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“A scientist in their laboratory is not a mere technician:
they are also a child confronting natural phenomena
that impress them as though they were fairy tales”

Marie Curie

< .
Y una cosa puedo jurar:
yo, que me enamoré de tus alas,
jamas te las voy a querer cortar”

Frida Kahlo
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Summary

Leishmaniosis is a disease caused by parasitic protozoans of the Leishmania
genus which are mainly transmitted through sandfly bites [1,2]. It is considered
a zoonotic disease that affects millions of people mainly in tropical regions,
impacting health and socioeconomic development, and dogs act as the main
reservoir [3]. Leishmania infantum is the specie considered one of the most
relevant infecting dogs, cats and other domestic and wild animals as well as
humans [4]. Clinical canine leishmaniosis is manifested by a broad spectrum of
clinical signs and clinicopathological abnormalities [5]. Cutaneous presentations
are the most common, and papular dermatitis as the sole clinical presentation,
is considered a typical presentation in endemic areas [5,6]. Nevertheless, there
is a gap of knowledge regarding treatment options and management for these
patients with papular dermatitis-mild disease (LeishVet stage I). Leishmania’s
interaction with the host’s immune system involves complex dynamics between
innate and adaptive responses, influencing disease outcome [5]. Adaptive T-cell
immunity play a significant role, with a cellular immune response linked to
disease resistance and humoral response to clinical illness [1,7]. Innate immunity
has recently shown to also play a crucial role controlling the infection and guiding
the development of durable, pathogen-specific adaptive immune responses [8].
Within this, neutrophils are suspected to have a key role particularly in the early
stages of infection, as they are the first immune cells to encounter the parasite and
engulf it [9-13]. Disease progression depends on the interaction between parasite
elimination and its mechanisms of evasion of immune cells [14-16]. Available
treatment choices for Leishmania spp. infection are suboptimal, as despite often
reducing parasite levels and improving clinical signs, they do not completely
eradicate the infection and carry a moderate risk of side effects [17]. Additionally,
treatment effectiveness is limited due to the emergence of resistance mechanisms
in the parasite in endemic areas [18-20]. Consequently, preventive medicine is
considered the cornerstone of infection control and epidemiologic management
(1]. However, currently available preventative tools are deemed insufficient. The
development of an effective vaccine is highly desired, although it has been proven
to be challenging, and available vaccines have shown limited efficacy [21,22].

The general aim of this thesis was to investigate new tools for prevention and
treatment as well as enhancing knowledge regarding innate and adaptive
immunity for canine L. infantum infection. This thesis was divided in three main
studies (chapters 3, 4 and 5).

The first study (chapter 3) aimed to enhance our understanding of treatment
options for dogs affected by papular dermatitis-stage I, and was designed with
the hypothesis that local administration of either meglumine antimoniate or
polyhexamethylene biguanide (PHMB) used alone or in combination with a TLR4
agonist in patients with papular dermatitis leads to a faster resolution of clinical
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signs as well as no significant adverse effects. In addition, dogs with papular
dermatitis show a strong cellular immune response and a weak humoral immune
response with low parasitemia. Thus, its specific objectives were to evaluate the
safety and clinical eflicacy of meglumine antimoniate and topical administration
of PHMB used alone or in combination with a TLR4 agonist in the resolution of
cutaneous lesions in dogs with papular dermatitis due to L. infantum infection,
and to evaluate parasite-specific humoral and cellular immunity as well as
parasitemia at the time of diagnosis and during the follow-up period of these
dogs.

In comparison to the placebo (n=9), the local application of PHMB (alone or
combined with TLR4a, n=9) exhibited a stronger inclination towards resolving
papular dermatitis. On the other hand, local administration of meglumine
antimoniate demonstrated the fastest clinical resolution (n=10) after treatment.
In conclusion, the localized use of meglumine antimoniate seems to be both safe
and clinically effective in treating canine papular dermatitis due to L. infantum
infection.

