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Accurate diagnosis of canine leishmaniasis (CanL) is essential toward a more efficient control of this
zoonosis, but it remains problematic due to the high incidence of asymptomatic infections. In this study, we
present data on the development of enzyme-linked immunosorbent assay (ELISA)-based techniques for the
detection of antibodies against the recombinant protein Leishmania infantum cytosolic tryparedoxin peroxidase
(LicTXNPx) and a comparison of the results with those employing soluble Leishmania antigens from promas-
tigote or amastigote forms and the homologue recombinant protein L. infantum mitochondrial TXNPx
(LimTXNPx). Moreover, we offer an evaluation of the diagnostic potential of rK39 for CanL in the Portuguese
canine population and propose an improvement to the existing ELISA-based serological techniques by com-
bining the LicTXNPx and rK39 antigens as a Leishmania antigen mixture (LAM). The data demonstrated that
ELISAs based on soluble promastigote or amastigote antigens had generally higher levels of sensitivity for
detection of antibodies in symptomatic or asymptomatic dogs than for detection of those against isolated
recombinant proteins. Nevertheless, the specificities were found to be similar for all target antigens used.
Importantly, the LAM-ELISA methodology improved the overall sensitivity, maintaining a high overall level of
specificity. In addition, it was demonstrated that the detection of anti-LAM IgG2 can increase the accuracy of
the serological diagnosis. Overall, the obtained results showed that the strategy of combining two well-defined
Leishmania antigens, LicTXNPx and rK39, proved to be a sensitive and specific improvement to current
serological diagnosis of CanL, being a useful tool for the detection of both clinical and subclinical forms of

canine Leishmania infection.

Leishmaniasis, a disease caused by protozoan parasites of
the genus Leishmania, is one of the major communicable ill-
nesses in the world and the third most important vector-borne
disease, after malaria and sleeping sickness (5). The incidence
of leishmaniasis has increased in recent years due to growth
and redistribution of populations, increasing poverty, and cli-
mate changes. Visceral leishmaniasis (VL) is caused by species
of the Leishmania donovani complex and may result, in the
absence of treatment, in a progressive and often fatal illness in
dogs and humans (4, 18).

The domestic dog is considered the main reservoir for hu-
man VL in the Mediterranean basin and South America (2),
where the zoonotic disease is caused by L. infantum (syn. L.
chagasi). Interestingly, some evidence has been presented that
suggests that dogs also contribute to transmission in northeast-
ern Africa, where L. donovani is the causative agent of human
disease (17). Although the prevalence of Leishmania infection
in dogs has been reported to rarely exceed 10%, it may rise up
to 35% in areas where the disease is highly endemic (11). Dogs
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constitute a primary source of infection, contributing, in con-
junction with sand fly vectors, to the perpetuation of the in-
fectious cycle. Although other reservoirs have been incrimi-
nated in the epidemiological chain of human VL, such as wild
canids, rodents, or marsupials, zoonotic VL epidemics have
been described only for areas where canine leishmaniasis
(CanL) is endemic (31). In certain areas in which CanL is
endemic, the importance of controlling the infected canine
population is sustained by the correlation of spatial distribu-
tion between canine and human cases of VL (21), since the
existence of high canine infection rates leads to increased
transmission to humans due to the presence of sand fly vectors.
Furthermore, the systematic culling of infected dogs in areas
where CanL is endemic led to a reduction in the incidence of
human and canine disease (2, 14). Therefore, the design of
effective control programs to prevent human infection in coun-
tries where CanL is endemic should include an accurate eval-
uation of the prevalence and the incidence of CanL, with
special attention paid to the unsatisfactory sensitivity associ-
ated with the detection of infection in asymptomatic infected
dogs (1). Indeed, although the number of dogs currently in-
fected has been estimated in the low millions (13), the appar-
ent global burden is believed to be much higher, due mostly to
the inaccuracy of the diagnostic tests currently used to detect
asymptomatic infections.

Current control measures rely on early diagnosis and che-



VoL. 48, 2010

motherapy of patients suffering from this disease. Thus, rapid
diagnostic tests capable of providing early and accurate diag-
noses of leishmaniasis, especially for the visceral form, are
among the highest priorities defined for leishmaniasis research
(9). Ideally, all cases of leishmaniasis should be confirmed by
direct parasite detection in stained microscopic preparations of
skin biopsy specimens, aspirates from spleen, bone marrow, or
lymph nodes. Although parasitological diagnosis still remains
the gold standard to confirm Leishmania infection, it is time-
consuming and requires trained technical staff for the collec-
tion of samples and microscopic evaluation. The use of molec-
ular biology techniques that are capable of detecting DNA or
RNA unique to the parasite, with a high degree of specificity
and sensitivity, just a few weeks after the onset of the first
clinical signs or symptoms is becoming increasingly relevant
(13, 24). These techniques are frequently considered the most
valid diagnosis methods. Furthermore, their use as routine
diagnostic tests often requires specific and expensive equip-
ment, limiting the feasibility of PCR diagnosis in developing
countries and in field conditions. Nevertheless, considerable
advances, such as quantitative nucleic acid sequence-based am-
plification (QT-NASBA), are being developed to circumvent
these problems (37, 38).

