local Thai leptospiral serovar isolates using SDS-PAGE and Western
blotting; Table S1: The number and percentage of dog sera that tested positive by modified ELISAs
using other four local isolates of leptospiral serovars and four common leptospiral serovars used
in the leptospirosis vaccine for dogs; Figure S2: The levels of IgG antibody by modified ELISAs
with WCP, TMP, and OMP from the other four local Thai leptospiral serovar isolates; Table S2:
The evaluation of diagnostic test performance from the modified ELISAs using the five local Thai
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leptospiral serovar isolates compared to PCR and MAT; Figure S3: The levels of IgG antibody by
modified ELISAs with WCP, TMP, and OMP from four common leptospiral serovars used in the
leptospirosis vaccine for dogs; Table S3: Cohen’s kappa statistics of modified ELISAs against PCR
and MAT; Figure S4: The analysis of ROC and AUC of ROC from the modified ELISAs with WCP,
TMP, and OMP from four local Thai leptospiral serovar isolates; Figure S5: Pearson correlation of
antibody titer in MAT and antibody level in modified ELISAs using sera from dogs in groups 1, 2,
and 3 that had MAT titers above 1:20 dilution.
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Simple Summary: Canine leishmaniosis is a potentially fatal disease in dogs caused by the Leishmania
parasite. Vaccination seems to be the safest, most cost-effective, and long-lasting control strategy.
Currently, there is still no vaccine that totally guarantees complete protection against Leishmania
infection. Here, we designed and evaluated the effectiveness of a nanovaccine against Leishmania
infantum infection in the murine model. This vaccine strategy, consisting of the HisDTC peptide
encapsulated in polymeric nanoparticles, induced in vaccinated groups a lower parasite load in
comparison to the control groups, which was correlated with the induction of a cellular immune
response profile against Leishmania infantum measured throughout different cytokines, antibodies
titers, and memory T cells. These results provide evidence that the HisDTC peptide encapsulated in
polymeric nanoparticles is a potential vaccine strategy against canine leishmaniosis.

Abstract: Canine leishmaniosis (CanL) is a growing health problem for which vaccination is a crucial
tool for the control of disease. The successful development of an effective vaccine against this disease
relies on eliciting a robust and enduring T-cell immune response involving the activation of CD4*
Th1 and CD8" T-cells. This study aimed to evaluate the immunogenicity and prophylactic efficacy
of a novel nanovaccine comprising a multi-epitope peptide, known as HisDTC, encapsulated in
PLGA nanoparticles against Leishmania infantum infection in the murine model. The encapsulation
strategy was designed to enhance antigen loading and sustain release, ensuring prolonged exposure
to the immune system. Our results showed that mice immunized with PLGA-encapsulated HisDTC
exhibited a significant reduction in the parasite load in the liver and spleen over both short and
long-term duration. This reduction was associated with a cellular immune profile marked by
elevated levels of pro-inflammatory cytokines, such as IFN-y, and the generation of memory T cells.
In conclusion, the current study establishes that PLGA-encapsulated HisDTC can promote effective
and long-lasting T-cell responses against L. infantum in the murine model. These findings underscore
the potential utility of multi-epitope vaccines, in conjunction with appropriate delivery systems, as
an alternative strategy for CanL control.

Keywords: canine leishmaniosis; PLGA nanoparticles; multi-epitope peptide; nanovaccine; LetiFend®;
Leishmania infantum

1. Introduction

Canine leishmaniosis (CanL), a life-threatening vector-borne zoonotic disease caused
by the protozoa of the genus Leishmania, is a significant health risk to both dogs and humans
in endemic regions worldwide. This disease is present in all continents except Oceania,
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and it is endemic in more than fifty countries in the Mediterranean Basin, South America,
and Central and Southwestern Asia [1]. Far from disease control, the incidence of CanL in
non-autochthonous countries shas increased in recent years due to globalization, among
other causes [2].

Among the twelve species described as capable of infecting dogs, Leishmania (L.)
infantum is the principal factor responsible for CanL and the most widely distributed [3].
Dogs, beyond enduring the potential severity and fatality of this disease, constitute the
principal reservoir for L. infantum in relation to human infections [1]. L. infantum, the
etiological agent of visceral leishmaniosis (VL), represents the most severe form of this
disease in humans, ranking second in mortality and fourth in morbidity among tropical
diseases, with 50,000 to 90,000 cases annually [4]. Consequently, leishmaniosis emerges
not only as an important disease in veterinary medicine but also as a global public health
challenge for which effective control tools must be developed.

CanL’s control is, however, challenging primarily due to the high cost, limited efficacy,
and potential toxicity associated with available treatments [5,6]. Compounding this issue,
there are currently no effective measures to prevent human infection, which makes it even
more important to design and implement adequate control measures targeting canids.
Vaccination has emerged as a crucial, safe, cost-effective, and long-lasting strategy for
controlling leishmaniosis. While five vaccines have been licensed against CanL, only
the following two are currently commercially available: LetiFend® (LETI Pharma, S.L.U.,
Spain) in Europe, composed of a chimera protein (protein Q) formed by five antigenic
fragments from four different L. infantum ribosomal proteins LiP2a, LiP2b, and LiP0 and the
histone H2A, and Leish-Tec® (Hertape, Brazil) in Brazil, which consists of a recombinant
protein A2 from L. donovani with saponin as a vaccine adjuvant. A third recent vaccine was
approved by the European Medicines Agency (EMA) for commercialization [7]. Despite
these advancements, uncertainties persist regarding their efficacy. Although these vaccines
may mitigate the risk of clinical signs and disease progression, they do not guarantee
complete protection against the infection establishment, and infected dogs may still serve as
potential reservoirs for the parasite [8,9]. Consequently, there is a pressing need for further
studies, which are necessary to develop more effective strategies capable of preventing
infection and controlling the spread of this disease among both canids and humans.

Peptide vaccines have become a focal point in vaccine development because of their
easy and rapid manufacture, along with their inherent stability and safety [10]. While
peptide-based vaccines can elicit a specific immune response against pathogens, their
immunogenic potential may be limited, necessitating the use of adjuvants, specific delivery
systems, or multiple doses to enhance their immunogenicity [10]. In this context, the
utilization of Toll-like receptor ligands (TLRLs) as adjuvants has shown promising results
as they can promote the initiation of a robust innate immune response during the early
stages of Leishmania infection, paving the way for the development of an effective cell-
mediated immune response [11,12]. Several licensed vaccines currently incorporate TLRLs
as adjuvants, such as TLRL-4 [13,14] and TLRL-9 [15]. Ongoing studies are exploring
other Toll-like receptor agonists, such as TLRL-2 (Pam3CSK4) and TLRL-3 (Polyinosinic-
polycytidylic acid (poly(I:C)) as potential vaccine adjuvants against leishmaniosis [16-18].

In this context, in parallel to the use of adjuvants, nanotechnology has introduced
innovative possibilities for designing vaccine delivery systems against various infectious
diseases, including leishmaniosis [19-21]. Among different nanoparticles (NPs), poly(lactic-
co-glycolic) acid (PLGA) nanoparticles, approved by the EMA, have gained considerable
attention as carriers for antigen delivery in vaccine development due to their properties.
The biodegradable and biocompatible nature of PLGA allows for the safe administration
and controlled release of encapsulated antigens. Additionally, PLGA nanoparticles protect
antigens from degradation, enhance antigen uptake through antigen-presenting cells, and
facilitate co-encapsulation with adjuvants, thereby enhancing immune responses [22].

This study specifically explores the use of the HisDTC multi-epitope peptide vaccine
delivered by PLGA NP in combination with TLRLs as adjuvants. This peptide has already
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been described to induce a specific cellular immune response in vaccinated mice that
effectively controls parasite multiplication against L. infantum [23]. To enhance the long-
term efficacy of the HisDTC-induced immune response against L. infantum infection in
BALB/c mice, this study evaluates the co-encapsulation of the multi-epitope peptide with
TLRL-2 and TLRL-3 as immunomodulators with PLGA nanoparticles. For this purpose, we
analyzed the parasite load in target organs and characterized the specific immune response
generated against L. infantum through this vaccine strategy in the murine model of VL.

The use of the murine model serves as a crucial initial step towards evaluating the
vaccine’s efficacy. Furthermore, this study highlights the promising role of nanotechnology-
based vaccine delivery systems in overcoming challenges associated with vaccine develop-
ment for complex infectious diseases such as leishmaniosis.

2. Materials and Methods
2.1. Mice, Parasites, and Soluble Leishmania Antigen Production

Studies were performed on 6-8-week-old female BALB/c mice (Janvier-Labs, Laval,
France), which were housed in the Animal Facility of the Complutense University of
Madrid under specific pathogen-free conditions. The study was approved (reference:
PROEX 211/18) by the Animal Welfare Committee of the Community of Madrid, Spain.
Animal care and procedures followed Spanish and EU legislation (Law 32/2007, R.D.
53/2013, and Council Directive 2010/63/EU).

Leishmania infantum BCN150 zymodeme MON-1 (M/CAN/ES/96/BCN150) pro-
mastigotes were cultured, as reported previously, at 26 °C in Schneider’s medium (Sigma-
Aldrich, Saint Louis, MO, USA) supplemented with 20% of inactivated fetal bovine serum
(FBS, Sigma-Aldrich, Saint Louis, MO, USA), 200 U/mL of penicillin and 200 mg/mL
of streptomycin (Lonza, Basel, Switzerland) [24]. All the parasites were previously pas-
saged in BALB/c mice to maintain their virulence [25]. The specific soluble Leishmania
antigen (SLA) was prepared from stationary-phase L. infantum promastigotes as described
elsewhere, and it was stored at —20 °C until use [26].

2.2. Vaccine Preparation
2.2.1. Chimeric Multi-Epitope Peptide Formulation and TLRL Adjuvants Synthesis

The multi-epitope peptide vaccine HisDTC was previously designed, as detailed
in [23]. The peptides were synthesized by GenScript Biotech (Leiden, The Netherlands)
with purity > 95% and stored at —20 °C until encapsulation.

TLRL-2 (Pam3CSK4) and TLRL-3 (Poly(I:C) HMW (VacciGrade™, InvivoGen, Toulouse,
France) were used as adjuvants when needed.

2.2.2. PLGA Nanoparticles Preparation and Characterization

PLGA-NPs containing the chimeric peptide HisDTC and/or immunomodulators
TLRL-2/3, when required, were performed using the double emulsion method (w/o/w)
by Nanovex Biotechnologies (Llanera, Asturias, Spain). Briefly, a solution of PLGA (lac-
tide/glycolide 50:50 molar ratio) was prepared in dichloromethane (20 mg/mL) and mixed
with 1 mL of aqueous medium containing, when needed, the corresponding amount of each
active ingredient to be encapsulated (peptide HisDTC; TLRL-2; TLRL-3) forming a primary
solution of water in oil. The resulting solution was then added to a second aqueous solution
containing polyvinyl acetate (PVA) 2%, and the mixture was emulsified via homogeniza-
tion. The final double (w/0/w) emulsion was left under constant homogenization for 18 h
to allow the organic solvent to evaporate. Nanoparticles were then purified by subjecting
them to three consecutive cycles of centrifugation and redispersion. The final collected
PLGA formulations were dispersed in a phosphate final medium pH 7 with 3% sucrose to
stabilize PLGA nanoparticles for subsequent lyophilization, which were conserved at 4 °C
until use.

The particle size and polydispersity index (PDI) of the synthesized nanoparticles were
characterized using the Dynamic Light Scattering (DLS) technique and the Zetasizer ZS590
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(Marlvern Instruments Ltd., Marlvern, UK). Zeta potential measurements were performed
at 25 °C using the M3-PALS (Mixed Measurement Mode Phase Analysis) technique and
the Zetasizer ZS90 (Marlvern Instruments Ltd.).

TLRL-3 and TLRL-2 concentrations were determined using the Quant-iT™ OliGreen
ssDNA Reagent Assay Kit (Invitrogen, Molecular Probes, Eugene, OR, USA) and OPA
(Fluoraldehyde) kit (Thermo Scientific, Waltham, MA, USA), respectively. The concen-
tration of HisDTC was determined using the BCA kit (Thermo Scientific, Waltham, MA,
USA). A Synergy™ HTX Multi-Mode Microplate Reader (Agilent Technologies, Thermo
Scientific, Waltham, MA, USA) was used for fluorescence and absorbance measurements.
All measurements were conducted using aqueous dispersions of PLGA-NPs prior to
their lyophilization.

2.3. Immunization, Infection and Sacrifice of Mice

BALB/c mice were divided into five groups (1 = 9 per group) and immunized subcu-
taneously on weeks 0 and 2, with a total volume of 100 uL of sterile phosphate-buffered
saline (PBS) containing the following formulations: group 1 mice were immunized with
10 pg of HisDTC, 5 pg TLRL-2 and 38 ug of TLRL-3 encapsulated in PLGA-NPs (HisDTC-
TLRLs-PLGA group); group 2 mice were immunized with 10 pug of HisDTC encapsulated
(HisDTC-PLGA group); group 3 mice were and with 10 pg of protein Q (LetiFend group);
groups 4 and 5 served as control mice which received 5 ug of TLRL-2 and 38 pg of TLRL-3
encapsulated in PLGA nanoparticles (TLRLs-PLGA group) and PLGA empty nanoparticles
(PLGA group), respectively.

Animals were stratified into two analyses. Firstly, to assess the short-term immuno-
prophylactic capacity of the formulations on week 6, five mice per group were infected
intravenously with 5 x 10° stationary-phase L. infantum promastigotes (short-term evalu-
ation). Lately, with the aim of studying whether the effectiveness of the vaccination was
prolonged in the long term, four mice per group were infected intravenously with 5 x 10°
stationary-phase L. infantum promastigotes on week fourteen (long-term evaluation). In
both cases, seven weeks post-infection, the animals were sacrificed, and serum samples, the
liver, and spleen were collected to perform parasitological and immunological analyses.

2.4. Evaluation of Delayed-Type Hypersensitivity (DTH)

The cell-mediated immune response was examined by assessing the DTH reaction.
Mice received an intradermal injection of 50 ug of SLA in a 35 uL volume of sterile PBS
into the right footpad two days prior to infection for short and long-term evaluation. DTH
response was assessed by measuring the difference in footpad swelling 48 h after SLA
injection compared to the left footpad that received a control PBS injection, using a digital
caliper (Sigma-Aldrich, Saint Louis, MO, USA).

2.5. Quantification of Parasite Burden Using Limited Dilution Assay

Parasite burdens in the liver and spleen were quantified using the limited dilution
assay [27]. Briefly, the spleen and a portion of the liver that had been previously weighed
were homogenized in 4 mL of Schneider’s Insect Medium supplemented with 20% FBS.
Subsequently, tissue homogenates were serially diluted (4-fold) in microtiter culture plates
(Corning Costar, Thermo Scientific, Waltham, MA, USA) and incubated in quadruplicate
at 26 °C. After eight days, the presence of motile promastigotes was examined using
an inverted microscope. The parasite load was determined as the last positive dilution
containing at least one viable parasite; it was expressed as the parasite number per gram of
tissue, in the case of the liver, or per tissue, in the case of the spleen.

2.6. Isolation and Co-Culture System of Bone Marrow-Derived Murine Dendritic Cells (BMDCs)

Ten days before sacrifice, bone marrow stem cell progenitors were harvested from the
femurs and tibias of naive BALB/c mice (1 = 5) and cultured in RPMI 1640 with L-glutamine
and 25 mM of HEPES (Sigma-Aldrich, Saint Louis, MO, USA), supplemented with 10%

86



Animals 2024, 14, 605

FBS and a mixture of antibiotics (100 U/mL penicillin, 100 mg/mL streptomycin, Lonza)
in the presence of 20 ng/mL of the murine granulocyte-macrophage colony-stimulating
factor (GM-CSF; BioLegend®, San Diego, CA, USA), modified from the protocol previously
described [28]. Fresh medium containing GM-CSF was added to the cultures every 3 days.
On day 6, cells were harvested, resuspended in RPMI medium with a freshly added growth
factor, and cultured at 37 °C with 5% CO,. Finally, on day 9, non-adherent naive BMDCs
were seeded in 24-well plates (5 x 10° cells/mL) and used for subsequent experiments.

2.7. Extracellular Cytokine Profile and Arginine Metabolism Elicited by Ex Vivo Co-Cultured
Splenocytes Stimulations

To quantify cytokine production in immunized and infected mice, BMDCs obtained
from naive mice were plated (5 x 10° cells/mL) into 24-well plates and either stimulated
or not with 25 ug/mL of SLA overnight. Following this, splenocytes obtained from
immunized and infected mice were co-cultured at a ratio of 1:5 (BMDCs/splenocytes) at
37 °C and 5% CO,. After 96 h, supernatants were collected and stored at —80 °C until
processing. The levels of IFN-y (ELISA MAX™ Deluxe Set Mouse, BioLegend, San Diego,
CA, USA), TNF-a (Duoset ELISA kit, Development System R&D, Abingdon, UK), and
IL-10 (BD OptEIA kit, Bioscience, San Diego, CA, USA) were quantified using commercially
available ELISA kits following the instructions provided by the manufacturers.

In parallel, L-arginine metabolism was evaluated by quantifying nitric oxide (NO)
production and arginase activity using the same experimental set. After 96 h, the co-culture
of naive BMDCs with splenocytes from the animals of different groups in the presence of
25 ug/mL of SLA at 37 °C and 5% CO,. NO production was measured indirectly from
the concentration of nitrites in supernatants using the Griess reaction as described [29].
Intracellular arginase activity was estimated using an enzymatic-colorimetric assay method,
which detects urea production [30].

2.8. Flow Cytometric Characterization and Immunophenotyping of Cellular Immune Response

Seven weeks post-infection, spleen samples were collected to assess cytokine-producing
T lymphocytes and characterize memory T cell subpopulations triggered by vaccination.
Spleen samples from immunized and infected animals were macerated, the red blood cells
lysed, and the isolated spleen cells were stimulated ex vivo with SLA (25 pg/mL) at 37 °C
with 5% CO; for 12 h to characterize T lymphocyte subpopulations or for 48 h to assess
intracellular cytokine staining. These simulations were performed in polypropylene tubes
(Falcon, BD Pharmingen, San Diego, CA, USA) at a concentration of 1 x 106 cells/mL. The
non-stimulated culture received only the culture medium.

Dead cells were excluded using the LIVE/DEAD Zombie RED Fixable Viability Kit
(BioLegend, San Diego, CA, USA). The events (200,000 live cells) were acquired on a
CytoFLEX S flow cytometer (Beckman Coulter, Life Science, Brea, CA, USA), and the
CytExpert™ 2.4 software package (Beckman Coulter, Life Science, Brea, CA, USA) was
utilized for data analysis.

2.8.1. Intracellular Cytokine Production

Upon stimulation and prior to harvest, isolated spleen cells were pre-incubated with
brefeldin A (BioLegend, San Diego, CA, USA) for 4 h at 37 °C. To block non-specific
antibody binding, the TruStain FcX™ antibody (Clone 96, BioLegend, San Diego, CA, USA)
was then added. Subsequently, splenocytes were incubated with Zombie RED (Fixable
Viability Kit, BioLegend, San Diego, CA, USA) for 10 min at room temperature, washed and
immunostained with anti-CD4 FITC (clone GK1.5, BioLegend) (diluted 1:800) and anti-CD8
PE (clone QA17A07, BioLegend) (diluted 1:800) fluorophore-labeled antibodies. After two
washes with PBS containing 2% FCS, cells were fixed and permeabilized using Cyto-FastTM
Fix/Perm Solution (BioLegend) according to the manufacturer’s protocol. Then, cells were
stained with anti-IFN-y PerCP (clone XMG1.2, BioLegend) and anti-IL-10 PCy7 (clone
JES5-16E3, BioLegend) at room temperature for 30 min, washed twice, and analyzed. The
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production of intracellular cytokines was expressed as percentages, representing the ratio
of the percentage of IFN-y or IL-10-producing-T cells in SLA-stimulated cultures.