The second study (chapter 4) was conceived with the explicit goal of bridging
the existing knowledge gap concerning the impact of neutrophils on disease
progression. It was meticulously structured to achieve the following specific
objectives: to assess the variations in peripheral blood neutrophil oxidative
activity by means of the nitroblue tetrazolium reduction test (NBT) rate and to
investigate the potential association between neutrophil oxidative activity and
IFN-y concentrations and antibody levels in dogs in different states of L. infantum
infection. Two hypotheses were made, the first being that healthy seropositive
infected dogs or dogs with mild disease (stage I-papular dermatitis) show a higher
proportion of activated neutrophils in peripheral blood than dogs in moderate to
severe diseases (stages II-III), and the second that IFN-y is positively associated
to activated neutrophils in peripheral blood of dogs with L. infantum infection as
well as inversely related to antibody levels.

The findings from the NBT revealed significantly higher activation of neutrophils
in sick dogs in stage I-papular dermatitis (n=25) compared to the healthy-
seronegative group (n=25), healthy-seropositive group (n=21), stage II group
(n=41), and stage III-IV group (n=16). Healthy-seropositive dogs also displayed
higher values than all groups except stage I.

Concerning IFN-y, dogs in stage I exhibited elevated concentrations compared
to healthy-seronegative dogs, stage II dogs, and stage III-IV dogs. However, no
significant differences were observed between the concentrations of IFN-y in
healthy seropositive dogs and those in stage I. In conclusion, neutrophil activation
was more pronounced in dogs with mild disease and healthy-seropositive dogs,
and a correlation between neutrophil activation and IFN-y production was
observed.
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Resumen

La leishmaniosis es una enfermedad causada por protozoos parasitarios del
género Leishmania que se transmiten principalmente a través de las picaduras de
flebétomos [1,2]. Se considera una enfermedad zoondtica que afecta a millones de
personas, principalmente en regiones tropicales, con un impacto en la salud y el
desarrollo socioeconémico, y los perros actian como su principal reservorio [3].
Leishmania infantum una de las especies mas relevantes en cuanto a la infeccion
de perros, gatos y otros animales domésticos y salvajes, asi como, humanos
[4]. La leishmaniosis canina clinica se manifiesta con un amplio espectro de
signos clinicos y anormalidades clinicopatologicas que se pueden clasificar
en cuatro estadios segun LeishVet. Las manifestaciones cutaneas son las mas
comunes siendo la dermatitis papular, como tinica forma de presentacion clinica,
considerada una presentacion tipica en areas endémicas. Sin embargo, no existe
una recomendacidn clara respecto a las opciones de tratamiento y manejo de
estos pacientes con dermatitis papular-enfermedad leve (LeishVet estadio I). La
interaccion de Leishmania con el sistema inmunitario del huésped implica una
dinamica compleja entre las respuestas inmunitarias innatas y adaptativas que
influyen en el resultado de la enfermedad [5]. Se ha estudiado ampliamente la
inmunidad adaptativa de los linfocitos T y se ha demostrado que desempefia un
papel importante, con una respuesta inmunitaria celular asociada a la resistencia
a la enfermedad y una respuesta humoral relacionada con la enfermedad
clinica [1,7]. La inmunidad innata también parece desempenar un papel crucial
en el control de la infeccidon y guiar el desarrollo de respuestas inmunitarias
adaptativas duraderas [8]. Dentro de esto, se sospecha que los neutréfilos tienen
un papel clave, particularmente en las primeras etapas de la infeccion, ya que son
las primeras células inmunoldgicas en reconocer el parasito y fagocitarlo [9-13].
La progresion de la enfermedad depende de la interaccion entre la eliminacién
del parasito y sus mecanismos de evasion de las células inmunes [14-16]. Las
opciones de tratamiento disponibles para la infeccion por Leishmania spp. no
son Optimas, ya que, a pesar de reducir frecuentemente los niveles de parasitos y
mejorar los signos clinicos, no erradican completamente la infecciéon y conllevan
un riesgo moderado de efectos adversos secundarios [17]. Ademas, la eficacia del
tratamiento se ve limitada por la aparicion de mecanismos de resistencia en el
parasito en areas endémicas [18-20]. En consecuencia, la medicina preventiva se
considera el pilar del control de la infeccién y la gestion epidemioldgica [1]. Sin
embargo, las herramientas de prevencion disponibles actualmente se consideran
insuficientes. Por ello, el desarrollo de una vacuna eficaz es muy deseado, aunque
ha demostrado ser un desafio, y las vacunas disponibles han mostrado una
eficacia limitada [21,22].