Therefore, serological approaches to detect anti-Leishmania
antibodies constitute a valuable alternative for early, rapid, and
user-friendly diagnostic tests for both human and canine Leish-
mania infection. The current available serological techniques
include the direct agglutination test (DAT) and fast agglutina-
tion screening test (FAST) (32, 33), indirect fluorescent anti-
body test (IFAT), immunoblotting, and enzyme-linked immu-
nosorbent assay (ELISA) (15). Among these, ELISA is a
classical method used in the detection of antibodies to Leish-
mania which is neither normally limited to laboratory condi-
tions nor dependent on technical expertise. ELISA-based
methods allow high-throughput screening of a large number of
samples with high levels of sensitivity, with specificity depend-
ing on the antigen used (36). Total soluble antigens derived
from the promastigote stage of different Leishmania species
are the most commonly used antigens in ELISA. These
ELISAs have demonstrated sensitivities and specificities of 80
to 100% and 85 to 95%, respectively (20). Nevertheless, the
use of total soluble antigens is limited due to problems of
reproducibility and manufacturing. Thus, several defined
Leishmania antigens have been tested to overcome these dif-
ficulties and to improve both sensitivity and specificity. The
recombinant protein rK39, which is a repetitive immunodom-
inant epitope of a kinesin-related protein expressed predomi-
nantly in the amastigotes of viscerotropic L. chagasi (syn. L.
infantum) (6), has proved to be an exceptionally strong marker
of disease (16). Nevertheless, rK39 performs suboptimally in
asymptomatic cases with proven infection (22). We have re-
cently described the L. infantum cytosolic tryparedoxin perox-
idase (LicTXNPx) antigen, a member of unique enzymatic
Leishmania cascades for detoxification of peroxides (8), as a
highly immunogenic probe during natural human or experi-
mental canine infections (28, 35). Our previous studies indi-
cated that anti-LicTXNPx antibodies were present in both
symptomatic and asymptomatic experimental canine infec-
tions, making this antigen a good candidate marker for both
clinical and subclinical Leishmania infections (35). In the
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present study, we evaluate the ability of the LicTXNPx antigen
to detect both clinical and subclinical forms of Leishmania
infection using a large cohort of naturally infected dogs living
in areas of Portugal in which CanL is endemic. In addition, we
provide the first evaluation of the diagnostic potential of rK39
for Leishmania infection in the Portuguese canine population.
The development of a sensitive and specific diagnostic ELISA
for VL may depend on the synergic accuracies of two or more
defined antigens that will constitute the ultimate serological
marker. Hence, we proposed a defined Leishmania antigen
mixture, composed of the LicTXNPx and rK39 antigens, as an
improvement to current ELISA-based serological techniques
for the accurate detection of both clinical and subclinical forms
of CanL.

MATERIALS AND METHODS

Dogs and samples. This study used a panel of 250 serum samples from male
and female domestic dogs of various breeds and ages. Permission was obtained
from all owners to test their animals, and physical examination and clinical
specimen collection were performed by expert veterinarians. Dogs were clinically
classified as symptomatic based on the presence of at least two clinical signs
compatible with CanL, including lymphadenopathy, alopecia, dermatitis, skin
ulceration, keratoconjunctivitis, onychogryposis, lameness, epistaxis, anorexia,
and weight loss. Asymptomatic and healthy dogs had no detectable clinical signs
of disease. Peripheral blood for serology was collected from the cephalic vein,
processed, and stored at —20°C. The DAT was used for quantitative specific
detection of anti-Leishmania antibodies with a cutoff titer of 400. DAT used a
standard freeze-dried antigen (KIT Biomedical Research, Amsterdam, Nether-
lands) and followed the protocol described by Schallig et al. (30). Bone marrow
or lymph node aspirates were smeared onto slides, Giemsa stained, and micro-
scopically examined for the presence of amastigote forms of Leishmania. Four
groups of serum samples were established based on the clinical, serological,
and/or parasitological data available from the dogs.

Group A (n = 83) comprised samples from natural cases of CanL, i.e.,
symptomatic dogs confirmed as being infected with Leishmania by means of
either the DAT (n = 34), detection of amastigotes (n = 27), or both procedures
(n = 22).

Group B (n = 57) consisted of sera from asymptomatic dogs living in areas of
northeastern Portugal where CanL is endemic but with no history of CanL.
These animals were all found seropositive for anti-Leishmania antibodies by
means of DAT during field surveys for canine Leishmania infection.

Group C (n = 97) was constituted by clinically healthy dogs from areas where
CanL is regarded as not endemic and that were all Leishmania seronegative
(DAT titer, <1:100).

Group D (n = 13) included samples from dogs seronegative for anti-Leish-
mania antibodies (DAT, <1:100) but infected with other agents or affected by
other confirmed pathological conditions. This group comprised animals living in
areas of CanL endemicity and suffering from Ancylostoma caninum infection
(n = 1), Babesia canis and Leptospira spp. mixed infection (n = 1), Leptospira spp.
(n = 1), Dipylidium caninum, Taenia spp., Toxocara canis, and Sarcoptes scabiei
mixed infection (n = 1), Demodex canis (n = 1), Hepatozoon canis (n = 1), Trichuris
vulpis (n = 1), tick infestation (n = 1), autoimmune disorder (n = 1), lymphoma
(n = 1), pneumonia (n = 1), pyodermitis (n = 1), and tumor (n = 1).