2.8.2. Specific T Lymphocyte Subsets

For immunophenotyping T lymphocyte memory subsets, the TruStain FcX™ antibody
(Clone 96, BioLegend) was added to block the non-specific binding of antibodies. Subse-
quently, splenocytes were incubated with Zombie RED for 10 min at room temperature.
Finally, cells were stained with the following fluorophore-labeled anti-mouse monoclonal
antibodies: anti-CD4 FITC (clone GK1.5, BioLegend), anti-CD8 PCy7 (clone QA17A07,
BioLegend), anti-CD44 PE (clone IM7, BioLegend) and anti-CD62L PerCP (clone MEL-14,
BioLegend) for 20 min at 4 °C in the dark. The T lymphocyte subsets were characterized by
the percentage values obtained from the SLA-stimulated culture.

2.9. Leishmania-Specific IgG1 and 1¢G2a Antibody Titration

Sera samples from immunized and infected mice were used for the titration of the
IgG isotype antibody using the ELISA assay as previously described [31]. Briefly, mice
serum was serially two-fold-diluted starting from 1:400 for 90 min in an ELISA 96-well
microtiter plate (Nunc Immunoplate MaxiSorp, Thermo Scientific, Waltham, MA, USA)
previously coated with 6 ng/mL of specific SLA antigens. Next, the IgG isotype goat
anti-mouse antibody conjugated with peroxidase (HRP) (Southern Biotech, Birmingham,
AL, USA) was added for 1 h. Finally, the reaction was detected using the TMB substrate
(Thermo Scientific, Waltham, MA, USA). The optical density was measured at 450 nm, and
the reciprocal end-point titer was determined as the highest serum dilution, providing
an absorbance three times higher than the negative control (serum from uninfected and
non-immunized mice).

2.10. Statistical Analysis

Statistical analyses were performed using GraphPad Prism software (version 8.3 for
Windows, San Diego, CA, USA). First, the Shapiro-Wilk normality test was performed to
assess the normality distribution of quantitative variables. Then, one or two-way ANOVA
with multiple comparisons of Tukey’s post hoc test was conducted to determine which
means from the independent groups were significantly different. The antibody response of
animals was analyzed using Kruskal-Wallis’s test, as these data did not follow a normal
distribution. Statistical significance in all models was considered for p-values < 0.05.

3. Results
3.1. PLGA-Encapsulated HisDTC Induces a Robust and Durable DTH Response

The PLGA polymeric nanoparticles prepared using the w/o/w solvent evaporation
method had a regular morphology and a smooth surface. The particle sizes used for this
study ranged from 243 to 287 nm, presenting a PDI of 0.09 = 0.02. The Zeta potential of
these formulations used in the present work had an average of —29 mV.

PLGA-encapsulated HisDTC vaccine formulations were evaluated for their ability
to induce a DTH response after the immunization of BALB/c mice. These formulations
included the multi-epitope peptide HisDTC with or without TLRLs (HisDTC-TLRLs-PLGA
and HisDTC-PLGA groups, respectively). Additionally, the LetiFend® vaccine (LetiFend
group) was used as a reference, enabling a comparative assessment of the vaccine’s ef-
fectiveness against CanL. Control groups included the administration of encapsulated
TLRL-2/3 (TLRLs-PLGA group) and empty PLGA nanoparticles (PLGA group). All vac-
cine strategies were administered twice at 14-day intervals via the subcutaneous route. The
DTH reaction was studied as an indicator of a specific cell-mediated immune response
against Leishmania induced by vaccination prior to infection. A short-term (four weeks after
the last immunization) evaluation of the DTH response revealed that mice immunized with
HisDTC (both HisDTC-TLRLs-PLGA and HisDTC-PLGA groups) exhibited significantly
(p < 0.01) higher swelling rates compared to the rest of the groups (Figure 1). In contrast,
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mice vaccinated with LetiFend® and control groups (TLRLs-PLGA and PLGA) showed
similar magnitudes of DTH response, with no statistical differences between them.
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Figure 1. Delayed type of hypersensitivity response in immunized mice. BALB/c mice were
immunized twice. Prior to infection, four weeks after the last immunization(short-term), and fourteen
weeks post-immunization (long-term), DTH was assessed. After 48 h of SLA injection in the right
footpad, inflammation was measured, and the difference with the control left footpad injected with
PBS was calculated. Data are represented as the mean + SEM. Statistical analysis was performed
with one-way ANOVA followed by Turkey’s post hoc test. Hashes indicate significant differences
(## p < 0.01) between immunized and control groups (TLRLs-PLGA and PLGA). Asterisks indicate
differences (*; p < 0.05) between the immunized and PLGA control group.

Interestingly, for the long-term evaluation (fourteen weeks after the last immunization),
HisDTC-vaccinated mice (with and without adjuvants) displayed milder DTH responses
compared to the short-term evaluation but still demonstrated the most pronounced indura-
tion. They were the only groups that presented statistically significant (p < 0.05) differences
compared to the PLGA control group (Figure 1).

3.2. Immunization with HisDTC-Based PLGA Nanoformulations Confer Short and Long-Lasting
Protection against L. infantum Infection

To assess the efficacy and durability of protection conferred by the HisDTC peptide
encapsulated in PLGA nanoparticles against L. infantum infection, immunized mice were
infected with stationary phase L. infantum promastigotes either four weeks (short-term
evaluation) or fourteen weeks (long-term evaluation) after the last immunization. Sub-
sequently, seven weeks post-infection, the animals were euthanized, and parasite load
quantification was performed in target organs using a limiting dilution assay.

For the short-term evaluation (Figure 2a), the control groups (PLGA and TLRLs-PLGA)
exhibited the highest parasite loads in both the spleen and liver organs. Conversely, mice
immunized with HisDTC, w/o TLRLs (HisDTC-TLRLs-PLGA and HisDTC-PLGA groups),
as well as LetiFend-vaccinated animals, displayed a lower parasite load compared to both
control groups. This decrease was statistically significant in mice immunized with the
HisDTC peptide alone (p < 0.05). Specifically, of these two HisDTC immunized groups,
HisDTC without immunomodulators was the most effective at controlling L. infantum
multiplication, presenting the statistically significant lowest parasite burdens among all
groups (p < 0.01).
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Figure 2. Splenic and liver parasite burden in immunized and infected BALB/c mice. BALB/c mice
were infected with stationary phase L. infantum promastigotes four weeks after the last immunization
in short-term vaccinated and evaluated mice (a) or fourteen weeks after the last immunization in
long-term evaluated mice (b). Seven weeks post-infection, mice were sacrificed, and parasite burden
was calculated by limiting the dilution assay in the spleen and liver. Data are represented as the
mean + SD. Statistical analysis was performed with two-way ANOVA followed by Tukey’s test for
multiple comparisons. Asterisks (*) indicate statistically significant differences (*; p < 0.05, **; p < 0.01)
between groups.

Similarly, for the long-term evaluation (Figure 2b), both HisDTC-PLGA and HisDTC-
TLRLs-PLGA groups were the only ones that maintained durable protection, exhibiting
statistically significant (p < 0.05) lower parasite loads compared to the PLGA control group
in both target organs and the LetiFend group in the liver. Surprisingly, the analysis revealed
that the parasite burden displayed a similar load in LetiFend and both control groups
(TLRLs-PLGA and PLGA) when long-term protection was evaluated.

3.3. Multipeptide HisDTC Elicits a Robust and Durable Antigen-Specific T-Cell Immune Response

The ability of PLGA-NP formulations to induce and activate a protective antigenic
specific cellular immune response against L. infantum infection in vaccinated mice was
assessed by quantifying Th1 (IFN-y and TNF-«) and Th2 (IL-10) characteristic cytokine pro-
files. For this purpose, cytokine concentrations were measured using ELISA in co-culture
supernatants of splenocytes from immunized and infected mice with SLA-stimulated naive
BMDCs for 96 h. For the short-term evaluation (Figure 3), all HisDTC-vaccinated mice
exhibited a significant increase (p < 0.01) in pro-inflammatory IFN-y and TNF-« cytokine
production compared to other groups (Figure 3a). Notably, HisDTC-immunized mice
showed a significant reduction (p < 0.01) in anti-inflammatory IL-10 cytokine production
compared with the PLGA control group. In contrast, the LetiFend vaccinated group did
not show significant differences in proinflammatory cytokine production when compared
to the control groups (Figure 3a).

To assess the Th1/Th2 balance and overall immune response, cytokine ratios IFN-y /IL-
10 and TNF-«/IL-10 were calculated. HisDTC-immunized groups (HisDTC-TLRLs-PLGA
and HisDTC-PLGA) exhibited the highest IFN-y/IL-10 ratios (p < 0.01) compared to the
rest of the groups (Figure 3b). Additionally, mice immunized with HisDTC without TLRs
as adjuvants showed statistically significant differences (p < 0.05) in the TNF-«/IL-10 ratio
compared to TLRLs-PLGA and PLGA control groups (Figure 3b). Despite the LetiFend and
TLRLs-PLGA groups showing a statistically significant lower IL-10 production (p < 0.01)
compared to the PLGA group (Figure 3a), no differences in cytokine ratios were observed
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among them (Figure 3b). These results pointed to the predominance of a Thl immune
response in the Th1/Th2 immunological balance, which is related to the better control of
parasite multiplication in terms of the parasite load showed previously in all animals that
were immunized with the HisDTC peptide encapsulated.
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Figure 3. Cytokine production in splenocytes from immunized mice for the short-term evaluation.
Spleen cells from short-term-evaluated vaccinated and infected animals were collected and co-
cultured with naive BMDCs stimulated with SLA. Levels of IFN-y, TNF-«, and IL-10 were assessed
using ELISA in culture supernatants. Panel (a) shows the mean + SD of cytokine concentrations
(pg/mL). Panel (b) shows the IFN-y/IL-10 and TNF-«/IL-10 ratios. Statistical analysis was performed
with one-way ANOVA followed by Tukey’s test for multiple comparisons. Hashes indicate significant
differences (#; p < 0.05; ##, p < 0.01) between immunized and control groups (TLRLs-PLGA and
PLGA). Asterisks indicate statistically significant differences (*; p < 0.05, **; p < 0.01) between groups.

To investigate the underlying cause of the lasting protection observed in HisDTC-
immunized mice for long-term evaluation, we examined their immunological responses.
HisDTC-vaccinated groups consistently produced higher levels of IFN-y and TNF-a cy-
tokines and lower concentrations of the IL-10 cytokine in the co-cultured system compared
to the other groups (Figure 4a). The IFN-y/IL-10 and TNF-«/IL-10 ratios (Figure 4b),
similar to the short-term evaluation, indicated a Th1-dominant response in mice vaccinated
with the HisDTC peptide, which is associated with the effective control of Leishmania multi-
plication. These results highlight the capacity of the encapsulated multi-peptide HisDTC
to promote a robust and durable Th1-dominant response, contributing to the sustained
protection observed over time.
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Figure 4. Cytokine production in splenocytes from immunized mice for long-term evaluation. Spleen
cells from long-term-evaluated vaccinated and infected animals were collected and co-cultured with
naive BMDCs stimulated with SLA. Levels of IFN-y, TNF-«, and IL-10 were assessed using ELISA in
culture supernatants. Panel (a) shows the mean + SD of cytokine concentrations (pg/mL). Panel (b)
shows the IFN-y /IL-10 and TNF-«/IL-10 ratios. Statistical analysis was performed with one-way
ANOVA followed by Tukey’s test for multiple comparisons. Hashes indicate significant differences
(# p <0.05; ##; p < 0.01) between immunized and control groups (TLRLs-PLGA and PLGA). Asterisks
indicate statistically significant differences (*; p < 0.05, **; p < 0.01) between groups.

3.4. HisDTC Nanoformulations Induce a Robust and Long-Term Th1l Memory Response Triggered
by T CD8* Lymphocytes

In some parasitic infectious diseases such as leishmaniosis or malaria, the efficacy of
vaccines relies not only on the balance of cytokine production but also on the activation and
induction of memory subsets of CD4" and CD8" T lymphocytes [32]. Thus, flow cytometry
assays were conducted to assess the populations of T CD4" and CD8" cells producing
IFN-y and IL-10 as well as their respective memory lymphocyte subpopulations.

While no significant differences were observed in cytokine-producing CD4* T cells
(data not shown), mice immunized with the chimera HisDTC-encapsulated w/o TLR adju-
vants exhibited higher percentages of IFN-y*-producing CD8* T-lymphocytes compared
to the rest of the groups, including the LetiFend group. Notably, statistically significant
differences were observed only in the case of HisDTC nanoformulations (p < 0.01) for
the short-term evaluation and in both HisDTC w/o adjuvant groups for the long-term
evaluation (Figure 5). It is worth noting the increased presence of CD8* IFN-y-producing
T cells in HisDTC-vaccinated animals for the long-term evaluation was up to three-fold
times higher compared to LetiFend and control groups.

An inverse relationship between the percentage of IFN-y*-producing T CD8 cells and
IL-10"-producing T CD8* cells was observed for both the short- and long-term evaluation
(Figure 5). Consequently, HisDTC-vaccinated groups, characterized by the highest per-
centages of IFN-y* T CD8" lymphocytes, exhibited fewer IL-10* T CD8" cells in contrast
to the control and LetiFend groups. This difference was statistically significant during
the long-term evaluation (p < 0.01). These findings highlight the ability of HisDTC encap-
sulated in PLGA w/o TLR as an adjuvant to promote a Thl-polarized response through
the secretion of IFN-y over IL-10, triggered by T CD8" lymphocytes against L. infantum
infection in contrast to the control groups and even the LetiFend group.
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Figure 5. L. infantum-specific IFN-y and IL-10-producing CD8* T cells in immunized mice. BALB/c
mice were immunized with two doses of different nanoformulations and the LetiFend® vaccine.
Four weeks and fourteen weeks after the last immunization, animals were infected with L. infantum
and euthanized seven weeks post-infection. Spleen cells were collected and stimulated with SLA.
After 48 h, the frequency of CD8" T lymphocytes producing IFN-y or IL-10 was assessed using
the flow cytometry assay. Data show the mean =+ SD of the percentage of Ag-specific CD8" T cells.
Statistical analysis was performed with two-way ANOVA followed by Turkey’s post hoc test. Hashes
indicate significant differences (#; p < 0.05; ##; p < 0.01) between HisDTC-immunized and control
groups (TLRLs-PLGA and PLGA). Asterisks indicate statistically significant differences (*; p < 0.05,
**; p < 0.01) between groups.

In addition to cytokine-specific production, the induction of memory lymphocytes due
to vaccination was also evaluated. The results revealed that, for the short-term evaluation,
chimera HisDTC encapsulated w/o TRL as this adjuvant induced the highest percentages
of central memory lymphocytes in both CD4* and CD8* cell subpopulations (CD4*/CD8*
CD44* CD62L") in infected mice when compared to the other groups. This was statistically
significant (p < 0.05) when compared to the PLGA control group (Figure 6).
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Figure 6. Frequencies of central memory T lymphocytes in immunized and infected mice. Spleen
cells were previously stimulated for 12 h with SLA and analyzed via flow cytometry for immunophe-
notyping T cell memory based on CD62L and CD44 expression. The CD62L* CD44* central memory
(Tem) €CD4 and CD8 T lymphocyte frequencies are depicted. Data represent the mean + SD. Sta-
tistical analysis was performed with one-way ANOVA followed by Turkey’s post hoc test. Hashes
indicate significant differences (#; p < 0.05) between HisDTC-immunized and control groups (TLRLs-
PLGA and PLGA). Asterisks indicate statistically significant differences (*; p < 0.05, **; p < 0.01)
between groups.
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To determine the long-lasting nature of these memory T cells and their implication in
long-term protection against L. infantum, these memory cells were re-evaluated twenty-one
weeks after the last immunization (long-term evaluation). Interestingly, HisDTC-TLRLs-
PLGA and HisDTC-PLGA presented higher percentages of CD4* and CD8* memory T
cells. It is noteworthy that control groups, as well as the LetiFend group, exhibited the same
percentages in both CD4* and CD8" T cell subsets for the short- and long-term evaluation.
These results may be correlated with the long-lasting capacity of HisDTC nanoformulations
observed in vaccinated animals to inhibit L. infantum multiplications in target organs.

3.5. Vaccination with HisDTC Elicited Antigen-Specific Humoral Immune Responses after
L. infantum Infection

After the successful control of parasite multiplication in vaccinated animals, we
investigated the immune correlates of protection associated with immunoglobulin (Ig)
production. Since the production of IgG2a antibodies is typically associated with a Th1-
type immune response, whereas IgG1 is associated with a Th2-type immune response, we
quantified the presence of anti-SLA antibodies for these two IgG isotypes in sera samples
from immunized and infected mice seven weeks post-infection. As expected, for the
short-term evaluation, the median anti-SLA IgGl1 titer obtained by control groups (TLRs-
PLGA and PLGA) was significantly higher (p < 0.01) than that obtained via immunization
with encapsulated HisDTC (with and without adjuvants) (Figure 7). Interestingly, mice
immunized with the LetiFend® vaccine exhibited a similar median IgG1 titer as the control
groups and a statistically greater titer (p < 0.01) than mice immunized with HisDTC-
encapsulated w/o adjuvants (Figure 7). Conversely, although no statistically significant
differences were observed, the titer of IgG2a antibodies was higher in mice immunized
with HisDTC and adjuvants (1:800), HisDTC alone (1:800), and LetiFend (1:800) compared
to the control TLRLs-PLGA (1:400) and PLGA (1:200) groups.

Short-term Long-term
40007 = P - 4000
1 *%
s 3200 I — -
: I T T - Lagoo &
= 2400 - ## i 1600 . M HisDTC-TLRLsPLGA
g, 1600 T° T B i [ W HisDTCPLGA
<< 1200+ - 1200 i [ LetiFend
% # t i ) @3 TLRLs-PLGA
g 800 o 2 @ 800 ~
g & O PLGa
< 400-fe/ o ﬁq m £ 400 @
O—TT1—711 | E—— T S T T ﬁ | rﬁ 0
C'J\é\/@ C')\C;\/'D Cj’\/cg\/’b ('j\cg\/'b C}/&’b \/(\/’b C'?\C;\/’b' C}\é\,’b Cy\/@‘b C;\/&’Z?'

Figure 7. Leishmania infantum-specific IgG1 and IgG2a subclass antibody titers in immunized and
infected mice. Serum samples were collected from all mice groups prior to sacrifice. Anti-SLA-specific
IgG responses were measured via ELISA using an SLA-coated ELISA plate and HRP-conjugated
antisera to detect IgG1 and IgG2a isotype levels in short- and long-term evaluations. Data are
represented as the median and interquartile range. Hashes (##; p < 0.01; Kruskal-Wallis’s test)
denote a significant difference between median IgG levels in the immunized (HisDTC-TLRLs-PLGA,
HisDTC-PLGA, and LetiFend) and control (TLRLs-PLGA and PLGA) groups. Asterisks denote
significant differences between HisDTC- and LetiFend-immunized mice groups (**; p < 0.01; Kruskal—-
Wallis's test).
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Consistent with previous results, antibody levels showed the same pattern for the
long-term evaluation, with lower IgG1 titers (p < 0.01) in mice immunized with HisDTC
compared to the LetiFend and control groups (Figure 7). The only notable difference
observed was that LetiFend when evaluating long-term immunity, induced a statistically
significant higher production (p < 0.01) of IgG2a antibodies compared to the rest of the
groups. However, the only group that demonstrated the predominance of the IgG2a
antibody over IgG1 was the group of mice vaccinated with HisDTC chimera without
adjuvants, pointing to a greater capacity to effectively control the infection.

3.6. Immunization with Encapsulated HisDTC Induces a Protective L-Arginine Metabolic
Pathway against Parasite Multiplication

The metabolism of the amino acid L-arginine, involving the enzymes nitric oxide
synthetase (iNOS) and arginase, has significant implications for Leishmania infection in
mice. iNOS generates NO from L-arginine, a potent leishmanicidal molecule that aids
in parasite control. However, arginase synthesizes ornithine and polyamine products,
promoting parasite survival [33]. Consequently, the balance of arginase activity and NO
production is pivotal in determining resistance or susceptibility profiles to Leishmania
infection. After 96 h of the co-culture of splenocytes from immunized animals and naive
BMDCs stimulated with SLA, these two enzymatic parameters were quantified.