El objetivo general dela tesis fue investigar nuevas herramientas parala prevencion
y el tratamiento, asi como, mejorar el conocimiento sobre la inmunidad innata y
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adaptativa de la infeccion por L. infantum en el perro. Esta tesis se dividio en tres
estudios principales (capitulos 3, 4 y 5).

El primer estudio (capitulo 3) tuvo como objetivo mejorar nuestra comprension
sobre las opciones de tratamiento en perros afectados por dermatitis papular-
estadio I, y se diseié con las hipdtesis de que la administracion local de
antimoniato de meglumina o biguanida de polihexametileno (PHMB) solo o
en combinacién con un agonista de TLR4 en pacientes con dermatitis papular
conducia a una resolucién mas rapida de los signos clinicos, sin efectos adversos
significativos. Ademas, los perros con dermatitis papular mostraban una fuerte
respuesta inmunitaria celular y una respuesta inmunitaria humoral débil con
baja parasitemia. Por lo tanto, sus objetivos especificos eran evaluar la seguridad
y eficacia clinica del antimoniato de meglumina y la administracién local de
(PHMB) solo o en combinacién con un agonista de TLR4 en la resolucién de
lesiones cutdneas en perros con dermatitis papular debida a la infecciéon por
L. infantum, y evaluar la inmunidad celular y humoral especifica del parasito,
asi como la parasitemia en el momento del diagndstico y durante el periodo de
seguimiento de estos perros.

En comparaciéon con el placebo (n=9), la aplicacién local de PHMB (solo o
combinado con TLR4a, n=9)) mostré una inclinacién mas fuerte hacia la
resolucion de la dermatitis papular. Por otro lado, la administracion local de
antimoniato de meglumina (n=10) demostrd la resolucion clinica mas rapida
después del tratamiento. En conclusion, el usolocal de antimoniato de meglumina
parece ser seguro y clinicamente eficaz en el tratamiento de la dermatitis papular
canina debido a la infeccion por L. infantum.

El segundo estudio (capitulo 4) se concibi6 con el objetivo explicito de cerrar
la brecha de conocimiento existente con respecto al impacto de los neutréfilos en
la progresion de la enfermedad. Se estructuré meticulosamente para lograr los
siguientes objetivos especificos: evaluar las variaciones en la actividad oxidativa
de los neutrdfilos en la sangre periférica mediante la tasa de nitroblue tetrazolium
test (NBT) e investigar la asociacion potencial entre la actividad oxidativa de los
neutrdfilos y las concentraciones de IFN-y y los niveles de anticuerpos en perros
en diferentes estados de infeccion por L. infantum. Se plantearon dos hipotesis,
la primera de las cuales era que los perros infectados seropositivos sanos o los
perros con enfermedad leve (estadio I-dermatitis papular) mostraban una mayor
proporcion de neutréfilos activados en la sangre periférica que los perros con
enfermedad moderada a grave (estadios II-III), y la segunda era que el IFN-y
estaba positivamente asociado con los neutrdfilos activados en la sangre periférica
de los perros con infeccion por L. infantum, asi como, inversamente relacionado
con los niveles de anticuerpos.

Los resultados del NBT revelaron una activacién significativamente mayor de
los neutréfilos en los perros enfermos en estadio I-dermatitis papular (n=25) en

22



comparacion con el grupo sano-seronegativo (n=25), el grupo sano-seropositivo
(n=21), el grupo en estadio II (n=41) y el grupo en estadio III-IV (n=16). Los
perros sanos-seropositivos también mostraron valores mas altos que todos los
grupos excepto los del estadio 1.

En cuanto al IFN-y, los perros en el estadio I exhibieron concentraciones elevadas
en comparacion con los perros sanos-seronegativos, los perros en el estadio II
y los perros en los estadios III-IV. Sin embargo, no se observaron diferencias
significativas entre las concentraciones de IFN- y de los perros sanos seropositivos
y los del estadio I. En conclusién, la activacién de los neutréfilos fue mas
pronunciada en los perros con enfermedad leve y los perros sanos-seropositivos,
y se observé una correlacion entre la activacion de los neutréfilos y la produccion
de IFN-y.