Antigens used for the enzyme-linked immunosorbent assay (ELISA). A cloned
line of L. infantum (MHOM/MA/67ITMAP-263) was used in all experiments.
This strain was frequently passaged through mice to maintain its virulence. Each
subculture was initiated at 5 X 10° or 1 X 10° parasites/ml of medium for
promastigote and axenic amastigote forms, respectively. Promastigotes were
maintained at 26°C by weekly subpassage in RPMI 1640 culture medium
(RPMIc; Invitrogen Life Technologies) supplemented with 10% heat-inactivated
fetal calf serum (FCS), 100 U/ml penicillin, 100 mg/ml streptomycin, and 20 mM
HEPES. Axenically grown amastigotes of L. infantum were obtained through the
differentiation of stationary-phase promastigotes in a cell-free culture medium
called MAA/20 (medium for axenically grown amastigotes) at an acidic pH and
at vertebrate host temperature in 25-ml flasks (34). After the differentiation
process, axenic amastigotes were maintained at 37°C with 5% CO, by weekly
subpassages. After 5 days of culture, both parasite forms were washed three
times with phosphate-buffered saline (PBS), pH 7.4 (3,500 X g, 10 min, 4°C); the
pellet was resuspended in PBS containing 2 mM phenylmethylsulfonyl fluoride
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FIG. 1. ROC curves obtained for the ELISAs. (A) ROC curves for SALA (thick dotted line) and SPLA (thick solid line) antigens. (B) ROC
curves for LimTXNPx (thick dotted line) and LicTXNPx (thick solid line) antigens and rK39 (thin dotted line). The dotted gray line represents

the reference line.

(PMSF) protease inhibitor, and the mixture was submitted to 10 freeze-thaw
cycles (a —80°C-capable freezer and a water bath at 37°C were used) and
sonication (Vibra Cell; Sonics Materials Inc., Danbury, CT) for complete rupture
of the parasites. The mixture was centrifuged at 13,000 X g for 30 min at 4°C to
separate cellular debris from the supernatant that was taken as the parasite
extract, aliquoted, and stored at —80°C. The recombinant proteins LicTXNPx
and LimTXNPx, two complementary peroxiredoxins of the Leishmania antioxi-
dant machinery (8), were purified by affinity chromatography on a Ni-NTA
column (Qiagen) as described in a previous report (10). The proteins used were
obtained as recombinant proteins containing a six-histidine residue at their
N-termini. In addition, the recombinant Leishmania antigen K39 (6) was simi-
larly used for antibody detection by ELISA. All antigens were analyzed on 10%
polyacrylamide gels and visualized by staining with Coomassie blue. The protein
content of each antigen preparation was determined by the Lowry assay.

Enzyme-linked immunosorbent assay (ELISA). The ELISA was performed as
described elsewhere (35). Briefly, 96-well flat-bottomed microtiter plates
(Greiner, Frickenhausen, Germany) were coated with 10 pg/ml of soluble pro-
mastigote or amastigote Leishmania antigens or 5 pg/ml of LimTXNPx,
LicTXNPx, or rK39. Anti-dog IgG, IgG1, and IgG2 conjugated to horseradish
peroxidase (Bethyl Laboratories, Montgomery, TX) were used as secondary
antibodies. In all experiments, a reference dog IgG (Dog Reference Serum;
Bethyl Laboratories, Montgomery, TX) was used as an internal control. The
working dilutions for the conjugated antibody were determined according to the
titration performed for the lot (1:500, 1:3,000, and 1:5,000 for anti-dog IgG1,
anti-dog IgG2, and anti-dog IgG, respectively). A4, values were read in an
automatic ELISA reader (PowerWave XS; Bio-Tek, Vermont).

Statistical analysis. Statistical analyses were performed using GraphPad Prism
5 (GraphPad Software Inc., La Jolla, CA). A receiver operating characteristic
(ROC) curve was generated for each tested antigen by applying the sensitivity
values in the ordinate and the complement of specificity in the abscissa. These
curves were used to select the cutoff values that more effectively discriminate
positive from negative samples. Differences in immunoglobulin levels between
groups were analyzed using the Mann-Whitney U test, and a P value of <0.05
was considered statistically significant.