The results obtained reveal that mice vaccinated with encapsulated peptide HisDTC,
w/o TLRLs both in short- and long-term evaluations, exhibited higher NO production and
lower arginase levels when compared to the control groups (TLRLs-PLGA and PLGA).
Notably, this difference was statistically significant only in data obtained from the arginase
activity measurement (Figure 8). These findings indicate that encapsulated HisDTC has the
capability to induce, in vaccinated animals, L-arginine metabolism that favors the control
of disease progression.
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Figure 8. Arginine metabolism in naive BMDCs co-cultured with splenocytes from vaccinated
and infected mice. (a) The intracellular arginase activity (Mu) was estimated using the enzymatic-
colorimetric assay method; (b) NO production was measured indirectly from the concentration of
nitrites in supernatants using the Griess reaction. Data are represented as the mean + SD. Hashes
(one-way ANOVA: #; p < 0.05; ##; p < 0.01) denote a significant difference between mean levels in the
immunized (HisDTC-TLRLs-PLGA, HisDTC-PLGA, and LetiFend) and control (TLRLs-PLGA and
PLGA) groups. Asterisks (one-way ANOVA: *; p < 0.05; **; p < 0.01) denote significant differences
between groups.

4. Discussion

CanlL, caused by the protozoa Leishmania infantum species, poses significant clinical,
epidemiological, and zoonotic challenges. The development of an effective preventive
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canine vaccine is crucial for its control [1]. Currently, commercially available vaccines such
as Leishtec® (Hertape, Brazil) in Brazil and LetiFend® (LETI Pharma, S.L.U., Spain) in
Europe exist but demonstrate limited efficacy against L. infantum infection in terms of dis-
ease progression and transmission [8]. These vaccines exhibit suboptimal efficacy against
L. infantum infection, both in terms of disease progression and transmission, which is po-
tentially attributed to the formulation of recombinant protein vaccines. Second-generation
vaccines of this nature, while effective for other diseases, may encounter concerns related
to low immunogenicity when administered without an adjuvant [10]. The successful de-
velopment of an effective vaccine against leishmaniosis relies on the establishment of a
specific and durable T-cell immune response, primarily driven by the activation of mem-
ory and effector T CD4* and CD8* lymphocytes [34,35]. To address this challenge, there
is a growing exploration of peptide vaccines delivered through various platforms and
adjuvants. [36,37]. Along this line, our group innovated by designing and developing a
chimeric multi-epitope peptide named HisDTC. This peptide, whether administered alone
or in combination with saponin, has demonstrated its capacity to induce a specific T-cell
response, aiding immunized animals in controlling L. infantum multiplication in murine
models [23,38]. Nevertheless, the optimization of this strategy is imperative to enhance the
control of disease progression and ascertain the durability of the induced immunity.

In the present study, we conducted a comprehensive assessment of the short- and long-
term immunoprophylactic efficacy of the multi-epitope peptide HisDTC. We explored its
potential in the presence and absence of TLRL-2 and TLRL-3 and recognized immunomod-
ulators co-encapsulated in PLGA polymeric nanoparticles in BALB/c mice. TLRL-2, a
synthetic lipopeptide, has demonstrated its efficacy as a potent adjuvant for various vac-
cines, including those against leishmaniosis [18]. Similarly, TLRL-3, a synthetic analog
of double-stranded RNA, has exhibited the ability to enhance a strong T-cell response in
mice [16,17]. The HisDTC peptide, both with and without TLRLs, was encapsulated in
widely used PLGA nanoparticles known for low cytotoxicity and efficient uptake by den-
dritic cells [39] as an essential aspect of promoting an effective cellular immune response
against Leishmania spp. [40]. To assess the efficacy of these peptide-based nanovaccine
strategies, we compared them with the LetiFend® vaccine, the only commercially available
vaccine against CanL in Europe. Our goal was to evaluate which vaccine strategy elicited
the most effective and long-lasting immune response under comparable conditions in the
BALB/c model, providing valuable insights into their relative effectiveness.

Studying vaccine-induced immunogenicity prior to infection is a relevant aspect of
assessing vaccine efficacy. The DTH response serves as an immunologic parameter, offering
insights into cell-mediated immune responses associated with protection or sensibilization
to Leishmania antigens [41]. To assess the immunogenicity of vaccine nanoformulations,
immunized animals were exposed to L. infantum-soluble antigens before infection. The
DTH reaction observed in mice immunized with HisDTC was significantly stronger and
more prolonged compared to the control groups, indicating the development of a Th1-
type immune response. In addition, the footpad depth swelling in the LetiFend group
was lower than that of HisDTC-vaccinated animals but slightly higher than the control
groups. Previous studies in the canine model of CanL revealed that, although the LetiFend®
vaccine can induce a heightened DTH response in asymptomatic animals, this response is
inconsistent and can vary among individuals [42]. These findings align with previously
reported data, suggesting a correlation between the progression of VL and a diminished
DTH response, indicating the absence or inadequate cell-mediated immunity [43].

To better analyze vaccine efficacy in controlling parasite multiplication, we examined
the parasite burden in target organs, namely the spleen and liver, the primary organs
affected by L. infantum infection [44]. For the short-term evaluation, subcutaneous im-
munization with encapsulated HisDTC without TLRLs demonstrated superior efficacy in
reducing the parasite load significantly in both the liver and spleen, aligning with prior
studies highlighting the protective efficacy of HisDTC against L. infantum without any
adjuvant [38]. Notably, the HisDTC peptide exhibited better control than LetiFend®, a
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subunit vaccine lacking adjuvants and composed of protein Q, which is a polyprotein result-
ing from the combination of different antigenic fragments from four different L. infantum
proteins (Lip2a, Lip2b, PO and H2a) [43]. HisDTC, comprised specific T cell epitopes with
high-MHC class-I- and class-1I-binding affinity obtained from four L. infantum histones
(H2a, H2b, H3, and H4) via bioinformatic analyses, leverages epitope prediction for peptide
vaccine development, facilitating the selection of immunogenic epitopes that can promote a
more specific and robust Th1 response against Leishmania [23,38,45]. The enhanced control
capacity of HisDTC in controlling parasite multiplication may also be a consequence of
the peptide delivery system. Both groups using the HisDTC peptide were encapsulated
in PLGA NPs of around 250 nm in size. Previous research indicates that these polymeric
nanoparticles are more efficiently recognized by antigen-presenting cells (APCs) when
they are smaller than 500 nm [22]. Additionally, PLGA NPs not only shield the antigen
from degradation and enzymatic activity but also offer sustained and prolonged antigen
exposure via APCs, facilitating more efficient antigen uptake and presentation, resulting in
stronger and more durable responses [46]. In accordance with this, our findings demon-
strated the protective capacity in terms of the parasite load sustained over the long-term in
HisDTC-immunized animals, a crucial aspect in Leishmania vaccine development. Even
though parasite multiplication control is achieved in the vaccinated HisDTC group, total
parasite clearance is not reached. Nevertheless, in parasitic vaccine development, rather
than trying to achieve the complete clearance of the parasite, the goal should be minimizing
or eliminating the pathological consequence of infections along with preventing disease
transmission [47].

To further investigate the immunological parameters underlying the protective capac-
ity of HisDTC against Leishmania, splenocytes and serum were collected from vaccinated
and infected mice. The balance of Th1/Th2 immune responses, crucial for controlling
Leishmania infections, was initially assessed. Cytokines, pivotal in T helper cells” func-
tion regulation, play a role in this balance, with increased production of Thl-associated
cytokines, which are essential for infection control, while Th2-related cytokines, such as
IL-10, are linked to susceptibility against L. infantum multiplication [48]. We focused on key
pro-inflammatory cytokines, namely IFN-y and TNF-«, and the anti-inflammatory cytokine
IL-10 to comprehend differences in parasite burden in target organs. Cytokine production
in the splenocyte/BMDC co-culture supernatant was analyzed for both short-term and
long-term evaluations. Throughout the study, animals immunized with the encapsulated
HisDTC peptide, either alone or with TLRLs, consistently induced higher amounts of both
IFN-y and TNF-« compared to other groups, alongside the lower production of the Th2-
associated cytokine, IL-10. This pattern aligns with earlier findings for HisDTC, whether
used alone or with saponin as an adjuvant in the murine model of VL [38]. No significant
differences were observed between short- and long-term evaluation results or when com-
paring the HisDTC encapsulated peptide alone and in combination with TLRLs. TLRs are
specialized in pathogen recognition, activating specific signaling pathways impacting pro-
inflammatory and anti-inflammatory cytokine production, which is crucial for protection
against Leishmania infection [49]. Despite the potential of TLR-based adjuvants to enhance
vaccine efficacy [11,50], our results indicate that careful consideration is required due to
potential complexities in their effects on the innate and adaptive immunity design [11,50].
Notably, both HisDTC-immunized groups exhibited a pattern that suggests a polarization
toward the Thl-type immune response, correlating with the improved control of parasite
multiplication in target organs. This Th1l-type immune response bias was further supported
by the Th1/Th2 characteristic cytokines ratio, highlighting the capacity of both vaccinated
groups to induce Th1 predominance in both the short- and long-term evaluation.

In the context of cytokine production, the pivotal role of T CD4* Th1 cells in controlling
L. infantum infections is well-established. These cells act as mediators by activating dendritic
cells, subsequently inducing macrophage activation leading to parasite elimination [51-53].
Likewise, CD8*-T cell responses have been recognized for their central role in conferring
resistance against Leishmania spp. This immune response bias not only occurs during initial
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infection stages but also significantly contributes to resistance upon subsequent reinfection.
CD8* T cells can exert cytotoxic activity, killing parasitized macrophages or synthesizing
IFN-y, activating macrophages to enhance their parasite-killing activities, or both [54-56].
To ascertain the involvement of T CD4* and CD8" cells in the observed protection against
L. infantum in HisDTC-vaccinated groups, we evaluated IFN-y and IL-10 intracellular
cytokine production in these cell populations. Our results demonstrated a direct correlation
between IFN-y-producing T CD8" cells and the lowest parasite burden. This aligns with
previous studies highlighting the importance of IFN-y production by T CD8* lymphocytes
in protection against L. infantum infection [57]. Regarding the percentage of T CD8*
T cells producing IL-10 cytokine, several studies support the idea that the absence of
IL-10 is correlated with a protective capacity against L. infantum infection in mice [58],
humans [59], and canids [60]. In line with these findings, HisDTC-immunized animals
showed a significantly lower percentage of IL-10"-producing CD8" T cells and a preferential
secretion of IFN-y over IL-10 compared to the control and LetiFend groups. This suggests
the crucial role of IL-10 in L. infantum protection.

One of the key aspects in assessing vaccine efficacy lies in its capacity to elicit and sus-
tain a long-lasting immunological memory response. Effector T lymphocytes, responsible
for the initial specific immune response against different pathogens, are complemented
by memory T lymphocytes, offering a long-lasting immunity and a rapid response upon
re-exposure [61]. In the case of Leishmania vaccine development, central memory T (Tcp)
lymphocytes are especially noteworthy, playing a pivotal role in establishing and upholding
durable immunity, even in the absence of parasites [62]. Nanoparticle delivery systems and
TLRL adjuvants are instrumental in fostering the generation of memory T cells and long-
lasting immunity against Leishmania [18,36,63]. Their ability to activate antigen-presenting
cells in a controlled and sustained manner enhances their value in this context [64]. Our re-
sults underscore this, demonstrating that immunization with HisDTC-PLGA formulations
led to an increase in the differentiation of both central memory T CD4* and CD8" cells in
the spleens of immunized and infected mice. This is evident in the elevated percentage of
the T memory cell subpopulation in the long-term evaluation compared to the short-term
assessment. The sustained presence of these memory cell subpopulations over an extended
period reinforced the notion that mice immunized with encapsulated HisDTC possess the
capability to generate robust and enduring T-cell responses upon encountering the parasite
with heightened protection. Contrasting the observed reduction in the parasite load in
target organs of LetiFend-vaccinated animals, for the short-term evaluation, the LetiFend®
vaccine fails to induce a robust and enduring memory T cell response. This is evident from
the lack of impact on parasite loads and cytokine production during long-term vaccination
(fourteen weeks after vaccination).

Regarding humoral responses, our results reveal that while encapsulated HisDTC did
not induce significantly elevated IgG2a production in vaccinated animals, it did reduce
IgG1 production compared to the control groups. Interestingly, immunization with HisDTC
alone enhanced a higher IgG2a production over IgGl1, highlighting the peptide’s role in
upregulating Thl-type responses, which correlated with a reduction in parasite burden. It
is important to mention the discrepancy from previous results where the HisDTC peptide,
administered alone or in combination with saponin as an adjuvant, induced a higher
production of IgG2a subclass antibodies [38]. This variance may be explained by the use
of PLGA nanoparticles, which, despite inducing a Th1 bias [65], did not result in a higher
production of the IgG2a subclass immunoglobulin. Our findings concerning LetiFend
groups align with previously described data, affirming the capacity of the LetiFend®
vaccine to induce robust IgG2a subclass anti-SLA antibodies in immunized and infected
animals [42].

Furthermore, the balance of Th1l immune cell responses associated with a resistant
phenotype that allows the control of the disease has been associated with the activation of
antigen-presenting cells and the modification of the arginine metabolism. This modification
leads to a higher production of NO to the detriment of the activation of the arginase
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enzyme [66]. In this regard, it can be observed how vaccination strategies capable of
inducing better control of parasite multiplication (HisDTC-based vaccines) were the ones
capable of inducing the robust production of Thl-characteristic cytokines. IFN-y can
modulate L-arginine metabolism, leading to the control of disease progression. These
data are in correlation with previously published findings where the HisDTC peptide,
both alone and in combination with saponin, demonstrated the ability to induce parasite
control in infected animals due to arginine metabolism modulation [38]. On the other hand,
LetiFend and control groups produced higher amounts of IL-10 cytokine, leading to lower
iNOS activity, thereby allowing parasite multiplication in target organs as evidenced by
parasite loads.

Despite the considerable interest in TLR agonists, specifically TLRL2 and TLRL3, as
potential adjuvants in vaccine development, our study revealed a lack of efficacy for these
agonists. No significant differences were observed between the groups administered with
HisDTC-TLRLs-PLGA and HisDTC-PLGA, indicating that the use of TLR2 (Pam3CSK4)
and TLR3 (Poly(I:C)) agonists together did not enhance the synthesis of Th1-type cytokines,
including IFN-y and TNF-«. This finding is unexpected, given the interest in TLR agonists
for their capacity to promote a Th1 profile immune response. The role of TLR agonists in
L. infantum infection is relatively understudied, with most existing data based on L. major
animal models [67-69]. Our results indicate that the combined administration of TLR2 and
TLR3 agonists does not significantly impact Thl-type cytokine synthesis. However, there is
some immune modulation, reflected in the lower concentration of the IL-10 cytokine both
extracellularly and intracellularly in CD8" T cells, particularly during long-term evaluations.
This modulation may account for the slight reduction in parasite loads observed in the
TLRL-PLGA group compared to the PLGA control group for the long-term evaluation,
highlighting the potential contribution of IL-10’s reduction to the successful reduction
in parasite burden, as previously described [48,59]. Collectively, our data suggest that
the simultaneous administration of TLR2 and TLR3 agonists does not enhance protection
against L. infantum infection or the immunogenicity induced by the HisDTC peptide. No
significant differences were observed in parasite burden, memory T cells, or IgG titers
between groups vaccinated with the peptide with or without TLR2/3 agonists. These
results are in accordance with a previous study demonstrating that a TLR2 agonist is unable
to contribute to protection against L. infantum infection in an in vivo murine model [70].
Further investigation of alternative TLR agonists or combinations is warranted in the search
for suitable vaccine adjuvants against L. infantum.

The results presented in this study, combined with previously reported data, strongly
indicate that the multi-epitope HisDTC is a promising tool in combating CanL. Moreover,
the use of the HisDTC peptide encapsulated in PLGA nanoparticles, and w/o the presence
of adjuvants, enhances a resistant and long-lasting T cell immune response characterized
by robust DTH responses, high pro-inflammatory cytokines levels, and central memory T
cells. These immune responses correlate with a reduction in the parasite load in the spleen
and liver.

5. Conclusions

The present study shows the robust and enduring immunoprophylactic efficacy of
the chimeric multi-epitope peptide HisDTC encapsulated in PLGA nanoparticles against
L. infantum infection in the BALB/c murine model. This efficacy is characterized by the
establishment of a Th1-type immune response in terms of the vaccine-induced delayed-type
hypersensitivity response, the production of IFN-y and TNF-«, and low IgG1 production.
Notably, the activation of IFN-y-producing T CD8" cells emerged as a pivotal factor in
controlling parasite multiplication and promoting the expansion of central memory T cells,
contributing to long-lasting immunity. Our study highlights the importance of conducting
both short- and long-term evaluation experiments in order to analyze the establishment of a
durable and specific immune response, a crucial requirement for the continued exploration
of any vaccine candidate. Additionally, the novel use of HisDTC-encapsulated w/o TLR2
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and TLR3 agonists demonstrated no significant differences among the vaccinated animals,
prompting questions about the efficacy of TLR2 and TLR3 agonists as effective adjuvants
for vaccine development against L. infantum. These findings open avenues for further
research in the field of TLRLs used as adjuvants, considering their potential variability
when employed with different delivery systems or against different pathogens, as observed
in our study. This study underscores the promising prospects of the HisDTC nanovaccine
as a preventive strategy against CanL, emphasizing the importance of PLGA nanoparticles
as a promising choice for delivering antigens when strong and lasting T-cell responses.
However, for practical application, further studies are imperative to validate the safety and
efficacy of this vaccination strategy in dogs, the primary target for protection against this
complex infectious disease. Consequently, this study establishes a robust foundation for
future research in the ongoing quest to effectively combat CanL.

6. Patents

The HisDTC peptide is covered by a patent (EP4163303A1). This patent is the property
of the Universidad Complutense de Madrid, Spain.
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Simple Summary: Cryptosporidium spp. and Giardia duodenalis, enteric protozoan pathogens affecting
humans and animals, elicit substantial global public concern. This study conducted in Taiwan sought
to determine the prevalence and co-infection rates of Cryptosporidium spp. and G. duodenalis in dogs
and cats. The investigation encompassed an analysis of infection rates and associated risk factors
within the surveyed population. Predominantly identified species were C. canis and C. felis, aligning
with canine-specific assemblages C and D. In contrast, the infrequent presence of human-specific
assemblage A was noted in Giardia-positive samples. Phylogenetic analysis alluded to the potential
for zoonotic transmission originating from domesticated animals. This underscores the role of pets as
possible reservoirs for the transmission of cryptosporidiosis and giardiasis to humans in Taiwan.

Abstract: Cryptosporidium spp. and Giardia duodenalis are enteric protozoan pathogens in humans. and
animals. Companion animals infected with zoonotic species/assemblages are a matter of major public
concern around the world. The objectives of the present study were to determine the prevalences of
Cryptosporidium spp. and G. duodenalis infections and their co-infection statuses in dogs and cats living
in Taiwan and to identify the species and assemblages. Fecal samples were collected from local animal
shelters (n = 285) and a veterinary hospital (1 = 108). Nested polymerase chain reaction (PCR) was
performed using the SSU-rRNA, B-giardin, and glutamate dehydrogenase genes for Cryptosporidium
spp. and G. duodenalis, respectively. Results showed that the overall prevalences of Cryptosporidium
and G. duodenalis were 7.38% (29/393) and 10.69% (42/393). In addition, co-infection was detected in
1.02% (4/393) of all samples. Sample source, clinical sign, and breed may be risk factors that influence
the infection rate. In Cryptosporidium-positive samples, C. canis and C. felis were detected most
frequently. Although the canine-specific assemblages C and D (37/42) were dominant, the zoonotic
human-specific assemblage A (1/42) was also found in Giardia-positive samples. Phylogenetic
analysis revealed that most positive samples belonged to host-specific subtypes/assemblages, while
some Cryptosporidium or Giardia-positive samples could be zoonotic. The findings suggested that pet
animals could be a cause of zoonotic transmission, causing human cryptosporidiosis and giardiasis
in Taiwan.

