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A B S T R A C T

Leptospirosis is a zoonosis of global importance caused by Leptospira species. Rodents are the main reservoirs,
known to shed the bacteria in urine, thus contaminating water and soil and infecting other animals and people.
Leptospirosis has been re-emerging in both developing and developed countries including Europe. It has been
hypothesized that cats could be asymptomatic carriers of Leptospira. This study aims to evaluate cats’ exposure to
Leptospira in Lisbon, Portugal, by measuring IgG titres and correlating them with possible factors that may
increase the risk of exposure in urban cats. Two hundred and forty-three samples were collected from the
biobank. An ELISA test followed by a seroprevalence analysis using a finite mixture model was performed to
detect and measure anti-Leptospira IgG antibodies titres. In parallel, a survey was conducted to identify possible
risk factors for seropositivity.

According to the ELISA test protocol, only twenty-three cats (9.5%; 95% CI =(6.1%;13.9%)) could be con-
sidered as seropositive to Leptospira antigens. However, when the same data were analysed by the best different
mixture models, one hundred and forty-four cats (59.3%; 95%CI = (52.8%; 65.5%)) could be classified as
intermediate and high antibody responders to Leptospira antigens. Seropositivity to Feline Immunodeficiency
Virus infection (FIV) was found to be the only significant risk factor associated with anti-Leptospira IgG anti-
bodies. In conclusion, the present studies raises the possibility of a higher exposure of cats to Leptospira than
previously thought due to the identification of a subpopulation of cats with intermediate antibody levels.

Introduction

Leptospirosis is one of the leading zoonotic diseases in terms of
morbidity and mortality worldwide, often in regions where the burden
of leptospirosis is underestimated. Globally, the total number of lep-
tospirosis cases has been estimated at 1.03 million and 58.900 deaths
every year (Costa et al., 2015 ). It is also considered by many the most
widespread bacterial zoonotic disease (Costa et al., 2015) and a silent

epidemic disease by the World Health organization (WHO), Pan
American Health organization (PAHO) and Health and Climate Foun-
dation (Schneider et al., 2013).

Leptospirosis is caused by an infection with spirochete bacterium of
the genus Leptospira and affects humans as well as a broad spectrum of
animal hosts. There are currently 27 Leptospira species as delineated by
DNA–DNA hybridization (Masuzawa et al., 2019). Phylogenetic ana-
lysis of these species using the 16S rRNA gene has resulted in the broad
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classification of the species into pathogenic, saprophytic and inter-
mediate (Perolat et al., 1998). Within the species Leptospira interrogans
over 500 serovars are recognized (Caimi & Ruybal, 2020).

Although the respective molecular classification is not problematic
for clinicians and individual treatment, it poses a problem regarding
public health and epidemiology as it does not have enough dis-
criminatory power to determine the infecting serovar (Levett, Paul,
2001). However, methods are being developed to improve this situation
(Bezerra da Silva, Carvalho, Hartskeerl & Ho, 2011).

Most mammalian species are natural carriers of pathogenic
Leptospira (Hartskeerl, Collares-Pereira & Ellis, 2011). These include
feral, semi-domestic, farm and pet animals. Leptospirosis is commonly
diagnosed in livestock species such as cattle, sheep, goats, horses, pigs
and dogs (Pal, Mahendra, 1996).

Leptospira infection is also commonly described and investigated in
dogs, while in cats it is less well described. Recently, the role of cats as
concurrent carriers for illness has been questioned. Cats are the main
predators for rodents and can act as reservoir hosts, with some studies
proving transmission of pathogenic Leptospira between cats and other
animals (Ojeda, Salgado, Encina, Santamaria & Monti, 2018). There is
also the premise that feral cats or cats living in shelters are more likely
to have been infected with these bacteria. Considering the predator-
prey relationship cats have with rodents and their close proximity to
Humans, their role as a potential source for this agent needs to be better
evaluated. These last options are more likely to happen with stray cats,
cats who have outdoor access or even cats that live in rural environ-
ments. The direct contact with other cats, dogs or cattle is also con-
sidered to be a risk factor for this infection (Arbour, Blais, Carioto &
Sylvestre, 2012; Hartmann et al., 2013).