RESULTS

Determination of cutoff values. The ELISA cutoff values for
all Leishmania antigens used in the present study were defined
based on the ROC curves (40). For each antigen, a ROC curve
was constructed using the reactivity of sera obtained from
group C dogs, clinically negative for CanL, and the reactivity of
all CanL-positive sera, both symptomatic and asymptomatic, as
positive values (Fig. 1). Thus, we established ELISA cutoff
optical density (OD) values at 492 nm of 0.156 for soluble
promastigote Leishmania antigens (SPLA), 0.125 for soluble
amastigote Leishmania antigens (SALA), 0.154 for L. infantum
mitochondrial tryparedoxin peroxidase (LimTXNPx), 0.146 for

L. infantum cytosolic tryparedoxin peroxidase (LicTXNPx),
and 0.094 for rK39.

The area under the curve (AUC) is used to compare the
accuracies of different diagnostic antigens or tests (39). In
order for a test to demonstrate excellent accuracy, the AUC
should be in the region of 0.97 or above (19). Although the
determined AUC values were below 0.97, the Leishmania anti-
gens tested presented similar accuracies, since proximal values
were obtained for the AUC of each ROC curve: SPLA AUC =
0.952, 95% confidence interval (CI) = 0.913 to 0.990 (Fig. 1A);
SALA AUC = 0.940, 95% CI = 0.908 to 0.991 (Fig. 1A);
LimTXNPx AUC = 0.886, 95% CI = 0.8348 to 0.9371 (Fig. 1B);
LicTXNPx AUC = 0.903, 95% CI = 0.853 to 0.953 (Fig. 1B), and
K39 AUC = 0.945, 95% CI = 0.905 to 0.985 (Fig. 1B).

The recombinant LicTXNPx antigen detects asymptomatic
CanL. We measured the presence of anti-LicTXNPx antibod-
ies in a cohort of 250 serum samples from male and female
domestic dogs of various breeds and ages. Our panel included
samples from symptomatic (group A) and asymptomatic
(group B) natural cases of canine Leishmania infection, clini-
cally healthy dogs from areas where CanL is nonendemic
(group C), and animals that were Leishmania negative but
presented other confirmed pathological conditions (group D).
For comparison, the same cohort was tested for the presence
of antibodies against SPLA, SALA, or LimTXNPx. The anti-
gen concentration and serum dilution used in all ELISA assays
were previously optimized (10, 28, 35). Therefore, we used 5
pg/ml of each recombinant antigen and 10 pg/ml of both Leish-
mania promastigote and amastigote soluble antigens as opti-
mal concentrations. A serum dilution of 1:1,500 was used in all
assays, as this dilution allowed a clear separation between
negative and positive sera.

The reactivity of sera from symptomatic dogs (group A) was
found to be significantly higher with SPLA (P < 0.0001),
SALA (P < 0.0001), and LicTXNPx (P = 0.0105) than the
reactivity of sera from asymptomatic infected dogs from group
B (Fig. 2A to C). The exception was the result with
LimTXNPx, with which no significant differences were found
between the two groups of infected animals (P = 0.0591; Fig.
2D). The sera of symptomatic dogs were found to react more
actively against SALA and SPLA antigens than against the
recombinant Leishmania proteins LicTXNPx or LimTXNPx.
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FIG. 2. Levels of IgG antibodies against SPLA (A), SALA (B), and the L. infantum recombinant proteins LicTXNPx (C), LimTXNPx (D), and
rK39 (E) in sera of symptomatic (S) and asymptomatic (AS) dogs, dogs that were Leishmania negative but presented other infections or
pathological conditions (OP), and Leishmania-negative healthy dogs from areas in which CanL is not endemic (NNE). Results are expressed as
the optical densities at 492 nm. Each dot represents an individual dog serum sample. Bars represent medians, and dotted lines represent cutoff

values.

Hence, among the 83 serum samples from symptomatic dogs in
group A, 89.2% and 90.4% were reactive against SPLA and
SALA, respectively, while the LicTXNPx antigen recognized
80.7% and LimTXNPx detected only 66.3% of all infections in
symptomatic animals (Table 1). Indeed, the average optical
density values for symptomatic dogs reached 1.22 * 0.73 and
1.16 = 0.78 for SALA and SPLA, respectively, while lower
levels were observed for LicTXNPx and LimTXNPx (0.96 +
0.89 and 0.39 =+ 0.32, respectively) (Fig. 2). The LicTXNPx
antigen displayed a high level of sensitivity in the detection of
infections in asymptomatic infected dogs. LicTXNPx was ca-
pable of detecting 77.2% of the 57 tested sera, while
LimTXNPx could discriminate only 49.1% (Table 1). Similarly
to what we have previously described for a cohort of experi-
mentally infected dogs (35), SALA was more sensitive than
promastigote antigens in detecting infections in asymptomatic
naturally infected dogs (82.4% and 73.7% for SALA and
SPLA, respectively). Although LicTXNPx presented an overall

lower degree of sensitivity than soluble promastigote or amas-
tigote Leishmania antigens (78.6% for LicTXNPx, 82.9% for
SPLA, and 87.1% for SALA), this antigen displayed similar
capacities to detect symptomatic and asymptomatic cases of
canine Leishmania infection, as demonstrated by the asymp-
tomatic/symptomatic index of 0.96 (Table 1). Taken together,
these observations support the role of LicTXNPx as a good
candidate marker for subclinical CanL.