Keywords: Cryptosporidium; SSU-rRNA; B-giardin; glutamate dehydrogenase; Giardia duodenalis;
nested polymerase chain reaction; zoonoses; molecular epidemiology; assemblages

1. Introduction

Cryptosporidiosis and giardiasis are emerging infectious diseases caused by Cryp-
tosporidium spp. and Giardia intestinalis (syn. G. duodenalis or G. lamblia), protozoan intestinal
parasites which are of significant public health concern worldwide because infections are
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transmitted primarily through zoonotic, water-borne, and foodborne routes [1,2]. Human
beings, companion animals, birds, domestic livestock, and a wide range of vertebrates all
potentially contribute Cryptosporidium or Giardia spp. to the environment [3]. The main
clinical presentation of cryptosporidiosis and giardiasis in humans and animals manifests
as abdominal pain, watery diarrhea, dehydration, malabsorption, and wasting [4]. Gen-
erally, Cryptosporidium infections in immunocompetent people are mild and self-limiting.
However, the lives of young children, the elderly and the immunocompromised can be
threatened by infections [1,5]. In human beings, although Cryptosporidium and Giardia
infections are only occasionally found, such as in immunocompromised patients, they still
represent a significant health concern.

Among the approximately 40 recognized Cryptosporidium species, C. hominis, C. parvum,
C. meleagridis, C. canis, and C. felis are the most prevalent in humans [6]. Similarly, within
the eight common genotypes (A to H) of G. duodenalis, only assemblages A and B pose
significant human health risks [7]. Cryptosporidium spp. and G. duodenalis are frequently
found in dogs and cats worldwide [8,9]. Cryptosporidium canis and C. felis are the primary
Cryptosporidium species in dogs and cats, respectively. However, occasional detections of
C. hominis, C. paroum, C. muris, and C. ubiquitum have been reported in these animals [10-
14]. Similarly, dog-adapted assemblages C and D and the cat-adapted assemblage F are the
dominant G. duodenalis genotypes in these animals. However, zoonotic assemblages A and
B have been identified in some studies [7,15].

Companion animals may play an essential role in the transmission routes of Cryp-
tosporidiosis and Giardiasis [16]. Animal shelters are environments that facilitate the spread
of gastrointestinal protozoan parasitic disease to incoming animals and shelter staff due to
overcrowding and the multiple stressors of the animals. In addition to the animals, shelter
staff and visitors are also considered vulnerable to exposure to zoonotic diseases [17]. Since
both Cryptosporidiosis and Giardiasis are transmitted to humans through the fecal-oral route
or contaminated food and water, infections can be more prevalent in crowded conditions if
the shelter settings are unsanitary. In this research, we focused on sources in local animal
shelters and household pets and analyzed the associations with risk factors. Hence, in this
study, we collected stool specimens from one veterinary teaching hospital and three local
animal shelters in Taiwan.

Traditionally, the diagnosis of Cryptosporidium and Giardia relies on detecting specific
oocyst/cyst characteristics in stool samples, typically using acid-fast staining [18] or im-
munofluorescence assays with antibodies. However, these traditional methods cannot
distinguish between species based on morphology or host occurrence. To address this issue
and enable quick and accurate identification of these protozoan parasites, there is a need
for novel, rapid, and discriminatory analytical methods applicable in both developed and
developing regions, suitable for clinical and environmental samples.

Diagnosing Cryptosporidium and Giardia with the traditional visual microscopic method
is difficult due to the inability to differentiate between different species using morphology
and/or host occurrence. Instead, a molecular technique such as polymerase chain reaction
(PCR) should be used to characterize Cryptosporidium and Giardia in feces or environmental
samples [19]. Compared to the traditional microscopic method, nested PCR is more
sensitive and reliable, so it is recommended for such detection and genotyping [20].

Although some surveys of Cryptosporidium oocysts and Giardia cysts have been con-
ducted in livestock drinking water in Taiwan over the past decade, references or reports
pertaining to Cryptosporidium and Giardia infection in small animal shelters are relatively
limited. Thus, in this study, we performed the first cross-sectional investigation from
different sources to offer a molecular assessment for future shelter animal medicine re-
search. The primary aim of this research was to determine and elucidate the prevalences of
Cryptosporidium and Giardia infection and their co-infection status in companion animals in
Taiwan. The resulting information could serve as baseline data here.
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2. Materials and Methods
2.1. Study Design

In 2020, from February 1 to December 31, fresh canine and feline stool specimens
were randomly collected from three local animal shelters (TW-TPE, TW-TYN, and TW-TTT;
abbreviations of sampling sites were based on assigned country code) and one veterinary
teaching hospital in Taiwan. The majority of the stool specimens were specifically recruited
for the study, while the rest were obtained from routine diagnostics at the Section of Clinical
Pathology, National Taiwan University Veterinary Hospital (NTUVH), Taipei. Among the
393 canine and feline specimens, 285 were from 3 local animal shelters, and 108 were from
NTUVH. All the specimens were collected from live animals, and the collection processes
were approved and followed local government regulations on animal protection. The study
was approved by the Institutional Animal Care and Use Committee of National Taiwan
University, Taipei, Taiwan (protocol code: IACUC No. NTU107-EL-00200).

2.2. Sample Collection

Each specimen (0.5-1 g) was collected from the ground immediately after animal
defecation, placed into a 2 mL microcentrifuge tube, and then mixed with an appropriate
amount of distilled deionized water (DDW). The properties of each specimen and the
breed, age, gender, and past history of the animal were recorded in detail if possible. After
several rounds of mechanical agitation, aliquots of the stool specimen were exposed to
5 freeze—thaw cycles, as described previously [21]. The processed specimens were stored at
—20 °C, and DNA was extracted within 1 week after collection.

2.3. DNA Extraction

After the freeze-thaw cycles, total genomic DNA (gDNA) was isolated from the feces
sample using the NautiaZ Stool DNA Extraction Mini Kit (Nautia Gene, Taipei, Taiwan)
and eluted according to the manufacturer’s instructions. DNA concentration and purity
were measured with a spectrophotometer (Eppendorf AG, Hamburg, Germany). The
isolated gDNA samples were used immediately or stored at —20 °C for up to 1 month prior
to screening.

2.4. Nested Polymerase Chain Reaction (PCR) Amplification

Cryptosporidium spp. was detected via nested-PCR amplification of the small subunit
(SSU) rRNA gene. The DNA of G. intestinalis was amplified, targeting B-giardin (BG) and
glutamate dehydrogenase (GDH) genes. As seen in Table 1, nested-PCR primer pairs were
adopted in PCR amplification reactions in the study. A positive control (Cryptosporidium
or Giardia DNA) and a negative control (distilled water) were run with every PCR batch.
After nested-PCR amplification, 10 pL of each PCR product was electrophoresed by 2%
agarose gel at 100 V for 30 min to identify the size of the products. PCR-positive products
were purified using the PCR Clean-Up and Gel Extraction Kit (GeneDirex, Las Vegas, NV,
USA), following the manufacturer’s instructions.

To calculate the estimated prevalence rate, we count the number of positive samples
and divide it by the total number of samples tested using nested PCR. The overall preva-
lence rate is determined by dividing the number of positive samples by the total number of
companion animal fecal samples that are being tested, irrespective of whether they are dogs
or cats. We also calculated stratum-specific prevalence rates for dogs and cats separately.

106



Animals 2023, 13, 3373

Table 1. Primers and annealing conditions of nested PCR for Cryptosporidium spp. SSU gene, Giardia
BG gene, and Giardia GDH gene.

Primer Name Primer Sequence (5'—3’) Angealmg Product Size Reference
(°C/s) (bp)

Nested-PCR primers for Cryptosporidium SSU genes
SSU-F1 TTCTAGAGCTAATACATGCG 55,45 1305
SSU-R1 CCCATTTCCTTCGAAACAGGA (Xiao et al.,
SSU-F2 GGAAGGGTTGTATTTATTAGATAAAG 55/45 840 1999) [22]
SSU-R2 CTCATAAGGTGCTGAAGGAGTA
Nested-PCR primers for Giardia BG genes
BG-F1 AAGCCCGACGACCTCACCCGCAGTGC 65,30 735
BG-R1 GAGGCCGCCCTGGATCTTCGAGACGAC (MarcoLalle et al.,
BG-F2 GAACGAACGAGATCGAGGTCCG 65,30 511 2005) [23]
BG-R2 CTCGACGAGCTTCGTGTT
Nested-PCR primers for Giardia GDH genes
GDH-F1 TTCCGTRTYCAGTACAACTC 57.8/30 754
GDH-R1 ACCTCGTTCTGRGTGGCGCA ’ (S.-M.Caccio et al.,
GDH-F2 ATGACYGAGCTYCAGAGGCACGT 57.8/30 530 2008) [24]
GDH-R2 GTGGCGCARGGCATGATGCA )

2.5. Phylogenetic Analysis

To examine the genetic relationships among Cryptosporidium spp. and Giardia duode-
nalis assemblages in canines and felines, all positive secondary PCR amplicons (~840 bp
for Cryptosporidium; ~510 bp for BG in Giardia; ~530 bp for GDH in Giardia) were sent for
nucleotide sequencing at Mission Biotech (Taipei, Taiwan). The results were compared with
corresponding sequences on the National Center for Biotechnology Information (NCBI)
website using the BLAST® program (http:/ /blast.ncbi.nlm.nih.gov/; accessed during 1
March~30 September 2020). A phylogenetic tree was constructed using the MEGA-X
program with neighbor-joining (NJ) analysis of the SSU rRNA and BG gene sequences.

2.6. Software and Statistical Analysis

Geological maps were illustrated in the software QGIS 3.10.14. Statistical analyses
were performed in Python 3.7 scipy.stats modules. Pearson’s chi-squared (x?) test and
Fisher’s exact tests were performed to test for any significant differences in location, gender,
age, breed, and clinical signs between the two groups of canine and feline populations.
Results were considered statistically significant at p < 0.05.

3. Results
3.1. Prevalence of Cryptosporidium and Giardia Infection and Co-Infection Pattern in
Companion Animals

A total number of 393 individual stool samples were obtained for this study. Of
them, 27.4% (108/393) of the specimens were collected from the veterinary hospital
(TW-NTU) and 72.5% (285/393) from local shelters (TW-TPE, TW-TYN, and TW-TTT)
(Figures 1 and 2A). Of the canine fecal samples, 34.8% were from the veterinary hospital,
and 65.2% were from local shelters. Of the feline samples, the percentages collected from
the hospital and shelters were 14.7% and 85.3%, respectively. The overall prevalence rates
of Cryptosporidium spp. and G. duodenalis by nested PCR were 7.38% (29/393) and 10.69%
(42/393) (Figure 2B). In this study, the estimated prevalence rates of Cryptosporidium infec-
tion in dogs and cats were 8.4% (21/250) and 5.6% (8/143), while those of G. duodenalis infec-
tion in dogs and cats were 12.4% (31/250) and 7.69% (11/143), respectively (Table 2). More-
over, co-infection with both pathogens was detected in 1.02% (4/393) of all companion ani-
mal samples (Figure 2C,D). For identifying the specific assemblages of G. duodenalis, for ex-
ample,
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16 canine samples tested positive in Source-1 for BG, but only 8 samples for C and 6
for D were identified by genotyping. The remaining samples were not identified with

b

specific assemblages. (Table 3).
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Figure 1. Map showing the sampling locations in Taiwan. Fresh canine and feline stool samples were
collected in 2020 from three locations in Taiwan, including two urban areas (Taipei and Taoyuan) and
a relatively rural area (Taitung). TW, Taiwan; TPE, Taipei; NTU, National Taiwan University; TYN,
Taoyuan; TTT, Taitung.
Table 2. Percentages and numbers of nested-PCR-positive canine and feline samples.
Category No. Examined Canine No. Examined Feline
Pathogen Cryp E;S)P oridium Giardia (%) Cryp tz()os/;;orzdmm Giardia (%)
Source-1 TW-TPE 82 9 11.0% 19  23.2% 76 4 5.3% 6 7.9%
Source-2 TW-TYN 55 2 3.6% 7 12.7% 36 1 2.8% 3 8.3%
Source-3 TW-TTT 26 3 11.5% 2 7.7% 10 0 0.0% 1 10.0%
Subtotal 163 14 8.6% 28 17.2% 122 5 41% 10 8.2%
Source-4 TW-NTU 87 7 8.0% 3 3.4% 21 3 14.3% 1 4.8%
Total 250 21 8.4% 31 12.4% 143 8 5.6% 11 7.7%
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Table 3. Percentages and numbers of G. duodenalis isolates of assemblage in canine and feline samples.

Category ;\Itsi.nEe)g Assemblages (n) of Canine all\ln‘:i‘nEe)g Assemblages (n) of Feline
Pathogen Overall BG GDH Overall BG GDH
Source-1 TW-TPE 82 19 16 C(8),D(6) 7 C(3), D) 76 6 6 A (1) 0
Source-2 TW-TYN 55 7 6 C((5), D) 3 C(3) 36 3 3 C(2) 1 F(Q)
Source-3 TW-TTT 26 2 1 D (1) 2 D(2) 10 1 0 1 D)
Source-4 TW-NTU 87 3 3 C(2) 0 21 1 1 0
Total 250 31 26 12 143 11 10 2
A Sampling location
B Positive samples of total samples (n=393)
TW-NTU
Cryptosporidium
TW-TPE

C Positive samples of canine samples (n=250)

39.9%

23.0%

TW-TYN

Cryptosporidium Cryptosporidium

D Positive samples of feline samples (n=143)

Figure 2. Percentages of the fecal samples from different locations, and the numbers of Cryptosporid-

ium and Giardia-positive samples. (A) A pie chart of different sampling sources and sample sizes.
(B-D) Venn diagrams showing the sample numbers of nested-PCR-positive results and co-infections
of total, canine, and feline samples, respectively. TW, Taiwan; TPE, Taipei; NTU, National Taiwan
University; TYN, Taoyuan; TTT, Taitung.

3.2. Risk Factor Analysis

The univariable analyses of risk factors associated with positive detection results are
shown in Tables 4 and 5 for the two parasitic pathogens in canines and felines. Variables
with p values < 0.05 were regarded as associated with infection. Animal gender, fecal
source, breed, and clinical signs were evaluated as possible variables. Only gender was
found to be not significantly related to both Cryptosporidium and G. duodenalis infections.
The rates of G. duodenalis infection in canines and felines were higher in those from the local
animal shelters than in those from the veterinary hospital. The probability of being infected
by G. duodenalis was more than five times higher (OR = 5.8, 95% CI = 1.7-19.7, p = 0.0048)
for the animal shelter source than for the veterinary hospital source. Dogs presenting
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diarrhea had a 2.9 times higher (OR = 2.9, 95% CI = 1.0-8.0, p = 0.0439) probability of
Cryptosporidium infection. In contrast, cats, whether displaying noticeable clinical signs
or not, were not linked to the prevalence of either disease. Interestingly, compared to
mixed-breed felines, purebred cats were 9.5 times (OR = 9.5 95% CI = 1.9-47.1, p = 0.0058)
more likely to be Cryptosporidium-positive. However, mixed-breed dogs were more likely

to be Giardia-positive than purebred dogs (p = 0.0406).

Table 4. Risk factor analysis for canine cases.

Factor n Cryptosporidium spp. G. duodenalis
No. o No. o
Positive OR 95%CI  p-Value Positive OR 95%CI p-Value
Gender
Female 113 11 14 (06-34) 049 12 0.7 (0.3-1.6) 0.4
Male 106 7 0.7 (0.3-1.7) 0.38 12 0.8 (0.4-1.8) 0.66
Unknown 31 3 1.2 (0.3-4.3) 0.78 7 2.4 (0.9-6.1) 0.07
Total 250 21 31
Source
Veterinary Hospital 87 7 1 (0.4-2.4) 0.88 3 0.2 (0.1-0.6) 0.0048 **
Animal Shelter 163 14 11 (04-2.8) 28 58  (1.7-19.7)
Total 250 21 31
Breed
Purebred 64 4 0.7 (0.2-2.1) 047 3 0.3 (0.1-0.9) 0.0406 *
Mixed 186 17 1.5 (0.5-4.7) 28 3.6 (1.1-12.3)
Total 250 21 31
Clinical Sign
Diarrhea 34 6 29 (1.0-8.0) 0.0439* 7 2.1 (0.8-5.3) 0.13
No notable sign 216 15 0.3 (0.1-1.0) 24 0.5 (0.2-1.2)
Total 250 21 31
Note: * p-value < 0.05; ** p-value < 0.01.
Table 5. Risk factor analysis for feline cases.
Factor n Cryptosporidium spp. G. duodenalis
No. o No. o
Positive OR 95% CI  p-Value Positive OR 95% CI p-Value
Gender
Female 50 3 1.1 (0.3-4.9) 0.88 1 0.17 (0.0-1.4) 0.10
Male 46 4 2.2 (0.5-9.3) 0.28 4 1.22 (0.3-4.4) 0.76
Unknown 47 1 0.3 (0.0-2.3) 0.24 6 2.66 (0.8-9.2) 0.12
Total 143 8 11
Source
Veterinary Hospital 21 3 3.9 §297; 0.08 1 0.61 (0.1-5.0) 0.65
Animal Shelter 122 5 0.3 (0.1-1.2) 10 1.6393  (0.2-13.5)
Total 143 8 11
Breed
Purebred 11 3 9.5 4(11791; 0.0058 ** 0 0.4594 (0.0-8.3) 0.60
Mixed 132 5 0.1 (0.0-0.5) 11 2.177 (0.1-39.3)
Total 143 8 11
Clinical Sign
Diarrhea 20 0 0.3 (0.0-6.0) 0.45 1 0.5947 (0.1-4.9) 0.63
No notable sign 123 8 3 éi; 10 1.6814  (0.2-13.9)
Total 143 8 11

Note: ** p-value < 0.01.
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3.3. Phylogenetic Analysis

Nested PCR and DNA sequencing results revealed that Cryptosporidium infection
was detected in 7.38% of all fecal samples, whereas Giardia infection was detected in
10.69%. After DNA sequencing, the results showed that the species of Cryptosporidium
were mainly C. canis, C. felis, and C. meleagridis (Figure 3A). Sequencing analysis of the SSU
rRNA gene demonstrated that 72.4% (21/29) of the Cryptosporidium-positive samples shared
89-100% homology with the sequence of C. canis (accession numbers: AB210854.1, AF112576.1,
KF516543.1, and MT329018.1) retrieved from the GenBank database. Within the nucleotide
sequences of Giardia-positive samples isolated from companion animals, 61.9% (26/42) were
successfully characterized as some specific assemblages, with most being assemblage C
(17/26), followed by assemblage D (8/26) and assemblage A (1/26). Other parts of isolated
Giardia-positive samples still presented as p-giardin-positive but matched as partial codons
(Figure 3B). The most dominant species/assemblages of Cryptosporidium-/Giardia-positive
samples were C. canis (SSU-rRNA; GenBank accession number AB210864.1, sequence ho-
mology 99-100%, n = 17) and Giardia canine-specific assemblage C (B-giardin; GenBank
accession number LC437428.1, sequence homology 99-100%, n = 13).