Laboratory diagnosis of leptospirosis is not straightforward and may
involve tests to detect Leptospira (Musso & La Scola, 2013), leptospiral
antigens, or leptospiral nucleic acid in animal tissues or body fluids
and/or to detect anti-leptospiral antibodies. Serological testing includes
microscopic agglutination tests (MAT), enzyme-linked immunosorbent
assay (ELISA) and rapid immunomigration tests (Kodjo, Calleja,
Loenser, Lin & Lizer, 2016; Lizer, Velineni, Weber, Krecic & Meeus,
2018).

Diagnosis of infection by antibody detection in cats is appealing
since they are not currently vaccinated, and therefore, the chance of
finding false positives is much smaller. Testing is not too expensive and
it can be performed in veterinary hospitals with supporting diagnostic
laboratories. However, the international market supply of Leptospira
IgG ELISA kits applicable to cat samples is limited. For example, in
Portugal, there is only one commercial kit available at the time of the
study, developed by the Bioassay Technology Laboratory (BT Lab).
Production of other Cat Leptospira IgG ELISA test kit had been dis-
continued, possibly due to lack of sales. The rationale for using anti-
body data is that the antibody concentrations in the serum could be an
indicator of bacteria exposure, thus providing epidemiological in-
formation about cats which are currently or have been infected.
Antibody quantification is usually done by means of traditional enzyme
linked immunosorbent assays. Optical densities or titres in arbitrary
units are then used for the subsequent data analysis. In this epidemio-
logical scenario of extremely low frequency of disease, scarcity of ELISA
tests to measure cat Leptospira IgG and weakness of these tests valida-
tion methods, it is timely to apply statistical approaches to determine in
antibody data analysis for diseases like malaria to cat leptospirosis in an
attempt to optimize an ELISA test result interpretation
(Sepúlveda, Stresman, White & Drakeley, 2015).

The present study falls under the “One Health” scope, as cats are
exposed to environmental risks and share a great proximity to their
owners, consequently placing them at risk of contracting leptospirosis.

The objectives of this study were: (1) to determine the ser-
oprevalence of Leptospira spp. antibodies in cats presented to the
Veterinary Teaching Hospital (VTH) of the Veterinary Faculty (FMV) of
the University of Lisbon (ULisboa) by analysing the data directly with a

statistical modeling approach; (2) to investigate associated risk factors,
namely indoor/outdoor lifestyle and presence of retroviral infection.

Materials and methods

Sample collection

Previously collected blood samples from 243 cats was used to assess
the performance of an ELISA kit for the presence of anti-Leptospira IgG.
Blood samples were collected from a biobank which was developed
using cat's serum samples obtained from a well characterized popula-
tion of cats. Biobank stored blood samples were previously collected by
venipuncture of the jugular vein. To allow a better evaluation and
simpler blood sample collections, cats were subjected to mild sedation
with 0•2 to 0•5 mg/kg butorphanol solution sc (Dolorex, Intervet
Portugal). Serum samples were collected after clotting of the sample
had occurred by centrifugation (5000 g, 10 min), and were subse-
quently frozen at −80 °C until analysed. This population is composed of
cats from three different locations: two different animal shelters in the
Lisbon area; cats which went to a consultation at the Veterinary
Teaching Hospital – University of Lisbon (VTH) and cats which were
hospitalized at the Infectious Disease Unit at the hospital (IDIU). All
samples were stored at −80 °C.

Data collection

Data was collected using clinical database software from 2014 to
December 2018. Collected data included age, lifestyle (indoor or out-
door) and contact with other animals. Cat's lifestyle was considered
unknown when this information was missing or it was stated that cats
were indoor but had contact with other animals with unknown lifestyle.
Cats were considered to have an indoor lifestyle if they had not been
outdoors for more than 10 years.

Plasma samples and FIV/FeLV infection

A total of 243 samples were analysed. All blood samples were tested
to confirm their viral infection status by means of commercially avail-
able ELISA kits (ViraCHEK/FIV and ViraCHEK/FeLV, Synbiotics).
Therefore, two groups were set: one group of retroviral negative cats
(Status FIV/Feline Leukemia Virus (FeLV) negative) and one group of
positive-retroviral cats (which were positive for FIV, FeLV or both).