Evaluation of rK39 reactivity in the Portuguese CanL pop-
ulation. The rK39 antigen has proven to be sensitive for the
ELISA diagnosis of human VL and symptomatic CanL (3, 22,
25, 29). Nevertheless, a poorer performance of rK39-ELISA
was shown when asymptomatic dogs from Brazilian and Italian
regions in which CanL is endemic were tested (22, 29). Hence,
we evaluated the accuracy of rK39-ELISA in a canine cohort
from regions of Portugal in which CanL is endemic. As shown
in Fig. 2E, the serum reactivity at 492 nm of symptomatic and
asymptomatic dogs was 2.07 = 1.07 and 0.38 = 0.20, respec-

TABLE 1. Sensitivity and specificity of the ELISA technique using different Leishmania antigens in the diagnosis of
symptomatic and asymptomatic infected dogs

Sensitivity” ot
Antigen - - s ﬁs}gﬁtﬂ?ﬁgm Specificity®
Symptomatic Asymptomatic Total® ymp
SPLA 74/83 (89.2) 42/57 (73.7) 116/140 (82.9) 0.83 100/109 (91.7)
SALA 75/83 (90.4) 47/57 (82.4) 122/140 (87.1) 0.91 100/109 (91.7)
LicTXNPx 67/83 (80.7) 44/57 (71.2) 110/140 (78.6) 0.96 97/109 (89.0)
LimTXNPx 55/83 (66.3) 28/57 (49.1) 83/140 (59.3) 0.74 99/109 (90.1)
rK39 73/83 (88.0) 32/57 (56.1) 105/140 (75.0) 0.64 101/109 (92.7)
LAM 80/83 (96.4) 47/57 (82.4) 127/140 (90.7) 0.85 105/109 (96.3)

“ True positives/(true positives + false negatives); numbers in parentheses are percentages.

b Symptomatic- and asymptomatic-dog samples.

¢ True negatives/(true negatives + false positives); numbers in parentheses are percentages.
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FIG. 3. Leishmania antigen mixture (LAM) characterization and evaluation. The reactivities of representative symptomatic (A) and asymp-
tomatic (B) sera to different defined combinations of LicTXNPx and rk39 antigens (ranging from 0 to 5 pg/ml) were tested. Results are expressed
as the optical densities at 492 nm. Values in box plots reflect the median and the interquartile range. The boxes represent 95% of the values. (C) A
ROC curve was generated for the LAM-ELISA. (D) The levels of IgG antibodies against LAM were measured in sera of symptomatic (S) and
asymptomatic (AS) dogs, dogs that were Leishmania negative but presented other pathologies (OP), and Leishmania-negative healthy dogs from
areas in which CanL is not endemic (NNE). Results are expressed as the optical densities at 492 nm. Each dot represents an individual dog serum

sample. Bars represent medians, and dotted lines represent cutoff values.

tively, when rK39 was used as the antigen. Among the Leish-
mania symptomatic infections, the rK39 antigen was more spe-
cific (88.0%) than LicTXNPx and LimTXNPx antigens (80.7%
and 66.3%, respectively) (Table 1). Nevertheless, K39 de-
tected only 56.1% of all asymptomatic tested sera, which
clearly demonstrated the lack of sensitivity in detecting asymp-
tomatic Leishmania infections in dogs.

Leishmania antigen mixture (LAM) composition and cutoff
value. We have previously showed that the LicTXNPx antigen
displayed very high levels of sensitivity in detecting experimen-
tal infections in both symptomatic and asymptomatic dogs
(35). Since, as previously mentioned, rK39 antigen has been
characterized as an exceptionally strong antigen recognized by
sera of humans and canines with symptomatic VL (3, 22), we
anticipated that a combination of these antigens could improve
the performance of ELISA in the serodiagnosis of both clinical
and subclinical CanL.

In order to determine the optimal combination of LicTXNPx
and rK39 antigens that constitute the Leishmania antigen mix-
ture (LAM) used during the study, we had previously deter-
mined the reactivity of 40 randomly chosen sera from symp-
tomatic (Fig. 3A) and asymptomatic (Fig. 3B) dogs against
several defined combinations of both antigens. As shown in
Fig. 3A and B, we defined the combination of 4 pwg/ml of rK39

and 1 pg/ml of LicTXNPx as the optimal LAM composition.
This combination achieved the higher optical reactivity for
either symptomatic or asymptomatic dog sera without signifi-
cant reactivity against negative-control sera (data not shown).
The reactivity cutoff was established at 0.149, as determined by
the ROC curve (Fig. 3C). Importantly, LAM was clearly dem-
onstrated to increase the overall accuracy of the ELISA
method, as evaluated by the AUC value of 0.984 (95% CI,
0.961 to 1.007) (19).

LAM antigen increases overall sensitivity and specificity.
The sensitivity of LAM-ELISA in the diagnosis of symptomatic
and asymptomatic dogs was determined using the described
cohort of dogs (Fig. 3D). Of 140 sera from symptomatic and
asymptomatic Leishmania-infected dogs (groups A and B, re-
spectively), 90.7% reacted with LAM (Table 1). Among all the
antigens tested, LAM presented the highest level of sensitivity
in both symptomatic (96.4%) and asymptomatic (82.4%) dogs
(Table 1). These results clearly demonstrated that LAM anti-
gen improved the overall performance of the ELISA method,
detecting with high levels of specificity and sensitivity both
clinical and subclinical forms of CanL.