A AF112576.1 (1) C. canis
’ IMT329018,1 (1) C. canis
AB210864.1 (17) C. canis

KF516543.1 (2) C. canis
EF613340.1 (2) C. sp
MN410718.1 (1) C. meleagridis
—— AF108862.1 (3) C. felis

4'— MW090929.1 (1) C. felis
AB694730.1 (1) C. felis

0.0050

LC437464.1 (3) Assemblage D
{ LC437453.1 (4) Assemblage D
- LC437420.1 (1) Assemblage A
LC437428.1 (13) Assemblage C
LC437424.1 (1) Assemblage C
LC437433.1 (2) Assemblage C
LC437431.1 (1) Assemblage C

MG873354.1 (1) Assemblage D
KM977659.1 (1) partial cds

KY942092.1 (1) partial cds
r MT713334.1 (1) partial cds
| MT713316.1 (7) partial cds

—
1

Figure 3. Phylogenetic analysis based on (A) SSU rRNA gene of Cryptosporidium and (B) BG gene
of Giardia. The phylogenetic tree was constructed using MEGA software (1.0) by employing the
neighbor-joining (NJ) method. The numbers in parentheses show the number of different species or
assemblages. CDS, coding sequence.
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4. Discussion

Our data showed that the overall Cryptosporidium infection rate was 7.38%. The
prevalence of Giardia infection in companion animals identified at different genetic loci
(bg and gdh) were 9.16% (36/393) and 3.56% (14/393), respectively. After the integration
of positive samples of Giardia at the two loci, an overall 10.69% (42/393) prevalence was
detected. A systemic review reported prevalence rates of Giardia of around 15.2% in dogs
and 12% in cats worldwide [8]. In comparison, recent regional surveys to determine the
prevalence of Giardia infection by ELISA antigen test or PCR have reported rates of 18.7% in
Japan [25], 11.2% in South Korea [26], and 11% in China [27]. Our findings generally follow
a pattern similar to those in surveys previously carried out in East Asia and worldwide.

The most noteworthy symptom in companion animals infected with protozoan par-
asites is diarrhea. According to our risk factor analysis, the risk of being positive for
Cryptosporidium spp. was 2.9-fold higher in the diarrhea canine group than in the no-
obvious-clinical-sign canine group. Meanwhile, our study also indicated that Cryptosporid-
ium in felines and Giardia in both companion animals were not associated with diarrhea
clinical signs. That is, although Cryptosporidium was confirmed in diarrhea cases, it was
also commonly found in normal feces from patients without clinical signs. Both pathogens
were detected regardless of companion animal diarrhea status. The detection of both
endoparasites in normal feces suggests that the possibility of contamination with (oo)cysts
in an entire population cannot be ruled out. This finding is important and has public health
significance because pet owners and clinical veterinarians may neglect the possibility of
infection of Cryptosporidium or Giardia due to their clinical presentation. These results
should be considered by small-animal veterinarians in differential diagnosis.

Among the known Cryptosporidium species, human cryptosporidiosis is mostly caused
by five species: C. parvum, C. hominis, C. meleagridis, C. felis, and C. canis [6,28,29]. In some
countries, C. meleagridis may be as common as C. parvum [28,30,31]. In our findings, we
detected the species C. meleagridis (n = 1) and C. canis (n = 18) in dogs, while C. felis (n = 5)
and C. canis (n = 3) were identified in cats. For Giardia, 88.1% were classified as assemblage
C or D. Moreover, one feline sample was successfully classified as Giardia assemblage A
(B-giardin; GenBank accession number LC437420.1, sequence homology 100%). The three
Cryptosporidium species and Giardia spp. genotype A recognized by DNA sequencing is
known as zoonotic endoparasites.

Although human cryptosporidiosis infection through anthroponotic transmission is
mainly caused by C. parvum and C. hominis, which are waterborne, C. canis and C. felis may
infect humans through intrafamilial transmission by companion animals [32]. Thus, the
horizontal infection of Cryptosporidiosis and Giardiasis in local animal shelters in Taiwan
may present a public health threat to humans. As noted in our previous discussion, there is
no significant difference between clinical signs in Giardia-positive pets. Therefore, we may
neglect the potential risk when contacting clinically healthy companion animals.

The hosts of Cryptosporidium are virtually all vertebrate animal species. In Taiwan, the
shelter facilities vary greatly by size, capacity, budget, and the number of governmental
staff. These shelters offer temporary housing for not only stray dogs and feral cats but
also a wide range of animals brought in by animal rescue services in local regions. Thus,
wild birds and wildlife such as ferret badgers may be housed simultaneously in a high-
density facility. The increased probability of exposure to contaminated water and food in
animal shelters may explain the higher percentage of parasitic opportunistic infections.
For example, birds are the natural host of C. meleagridis [33]. It is not surprising that the
endoparasite may spread from birds to canines within the stressful environment of a local
animal shelter.

Giardia cysts and Cryptosporidium oocysts can survive for months in environments with
high humidity, low temperature, and low exposure to sunlight [34]. In Taiwan, the average
monthly temperatures range from 17.9 °C in January to 30.9 °C in July, and the average
annual relative humidity ranges from 73.0% to 80.6% [35]. Additionally, in the past two
decades, Cryptosporidium oocysts and Giardia cysts have been documented in both drinking
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water for livestock and urban tap water in Taiwan [36,37]. One of the major features of
giardiasis and cryptosporidiosis is their low infectious doses. Fewer than 10 cysts given
orally could cause infection of G. duodenalis, while Cryptosporidium variably requires from
9 to 1024 oocysts [34,38]. The potential for contamination through drinking water should
be investigated.

On the other hand, dogs and cats in animal shelters commonly come into contact with
adopters and visitors. Although veterinarians regularly impose the disinfection process and
exo-parasite chemical deworming program before the animals are admitted, the infection
risk of endoparasites still exists. Moreover, once Cryptosporidium or Giardia (0o)cytes
are transmitted in animal shelters, the horizontal transmission may spread dramatically
because of oral-fecal infection within companion animals, owing to the narrow space and
high-contact environment. Thus, to reduce the risk of zoonotic disease occurrence, fecal
samples of pet animals should be routinely submitted for parasitic diagnostic tests, and
owners should be informed about the public health issues related to pet fecal pollution. In
local animal shelters, expansion of the disinfection checkpoints to maintain the biosecurity
of the animal shelters is warranted.

There are some limitations to this research. Firstly, given the intermittent shedding
pattern of (oo)cytes of Cryptosporidium and Giardia, molecular examinations should not
only be based on fecal samples so as to prevent underestimation of the prevalence of each
parasite. Secondly, increases in the levels of Cryptosporidium spp. and Giardia infection
in young companion animals have been documented previously [39,40]. The age of the
companion animals is commonly included in risk factor analysis. Nevertheless, in our
sampling reference, the medical records on age are relatively vague and incomplete, compli-
cating the statistical analysis. Third, viral disease infections should be considered necessary
in enteropathogenic co-infection in kennels and shelters. The co-infection pattern is not
limited to dual infection. In cats in the United Kingdom, co-infection of feline panleukope-
nia virus, Cryptosporidium spp., and Giardia spp. has been reported with double or triple
infections [41]. The concurrent presence of canine parvovirus type 2, Cryptosporidium spp.,
and Giardia spp. has also been noted in Brazil [42]. However, no routine examinations of
gastrointestinal viral pathogens are required in Taiwan. An analysis of the necessity of such
requirements may be the next step in our research. Given these limitations, the zoonotic
infection findings should be interpreted cautiously when generalized to a larger population
of companion animals.

5. Conclusions

The present study demonstrated that the most dominant Cryptosporidium and Giardia
species/assemblage characteristics in companion animals were C. canis, C. felis, and Giardia
assemblages C and D, respectively. This is the first cross-sectional molecular evaluation of
animals derived from local animal shelters and household pets in Taiwan. Notably, C. canis,
C. felis, C. meleagridis, and Giardia assemblage A have the potential for zoonotic transmission.
These molecular results can serve as a baseline to assess the zoonotic potential of companion
animals in Taiwan. Further epidemiological studies are necessary to understand the
transmission better.
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Simple Summary: The zoonotic liver flukes Opisthorchis viverrini and Clonorchis sinensis infect small
mammals, such as cats, dogs, pigs, rodents, and rabbits, as well as humans. Human infection
subsequently develops into bile duct malignancy, also referred to as cholangiocarcinoma (CCA).
Understanding the molecular systematics and population genetics of these liver flukes has an
important role in prevention and control, and is important in comprehending their roles in zoonotic
transmission. Different molecular markers have varying evolution rates and contain different genetic
information. Polymorphic genetic markers are necessary and more suitable for such investigations.
Therefore, we screened seven intron regions of the taurocyamine kinase gene (TK) to determine their
potential as genetic markers for population genetic investigations of the liver flukes O. viverrini and
C. sinensis which were collected from a range of geographical isolates and animal hosts. We identified
a suitable intron region of TK, i.e., intron 5 of domain 1 (TkD1Int5) as having the most potential as a
polymorphic marker. Results showed that TkD1Int5 is effective in examining the genetic variation
and heterozygosity of O. viverrini and C. sinensis, but further studies are required to better understand
the role of different species of animals as reservoir hosts of these zoonotic liver flukes.

Abstract: Opisthorchiasis and clonorchiasis are prevalent in Southeast and Far-East Asia, which are
caused by the group 1 carcinogenic liver flukes Opisthorchis viverrini sensu lato and Clonorchis sinensis
infection. There have been comprehensive investigations of systematics and genetic variation of these
liver flukes. Previous studies have shown that O. viverrini is a species complex, called “O. viverrini
sensu lato”. More comprehensive investigations of molecular systematics and population genetics of
each of the species that make up the species complex are required. Thus, other polymorphic genetic
markers need to be developed. Therefore, this study aimed to characterize the intron regions of
taurocyamine kinase gene (TK) to examine the genetic variation and population genetics of O. viverrini
and C. sinensis collected from different geographical isolates and from a range of animal hosts. We
screened seven intron regions embedded in TK. Of these, we selected an intron 5 of domain 1
(TkD1Int5) region to investigate the genetic variation and population genetics of theses liver flukes.
The high nucleotide and haplotype diversity of TkD1Int5 was detected in O. viverrine. Heterozygosity
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with several insertion/deletion (indel) regions were detected in TkD1Int5 of the O. viverrine samples,
whereas only an indel nucleotide was detected in one C. sinensis sample. Several O. viverrine samples
contained three different haplotypes within a particular heterozygous sample. There were no genetic
differences between C. sinensis isolated from various animal host. Heterozygous patterns specifically
detected in humans was observed in C. sinensis. Thus, TkD1Int5 is a high polymorphic genetic
marker, which could be an alternative marker for further population genetic investigations of these
carcinogenic liver flukes and other related species from a wide geographical distribution and variety
of animal hosts.

Keywords: zoonoses; cat; dog; gastrointestinal parasite; intron; genetic variation; liver fluke

1. Introduction

Liver flukes of the family Opisthorchiidae are among the medically important food-
borne trematodes. Currently, three principal species are recognized as pathogens causing
human diseases: Opisthorchis viverrine, Opisthorchis felineus, and Clonorchis sinensis [1]. Up
to 680 million people around the world are at risk of infection [2]. Of these, two species,
namely O. viverrini and C. sinensis, have distributions in Asia. For instance, O. viverrini is
currently found in Thailand, Cambodia, Lao People’s Democratic Republic (PDR), Myan-
mar, and Vietnam, with approximately 10 million people having opisthorchiasis, whereas
C. sinensis is found in parts of Russia, China, Korea, and Vietnam, with an estimated 35 mil-
lion clonorchiasis cases [1]. Both are classified as group I carcinogens because they are the
causative agents of bile duct cancer (cholangiocarcinoma; CCA) [1,3]. At present, about
20,000 people die of CCA every year in the northeast of Thailand alone [4].

The life cycles of all two species are very similar, beginning snails as the first interme-
diate host with a usually low prevalence of infection, fish as second intermediate hosts with
substantially higher levels of infection, and usually a carnivorous mammal as final hosts [4].
Most recently, there is evidence of genetic similarity between liver flukes recovered from
mammalian hosts, especially cats and O. viverrini in people [5,6]. Therefore, the complete
elimination of infection may not be possible if domestic cat and dogs act as reservoir hosts,
thus maintaining the source of flukes, therefore playing a critical role in maintaining their
life cycle [4]. Thus, it is recommended that transdisciplinary research, including systematics
and population genetics of the flukes and their life cycle hosts, should be undertaken to
combat the liver flukes, therefore contributing to the reduction in CCA, particularly in
endemic areas [4].

The comprehensive molecular systematics and population genetics investigations
of O. viverrini have previously been undertaken, and cryptic species were discovered
in 2007 [7]. Investigations of genetic variation of C. sinensis have also been reported
from Russia, Vietnam, China, and Korea [6]. Some genetic markers used previously
were unsuitable and unreliable for systematics and population genetic studies, such as
markers in mitochondrial DNA genes, and some conserved regions in nuclear genes, due to
observed low variation reported in some studies [7]. However, various molecular markers
show different evolutionary rates and contain different genetic information. Compared
to multi-copy sequences, single-copy genes may be more advantageous in identifying
heterozygotes [8]. Thus, other polymorphic molecular markers, such as the sequence of
intron regions of taurocyamine kinase gene (TK) need to be characterized and used to
explore the genetic variation and population genetics of these liver flukes [7].

Phosphagen kinases (PKs) are phosphotransferases essential for cellular energy
metabolism. In cells with high and fluctuating energy turnover rates, these highly con-
served enzymes catalyze the reversible phosphate transfer between ATP and guanidine
molecules [9]. Eight PKs are currently known, with creatine kinase (CK) as the sole PK
in vertebrates. Arginine kinase (AK), glycocyamine kinase (GK), hypotaurocyamine ki-
nase (HTK), lumbricine kinase (LK), opheline kinase (OK), thalessemine kinase (ThK),
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and taurocyamine kinase (TK) are PKs that are present in a wide range of invertebrate
taxa [10]. The phosphagen kinase gene in trematodes refers to a specific gene, referred
to as the taurocyamine kinase gene, which encodes an enzyme that plays a key role in
the energy metabolism of trematode parasites [11]. Studying TK in trematodes involves
characterizing its sequence, structure, expression patterns, and functional properties for
identifying potential vulnerabilities that can be targeted for therapeutic interventions [11].
Not only functional genes (exon regions) but also intron regions have been successfully
used as a genetic marker(s) to investigate the systematics and genetic variation of various
organisms [12,13].

Non-coding introns are now commonly used in molecular phylogenetics and popula-
tion genetics in an attempt to construct phylogenetic trees, and determine heterozygosity,
DNA recombination, and genetic hybridization [14-17]. Compared to coding regions,
introns predict the acquisition of a large number of independent parsimony-informative
characters from most sites equally, associated with less homoplasy and lower transition:
transversion ratios. Moreover, it must be acknowledged that diploid spliceosomal intron
alleles have an average effective population size four times that of mitochondrial DNA
(mtDNA) and in animals, introns mutate at approximately one quarter the rate of animal
mtDNA [18,19].

Based on several previous publications, the intron regions of TK could offer an ade-
quate resolution to examine genetic variation, genetic differentiation, genetic relationships,
and heterozygosity of medically important parasitic trematodes [15-17]. For example, the
bridge intron (TkBridgelnt) and intron 4 of domain 2 (TkD2Int4) regions have been applied
to differentiate Fasciola gigantica and F. hepatica, as well as to explore genetic recombination
in a Fasciola species (intermediate form), and in the case of using TkBridgeInt and TkD2Int4
regions, providing evidence of hybridization between F. gigantica and F. hepatica [15]. The
second intron of domain 1 (TkD1Int2) was successfully used to differentiate species of
the lung fluke genus Paragonimus [16], and evidence of the DNA recombination of P. het-
erotremus and P. pseudoheterotremus suggested incomplete lineage sorting [16]. Moreover,
high polymorphism and a heterozygous TkD1Int5 region were detected in the intestinal
flukes Echinostoma spp., which could potentially be used to differentiate E. miyagawai and
E. revolutum [17]. All previous reports have shown that the intron region of TK has a
potential role as a polymorphic genetic marker to explore the systematics and population
genetics, especially heterozygosity, DNA recombination, and genetic hybridization, in
these medically important trematodes [15-17]. Therefore, this study aimed to characterize
and use the TK’s intron region(s) as a molecular marker(s) for the population genetic
investigations of O. viverrini sensu lato and C. sinensis isolated from various geographical
isolates and animal hosts.

2. Materials and Methods
2.1. DNA Samples

The DNA of O. viverrini from Thailand and Lao PDR were provided by Prof. Paiboon
Sithithaworn. The DNA of C. sinensis from Vietnam included samples from Haplorchis
taichui, Haplorchis pumilio, and Stellentchasmas fulcatus which were provided by Prof. Wan-
chai Maleewong. The DNA of C. sinensis was collected from different hosts in China and
was provided by Prof. Takeshi Agatsuma. A total of 147 O. viverrini and 45 C. sinensis
DNA samples from different geographical localities and animal hosts in Thailand, Lao
PDR, Vietnam, and China were used for comparative analyses in this study. The DNA
samples of H. pumilio, H. taichui, and S. fulcatus were used to test cross-reactivity for
TkD1Int5 amplification.

2.2. Primer Design

We designed the primer pairs to anneal the conserved flanking regions (exon) based on
the full-length TK sequence of C. sinensis accession number JX435779 [11] for amplification
by polymerase chain reaction (PCR) of seven intron regions. The resultant primers used to
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amplify three intron regions of domain 1 were intron 1 (TkD1Int1), intron 2 (TkD1intron2),
and intron 5 (TkD1Int5), and three regions of domain 2, namely intron 2 (TkD2Int2), intron
3 (TkD2Int3), intron 4 (TkD2Int4), including the bridge intron (TkBridInt) (Figure 1). We
also design a second primer pair (F2 and R2) to amplify some intron regions by a second
PCR in cases where we were unable to amplify or there were low concentrations of PCR
product amplified by the first primer pair (F1 and R1) (Figure 1).

Intron region Primer name Forward primer (primer sequence) Reverse primer (5' to 3') Tm
Domain 1intron1  TkD1Int1 OvD1Int1-F (5-GAGGCCAATCGATCTTTCAC-3") OvD1Int1-R (5-ATAACGGCGTCAAAGAACTC-3") 50 °C
Domain 1intron2  TkD1Int2 OvD1Int2-F (5-GTAATCCGCGGTGCATCCTT-3') OvD1Int2-R (5-GGAAATAGTGGGACAGAATCC-3")  55°C
Domain 1intron5  TkD1Int5 OvD1Int5-F1 (5-TTACATCGACTGGCCGAAT-3) OvD1Int5-R1 (5-GGGACACGAGCATGCACAC-3") 58 °C
OvD1Int5-F2 (5-AAGAAAATTTCCTGGTTTG-3") OvD1Int5-R2 (5-AAGGTGATAAAACCAAATC-3) 58 °C
Bridge intron TkBridInt OvBridInt-F (5-GGTGGTGTCTACGATTTGAG-3") OvBridInt-R (5-ACGAACCATGTGTGCAAGAG-3) 55°C
Domain 2 intron 2~ TkD2Int2 OvD2Int2-F1 (5-TGCAGTGATTTTGGACTATC-3') OvD2Int2-R1 (5-ATCCAAACGATCCTGCTTGC-3') 50 °C
OvD2Int2-F2 (5-AGCACCCACCGCCAACTTTC-3") OvD2Int2-R2 (5-GTTGAGAATAGAAACCCATC-3") 50 °C
Domain 2 intron 3~ TkD2Int3 OvD2Int3-F (5-GGATCGTTTGGATTTGGAAAC-3) OvD2Int3-R (5-ATCTTCTTCACACAACCAGAC-3") 50 °C
Domain 2 intron 4 ~ TkD2Int4 OvD2Int4-F1 (5-TAGCGTCCTACTCAAGATTC-3") OvD2Int4-R1 (5'-TCCTTGGCAGCTTCCAACTC-3") 55 °C
OvD2Int4-F2 (5-GCCAAGCTGGATGAAGTATG-3") OvD2Int4-R2 (5-CGTTTGTTACTGATATCGTG-3") 55 °C

Figure 1. List of primers using for PCR amplification of seven intron regions of taurocyamine kinase
gene. Tm is optimum annealing temperature for PCR of each primer pair.