Leptospiral IGG screening

All samples were screened for the presence of anti- Leptospira IgG
antibodies by using IgG ELISA test kit by Bioassay Technology
Laboratory. The manufacturer's guidelines were followed for the
making of this test and the OD values were read at 450 nm. The cut-off
value to consider a sample positive was the sum of the value obtained
for the negative control plus 0.15. For quality control purposes, both
the OD value for a blank well (no solutions at all) and the OD for ne-
gative control had to be ≤ 1. For statistical purposes, data under
analysis referred to the average antibody values from two independent
replicates of ELISA performed in the same biological samples.

Estimation of IGG seroposivity to Leptospira antigens

Finite mixture models based on flexible Skew-Normal and Skew-t
distributions were fitted to data. In theory, the basic assumption of
these models is that the antibody distribution could represent different
serological populations (e.g., seronegative population and different
seropositive populations possibly describing different levels of exposure
to Leptospira). Note that these mixture models were chosen, because
they extend the classical mixture models based on normal and t dis-
tributions by introducing an additional parameter that controls the
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degree of asymmetry of the mixing distributions. The above models
were estimated assuming one serological population (e.g., ser-
onegative) to 5 different serological populations. In the case of models
with more than one serological population, it was assumed that the
serological population with the lowest average referred to hypothetical
seronegative individuals, while the remaining serological populations
referred to putative seropositive individuals with different degree of
exposure to leptospira. Model estimation was performed based on the
maximum likelihood method using the Expectation-Maximization al-
gorithm. Akaike's Information Criterion (AIC), which is defined by the
deviance minus twice the number of model parameters, was used to
determine the best fitted model for the data. According to this criterion,
the best model was the one showing with the lowest AIC estimate
among all models tested (Supplementary Table 1).

After determining the best model for the data, the putative ser-
onegative population was identified as the hypothetical serological
population with the lowest antibody average. A cut-off for ser-
opositivity was calculated using the estimated 99.9% quantile of the
hypothetical seronegative population. Cats whose antibody values were
above this cut-off, were considered seropositive and seronegative
otherwise. After classifying each cat as either seropositive or ser-
onegative, the seroprevalence of the sample was estimated by the
proportion of the seropositive cats among all cats tested. Note that the
choice of a cut-off value defining seropositivity was somehow arbitrary.
Therefore, a more stringent cut-off value could have been used for es-
timating seroprevalence. Finally, univariate and multivariate logistic
regression models were used to determine which factors were asso-
ciated with seropositivity to leptospiral antigen.

All statistical analysis was conducted in the software R version
3.4.3. using the package mixsmsn to estimate finite mixture models
(Prates, Cabral & Lachos, 2013) and glm function to fit regression to the
corresponding seropositivity data. The significance level for statistical
testing was specified at 5%.

Results

Characterization of the studied population: Retroviral status, lifestyle, other
pets and concomitant diseases

One hundred and twenty two out of the 243 cats tested were ser-
opositive for either FIV or FeLV (74 FIV positive, 37 FeLV positive and
11 FIV and FeLV co-infected) (Fig. 1A). Twelve and 159 cats (65.43%)
had indoor and outdoor lifestyles, respectively, according to criteria
defined in the section of data collection from Materials and Methods.

The remaining 72 cats (29.63%) had an unknown lifestyle (Fig. 1B).
With respect to home contact with other animals, 115 cats had other

cats in the same house, 64 cats were considered to have unknown
lifestyles, 40 cats did not cohabit with other pets, 16 cats lived with
other cats and dogs, 6 cats cohabited with dogs and 2 cats cohabited
with other pets (birds, reptile, fish or others) (Fig. 1C).