The cross-reactivity of the antigens used in the ELISA-based
methods was assessed using sera from Leishmania-negative
animals affected by other confirmed pathological conditions
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TABLE 2. Sensitivity of the ELISA technique using different
Leishmania antigens for a specificity of 99% in the diagnosis
of symptomatic and asymptomatic infected dogs

Sensitivity”
Antigen
Symptomatic Asymptomatic Total”
SPLA 72/83 (86.8) 38/57 (66.7) 110/140 (78.5)
SALA 74/83 (89.2) 43/57 (75.4) 117/140 (83.6)
LicTXNPx 54/83 (65.1) 28/57 (49.1) 82/140(58.6)
LimTXNPx 43/83 (51.8) 22/57 (38,6) 65/140 (46.4)
rK39 65/83 (78.3) 19/57 (33.3) 84/140 (60.0)

LAM 80/83 (96.4) 42/57 (73.7) 122/140 (87.1)

“ True positives/(true positives + false negatives); numbers in parentheses are
percentages.
® Total results for symptomatic- and asymptomatic-dog samples.

(group D) which are frequently found in areas in which leish-
maniasis is endemic. In addition, we included sera recovered
from non-Leishmania-infected dogs living in areas in which the
disease is not endemic (group C). In general, we have found a
low level of cross-reactivity. The overall specificity level of
the ELISA technique was high, varying from 89.0% with
LicTXNPx, 90.1% with LimTXNPx, and 92.7% with rK39 to
91.7% for SALA and SPLA. The LAM-ELISA test presented
the highest result, reaching 96.3% specificity (Table 1). More-
over, considering a specificity of 99%, the LAM antigen was
still capable of detecting 87.1% of positive sera (Table 2).

Detection of the IgG2 subclass against LAM antigen in-
creases the sensitivity of LAM-ELISA method. To further
characterize the immune response, we have determined the
reactivity of IgG1 and IgG2 to each of the antigens previously
tested. We used the ROC curves to define the ELISA cutoff
values for each IgG subclass against all Leishmania antigens
(data not shown). We have found a significant positive corre-
lation between the levels of IgG2 and IgG antibodies against
SPLA, LicTXNPx, rK39, or LAM in both symptomatic (Fig.
4A) and asymptomatic (Fig. 4B) dogs (P < 0.001 for all anti-
gens; data not shown). No correlation was found between IgG1
and IgG reactivities with SPLA, rK39, or LAM, which suggests
that IgG2 is the predominant subclass during symptomatic and
asymptomatic CanL. Interestingly, we detected higher levels of
anti-LicTXNPx IgG1 antibodies in the sera of asymptomatic
dogs, which improved the sensitivity obtained with total IgG
(sensitivity of 93.0% for IgG1 and 77.2% for IgG in sera from
asymptomatic dogs). Generally, there was a loss of sensitivity
and specificity when each of the IgG subclasses were used to
determine the levels of anti-SPLA or anti-rK39 in both groups
of infected animals (Table 3). However, we observed an in-
crease in sensitivity when detecting anti-LAM IgG2 (97.1%) in
comparison to that when detecting total anti-LAM IgG anti-
bodies (90.7%), maintaining the specificity of the test (Table
3). Overall, these results confirm the sensitivity and specificity
improvements using LAM antigen and suggest the determina-
tion of anti-LAM IgG2 antibodies as a potential alternative to
further increase the accuracy of the serological diagnosis of
canine Leishmania infection and CanL.

DISCUSSION

The traditional characterization of VL as a rural disease has
been progressively replaced by its definition as an emerging
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semiurban or urban disease that potentially affects not only the
canine population but also children and human adults. In areas
in which CanL is endemic, its increasing incidence poses a
considerable health risk for both human and canine popula-
tions. In this context, the development of a specific and effi-
cient diagnostic method, which can detect symptomatic and
especially asymptomatic cases of canine Leishmania infection,
constitutes a primordial, pivotal, and urgent step toward the
control of zoonotic leishmaniasis. In the current study, the
diagnostic potential of the rK39 and LicTXNPx antigens in
comparison with SPLA, SALA, and LimTXNPx was assessed
in cohorts of Leishmania-positive and -negative dogs. Animals
found to be positive for Leishmania infection were further
characterized as symptomatic or asymptomatic to separately
determine the diagnostic potential in each of these groups.
Among the Leishmania-negative dogs, a population of dogs
with confirmed infection by other agents or affected by other
pathological conditions was also included, which allowed the
assessment of potential cross-reactivities. The assessment of
new diagnostic methods has been hampered by the lack of a
proper gold standard against which alternative methods could
be compared. Therefore, in the absence of such a standard,
SPLA and SALA were used as internal controls of our ELISA-
based method. Moreover, LimTXNPx was also used, not for its
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FIG. 4. Levels of IgG, IgG1, and IgG2 antibodies against SPLA,
LicTXNPx, rK39, and LAM in the sera of symptomatic (A) and asymp-
tomatic (B) infected dogs. For each antigen, immunoglobulin levels (y
axis) are represented as relative ELISA units (optical density at 492
nm of analyzed samples/optimal cutoff value). Values in box plots
reflect the median and the interquartile range. The boxes represent
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TABLE 3. Isotype sensitivity and specificity of the ELISA
technique using different Leishmania antigens in the diagnosis
of symptomatic and asymptomatic infected dogs

Sensitivity?