2.3. PCR Analysis

To amplify each intron region, gradient PCR was used to optimize suitable conditions
using an annealing temperature ranging between 50 and 60 °C. The PCR conditions were
initial denaturation at 94 °C for 30 s, annealing at 50-60 °C for 30 s, extension at 72 °C for
1 min, and a final extension 72 °C for 5 min. In the case of low concentration (no/faint
band), one microliter of the first PCR product was used as the DNA template for the second
PCR using the same conditions as used with the first PCR. The PCR mixture contained
1x TaKaRa Ex PCR buffer, 0.2 mM dNTPs (each), 0.2 uM of each primer, and 1.0 U of
TaKaRa Ex Taq polymerase (Takara Bio Inc., Shiga, Japan). Subsequently, the PCR product
underwent electrophoresis in 1% agarose gel and was visualized with GelRed™ Nucleic
Acid Gel Stain (Biotium, Inc., Hayward, CA, USA). The PCR product (~1000 bp) was cut
for gel purification using an E.Z.N.A.® Gel Extraction kit (Omega bio-tek, Norcross, GA,
USA) and was subsequently used for DNA sequencing and cloning.

2.4. DNA Sequencing and Molecular Cloning

The purified PCR products were cycle-sequenced via a commercial service provider
(Eurofin, Tokyo, Japan). Sequencing results were visualized in a Sequence Scanner ver.
1.0 program to check for heterozygous patterns (Figure 2). Thereafter, heterozygous sam-
ples were detected from chromatograms, which showed the existence of indel nucleotide
(Figure 2). Then, the purified PCR product of a particular heterozygous sample was cloned
into a pGEM-T Easy Vector (Promega, Madison, WI, USA) according to manufacturer’s
instructions. The recombinant plasmid was transformed and propagated in Escherichia coli
JM109, and then four to ten inserted colonies were randomly picked and cultured in Luria-
Bertani (LB) broth at 37 °C with continuous horizontal shaking for 12 h. Then, plasmid
DNA was extracted using the FastGene® Plasmid Mini kit (Nippon Genetics Co., Ltd.,
Tokyo, Japan) following manufacture’s protocol. The DNA from those plasmids was used
as a template for sequencing in both directions using M13F and M13R as sequencing
primers to detect the different haplotypes mixed in each particular heterozygous sample.
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KBp7-Cl TAAGTGCTATATCCAGTCTTG-CGTTGTTTAAATGTTGATTTATCAACGCT
KBp7-C4 TAAGTGCTATATCCAGTCTTG-CGTTGTTTAAATGTTGATTTATCAACGCT
KBp7-C2 TAAGTGCTATATCCAGTCTTGITGTTGTTTAAATGTTGATTTATCAACGCT
*kkkkhkrkhkhhkhkrkhhkhkrkkhk *hkkhkhkkhkhkkhkhkrkhbhkhkhkrkhkhkkhhhkhkd
Figure 2. Heterozygous pattern of an O. viverrini sample KBp7 represents an insertion/deletion
(indel) region as yellow highlighted. After the indel, the chromatogram of nucleotide sequence is
unreadable. Three clones and plasmid sequencing revealed that different haplotypes of TkD1Int5

11y

sequence were mixed in this sample. Identical nucleotide indicated by “*”. Different line colors

represent different nucleotide base, red: base T; blue: base C; greed: base A; black: base G.

2.5. Data Analysis

Sequences were manually checked and edited using the BioEdit program version
7.2.6 [20]. Exon regions were blasted in NCBI for checking, and the real intron of TK was
amplified. Thereafter, those exon regions were trimmed out before being used in intron
sequence analysis. The intron sequences were multiple aligned using the ClustalW program
version 2.0 [21] to compare and search for the variable sites, including microsatellite and
insertion/deletion (indel) regions. Diversity indices and haplotype data were calculated
and generated using the DnaSp program version 5 [22]. A neighbor joining (NJ) tree was
constructed by using the MEGA program version 10 [23].

3. Results
3.1. Intron Amplification

Primer pairs were designed to amplify the seven intron regions, of these, five intron
regions (TkD1Int2, TkD1Int5, TkD2Int2, TkD2Int4, and TkBridInt) were successfully ampli-
fied. From our experience, the suitable intron region for use as a genetic marker for genetic
investigation in the trematodes should amplify a PCR product of 800-1200 bp in length.
Thus, we selected only TkD1Int5, which provided a PCR product in length ~1000 bp. The
other intron regions produced a PCR product either less than 800 bp or larger than 3000 bp
(Figure S1). We tested the cross reaction of TkD1Int5 primers with the other O. viverrini-like
eggs flukes, namely H. taichui, H. pumilio, and S. fulcatus, using the same PCR condition
with O. viverrini and C. sinensis amplification. We found no cross-reaction.

3.2. Nucleotide Sequence Analysis

After the exon sequences were trimmed, the length of TkD1Int5 used in this analysis
ranged between 852 and 893 for O. viverrini, and was 871 bp for C. sinensis. All TkD1Int5
haplotype sequences of O. viverrini and C. sinensis examined in this study were deposited in
GenBank under the accession numbers OR454257-OR454358 and OR440582—-0OR440599, re-
spectively. Several insertion/deletion (indel) regions were observed in the TkD1Int5 region
of O. viverrini (Table S1). While only one nucleotide insertion was found in the TkD1Int5 re-
gion of C. sinensis from Vietnam (Table S1). One repeated sequence/microsatellite “CTGTA”
was embedded in the TkD1Int5 region of O. viverrini, and two large indel fragments, namely,
fragments of nucleotide sites 356-372 and 423-450 were detected in O. viverrini. Based on
variable sites observed in TkD1Int5 of 147 O. viverrini (185 sequences) and 53 C. sinensis
sequences, 102 (Ov1-Ov102) and 18 (Cs1-Cs18) haplotypes were generated, respectively
(Figure 3).
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Parasites Country Codes District/Province n het seq s h Uh Hd+SD Nd+SD
O. viverrini Thailand ~ BR Buri Ram 10 2 11 23 5 3 0.618+0.164 0.0057+0.0019
KLp Muang/Khon Khaen 9 4 12 37 12 9 1.000+0.034 0.0121+0.0024
KBp Ban Phai/Khon Khaen 10 2 13 28 11 8 0.974+0.039 0.0076+0.0020
KPv Phuviang/Khon Khaen 10 2 13 20 7 4 0.846+0.085 0.0052+0.0017
cp Chaiya Phum 6 3 10 27 10 6 1.000+0.045 0.0105+0.0022
MD Mukdahan 9 4 14 40 12 9 0.978+0.035 0.0104+0.0024
MS Maha Sarakham 10 0 10 9 7 4 0.911+0.077 0.0027+0.0013
SKm Muang/Sakon Nakhon 9 1 11 14 8 5 0.927+0.066 0.0037+0.0015
SKp Phang Khon/Sakon Nakhon 10 0 10 2 3 2 0.511+0.164 0.0008+0.0006
Lp Lampang 9 2 11 28 8 6 0.891+0.092 0.0088+0.0022
LaoPDR SV Savannakhet 8 1 9 27 6 4 0.833+0.127 0.0082+0.0022
KM Khammouan 9 3 10 25 10 6 1.000+0.045 0.0072+0.0021
NG Nam Ngum/Veintaine 10 2 11 18 6 3 0.800+0.114 0.0049+0.0017
TH Tha Haue/Veintaine 7 2 8 19 8 6 1.000+0.063 0.0069+0.0020
VT Kam Pang Nakhon/Veintaine 10 3 11 15 6 3 0.836+0.089 0.0039+0.0016
Vv Vang Viang/Veintaine 11 8 21 40 21 18 1.000+0.015 0.0115+0.0021
Total 147 39 185 130 102 96 0.943+0.010 0.0078+0.0024
C. sinensis China CSN' NanNing/Guangxi 9 0 9 0 1 0 0.000+0.000 0.0000+0.0000
Cs-G Guangzhou/Guangdong 8 0 8 1 2 0 0.250+0.180 0.0003+0.0004
csJ? Jaimusi/Heilongjiang 22 15 22 9 12 9 0.879+0.055 0.0028+0.0013
cs-p* Dagqing/Heilongjiang 11 0 11 5 6 5 0.727+0.144 0.0014+0.0019
Vietnam cs-v! Thai Binh 3 0 3 5 2 1 0.677+0.098 0.0038+0.0017
Total 53 15 53 14 18 15 0.741+0.060 0.0018+0.0013

Figure 3. Diversity indices of the sequences of domain 1 intron 5 of taurocyamine kinase gene in
the O. viverrini and C. sinensis populations from various isolates and animal hosts. Isolates from
naturally infected cats 1 dogs 2 humans 3, and experimental rabbits 4 whereas all O. viverrini
samples were from experimental hamsters. n: Number of DNA sample; het: number of heterozygous
samples; seq: number of sequences generated in a particular isolate; s: segregations site; h: number
of haplotypes; Uh: number of unique haplotypes; Hd: haplotype diversity; Nd: nucleotide diversity;
SD: standard deviation.

Seven haplotypes of O. viverrini were shared between isolates, namely haplotypes
Ov15, Ov16, Ov20, Ov31, Ov48, Ov52, and Ov74. The most common haplotype was Ov48,
which was found in 34 sequences from various isolates (Figure 4). The TkD1Int5 sequence
analysis of C. sinensis revealed three haplotypes, Csl, Cs2, and Cs16, shared between
different isolates/animal hosts. The isolates from humans depicted a high number of
specific haplotypes, while no specific haplotypes were observed in C. sinensis collected
from cats and dogs (Figure 4).

3.3. Heterozygosity and Phylogenetic Tree Analysis

Several samples of O. viverrini contained indel and /or microsatellite regions which was
the predominant heterozygous pattern observed in this study. The 37 O. viverrini samples
exhibited heterozygous pattern(s) by direct DNA sequencing (Figure 2). All heterozygous
samples were cloned and randomly picked inserted colonies for DNA sequencing. Of
these, the 27 samples demonstrated the combination of at least two haplotypes within a
particular heterozygous sample, while only one haplotype could be detected in the rest
of the heterozygous samples. Interestingly, there were eight O. viverrini samples that
contained three haplotypes within a particular heterozygous sample, namely CP8, KBp4,
KLp5, KPv3, MD1, SK1, VV4, and VV6 (Figure 5). These haplotypes contained the indel
regions and the repeated “CGCTA” region, which are the main evidence of heterozygosity
(Figure 5).

We found a heterozygous pattern in C. sinensis with double peaks at one nucleotide site
(Figure 6). This heterozygous pattern was found in the 15 C. sinensis recovered from humans,
i.e., CSJ01-CSJ08, CSJ10-CSJ12, and CSJ15-CSJ18. The phylogenetic tree constructed by

121



Animals 2023, 13, 3200

TkD1Int5 sequences revealed that 102 O. viverrini haplotypes clustered as a monophyletic
group (Figure S2), as also did C. sinensis (Figure S3).

Shared haplotypes
Parasites Codes n Specific haplotypes
OvlS Ovle Ov20 Ov3l Ov48 Ov52 Ov74
O. viverrini BR 11 1 7 Ov4, Ov39, Ov98
Ovl, Ov3, Ov22, Ov26, Ov66, Ov72,
Kbp 12 : ! b ov3, 0v78, 0v79
Ov27, Ov29, Ov30, Ov32, Ov62, Ov83,
KBp I3 2 ! 2 087, 0v99
KPv 13 2 5 2 Ov19, Ov55, Ov88, Ov96
Cp 10 1 1 1 1 Ov7, Ov8, Ov23, Ov37, Ov86, Ov101
Ov5, Ov6, Ov13, Ov36, Ov42, Ov57,
MD 14 2 2 Ovs8, Ov89, Ov100
MS 10 1 3 Ov46, Ov51, Ov67, Ov71
SKm 11 1 2 0Ov35, Ov54, Ov77, Ov92, Ov95
SKp 10 7 Ov33
LP 11 Ov10, Ov47, Ov60, Ov69, Ov8S, OvI7
N 9 4 1 Ov2, Ovl7, Ov28, Ov70
KM 10 1 1 1 Ov41, Ov44, Ov53, Ov6l, Ov75, Ovi4
NG 11 2 1 5 Ovll, Ov34, Ov6S
TH 8 1 1 Ov9, Ov21, Ov40, Ov61, Ov68, Ov76
VT 11 1 3 4 Ov12, Ov24, Ov49
Ovl4, Ov18, Ov25, Ov38, Ov43, Ov45,
\'A% 21 1 1 1 Ov50, Ov56, Ov59, Ov63, Ov80, Ov8l,
Ov82, Ov90, OvI1, Ov93, Ov94, Ov102
Total 185 16 8 3 34 20 99
. Shared haplotypes .
Parasites Codes n Specific haplotypes
Csl Cs2 Csll
C. sinensis  CS-N' 9 9 n/a
cSG> 8 6 1 n/a
cs-r 22 1 4 7 Cs6, Cs8, Cs9, Cs12(2), Cs13 - Csl7,
cs-pt 11 6 Cs3, Cs4, Cs7, Cs10, Cs18
csy' 3 Cs5
Total 53 3 25 8 17

Figure 4. Frequency of shared and specific haplotypes of O. viverrini and C. sinensis populations

examined by domain 1 intron 5 of taurocyamine kinase gene sequence. Isolates from naturally

infected cats !, dogs 2 humans 3, and experimental rabbits 4 whereas all O. viverrini samples were

from experimental hamster. n: Number of sequences.
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Variable sites
111111111222 2 2 2 22l 23202 82871 2 3 §3N3ESE IR EIESE IR IR T 3T 3
Samples  Haplotypes
285 7 00 3 34556060112 3 3 4 5ESEcH0ECECECEDEGEGEOCEGINI/EN/SZIN 7070808581 9 0 [5HSESE5N6N 6861680600686 86 777
23771423947 061923405989012345678901234 870700172] 6 762089000172 374516 78080102
cr8 ov8 TTAGT CMGE A GCGEBGA CIE CIG KC G = s o wo oy o &5 o3 &0 500 50 00 55 1601 55 W0 5 e 08 &5 00 &8 55 = GTAACGAGTTGAATCACTA
0ov20 i6 i6 I EEE ERE IETEEL I NEESPEFEE SR ESRFEREAEEE SR RS
0ov87 C = A A G A T TCTEGTAGTGT A oo nim o sn LR
KBp4 ov32 i T I I T T T T TN ISRV ~ o~~~
ovss c~-A - AG - A T TCTGTACTGT A~~~ ~n ~~~n~n~ -~~~ o~~~ .
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Figure 5. Variable nucleotide positions of TkD1Int5 of eight O. viverrini samples contained three

haplotypes in a particular sample. Identical nucleotide indicated by

“ o,

insertion/deletion (indel)

site indicated by “~”; indel site leading to heterozygosity observation indicated by gray shedding.
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Figure 6. Heterozygous pattern of C. sinensis represents double peaks (A /C) at a particular nucleotide
site as pointed by an arrow. Different line colors represent different nucleotide base, red: base T;
blue: base C; greed: base A; black: base G.

4. Discussion

We successfully characterized a highly polymorphic intron region TkD1Int5, which
can be used as a potential genetic marker for the investigation of the genetic variation and
population genetics of O. viverrini sensu lato and C. sinensis. The TkD1Int5 region showed
high polymorphism in O. viverrini but low variation in C. sinensis. This finding provided
evidence that C. sinensis is more clonal than O. viverrini. In addition, the TkD1Int5 region
of O. viverrini contained the repeated sequence and several indel regions, which caused
the heterozygosity observed in this study. We unfortunately could not obtain O. felineus,
another related species, to compare to O. viverrini and C. sinensis. The TkD1Int5 region
could possibly be used for further genetic investigations of O. felineus. Interestingly, other
intron and/or exon regions examined in this study could potentially be used to examine
genetic differentiation between these liver flukes and other related species, especially
co-endemic O. viveriini-like egg flukes. For instance, seven species of Southeast Asian
Paragonimus could be differentiated by using variable nucleotide sites in the exon region of
TK [16].

These liver flukes are diploid hermaphroditic trematodes. Therefore, reproduction
can involve either self-fertilization or cross-fertilization [4]. Previous studies have com-
monly observed heterozygosity in O. viverrini by allozyme and microsatellite analyses,
which indicates cross-fertilization as an optional mode of reproduction [7]. The results
in our study found that 37 O. viverrini DNA samples (25.2%) depicted heterozygous pat-
terns. Interestingly, seven O. viverrini DNA samples contained three different genotypes of
TkD1Int5 within a particular sample. The samples of adult worms examined were from
a hamster with an infected dose of 50-100 metacercariae, hence providing evidence that
cross-breeding can occur in an infected hamster resulting in heterozygous fertilized eggs.
In this case, DNA extraction was performed by using a whole adult worm. Therefore, DNA
from fertilized eggs in their uterus can be extracted, which may have contaminated the
total DNA sample. However, there is also the possibility that the triploid sample contained
three haplotypes, as evidenced in Paragonimus westermani [16]. Only diploidy was observed
in a previous chromosomal and karyotype analysis of O. viverrini [24], however, it was
conducted on a small sample number of isolates of O. viverrini. A larger sample size from
a wide variety of isolates and animal hosts needs to be investigated to provide a better
understanding of ploidy.

Most recently, O. viverrini samples collected from Phang Khon District, Sakon Nakhon
Province (SKp), have been previously classified as a cryptic genetic group by microsatellite,
mitochondrial, and nuclear DNA markers [7]. We recently found that 10 O. viverrini
samples from SKp could be classified into three haplotypes, i.e., Ov15, Ov31, and Ov33.
Haplotype Ov15 was shared between the samples from several isolates, namely Lampang
(LP), Khon Kaen (KPv and KBp), and SKp from Thailand; and Vientiane (VT), Khammouan
(KM), Nam Ngum (NG), and Vang Viang (VV) from Lao PDR. Haplotype Ov31 was shared
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between LP and SKp, whereas Ov33 haplotypes were specifically detected only in SKp.
However, in the phylogenetic tree, SKp was not clearly resolved as a genetically distinct
group, as was seen when examining the TkD1Int5 region. Our observation raised an
interesting question as to whether the SKp O. viverrini population consisted of two genetic
groups.

Several closely related species of O. viverrini have recently been reported, i.e.,
Opisthorchis lobatus found in freshwater fish in Lao PDR, which may also cause zoonosis,
but its role in humans is not known [25]. Similarly, the role of avian species is unknown;
they include O. cheelis, O. longissimus, and O. parageminus which have been also reported
from Southeast Asia [26,27]. Dao and colleagues [28] reported a sympatric distribution
of duck and human genotypes of “O. viverrini”. The discovery of several species in the
genus Opisthorchis in addition to the species complex of O. viverrini reflects complicated
host and parasite interactions and potential co-evolution. Thus, comprehensive molecular
systematics investigations of O. viverrini and its sibling species are needed using TK intron
sequences or the other polymorphic DNA sequences as genetic markers.

As these liver flukes can infect multiple hosts [7], they are potentially zoonotic; how-
ever, whether this is the case remains controversial. For instance, a recent report found
that O. viverrini from infected cats and humans, despite being genetically similar, separated
into two distinct genetic groups, suggestive of host specificity of ‘human’ and ‘cat’ geno-
type [5]. Unfortunately, we did not have access to O. viverrini samples collected from other
animal hosts to use in comparative analyses in our study. Further investigations should
be conducted using TkD1Int5 for the geno typing of O. viverrini collected from various
natural species of animal hosts. It has been shown that genetic variation of C. sinensis is
not related to its infected hosts [6], but significant differences have been found between
different geographical isolates from Russia and Vietnam [29]. We also found that C. sinensis
from infected cats, dogs, rabbits, and humans were not genetically distinct, which was
shown when examining by TkD1Int5. These results provide compelling evidence that
C. sinensis performs a significant role in zoonotic transmission. However, we found a
heterozygous pattern of C. sinensis recovered from humans. This finding suggested that the
cryptic genotype(s) of C. sinensis in their natural hosts may exist; hence, a larger sample size
from wide variety of natural species of hosts needs to be further investigated to determine
whether this is the case.