Estimation of Leptospiral seroprevalence

All samples were screened for the presence of anti- Leptospira IgG
antibodies by using IgG ELISA test kit by Bioassay Technology
Laboratory. Twenty-three out of the 243 cats (9.5%; 95% CI=
(6.1%;13.9%)) analysed were tested positive using the seropositive cut-
off value suggested by the manufacturer of the commercial ELISA used.
An alternative seropositive cut-off value based on flexible finite mixture
models was calculated for the same data. In brief, among all the ten
mixture models fitted to the data (Supplementary Table 1), the lowest
AIC estimate was obtained for the mixture model based on Skew-t
distribution with three serological populations (Fig. 2). These ser-
ological populations were assumed to represent a seronegative popu-
lation (with the lowest average) and two seropositive populations.
Under this assumption, the cut-off for seropositivity was re-estimated at
0.40, which contrasts with the cut-off value of 1 as instructed by the
manufacturer of the serological kits. Therefore, the intermediate ser-
ological population could be interpreted as putative seropositive cats on
their way to sero-reversion. According to this new cut-off value, the
seroprevalence to leptospirosis was re-estimated at 59.3% (n = 144/
243; 95%CI = (52.8%; 65.5%)).

Analysis of potential factors contributing to Leptospiral seroprevalence

Regarding the analysis comparing retroviral infection and
Leptospiral IgG seropositivity, 52.78% animals negative for retroviral
infections tested positive for IgG anti-Leptospira (76/144) and 46.53%
were positive for retroviral infections and IgG anti-Leptospira (67/144 -
38/67 for FIV+; 24/67 for FELV+ and 5/67 FIV+/ FELV+) (Fig. 3).

From the risk assessment analysis, FIV is the only significant factor
(p-value = 0.02 - (Table 1)). Four cats lived in animal refugees, with
the other 140 positive cats being domestic. However, most of positive
cats (n = 96) had an outdoor lifestyle (66.67%), with a small percen-
tage being indoor cats (n= 5; 3.47%). 18.75% (27/144) of animals had
some form of renal and/or hepatic laboratory parameter alteration and
of these, 51.85% (14/27) were immunocompetent (data not shown).

Fig. 1. Sample distribution between different characteristics analysed. A – 50.21% (n = 122) were retroviral positive, of which 60.65% (n = 74) were FIV+,
followed by 30.33% (n = 37) for FeLV+ and 9.02% (n = 11) had both retroviral infections; 49.79% (n = 121) were retroviral negative. B - 4.94% had an indoor
lifestyle (n= 12), followed by 29.60% (n= 72) whose lifestyle could not be characterized, and 65.43% (n= 159) had access to the outdoor. C – 0.82% (n= 2) had
close contact with other pets, followed by contact just dogs (2.42%, n = 6); 6.58% (n = 16) lived with other cats and dogs, followed by cats which lived alone
(16.46%, n = 40); for 26.34% (n = 64), co-habitation with other animals could not be determined and 47.32% (n = 115) co-habited with other cats.
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Discussion

This study comes under the perspective of One Health (where
human and animal health are inexorably linked) with leptospirosis
being an emerging infectious disease and zoonosis.

The frequency of clinical illness is low in cats, despite the presence
of leptospiral antibodies in the feline free-roaming population in-
dicating a high probability of leptospiral exposure. Serological surveys
carried out in Europe found a serological prevalence of 10% in Glasgow
(Agunloye & Nash, 1996), 18% in Munich (Weis et al., 2017) and 48%

Fig. 2. Positive samples distribution across population. The first peak represents samples positive for the presence of IgG anti-Leptospira. The dotted line represents
the estimated cut-off value for the ELISA assay. The second and third peak represent samples with a low positivity result or false positives.

Fig. 3. IgG Leptospira positive samples distribution within the retroviral status previously determined. Within positive IgG results, 3.47% (n= 5) had both retroviral
infections, followed by FeLV+ individuals (16.67%, n = 24) and FIV+ (26.39%, n = 38). 52.78% (n = 76) were negative for retroviral infections.
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in France (Andre-Fontaine, Geneviève, 2006). Ser-
ovars Canicola, Grippotyphosa and Pomona have been isolated from
cats (Adler & de la Peña Moctezuma, 2010). Clinical signs in cats are
usually mild or not apparent, despite the presence of leptospiraemia
and leptospiruria and histological evidence of renal and hepatic in-
flammation.