Resum

La leishmaniosi és una malaltia causada per protozous parasitaris del génere
Leishmania que es transmeten principalment a través de les picades de
flebotomins [1,2]. Es considera una malaltia zoonotica que afecta milions de
persones, principalment a regions tropicals, amb un impacte en la salut i el
desenvolupament socioeconomic, i els gossos actuen com el seu principal
reservori [3]. Leishmania infantum és una de les espécies més rellevants pel que
fa a la infeccié de gossos, gats i altres animals domestics i salvatges, aixi com
humans [4]. La leishmaniosi canina clinica es manifesta amb un ampli espectre
de signes clinics i anormalitats clinicopatologiques que es poden classificar en
quatre estadis clinics segons la classificacié LeishVet. Les manifestacions cutanies
son les més comunes, sent la dermatitis papular, com a inica forma de presentacio
clinica, considerada una presentacié tipica en arees endémiques. No obstant
aixo, no existeix una recomanacio clara respecte a les opcions de tractament i
maneig d’aquests pacients amb dermatitis papular-malaltia lleu (LeishVet estadi I
). La interacci6 de Leishmania amb el sistema immunitari de ’hoste implica una
dinamica complexa entre les respostes immunitaries innates i adaptatives que
influeixen en el resultat de la malaltia [5]. La immunitat adaptativa dels limfocits
T ha estat ampliament estudiada i sha demostrat que juga un paper important.
S’ha trobat una associacié de la resposta immunitaria cel-lular a la resisténcia a la
malaltia, aixi com una associacié de la resposta humoral amb la malaltia clinica
(1,7]. Laimmunitat innata també ha demostrat tenir un paper crucial en el control
de la infeccid, aixi com en guiar el desenvolupament de respostes immunitaries
adaptatives duradores [8]. Dins d’aquesta, es sospita que els neutrofils tenen un
paper clau, particularment en les primeres etapes de la infeccid, ja que sén les
primeres cellules immunologiques a trobar el parasit i fagocitar-lo [9-13]. La
progressio de la malaltia depen de la interaccid entre els sistemes d’eliminacié
del parasit i els seus mecanismes d’evasi6 de les cellules de la immunitat [14-
16]. Les opcions de tractament disponibles per a la infeccié per Leishmania spp.
no sén optimes, ja que, malgrat reduir sovint els nivells de parasits i millorar
els signes clinics, no erradiquen completament la infeccié i comporten un risc
moderat d’efectes secundaris [17]. A més, l'eficacia del tractament es veu limitada
per l'aparicié de mecanismes de resisténcia en el parasit en arees endemiques [18-
20]. En conseqiiéncia, la medicina preventiva es considera el pilar del control de
la infecci6 i la gestié epidemiologica [1]. No obstant aixo, les eines de prevencio
disponibles actualment es consideren insuficients. Per aixo, el desenvolupament
d’una vacuna eficag és molt desitjat, encara que ha demostrat ser un repte, i les
vacunes disponibles han mostrat una eficacia limitada [21,22].

Lobjectiu general de la tesi va ser investigar noves eines per a la prevencid
i el tractament, aixi com millorar el coneixement sobre la immunitat innata i
adaptativa de la infecci6 per L. infantum en el gos. Aquesta tesi es va dividir en
tres estudis principals (capitols 3, 4 i 5).
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El primer estudi (capitol 3) va tenir com a objectiu millorar la nostra comprensié
sobre les opcions de tractament en gossos afectats per dermatitis papular - estadi
I, i es va dissenyar amb les hipotesis que I'administracié local d’antimoniat de
meglumina o biguanida de polihexametile (PHMB) sol o en combinacié amb
un agonista de TLR4 en pacients amb dermatitis papular porta a una resolucié
més rapida dels simptomes clinics sense induir efectes adversos significatius. A
més, els gossos amb dermatitis papular mostren una forta resposta immunitaria
cellular i una resposta immunitaria humoral feble amb baixa parasitémia. Per
tant, els seus objectius especifics eren avaluar la seguretat i eficacia clinica de
I'antimoniat de meglumina i l'administracié local de (PHMB) sol o en combinacié
amb un agonista de TLR4 en la resoluci6é de lesions cutanies en gossos amb
dermatitis papular deguda a la infecci6 per L. infantum, i avaluar la immunitat
cellular i humoral especifica del parasit, aixi com la parasitémia en el moment del
diagnostic i durant el periode de seguiment d’aquests gossos.