Antigen Specificity®

Symptomatic Asymptomatic Total®

SPLA
IgGl  59/83(71.1) 45/57(78.9) 104/140 (74.2) 86/109 (78.9)
1gG2  69/83(83.1) 40/57 (71.2) 109/140 (77.9) 103/109 (94.4)
1gG 74/83 (89.2) 42/57 (73.7) 116/140 (82.9) 100/109 (91.7)

LicTXNPx
IgG1  56/83(67.5) 53/57(93,0) 109/140 (77,9) 83/109 (76.1)
1gG2  58/83(69.9) 35/57(61.4) 93/140 (66.4) 102/109 (93.6)
IsG  67/83(80.7) 44/57(77.2) 110/140 (78.6) 97/109 (89.0)

rK39
IgGl  62/83(74.7) 35/57(61.4)  97/140 (69.3) 102/109 (93.6)
1gG2  73/83(88.0) 45/57(78.9) 118/140(84.3) 96/109 (88,1)
1gG 73/83 (88.0) 32/57 (56.1) 105/140 (75.0) 101/109 (92.7)

LAM
IgG1  77/83(92.8) 50/57 (87.8) 127/140(90.7) 99/109 (90.1)
1gG2  83/83(100) 53/57(93.0) 136/140 (97.1) 105/109 (96.3)
IsG  80/83(96.4) 47/57 (82.4) 127/140 (90.7) 104/109 (95.4)

“ True positives/(true positives + false negatives); numbers in parentheses are
percentages.

® Symptomatic- and asymptomatic-dog samples.

¢ True negatives/(true negatives + false positives); numbers in parentheses are
percentages.

potential diagnostic value but instead as a control of the puri-
fication process to demonstrate that the diagnostic potential is
antigen specific.

In the absence of a gold standard to integrate the ELISA
results, they were analyzed using ROC curves to determine the
theoretical cutoff values for the different antigens (40). All
Leishmania antigens used in the ELISA technique enabled
good predictive values for the study cohort, with AUCs ranging
from 0.886 to 0.984 (Fig. 1). The LimTXNPx protein was found
to be the least accurate of the antigens tested, with an AUC of
0.886, whereas all the others antigens displayed AUCs of
>(.900. This fact allowed the comparison of the performances
of the different coating antigens with acceptable confidence
(Table 1). In the present study, the specificity level of all tested
proteins was found to be higher than 89%. It was determined
that all tested antigens presented higher levels of sensitivity for
symptomatic than asymptomatic cohorts, which was expected
and is, in fact, a trademark of CanL (1). Similarly to results of
studies conducted in several canine populations (22, 25, 29),
the rK39 reached a sensitivity of 88% when detecting infec-
tions in symptomatic dogs. The rK39 antigen enabled predic-
tive values on the same level as the ones obtained from SPLA
and SALA, 89.2% and 90.4%, respectively, which is a good
indication for the possible use of K39 as a tool for the detec-
tion of infections in symptomatic dogs in Portugal. As previ-
ously suggested with the sera recovered from experimental
CanL (35), the recombinant LicTXNPx protein was confirmed
to have the ability to function as a diagnostic marker for nat-
urally infected symptomatic dogs. In this group, although
LicTXNPx reached similar levels of specificity, its level of
sensitivity was lower than that registered for rK39. In contrast,
LicTXNPx showed a better performance in the detection of
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infections in asymptomatic infected dogs, following the indica-
tion of good asymptomatic detection in an experimental canine
model of infection (35). In fact, the symptomatic/asymptomatic
index was the highest among all the coating antigens tested,
enabling a marginal but better overall performance than rK39
in detecting infections in the overall infected population (sen-
sitivities of 78.8% and 75.0% for LicTXNPx and rK39, respec-
tively). Although rK39 demonstrated a superior performance
in the symptomatic group, the improvement in overall perfor-
mance with LicTXNPx was strictly due to its ability to detect
asymptomatic infections. Indeed, LicTXNPx was 21% more
sensitive than rK39 in detecting asymptomatic canine Leish-
mania infection.