Several ELISAs have been developed and are primarily used for the
detection of recent infections in dogs and livestock species. Problems
with validation are a major constraint (OIE, 2018). A small number of
ELISA tests for dogs (Hartman and Houten, 1984; Hartman, van den
Ingh & Rothuizen, 1986) and cattle (Cousins, Robertson & Hustas,
1985) have been validated, using sequential serum samples from ex-
perimental animals but not beyond 6 months post-challenge. Labora-
tory variation and differences in host-specific humoral immune re-
sponses sometimes make correct assignment of antibody tests even
more difficult. Many different serogroup antigens are tested in the
assay, but false-negative results occur when the infecting serogroup is
not included (Hartmann et al., 2013).

Evidence for a high seroprevalence in cats suggests that exposure in
these species and its role for transmitting the bacteria to humans could
be of more clinical importance in this species than previously re-
cognized (Azócar-Aedo, Monti & Jara, 2014), posing a non-negligible
public health risk to cat owners. However, the role of cats in the epi-
demiology of this zoonosis has not received much attention and clinical
reports of leptospirosis in cats are rare (Arbour, Blais, Carioto and
Sylvestre, 2012; Hartmann et al., 2013). Cats are predators of rodents
(Loss & Marra, 2017; Parsons, Banks, Deutsch & Munshi-South, 2018),
so prey-predator transmission between cats and rodents is likely to
occur, and adding the free access to the outside or leash-walking, the
concern should be reinforced. Scarce number of available ELISA tests
and their limited validation for cats are a problem when analysing the
frequency of exposure to Leptospira in the cat population.

Antibody quantification regarding diseases with extremely low
prevalence, for which few ELISA tests are available plus the weakness of
these tests’ validation methods, advocate for a deeper analysis of the
raw data in order to improve the accuracy of the serological classifi-
cation of individuals/cats. This method was applied for other diseases
with low rates of seropositive infected individuals such as malaria,
where alternative measures based on antibodies have gained recent
interest due to the possibility of estimating past disease exposure in
absence of infected individuals. (Sepúlveda et al., 2015). This can be
done using flexible mathematical models that could distinguish ser-
onegative individuals from seropositive ones, thus, allowing the esti-
mation of the seroprevalence, the proportion of seropositive individuals
in the sample. The main advantage of using finite mixture models is
allowing the raw data to determine the cut-off value for seroprevalence,
rather than using the pre-established cut-off value. Such models also
help determine specificity and sensitivity from the serologic classifica-
tion obtained, which cannot be done when using a universal cut-off
value.

Out of the 243 cats tested, (50% positive for retroviral infections
and the rest immunocompetent), 23 samples tested positive for
Leptospira IgG following the manufacturer's instruction and the in-
dicated cut-off value for seropositivity. Applying the best model for
quantitative antibody data used to determine the seropositivity of each
individual to Leptospira antigen, 59.25% (n = 144) tested positive for
the presence of IgG against Leptospira. This value is higher when com-
pared to other studies, with positive results ranging from 18% to 43%
(Dybing, Jacobson, Irwin, Algar & Adams, 2017; Lapointe, Plamondon
& Dunn, 2013; Weis et al., 2017).

In these previous studies, the presence of Leptospira species was
determined by IgM or PCR. However, it is valid to compare such results
with the one obtained in this study when it comes to contact with the
bacteria, because IgG remains after IgM and the bacteria have been
cleared from the host. Nevertheless, the cut-off value used in these
studies was pre-established by the manufacturer, which poses the
question of whether or not one can trust such seroprevalence results as
it is not known how the cut-off used was calculated. Seroprevalence
comparison would be easier if cut-off was determined through the use
of finite mixture models. Comparisons would also be more reliable since
it would be known how the cut-off had been calculated.

The first risk factor analysed was retroviral infection status. This
study showed that FIV infected cats have significantly lower anti-
Leptospira IgG titres when compared to immunocompetent or FeLV in-
fected cats. As immunocompromised cats often present a decreased
capability on creating a memory immune response (Machado et al.,
2019), a possible explanation relies on the fact that FIV infected cats
have an impaired memory response towards Leptospira antigens used in
this ELISA. Contrary to expectations, the same is not observed in FeLV
cats. This can be due to a lower number of FeLV-infected cats com-
paring to FIV-infected ones as well as a non-standardization of lifestyle
status between groups, which can reflect a different antigen-stimulus
and, consequently, differences on memory immune response. Further
studies are needed to clarify this finding.