En comparacié amb el placebo (n=9), I'aplicaci6 local de PHMB (sol o combinat
amb TLR4a, n=9) va demostrar una inclinacié més forta cap a la resoluci6 de
la dermatitis papular. D’altra banda, administracié local d’antimoniat de
meglumina (n=10) va demostrar la resolucié clinica més rapida després del
tractament. En conclusio, I'ts local d’antimoniat de meglumina sembla ser segur
i clinicament eficag en el tractament de la dermatitis papular canina deguda a la
infeccio per L. infantum.

El segon estudi (capitol 4) es va concebre amb l'objectiu explicit de tancar
la bretxa de coneixement existent pel que fa a I'impacte dels neutrofils en la
progressié de la malaltia. Es va estructurar meticulosament per aconseguir els
segiients objectius especifics: avaluar les variacions en l'activitat oxidativa dels
neutrofils en la sang periférica mitjangant la taxa de nitroblue tetrazolium test
(NBT) i investigar I'associacié potencial entre I'activitat oxidativa dels neutrofils
iles concentracions d’IFN-y i els nivells d’anticossos en gossos en diferents estats
d’infeccid per L. infantum. Es van plantejar dues hipotesis, la primera de les quals
era que els gossos infectats seropositius sans o els gossos amb malaltia lleu (estadi
I-dermatitis papular) mostraven una major proporcié de neutrofils activats en la
sang periférica que els gossos amb malaltia moderada a greu (estadis II-III), i la
segona era que I'TFN-y estava positivament associat amb els neutrofils activats en
la sang perifeérica dels gossos amb infeccid per L. infantum, aixi com inversament
relacionat amb els nivells d’anticossos.

Els resultats del (NBT) van revelar una activacié significativament major dels
neutrofilsen els gossos malalts en estadi I-dermatitis papular (n=25) en comparacié
amb el grup sa-seronegatiu (n=25), el grup sa-seropositiu (n=21), el grup en estadi
IT (n=41) i el grup en estadi III-IV (n=16). Els gossos sans-seropositius també van
mostrar valors més alts que tots els altres grups excepte els de I'estadi I.

Pel que fa a I'ITFN-vy, els gossos en I'estadi I van exhibir concentracions elevades en
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comparaci6 amb els gossos sans-seronegatius, els gossos en l'estadi I i els gossos
en els estadis III-IV. No obstant, no es van observar diferencies significatives
entre les concentracions d’TFN-y dels gossos sans seropositius i els de I'estadi I.
En conclusio, 'activacié dels neutrofils va ser més pronunciada en els gossos amb
malaltia lleu i els gossos sans-seropositius, i es va observar una correlacié entre
l'activacié dels neutrofils i la produccié de IFN-y.
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Justification

Canine leishmaniosis (CanL) is a zoonotic disease that implies a significant
threat to both human and canine populations [1,2]. Among the various clinical
presentations of leishmaniosis in dogs, papular dermatitis-stage I mild disease
is a common manifestation that lacks clear treatment recommendations
[3]. Additionally, understanding the immune response during Leishmania
infection and the development of an effective vaccine formulation are essential
for advancing in the management and prevention of the infection and disease.
This PhD thesis is structured in three studies, each aiming to address a crucial
aspect of CanL management and contribute to the knowledge base for this
complex disease.