In comparison to assays established with total promastigote
or amastigote preparations, tests based on a single antigen can
be disadvantageous due to reduced sensitivity. Therefore, in
order to obtain a better performance from both rK39 and
LicTXNPx proteins, we devised an approach with the conjunc-
tion of both proteins to examine the complementarity of im-
munogenicity. The use of synergic defined antigens as final
serological markers with higher levels of sensitivity and speci-
ficity has been proposed for the development of CanL diag-
nostic tests (16, 22). Preliminary studies enabled us to define
LAM as 80% rK39 and 20% LicTXNPx (Fig. 3A and 3B). The
use of LAM permitted a general improvement in the test
sensitivity. Hence, LAM was 8.4% more sensitive then rK39
antigen for the symptomatic population and 5.2% more sensi-
tive than LicTXNPx antigen for the asymptomatic population,
with an overall improvement of 12.1% in the detection of all
infections in infected dogs (Table 1). Indeed, LicTXNPx de-
tected 5 of 10 symptomatic sera considered negative when
rK39 was used as the target antigen. Similarly, of the 25 asymp-
tomatic sera negative for rK39, 20 recognized the LicTXNPx
antigen, which can explain the increased sensitivity of LAM.
The diagnostic potential of LAM was proved to be superior to
those of both SPLA and SALA, which utilization is limited due
to problems of reproducibility and manufacturing. Further-
more, as determined be the ROC curve, the AUC value for the
LAM was the highest among the antigens tested (0.984) and
well above the defined 0.97 threshold level for tests with ex-
cellent accuracy (19). To further access the LAM potential in
assessing clinical leishmaniasis in dogs, we reanalyzed the re-
sults using a stringent 99% specificity cutoff (Table 2). In gen-
eral, we observed a loss of sensitivity in all tested antigens. The
only exception was LAM, which presented a similar level of
sensitivity in the symptomatic group of animals, although a
9.7% decrease in sensitivity was observed for the asymptomatic
group. Nonetheless, the use of this stringent cutoff clearly dem-
onstrated the best overall performance of LAM in the detection
of infections in both groups of infected dogs. Indeed, the use of
LAM in our cohort translates to a concrete improvement of 8.6%
over results with SPLA in the detection of infections in infected
dogs, without raising the above-mentioned problems found with
total Leishmania extracts. Moreover, we obtained an overall im-
provement of 27.1% and 28.5% compared to results with isolated
rK39 and LicTXNPx antigens, respectively.

To further characterize the response associated with each of
the antigens and to investigate the possible improvements in
sensitivity and specificity, we determined the levels of IgG
subclasses (IgG1l and IgG2) in the sera of symptomatic and
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asymptomatic dogs that recognize specifically SPLA, rK39,
LicTXNPx, and LAM (Fig. 4). Several studies have deter-
mined the levels of anti-Leishmania 1gG subclasses (IgG1 and
1gG2) in the sera of symptomatic and asymptomatic dogs (23,
26, 27), although contradictory reports introduce the possible
lack of specificity of the commercial reagents used to detect the
canine IgG1 and IgG2 subclasses (12). Nonetheless, a positive
correlation between IgG2 and IgG for all antigens tested in
both symptomatic and asymptomatic cohorts was observed
(data not shown), confirming that IgG2 is the main contributor
to the humoral response detected (7). In fact, for SPLA the
data obtained with IgG2 were very similar to those obtained
for total IgG, with only marginal gains or losses of sensitivity
and specificity (Table 3). However, this trend was not found
when recombinant proteins were used. The detection of IgG2
anti-LicTXNPx provided a 10.8% loss of sensitivity for the
symptomatic population and a 13.2% loss for the asymptom-
atic population. Interestingly, the IgG2 anti-rK39 levels en-
abled a 22.8% improvement in the detection of the asymptom-
atic population, which resulted in a 9.3% improvement in the
detection of all infected dogs. Also noteworthy was the excel-
lent sensitivity obtained in the asymptomatic cohort using IgG1
anti-LicTXNPx. Indeed, these data confirm our previous ob-
servations in experimental canine infections, where dogs were
infected through the intradermal route, mimicking the asymp-
tomatic infection (35). We speculate that the superior diagnos-
tic performance of total IgG anti-LAM originates from the
combined optimal sensitivity of IgG2 anti-rK39 in asymptom-
atic infections and IgG1 anti-LicTXNPx in asymptomatic ani-
mals. Indeed, LAM antigen reacted very strongly, with the
highest level of sensitivity for both subclasses, with the excep-
tion of IgG1 anti-LicTXNPx in asymptomatic animals. There-
fore, the use of IgG2 anti-LAM, despite an approximately 1%
loss in specificity, translated into an overall 6.4% increase in
sensitivity (97.1%) for the infected population compared to the
use of total IgG (90.7%). Finally, a sensitivity of 100% for
symptomatic and 93% for asymptomatic samples for the IgG2
isotope anti-LAM was the best-performing combination
among all the antigens and subclasses tested.

In conclusion, the present study confirmed the good perfor-
mance of LicTXNPx antigen in detecting asymptomatic Leish-
mania infections and the high level of specificity of rK39 anti-
gen in the diagnosis of symptomatic dogs. Indeed, we
confirmed the potential of rK39 as a diagnostic marker for
CanL in Portugal due to its elevated sensitivity in our study
cohort. The complementarity observed between the two anti-
gens enabled the improvement of a diagnostic method using a
mixture of both recombinant proteins that was defined as
LAM. The LAM-ELISA achieved the highest score in both
symptomatic and asymptomatic dogs among all antigens used.
Moreover, the determination of IgG2 anti-LAM was demon-
strated to enable a superior and specific detection of CanL,
providing the best all-around sensitivity, with 100 and 93% for
symptomatic and asymptomatic dogs, respectively, and a spec-
ificity of 95.4%. Further studies using large cohorts of Canl-
negative dogs from areas in which CanL is endemic and animals
that were submitted to treatment against leishmaniasis will permit
a full assessment of the LAM potential in the detection of active
CanL and the capacity to discriminate between true infections
from past and present contacts with the parasite.
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