This study analysed other risk factors that may eventually lead to
cats’ contact with Leptospira species, despite no significant association
was found. Some individuals had missing data, which reduced the
statistical power to detect an association with IgG Leptospira ser-
opositivity. Although only one of the proposed risk factors was sig-
nificantly associated with the anti-Leptospira IgG titres observed (FIV+),
careful examination of outdoor lifestyle and sharing the household with
other animals should be further analysed using more indoor confined
cats. Furthermore, the rough definition of “outdoor lifestyle” can also
justify that no association was found – better parameters should have
been determined in order to categorize into outdoor or indoor lifestyle.

The imbalanced frequency between indoor and outdoor distribution
within the studied population, as well as the number of other animals
sharing the household, may difficult the statistical analysis regarding
these variables and their association to seropositivity. This aspect is a
limitation of the study.

Nineteen of the cats presented azotaemia (renal or post-renal). After
careful record review, most of the azotaemic patients exhibit some form
of post-renal azotaemia which, by itself, justifies renal tubular damage
and impaired urine concentrating ability. However, there is evidence
that Leptospira can lodge itself in the renal tissue of carrier species like
the cat (Parsons et al., 2018). Anti-Leptospira IgG seropositivity show
that these cats have had contact with the bacteria and, therefore, azo-
taemia due to renal colonization by the bacteria cannot be ruled out
without doing further testing. Some studies confirm that seropositivity
is significantly greater in Chronic Kidney Disease (CKD) diagnosed cats
(Rodriguez et al., 2014). Although not conclusive, several clinical stu-
dies in human subjects also assert that there may be a strong association
between Leptospira infection and the development of CKD, suggesting
infection as a risk factor for CKD (Carrillo-Larco, Altez-Fernandez,
Acevedo-Rodriguez, Ortiz-Acha & Ugarte-Gil, 2019; Yang, Chang &
Yang, 2019).

Table 1
Different variables analysed and respective significance values and intervals.
Through multivariate logistic regression model, FIV is the only characteristic
that can influence positiveness for IgG.

Variable Estimate (SE) P OR (CI 95%)

Intercept −1.22 (1.87) 0.52 –
Gender (M) 0.16 (0.43) 0.72 1.17 (0.50–2.73)
FIV −1.05 (0.45) 0.02 0.35 (0.14–0.85)
FeLV −0.15 (0.53) 0.77 0.86 (0.30–2.42)
Lifestyle (Outdoor) 0.73 (0.75) 0.33 2.08 (0.48–9.07)
Dog 1.01 (0.67) 0.13 2.74 (0.73–10.22)
Cat 0.98 (1.64) 0.55 2.67 (0.11–66.29)
Other 1.14 (1.99) 0.57 3.13 (0.06–155.27)

*CI – confidence interval; OR – odds-ratio; P – p-value; SE – Standard Error.
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Some of the sampled cats revealed changes in the complete blood
count (CBC) (mainly leucocytosis, leukopenia and anemia). These
changes can be explained by them presenting a suspicion of or diag-
nosed illness (urinary tract inflammation or infection, colangiohepa-
titis, among others). Many of these animals were FIV and/or FeLV in-
fected, which can likely account for these CBC abnormalities in some
part (Tvedten & Raskin, 2013). Overall, no consistent clinical signs
pattern was associated with the IgG Leptospiral positive population.

The present work using a statistical analysis of the raw antibody
data contributes to a better knowledge of feline leptospirosis exposure
in the context of One Health. The more evidence is gathered by studies
like this one, the easier it will be to raise public awareness for cats and
their possible role in transmission of this zoonotic disease. In a future
study, it would be interesting to evaluate the owner's Leptospira IgM/
IgG seroprevalence, alongside their cats.

Conclusions

In conclusion, the direct analysis of antibody data provided evi-
dence for an additional subpopulation of cats with intermediate anti-
body levels to Leptospira antigen. Since this putative subpopulation was
considered as seronegative according to the commercial ELISA test, we
hypothesize that the real exposure of cats to Leptospira bacteria might
be in fact higher than previously reported and therefore, it might pose a
health hazard for both animals and humans in the context of One
Health. To assess the validity of this hypothesis, similar serological
assessment should be conducted in the other cohorts of cats.
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