Study 1: Testing a new topical treatment for papular dermatitis

Papular dermatitis is a common presentation of CanL [3]. Currently, there is a
lack of clear treatment recommendations for this specific clinical presentation,
leading to uncertainties in the clinical management of affected dogs. Since
papular dermatitis is associated to a Th1 predominant parasite-specific cellular
immunity and low humoral immune response, it is characterized by the absence
of laboratory abnormalities and others clinical signs. Moreover, skin lesions
due to papular dermatitis may undergo spontaneous healing which usually
takes between three and six months. For these reasons, dogs are sometimes not
treated [4,5]. Until now, when treatment is established, the typical treatment
choices have primarily consisted of systemic conventional anti-Leishmania
drugs, which have been associated with the onset of diverse side effects, making
them potentially inappropriate for addressing papular dermatitis [2,6,7]. The
use of local treatment for managing cutaneous leishmaniosis in both humans
and dogs has gained significant attention as a potential therapeutic approach
[8-10]. However, there has been a notable absence of studies evaluating local
treatment for papular dermatitis caused by L. infantum infection in dogs,
despite this being a common manifestation of the disease [2,6,7].

The first study in this thesis aimed to address this gap by conducting a double
blinded randomized controlled clinical study to test new topical treatments
for papular dermatitis. The study involved a cohort of dogs with papular
dermatitis, carefully selected and randomized into treatment and control
groups. The treatment group received two different new local formulations,
while the control group received a placebo. The study was carried out over an
appropriate timeframe (one year follow-up), closely monitoring the progression
of the disease, and assessing the efficacy and safety of the new local treatment.
The results of this study provided valuable insights into the treatment and
management of papular dermatitis and lay the foundation for future clinical
recommendations.
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Study 2: Characterizing neutrophil oxidative metabolism during
different states of L. infantum infection and its relationship with
parasite specific IFN- y and antibody response

The immune response during Leishmania infection plays a pivotal role in
determining the outcome of the disease in dogs. There is increasing evidence
demonstrating the significant role of the innate immune response in controlling
Leishmania infection [11,12]. Among the immune cells involved, neutrophils
have been identified as important contributors to both the parasite clearance
and immunopathology [11,13-15]. Neutrophils are the first cells to migrate to
the site of infection and take up the Leishmania promastigote, acting as the first
line of defense [16-19]. Once phagocytosed, neutrophils activate their defense
mechanisms, including the production of reactive oxygen species (ROS),
which is believed to be a crucial antileishmanial mechanism in phagocytes
(known as the oxidative burst) [20-24]. It is theorized that if the oxidative
burst is successful and limits parasite growth within cells, the infection could
be controlled [25,26]. Hence, the ability or predisposition of neutrophils to
activate the oxidative burst could significantly impact disease progression or
containment. However, their role during different states of canine L. infantum
infection remains poorly understood.

The second study aimed to bridge this knowledge gap by characterizing
neutrophil oxidative metabolism by means of nitroblue tetrazolium reduction
test during distinct states of canine L. infantum infection. By analyzing
blood samples from dogs at different states of infection, the study elucidated
the specific role of neutrophils and their oxidative metabolism in infection
and disease progression and immune regulation. Furthermore, the article
investigated the relationship between neutrophil responses and parasite specific
IFN-y, a critical cytokine involved in the immune response against Leishmania
infection. While previous research has primarily focused on IFN-y’s influence
on adaptive immunity, recent studies have shed light on its ability to modulate
the activity of myeloid cells, including neutrophils, in various ways [27,28].
Considering these findings, it is possible that IFN-y may have an impact on
neutrophils’ ability to eliminate Leishmania amastigotes and promastigotes
they have engulfed. This comprehensive characterization provided essential
insights into the pathogenesis of CanL and contribute to identifying potential
immunomodulatory targets for therapeutic interventions.

Study 3: Pilot study for a Leishmania infantum candidate vaccine

Leishmaniosis is a zoonotic disease with a worldwide distribution that is
considered endemic in many countries like Brazil, India, Spain or France[29,30].
It is considered a serious public and animal health problem [31]. Available
treatments are not always effective and are associated to toxicity, in addition,
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an increase in treatment resistance has been reported [6,32-35]. Prevention
measures play a crucial role in the epidemiologic management of the infection
and disease; however, the currently available tools are deemed insufficient.
Therefore, the development of an effective vaccine is of paramount importance
to address this issue effectively [36]. Despite significant efforts to develop an
effective vaccine against CanL, the currently available vaccines have shown
limited efficacy [37].