5. Conclusions

This study reported genetic variation of O. viverrini and C. sinensis collected from
various geographical isolates and animal hosts using the intron region TkD1Int5 as a genetic
marker. A high variation of the TkD1Int5 sequence was observed in O. viverrini, while
a low variation was observed in C. sinensis, reflecting that C. sinensis is more clonal than
O. viverrini. Heterozygosity was observed in several O. viverrini samples, which indicates
that cross-fertilization is an optional mode of reproduction, and that TkD1Int5 was suitable
for population genetic analysis of O. viverrini. However, we found no genetic differences
between C. sinensis recovered from different animal hosts. This finding demonstrated that
various animal hosts play significant roles in maintaining the life cycle of C. sinensis. Hence,
it is highly possible that C. sinensis is circulated between human and animal hosts. In the
case of O. viverrini, we need further investigations of the TkD1Int5 sequence from samples
collected from a range of different species of animal hosts across a wide geographical
range to better understand its role in zoonotic diseases. If these mammalian hosts are
involved in the transmission cycle of these liver fluke circulated between humans, then
control approaches must also include zoonotic cycles in carnivore reservoir hosts, which
are significant as they will maintain the prevalence of infection and incidence of disease
in humans.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/ani13203200/s1, Figure S1: PCR products of amplifiable five intron
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regions with an appropriate size ~800-1200 bp of TkD1Int5 region indicated in a square was selected
in this study; Figure S2: Neighbor joining tree constructed based on TkD1Int5 sequences of O. viverrini;
Figure S3: Neighbor joining tree constructed based on TkD1Int5 sequences of C. sinensis; Table S1:
Variable nucleotide sites of O. viverrini (Ov1-Ov102) and C. sinensis (Cs1-Cs18) TkD1Int5 haplotypes.
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Simple Summary: This study evaluates the efficacy of a sustained-release (SR) moxidectin micro-
sphere formulation in preventing canine heartworm infection over an 18-month period in Canary
Hound dogs. Conducted in a hyperendemic region, the study included 109 outdoor dogs from 11 ken-
nels, with heartworm prevalence rates ranging from 11.1% to 57.1%. Twenty healthy, heartworm-
negative dogs received a single subcutaneous injection of moxidectin SR. Antigen and Knott’s tests
were conducted at 6, 12, 18, and 24 months, and no infections were detected. All treated dogs
remained healthy and heartworm-negative throughout the study. The results suggest that a single
dose of moxidectin SR may prevent heartworm infection for 18 months; however, further research is
needed to confirm these findings. Extending the efficacy interval of moxidectin may enhance owner
compliance, especially in populations with lower awareness of animal health.

Abstract: This study investigates the efficacy of a sustained-release (SR) moxidectin microsphere
formulation in preventing canine heartworm infection over 18 months in Canary Hound dogs, a
hunting breed common in the Canary Islands, which is a hyperendemic region. These dogs typically
do not receive preventive treatments and act as reservoirs for the disease. This field study was
conducted across 11 hunting kennels with 109 dogs living outdoors, none of whom were receiving
heartworm prophylaxis, with Dirofilaria immitis prevalence ranging from 11.1% to 57.1% (average
36.7%). Among these, 20 clinically healthy, heartworm-negative dogs were randomly selected to
receive a single subcutaneous injection of moxidectin SR (0.17 mg/kg body weight). Antigen and
Knott’s tests were performed at 6, 12, 18, and 24 months. All dogs completed the study without
adverse reactions and remained heartworm-negative throughout. By the end of the study, kennel
heartworm prevalence ranged from 14.3% to 46.7% (average 35.4%). A single subcutaneous dose
of moxidectin SR at the recommended dosage may prevent patent heartworm infection in dogs for
up to 18 months in hyperendemic regions. Further studies are required to confirm these findings.
Extending the efficacy period of moxidectin could improve owner compliance, particularly among
those with lower animal health awareness.

Keywords: Dirofilaria immitis; heartworm; chemoprophylaxis; canine; macrocyclic lactones;
moxidectin; microspheres

1. Introduction

Heartworm disease (Dirofilaria immitis) is a parasitic zoonosis with global distribution,
particularly prevalent in temperate, tropical, and subtropical regions due to the climatic
requirements of its mosquito vectors [1]. However, areas with warm summers, large rivers,
lakes, or extensive irrigation systems also provide ideal mosquito habitats, leading to high
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prevalence rates [2]. The incidence of heartworm has dramatically increased in recent years,
spreading to colder regions, likely influenced by climate change and global warming [3].
This has led to longer mosquito activity periods, accelerated larval development stages,
and expanded transmission across multiple regions. Other anthropogenic factors, such as
urban heat islands, the introduction of new mosquito species capable of acting as vectors,
and increased movement of reservoir dogs, further facilitate this spread [4,5].

The Canary Islands have long been considered a hyperendemic area for heartworm [6-12].
Veterinarians often prioritize heartworm in the differential diagnosis of cardiopulmonary
symptoms in dogs not receiving regular chemoprophylaxis. In Gran Canaria, the prevalence
of heartworm has significantly declined since the publication of the first epidemiological
studies, from 67.02% in 1994 to 16.03% in the most recent reports, largely due to the
continued awareness efforts of veterinarians [6,12]. However, despite this reduction, the
prevalence of heartworm has remained stagnant at 16-20.7% for over 15 years. This suggests
that further reducing the disease’s incidence on the islands, particularly in Gran Canaria,
may be difficult [7-10,12].

A key reason for the persistently high prevalence of heartworm, despite educational
efforts, may be the handling of dogs by hunters and rural populations. These dogs, pri-
marily of the Canary Hound breed, have shown heartworm prevalence rates twice as high
as those of the general dog population in Gran Canaria, remaining slightly above 40% in
all published studies [8-10]. This elevated prevalence is likely due to factors such as the
absence of chemoprophylaxis, poor sanitary conditions, outdoor housing on farms or in
kennels, and exposure to mosquito bites [10]. Consequently, this breed acts as a reservoir
for heartworm, complicating control efforts in the Canary Islands.

Previous studies have assessed the efficacy of sustained-release (SR) moxidectin mi-
crosphere formulations, which are used to provide 12 months of protection against heart-
worm [13,14]. These studies have also indicated that injectable moxidectin results in higher
compliance with heartworm prevention [15,16], although the duration of protection re-
mains uncertain, with some suggesting it could last longer [13]. Therefore, this study aims
to evaluate the efficacy of a moxidectin SR formulation over 18 months in a hyperendemic
area using the highly exposed Canary Hound breed.

2. Materials and Methods
2.1. Location and Climate of the Canary Islands

Gran Canaria is part of the Canary Islands, a volcanic archipelago located 97 km off
the coast of the Sahara. The island features a variety of climates based on altitude and
geographical position, including desert (BW), steppe (BS), temperate with hot and dry
summers (Csa), and temperate with dry and warm summers (Csb) climates, as per the
Koppen climate classification system [17,18]. Gran Canaria is considered a hyperendemic
area for heartworm, with prevalence variations depending on the island’s isoclimatic
zones [10-12].

2.2. Studied Animals

This observational field study was conducted across 11 kennels housing Canary
Hounds (Figure 1). Inclusion criteria required that the dogs had not received any chemo-
prophylaxis for heartworm or mosquitoes and lived outdoors continuously.

At the study’s outset, each kennel housed between 6 and 14 dogs, with a total of
109 dogs (Table 1). Blood samples were drawn from the cephalic vein of each dog to deter-
mine heartworm prevalence through antigen detection using a commercial test (Uranotest®
Dirofilaria, Uranovet, Barcelona, Spain) following the manufacturer’s instructions. Addi-
tionally, microfilariae detection was performed using the modified Knott’s test.
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BWh
BSh
BSk
Csa

Csb

Figure 1. Map of Gran Canaria with the geographical distribution of the sampled kennels. Kennels
are marked as blue triangles. Legend: BWh (hot desert climate), BSh (hot steppe), BSk (cold steppe),
Csa (temperate with hot and dry summers), Csb (temperate with dry and warm summers). Map of
Gran Canaria with the Koppen-Geiger climate classification extracted and modified from the Climate
Atlas of the Archipelagos of the Canary Islands, Madeira and the Azores, with permission [18].

Twenty dogs were randomly selected from the 11 participating kennels (1-3 dogs per
kennel). The selected animals were clinically healthy and negative for circulating D. immitis
antigens and microfilariae. Each dog (13 females and 7 males, aged between 7 months and
8 years) received a subcutaneous injection of moxidectin SR (Guardian® SR, Elanco, Spain)
at 0.17 mg/kg body weight (0.05 mL/kg body weight). None of the dogs experienced
adverse reactions following moxidectin SR administration. All dogs continued their regular
activities, including hunting.

Table 1. Details regarding the selected kennels, the climate, the number of dogs for each kennel, and
the prevalence of heartworm.

Beginning of Study End of Study
Kennel Climate Studied Dogs N D. im-:ni tis %—CI (95%) N D. im-:ni tis %—CI (95%)
1 BS 3 12 5 41.7-(14.8-70.7) 11 5 45.4—(17.9-70.5)
2 BS 2 9 3 33.3+(12-64.5) 9 4 44.4-(8.7-64.7)
3 BS 3 8 3 37.5-(7.3-73.8) 9 4 44.4-(8.7-64.7)
4 BS 1 9 2 22.2—(0.1-56.9) 9 4 44.4-(8.7-64.7)
5 BW 2 9 2 22.2—(0.1-56.9) 10 3 30—(4.8-66.6)
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Table 1. Cont.

Beginning of Study End of Study

Kennel Climate Studied Dogs N D. im-:m' tis %—CI (95%) N D. im-:ni tis %—CI (95%)
6 BS 2 10 4 40-(10.5-72.1) 10 3 30-(4.8-66.6)
7 BW 1 6 1 11.1-(0.1-65.9) 7 1 14.3-(0.3-45.5)
8 Csa 2 12 5 41.7—(14.8-70.7) 13 4 30.8—(11.9-57.2)
9 Csa 1 14 8 57.1—(37.2-75.4) 15 7 46.7—(26.3-68.8)
10 Csb 1 9 3 33.3—+(4.1-66.8) 10 2 20-(0-55.8)
11 BS 2 11 4 36.4—(10.3-67.2) 10 3 30-(5.2-60.4)

Total 20 109 40 36.7—(27.6-45.8) 113 40 35.4-(26.6-44.2)

Legend: BW: desert climate; BS: steppe climate; Csa: temperate with hot and dry summers climate; Csb:
temperate with dry and warm summers climate; (N): number of dogs that participated in the study in each
kennel; (+ D. immitis): number of dogs positive to the antigen test; (%): prevalence of heartworm; (CI 95%): 95%
confidence interval.

Antigen detection and Knott’s tests were repeated at 6, 12, and 18 months (in the
20 treated dogs) and at 24 months (in all dogs). A second dose of moxidectin SR was
administered at 24 months in the 20 study dogs. No additional curative or preventive
products were given to any of the dogs. All animals were vaccinated annually for rabies.
Owners were informed and provided consent for the participation of their dogs in the study.

3. Results

At the start of the study, 109 dogs were sampled, revealing an overall heartworm
prevalence of 36.7% (40/109). Prevalence varied by kennel, ranging from 11.1% to 57.1%
(Table 1).

All 20 dogs finished the study and remained healthy and negative to the antigens
and Knott’s tests throughout the study in months 6, 12, 18, and 24. The number of dogs
per kennel fluctuated due to deaths (n = 13), losses (n = 8), sales/leases (1 = 7), and new
acquisitions (n = 32). By the end of the study, kennel populations ranged from 7 to 15 dogs,
with a total of 113 dogs. The overall prevalence dropped slightly to 35.4% (40/113), varying
by kennel from 14.3% to 46.7% (Table 1).

4. Discussion

The heartworm prevalence observed in this study aligns with previous findings,
indicating that Canary Hound dogs exhibit a higher prevalence compared to the general
dog population in Gran Canaria. The prevalences varied in each of the kennels, in some
cases increasing and in other cases decreasing, which was probably due to the movement
of animals during the study (deaths, losses, sales, leases, and new acquisitions). In a 2016
study, the heartworm prevalence in Canary Hounds was approximately 40%, compared
to 20.7% in the general dog population [10]. Similar results were reported in studies
conducted between 2000 and 2011, where heartworm prevalence in Canary Hounds ranged
from 40.42% (2000) to 43% (2011), while the general dog population showed a decline from
30.19% to 19% during the same period [8,9]. As discussed by previous authors, this is
probably due to the fact that these dogs live in unhygienic conditions and do not receive
any vaccination, deworming, or chemoprophylaxis against heartworm, in addition to a
higher exposure to the vector and the fact that they mainly inhabit the climatic zones with
the highest heartworm prevalences, which are the Csa, Csb, and BS climates [10,19].

In these circumstances, Canary Hounds act as a natural reservoir for the disease and
act as a barrier to the overall prevalence of the infection on the islands, which remain
hyperendemic despite general awareness and the efforts of veterinarians and dog owners.
Therefore, it is imperative to seek chemoprophylactic methods that will lead to greater
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compliance by the owners of these animals in order to help control heartworm in this
reservoir animal sector. In this regard, other studies have shown that moxidectin SR offers
very satisfactory results in terms of compliance, as observed in the present study, where all
dogs completed the study and owners agreed to a second dose of moxidectin SR [15,16].

Contrary to what has been observed in other studies, no dogs experienced adverse
reactions following administration of moxidectin SR. These results are in line with those
published in another large study, which defined the incidence of adverse reactions to a
similar moxidectin SR preparation as 14.3/10,000 doses (0.143%) [20]. However, in the
study published by Vercelli et al. (2022) [21], it was observed that 12.7% (53/418) of dogs
receiving moxidectin SR for the first time experienced adverse reactions (such as mild and
temporary discomfort at the injection site, as well as local swelling in the muzzle, paws,
eyelids, and lips or general allergic responses such as hives and itching) [21]. The reasons
for these differences in the prevalence of adverse reactions are unclear but may be due to
the different commercial preparations of moxidectin SR used in the studies. Both studies
agreed that adverse reactions were more common in young dogs [20,21]; however, this did
not appear to be reflected in the animals in this study.

As adult parasites are not detectable by antigen testing until 5-6 months after infec-
tion [1,2,22], testing at 6 months excluded infection prior to moxidectin SR administration
as the dogs were not on preventive treatment. Similarly, the subsequent tests excluded
infection during this study. Finally, the test performed at 24 months excluded the possi-
bility of infection at least until 18 months after the administration of moxidectin SR. This
methodology was similar to that developed by other authors [13], who reported the efficacy
of moxidectin SR for the prevention of heartworm in dogs for 12 months.

Moxidectin is a macrocyclic lactone whose potent chemoprophylactic activity against
heartworm has been widely demonstrated in different formats [16,23], including against
some resistant strains [24,25]. The development of the injectable moxidectin SR formulation
provided an interesting alternative to monthly drugs, initially demonstrating that a single
subcutaneous injection was effective in protecting dogs against patent heartworm infection
for at least 180 days after treatment [26], while subsequent studies have established the
efficacy of injectable moxidectin, suggesting efficacy for up to 12 months [13,14]. However,
efficacy over a longer period has never been demonstrated. The results of this study
showed, for the first time, that the administration of moxidectin SR at the recommended
dose could have a chemoprophylactic effect against D. immitis infection for 18 months.
The possibility of prolonging the efficacy interval of moxidectin SR allows for a higher
compliance among pet owners, especially in those groups with less awareness of animal
health, which could contribute to reducing the overall heartworm prevalence in dogs in
Gran Canaria.

This study is limited by the fact that the dogs studied could not have been bitten
by infected mosquitoes during the duration of the study. More specifically, kennels were
selected that were located in the most endemic areas of the island, so that dogs living
outdoors 24 h a day would have a very high risk of being infected, which is reflected in
the high prevalences found in these kennels. Another limitation of the study is that the
sensitivity of the antigen detection test used in the study is 94.4% (compared to necropsy),
so, although unlikely, false negatives could be possible in some of the dogs studied. The
test used in this study has the advantage of detecting antigens that are not associated with
the female genital tract of the parasite, i.e., it detects both males and females, although
studies have shown that in hyperendemic areas, all infected dogs most likely have female
infections [27]. Finally, the limited number of animals studied makes it necessary to
extend this research to a larger number of dogs in order to confirm the duration of the
chemoprotective effect.

5. Conclusions

Based on these results, it can be concluded that a single dose of subcutaneous, in-
jectable moxidectin SR at the package insert-recommended dose (0.17 mg/kg; 0.05 mL/kg
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body weight) may be effective in preventing patent heartworm infection for at least
18 months in dogs living constantly exposed to mosquito vectors in hyperendemic ar-
eas. However, further research in larger numbers of animals is needed to confirm these
results. Furthermore, if these results are confirmed, the use of this chemopreventive
protocol could contribute to a reduction in heartworm prevalence in hyperendemic areas.
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Simple Summary: Toxocariasis, caused by species of Toxocara, affects canines, felines, humans,
and other vertebrates. The primary mode of infection is by ingesting embryonated eggs. It poses
environmental, human, and animal health risks, especially in park soils. This study aimed to assess
the global prevalence of Toxocara cati in cats (Felis catus), a neglected species compared to T. canis,
via a systematic literature review across six databases. Significant prevalence was observed using
coproparasitological methods, with Nepal displaying the highest rates. The findings highlight the
imperative of preventive measures against toxocariasis due to its widespread occurrence. Recognising
the interconnectedness of animal, environmental, and human health underscores the importance of
deworming cats, promoting hygiene, and educating the public to mitigate the risks of this zoonotic
condition. Protecting feline health benefits cats and reduces the likelihood of human transmission,
creating a positive outcome for both.

Abstract: Introduction: Toxocariasis is an infection caused in canines, felines, humans, and other
vertebrates by species of the genus Toxocara, such as T. canis and T. cati. The embryonated eggs of
these parasites are the primary means of acquiring the infection for both definitive hosts, dogs and
cats, respectively, and for intermediates, such as humans and other vertebrates. When deposited
on park soils, environmental contamination becomes a risk to environmental, human, and animal
health. Objective: To determine the global prevalence of Toxocara cati in cats (Felis catus). Methods: A
systematic review of the literature was carried out in six databases (Scopus, PubMed, ScienceDirect,
SciELO and Google Scholar) to evaluate the global prevalence of Toxocara cati in cats, defined by
coproparasitological, histological, and molecular techniques. A meta-analysis was performed using
a random effects model to calculate pooled prevalence and 95% confidence intervals (95% CI). A
two-tailed 5% alpha level was used for hypothesis testing. Results: Two hundred and eighty-nine
studies were included. The global pooled prevalence of Toxocara cati in cats using coproparasitological
methods was 17.0% (95.0% CI: 16.2-17.8%). In the subgroup analysis according to country, Nepal had
the highest prevalence of T. cati infection (94.4%; 95% CI 89.7-99.2%). The pooled prevalence of T. cati
infection by PCR in four studies was 4.9% (95.0% CI: 1.9-7.9%). Conclusions: This systematic review
underscores the need for preventive action against toxocariasis due to its widespread prevalence.
The interplay between animal and human health should be emphasised, necessitating measures like
deworming cats, hygiene practices, and public education to mitigate risks. Safeguarding feline health
can also reduce human transmission, benefiting both species.

Keywords: Toxocara; prevalence; cats; systematic review; meta-analysis
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1. Introduction

Zoonoses are a group of infectious diseases transmissible between animals and hu-
mans [1], including conditions where the human is not a definitive host of the etiological
agent [2]. Pets such as dogs and cats are considered opportune hosts of various pathogenic
agents of zoonotic incidence, such as gastrointestinal helminths of the Toxocara genus [3].
Toxocariasis is a parasitic disease with worldwide distribution, and its etiological agents
in dogs and cats are Toxocara canis and Toxocara cati, respectively [4]. The parasite is trans-
mitted vertically (transplacental and transmammary) and horizontally, addressing the
ingestion of embryonated eggs in infected animals’ soil and fur and through consuming
contaminated food [5-8]. The adult nematodes of T. canis and T. cati complete their re-
productive cycle in the intestine of their definitive host (dogs and cats), reproducing and
eliminating about 200,000 eggs per day, excreted in faeces into the environment [9].