The third study in this thesis focused on a pilot study for a promising novel
vaccine formulation. The primary objectives of the pilot study were to evaluate
the immunogenicity and safety of a novel vaccine formulation in a controlled
setting. A cohort of dogs with no prior exposure to Leishmania were immunized,
and their immune responses were closely monitored. Additionally, the study
assessed the safety profile of the vaccine by monitoring adverse effects and
potential vaccine-related complications. The findings from this pilot study serve
as a critical steppingstone for further vaccine development and optimization,
potentially leading to a more efficacious and safer vaccine against CanL.

In conclusion, this PhD thesis aimed to significantly advance the management
and understanding of CanL. By addressing the lack of clear treatment
recommendations for papular dermatitis, characterizing neutrophil oxidative
metabolism, and investigating a candidate Leishmania vaccine, the thesis
contributes to the broader knowledge of leishmaniosis treatment, pathogenesis,
immune response, and preventive strategies. Ultimately, the outcomes of this
research provide valuable insights that can significantly impact the health and
well-being of both dogs and humans affected by this zoonotic disease.
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Introduction






General Introduction

Leishmania is a genus of parasitic protozoan organisms that cause a spectrum
of diseases collectively known as leishmaniosis, ranging from mild cutaneous
lesions to severe systemic clinical signs [1,2]. This neglected vector-borne disease
has a worldwide distribution and is transmitted through the bites of infected
female sandflies from the genus Phlebotomus and Lutzomyia, which serve as
their vector [3,4]. More than 50 distinct species have been identified within
Leishmania genus, and at least 21 are pathogenic to humans [5]. Although this
parasite has been described to infect multiple different mammalian hosts such
as humans, dog is considered as the main reservoir host, with a seroprevalence
in endemic areas that ranges from 3% to 30% [6,7]. Leishmaniosis has been
described to be caused by various Leishmania species, with atleast 13 reported to
infect dogs globally [8,9]. However, among these species, Leishmania infantum
emerges as the most significant etiological agent [8]. As a result, the focus of this
PhD thesis will be directed towards this species.

Additionally, leishmaniosis is considered a zoonotic disease that affects millions
of people mainly in developing countries from regions with tropical and
subtropical climates, in which it is considered a major public health problem
with significant impacts on public health and socioeconomic development [10].

Lifecycle
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Figure 1. Biological cycle of L. infantum and its transmission routes.
Adapted from Solano-Gallego et al. 2011 [1].
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Leishmania spp. has a digenetic biological cycle that includes a metacyclic
promastigote phase and an amastigote phase [11]. The first is an extracellular,
flagellated, and motile form that infects the phlebotomine (sand fly)
gastrointestinal tract. When the sand fly bites the vertebrate host, it injects the
promastigotes under its skin (Figure 1). There, phagocytes such as neutrophils,
dendritic cells and monocytes engulf the parasite [12]. Neutrophils act as a
“Trojan horse” allowing the promastigote to survive and infect macrophages
where it differentiates into the amastigote phase [13]. Through binary division,
amastigotes replicate, leading to the enlargement of the host cell and its eventual
rupture, facilitating the infection of other mononuclear phagocytic cells by the
released amastigotes. Some of these amastigotes are circulating in the blood
stream where they can be ingested by a sand fly when it feeds from the host,
thus initiating a cycle of repetition [11].

In dogs, other non-vectorial transmission routes have been confirmed, such as
venereal transmission [14], transplacental transmission [15], and transmission
through blood transfusion [16]. Additionally, a case of transmission by biting
has been reported in dogs [17].

As mentioned above, L. infantum can infect other mammals, either domestic
such as cat [18,19] and equine [20] or wild mammals as wolf [21], fox [22],
Mediterranean monk seal [23], among others which could potentially act as
reservoirs [24].