In dogs and cats, T. canis and T. cati mainly affect young animals from birth, presenting
clinical signs such as cachexia, emaciation, body weakness, rough coat, growth dekay,
vomiting, cough, diarrhoea, and distended abdomen; the cough is due to larval migration
to the lungs [10-12]. The disease can affect adult cats and dogs, but they do not usually
present clinical signs [13]. Toxocara infection occurs accidentally in humans due to the
ingestion of eggs in soil or contaminated food, including paratenic hosts, such as poultry,
pork, and beef [14,15]. Based on the clinical manifestations observed in humans, the
disease can be classified into four primary syndromes: visceral larva migrans (VLM), ocular
toxocariasis (OT), covert toxocariasis (TC), and neuro toxocariasis (NT) [16].

At a global level, both stray and domestic cats contribute to the dispersion and
contamination of embryonated Toxocara eggs into the environment [17,18]. The presence of
eggs in public places represents a risk for animal health and even for humans, given that
approximately 21% of public spaces worldwide are contaminated with Toxocara eggs [19]. In
Latin America, it is estimated that the prevalence of Toxocara in public parks is 50%, which
means it can be considered a transmission route for people who attend these places, mainly
children who might play on the ground [20]. On the other hand, studies have reported
that direct contact with the fur of cats infected with T. cati is a route of transmission since
potentially infective embryonated eggs have been identified in perianal areas, extremities,
and the lower part of the tail of cats [8,21]. The global prevalence of T. cati in cats starts
from 17%, with an average of 134 million cats worldwide contributing to the dispersal of
eggs in the environment, generating a public health problem [11].

Diagnostic tests for Toxocara spp. in pets are fundamentally based on the microscopic
examination of faeces to find eggs and analyse their morphology, using different copro-
diagnostic techniques such as direct smear, Kato—Katz, MacMaster, and Faust (flotation—-
sedimentation), among others [22]. However, other diagnostic tests have greater sensitivity
and specificity, such as serological tests, ELISA to detect anti-Toxocara IgG antibodies, and
molecular techniques, such as polymerase chain reaction (PCR) and Western blot, that
determine the larval TES antigen [23-25].

2. Methods

Protocol: The protocol followed the recommendations established by the PRISMA
statement.

Inclusion criteria: Peer-reviewed published articles were included in which infection
with coproparasitological, histological, or molecular confirmation of Toxocara catis in cats
(Felis catus) was reported. For parasitological tests, we considered egg detection for tests
based on molecular biology and PCR. The article language limit was not set, and we
included publications from 1 January 1950 to the date the search ended, 31 January 2024.
Review articles, opinion articles, and letters that do not present original data were excluded
from the study, as were studies that reported cases with incomplete information.

Information sources and search strategy: A systematic review was conducted using
Medline/PubMed, Scopus, ScienceDirect, SCIELO, and Google Scholar. The search terms
used were the following: “Prevalence”, “Toxocara”, “Toxocara cati”, and “cats”.
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Study selection: Results from the initial search strategy were first selected by title and
abstract. The full texts of relevant articles were examined for the inclusion and exclusion
criteria. When an article provided duplicate information from the same subjects, the
information from both reports was combined to obtain complementary data, counting as
only one study. Observational studies reporting the prevalence of Toxocara cati in cats were
included for quantitative synthesis (meta-analysis).

Data collection process and data elements: Two researchers independently completed
data extraction forms, including information on publication type, publishing institution,
country, year and date of publication, and number of infected animals evaluated by sero-
logical or molecular tests. A third researcher verified the list of articles and data extractions
to ensure no duplicate articles or information from the same study were presented, and
resolved any discrepancies regarding study inclusion.

Assessment of methodological quality and risk of bias: We used the IHE case series
study quality assessment checklist and the critical appraisal tool to assess the quality of
cross-sectional studies (AXIS) [26]. Publication bias was assessed using a funnel plot. Given
the varying degrees of data heterogeneity and the heterogeneity inherent in any systematic
review of published literature studies, a random effects model was used to calculate the
pooled prevalence and 95% confidence interval (95%CI).

Statistical approach: Unit discordance for variables was resolved by converting all
units to a standard measurement for that variable. Percentages and means =+ standard
deviation (SD) were calculated to describe the distributions of categorical and continu-
ous variables, respectively. Since individual case information was unavailable, we will
report weighted means and SDs. Baseline data were analysed using Stata version 14.0,
licensed. Meta-analyses were performed with Stata, the licensed Open Meta [Analyst], and
Comprehensive Meta-Analysis ve.3.3® software. The pooled prevalences and their 95%
confidence intervals (95% CI) were used to summarise the weighted effect size for each
study pooling variable using the binary random effects model of the individual studies
(weighting took into account sample sizes), except for median age, where a continuous
random effects model was applied (DerSimonian-Laird procedure). A random effects
meta-analysis model will imply the assumption that the effects estimated in the different
studies are not identical but rather follow a particular distribution. For random effects
analyses, the pooled estimate and 95% Cls refer to the centre of the pooled prevalence
distribution but do not describe the width of the distribution. Often, the pooled estimate
and its 95% CI are cited in isolation as an alternative estimate of the quantity evaluated
in a fixed-effects meta-analysis, which is inappropriate. The 95% CI of a random effects
meta-analysis describes the uncertainty in the location of the systematically different mean
prevalence in different studies. Measures of heterogeneity, including Cochran’s Q statistic,
I? index, and squared tau test, were estimated and reported. We performed subgroup
analyses using techniques, countries, subregions, and meta-analyses for each variable
of interest. Publication bias was assessed using a funnel plot. A random effects model
was used to calculate pooled prevalence and 95% CI, given the varying degrees of data
heterogeneity and inherent heterogeneity in any systematic review of published literature
studies.

3. Results
3.1. Selection of Studies

Our search strategy yielded 16,266 records in the databases combined. After removing
duplicates and screening for titles and abstracts, 329 articles underwent full-text review.

Finally, 289 articles were included in the systemic review and meta-analysis [27-310]
(Table 1). Figure 1 shows the PRISMA flow chart.
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Figure 1. The 2020 PRISMA flow diagram. * All included databases, raw results. ** At an initial
quality screening, including lack of inclusion criteria.

3.2. Characteristics of Included Studies

The characteristics of the included articles are summarised in Table 1. A total of 289 ar-
ticles were included, in which 168,643 cats were evaluated, 92.6% by coproparasitological
techniques, 5.4% by necropsy (histology), and 2.0% by PCR. The studies ranged from 1973
to 2023, but there were 30 (7.71%) in 2019 (Table 1). The studies were distributed as follows:
Brazil (71 studies), the United States (23 studies), Italy (22 studies), Iran (21 studies), and
Portugal (19 studies), among other 57 countries (Table 1). All faecal samples were evaluated
using Direct Smear, Graham, Kinyou, Mini Parasep®Sf, Sporulation, Flotac, Bailinger, Mc-
master, Wisconsin, Centrifugal Flotation, Acid-Fast, Flotation (Faust), Charles, Meriflour,
Mini-Flotac, Concentration Flotation, Sedimentation (Hoffman), Centrifugal Sedimentation,
Baermann, Mifc (Merthiolate-lodine-Formaldehyde-Concentration), Modified Telemann,
Teuscher, Fulleborn, Fecal Smear (Ziehl-Neelsen), Sheater, Formalin Ether (Ritchie), Willis,
and Gordon E. Whitlock techniques, among others, searching for Toxocara eggs, larvae, and
adult parasites. PCR was also used from faecal samples to detect Toxocara cati.
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3.3. Risk of Bias Assessment

In the risk of bias assessment, twenty studies were at high risk of bias, while the
remaining 269 were at low risk of bias.

3.4. Prevalence of Toxocara cati in Cats Found Using Coproparasitological Methods

The global pooled prevalence of Toxocara cati in cats found using coproparasitolog-
ical methods was 17.0% (95.0% CI: 16.2-17.8%), with high heterogeneity (I = 97.981%,
T2 = 0.004, Q% = 15652.788) (Figure 2). In the subgroup analysis by year (Figure 3), 1996
was the year with the highest reported pooled prevalence of Toxocara cati infection (90.6%;
95% C173.9-100.0%), followed by 1991 (60.0%; 95% CI 42.5-77.5%), and 2001 (36.2%; 95% CI
19.2-53.2%) (Figure 3). In the subgroup analysis according to country (Figure 4), Nepal had
the highest prevalence of Toxocara cati infection (94.4%; 95% CI 89.7-99.2%), followed by the
United Kingdom (90.9%; 95% CI 73.9-100.0%) and Bangladesh (76.9%; 95% CI 54.0-99.8%),
among other countries (Figure 4). In the subgroup analysis according to continents or
regions (Figure 5), Asia had the highest prevalence of Toxocara cati infection (27.9%; 95% CI
24.5-31.4%) (1> = 99.11%), followed by Africa (21.4%; 95% CI 7.1-35.6%) (I> = 93.03%) and
North America (18.5%; 95% CI 15.2-21.9%) (I2 = 98.1%) (Figure 5).

Considering the types of cats (Feral, Stray, Shelter, Domestic, and Breed), we found
that the highest prevalence of Toxocara cati infection was in feral cats (42.6%; 95% CI 29.8-
55.4%) (I = 96.72%), followed by stray cats (29.9%; 95% CI 25.3-34.4%) (I? = 98.34%) and
shelter cats (20.1%; 95% CI 16.1-24.1%) (I> = 97.79%) (Figure 6).

Regarding the coproparasitological methods, we found that the highest prevalence of
Toxocara cati infection was obtained through a faecal direct smear (26.1%; 95% CI 22.7-29.5%)
(I? = 98.77%), followed by flotation (Faust) (19.9%; 95% CI 18.4-21.4%) (1> = 98.46%) and
centrifugal flotation (16.2%; 95% CI 12.3-20.1%) (1% = 96.71%) (Figure 7).
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Figure 2. Prevalence of Toxocara cati in cats found using coproparasitological methods.
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Error bars show the upper 95% CI value.
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Figure 5. Prevalence of Toxocara cati in cats found using coproparasitological methods by continents.
Error bars show the upper 95% CI value.
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Figure 6. Prevalence of Toxocara cati in cats found using coproparasitological methods by cat type.
Error bars show the upper 95% CI value.
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bars show the upper 95% CI value.
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3.5. Prevalence of Toxocara Found Using Necropsy (Histology)

The pooled prevalence of toxocariasis found using the necropsy (histology) of gas-
trointestinal tissues was 30.0% (95.0% CI: 26.1-33.8%) with high heterogeneity (I* = 98.64%,
12 = 0.022, Q* = 4545.122) (Figure 8).
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Figure 8. Prevalence of toxocariasis in cats found using necropsy (histology).
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3.6. Prevalence of Toxocara catis Found Using PCR

The pooled prevalence of Toxocara cati infection found using PCR in four studies
(N = 3454) was 4.9% (95.0% CI: 1.9-7.9%) with high heterogeneity (1% = 97.48%, T = 0.001,
Q? = 119.225) (Figure 9).
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Figure 9. Prevalence of Toxocara cati in cats found using PCR.

4. Discussion

Toxocariasis, a helminth parasitic disease, is widespread, particularly in low- and
middle-income nations. Despite its significant clinical implications, including the potential
for fatal outcomes in humans and animals, mainly domestic ones, such as dogs and cats,
many countries, particularly those with limited resources, do not actively monitor this
condition [312]. There is a lack of epidemiological surveillance in many regions of the
planet for toxocariasis in humans and animals.

This systematic review and meta-analysis, aimed at determining the pooled preva-
lence of Toxocara cati in cat populations worldwide using a comprehensive search approach
across six databases, found a relevant prevalence. The findings underscore the considerable
diversity in parasite prevalence across various countries and continents, as indicated by
previous studies [20,313,314]. Through an extensive exploration of studies published be-
tween 1973 and 2023 across diverse geographic regions, this study facilitated the execution
of a meta-analysis to ascertain the global prevalence of T. cati. This broad temporal and
geographical scope enabled a robust synthesis of data, based on more than 150,000 animals,
to provide insights into the prevalence patterns of this parasite on a global scale. As ex-
pected, Toxocara cati, compared with T. canis, is more neglected [315], making it difficult
to understand that this pathogen affects other domestic and non-domestic animals and
humans [316-319]. Toxocariasis in humans is also neglected, especially in developing
countries [320,321]. Very few studies, and even more cases reported, can confirm T. cati
infection specifically in humans, by serological or molecular methods, as compared with
just toxocariasis or Toxocara spp infection in humans, mainly due to a lack of confirmation
or a lack of specific tests to confirm species at diagnosis. It is also believed that there are
no implications at all regarding the implicated Toxocara species [316,322]. Recent studies
suggest that no proteins from T. canis and T. cati exist that could be used as a diagnostic tool
to enable differential serodiagnostics of these species in humans. In addition, a heterogenic
protein pattern between individual hosts has been found, which was most pronounced in
T. cati-infected pigs [322].

Most of the studies on toxocariasis in animals have traditionally focused on dogs and
Toxocara canis [12,323,324]. Comparatively, there have been a lack of studies on toxocariasis
in cats, mainly due to T. cati. Cats are also relevant hosts of zoonotic diseases, specifically
zoonotic parasites [325,326]. In this systematic review, it was observed that coproparasito-
logical methods are still the predominant means of establishing toxocariasis in cats, showing
a relevant prevalence that seems to be higher during specific years and places, probably,
as shown before, influenced by seasonal, environmental, and even climatic factors [327-
330]. For example, as expected, the country with the highest prevalence was Nepal, a
country with a low Human Capital Index (0.5) and included in the group of lower-middle
income economies (LMIE), according to the World Bank (https://datahelpdesk.worldbank.
org/knowledgebase/articles/906519-world-bank-country-and-lending-groups) (accessed
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on 1 February 2024). Higher prevalences were also observed in other LMIE, such as
Bangladesh, Vietnam, and Myanmar, all of them in Asia, which resulted in it being the
continent with the highest prevalence. Culturally, there is a high level of contact with and
apparent care of cats by humans in many Asian and Middle Eastern countries, such as
Turkey (17%), Egypt (30%), and China (11%), among others. A recent study showed that
cats are more popular than dogs in 91 countries, and dogs are more prevalent in 76 coun-
tries (https:/ /www.budgetdirect.com.au/pet-insurance/guides/ cats-vs-dogs-which-does-
the-world-prefer.html) (accessed on 1 February 2024). However, the number of articles
and the number of samples analysed per study for some countries would be insufficient
to understand the relationships between prevalence and associated factors, despite the
fact that the prevalence is weighted in the meta-analysis by the number of studies and the
sample size.

The type of cat significantly influences the prevalence of toxocariasis in cats. Those
living in wild, non-urban areas (feral) presented the highest prevalence (43%), while
domestic cats (13%) and breed cats (3%) showed the lowest values. Other studies show
that this is a risk factor for higher prevalences [326]. In general, unattended cats without
proper veterinary control and assessment are at risk of exposure and infection.

The main coproparasitological methods vary slightly regarding the prevalence of
toxocariasis, from 10.5% to 26.1%, with the faecal direct smear method associated with the
highest prevalence.

Many studies assessed infection in dead animals, reporting a high prevalence, even
higher than those studies assessing infection by coproparasitological methods. The preva-
lence of Toxocara cati at necropsy was 30%. In contrast, PCR prevalence was only 5%. Then,
this was less sensitive than coproparasitological methods (17%). Again, the number of
articles and the number of samples analysed per study by molecular methods such as
PCR, would be insufficient to understand the differences in the sensitivity and specificity
of methods, despite the fact that the prevalence is weighted in the meta-analysis by the
number of studies and the sample size. To understand the sensitivity of PCR, specific
studies of diagnostic test comparison should be performed, which was clearly outside the
objectives of this systematic review, which focused on the prevalence of T. cati in cats.

Indeed, the histological diagnosis of T. cati can be limited, which makes a differential
diagnosis with T. canis impossible. An infection due to Toxocara in a cat is not necessarily
due to T. cati, as an infection due to Toxocara in a dog is not necessarily due to T. canis.
Both species may infect other hosts, and in some, these may serve as paratenic hosts,
just serving for infection without the reproduction and development of adult forms, as
occurs in humans that are exclusively paratenic hosts [331-333]. More commercial tests
and laboratories with standardised PCR for molecular diagnosis must be conducted. The
molecular diagnosis of toxocariasis is only sometimes available for humans, where the
primary tool is serological tests [312,333,334]. There is an urgent need for a molecular
diagnosis of toxocariasis, with possibilities of sequencing and identifying species [335,336].
At the same time, better immunological tests are required, as ELISA and Western blot still
need to be improved, mainly due to the antigen quality. Then, recombinant antigens-based
tests are preferred and it is recommended that they are widely available [337-339].

Although dogs have been studied more, the present systematic review shows that
infections due to Toxocara cati in cats may be even higher (17%) than those due to T. canis in
dogs. A recent systematic review of T. canis in dogs found that the overall prevalence was
11.1% (95% CI, 10.6-11.7%) after studying more than 3 million dogs in 60 countries [12].
The authors concluded that young (<1 year of age), stray, rural, and male dogs had a
significantly higher prevalence of infection than older, pet, urban, or female dogs [12]. Our
results confirm the findings of a review from 2020, in which the prevalence of Toxocara
infection in cats was 17.0% (16.1-17.8%), but there was a contrast regarding the continents,
as this review found the highest prevalence in African countries (43.3%, 28.3-58). As
mentioned earlier, we found this in Asia (28%). In Africa, we found 21.4 (7.1-35.6%). They
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found that the prevalence of Toxocara was higher in stray cats (28.6%, 25.1-32.1%) [11]. Our
review found 29.9% in stray cats (25.3-34.4%) but higher results in feral cats (42.6%).

As indicated, cats may also serve as a source of human infections due to Toxocara.
Cats play a crucial role globally as primary hosts for Toxocara, releasing eggs into the
environment and thereby heightening public health concerns. Health authorities and cat
caregivers must prioritise efforts toward preventing and managing this zoonotic disease
in feline populations. This is especially crucial in regions with elevated risk factors and
prevalence rates, necessitating heightened vigilance and proactive measures [11].

Cats, as with other species, may also be infected with another member of the family
Toxocaridae, as is the case of Toxascaris leonina; nevertheless, fewer studies about it are
available [340,341]. Regardless, studies and systematic reviews so far are lacking and
needed [341].

This systematic review has certain limitations, including the fact that we were unable
to assess the age or gender of cats, as this was not reported in most of the studies. This
aspect could also be important in the prevalence and risk of T. cati infection, as has been
suggested in T. canis [312].

5. Conclusions

The significance of toxocariasis in cats is its potential to infect humans, in addition
to the damage that it may cause to felines. Humans can become accidental hosts by
ingesting Toxocara cati eggs through contaminated soil, water, or food. Once ingested, the
larvae can migrate to various tissues in the body, causing visceral larva migrans (VLM) or
ocular larva migrans (OLM), which can result in serious health complications, including
vision impairment, organ damage, and even neurological disorders. Preventive measures
should be considered, given the high prevalence found in this systematic review and
previous studies. The zoonotic aspect of toxocariasis in cats and dogs highlights the
interconnectedness of animal and human health, including OneHealth, emphasising the
importance of preventive measures such as deworming protocols for cats [311,342-344],
proper hygiene practices, and public education on the risks associated with exposure
to contaminated environments. By addressing toxocariasis in cats, feline health can be
safeguarded, and the potential transmission of this parasitic infection to humans and other
animals can also be minimised, promoting the well-being of both animals and humans.
Finally, in farming animals, toxocariasis can lead to reduced productivity. Infected animals
may exhibit decreased weight gain, reduced milk production (in dairy cattle), decreased
fertility, and lower overall performance. This can directly impact farm income by reducing
the quantity and quality of products produced.
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