Several risk factors associated with L. infantum infection have been documented
in dogs [25]. For example, the risk of seropositivity increases as dog’s age, likely
due to repeated exposure to L. infantum infection [25-28]. Interestingly, there
is a bimodal age distribution, in young dogs (under two years) and another in
older dogs (over eight years) [25]. On the other hand, sex might be another risk
factor, since male dogs have a higher risk of L. infantum exposure compared
to females [27,29], though some studies contradict this finding and find no sex
differences [30,31]. Moreover, different dog breeds show varied susceptibility
to leishmaniosis, with purebred dogs more likely to develop clinical disease
[25,32], while mixed-breed dogs experience clinical leishmaniasis less frequently
[32,33]. However, certain breeds, like the Ibizan Hound, rarely suffer from
clinical leishmaniosis due to their strong parasite specific cellular immune
response [33]. Environmental factors also play a critical role considering that
dogs living indoors have a lower risk of infection compared to those in kennels
or shelters [25]. Moreover, coinfections with other pathogens contribute to the
development of clinical disease in dogs finding that dogs with seropositivity
to other tick-borne diseases were 1.7 times more likely to be seropositive to
L. infantum and 11 times more likely to progress to clinical leishmaniosis if
infected with three or more tick-borne diseases [34].
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Once infection occurs, a wide range of clinical manifestation can be observed
from subclinical infection to very severe disease which is highly dependent on
the immune response of dogs [1].

Immunity

Leishmania is an obligate intracellular parasite that primarily resides within
myeloid lineage cells, including monocytes, macrophages, dendritic cells,
and neutrophils [35]. The interaction between this protozoal parasite and
the host’s immune system is complex and leads to a diverse range of clinical
manifestations, with only a small fraction of infected individuals progressing
to the disease [1]. This interaction plays a pivotal role not only in the dog’s
ability to combat the infection and prevent its progression to clinical stages but
also in the pathogenicity of the disease [11,35-37]. Thus, the manifestations of
leishmaniosis are greatly influenced by the host’s immune response, which is
highly complex, still largely unknown, and is determined by the dog’s genetics
and various acquired factors [11,35].

Both theinnate and adaptive immune responses, as well as their interaction, have
been identified as critical factors in disease development [11,35]. However, innate
immune responses in canine leishmaniosis (CanL) have been less extensively
studied when compared with adaptiveimmune responses. The elements of innate
immunity consist of a collection of disease-resistant mechanisms that are not
tailored to specific pathogens but possess molecular and cellular components
capable of recognizing classes of molecules commonly found in pathogens
[38]. Cells involved in innate immunity, like dendritic cells and macrophages,
directly combat pathogens through processes like phagocytosis. They also
trigger the production of cytokines, which aid in the elimination of pathogens.
Furthermore, the innate immune response plays a crucial role in guiding the
development of durable, pathogen-specific adaptive immune responses [38].
Neutrophils and macrophages play particularly significant roles in the initial
ability of dog’s immune system to control infection. Following inoculation,
Leishmania parasites undergo a transformation from the promastigote form,
which is engulfed by phagocytic cells like neutrophils and macrophages, to
intracellular amastigotes [39,40]. Neutrophils are the first cells to encounter the
parasite, internalizing it and acting as a vehicle to evade the immune system
and reach their final destination, the macrophages [41-43]. Both neutrophils
and macrophages can phagocytize the parasite, which can lead either to its
elimination or contribute to its survival, resulting in parasite persistence and
dissemination within the host. Thus, disease progression depends on the ability
of these cells to eliminate the parasite versus the ability of the amastigotes to
evade the cell’s killing mechanisms [43-45]. If these cells fail to destroy the
parasite, amastigotes can multiply within them until the cell ruptures, releasing
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the parasites into the bloodstream or other interstitial spaces to infect other
cells. Conversely, if the cells are capable of killing the parasite, its growth can be
controlled, leading to a controlled infection [46,47].

Pattern recognition receptors (PRRs) such as Toll-like receptors (TLRs) play a
crucial role in regulating the activation of Th1 or Th2 immunity [38,48]. These
receptors recognize lipophosphoglycan molecules present on the surface of the
flagellated promastigote form of the protozoan parasite, which act as pathogen-
associated molecular patterns (PAMPs) [48]. TLRs are found on the membrane
or intracellular compartments of various cell types, including epithelial cells,
endothelial cells, fibroblasts, and immune cells such as T and B lymphocytes,
macrophages, dendritic cells, and natural killer cells [49]. Upon binding to
their specific ligands, TLRs initiate a series of immune responses, including
immune cell maturation, phagocytosis, microbicidal activity of phagosomes,
and immune activation through various events such as the induction of
inflammatory cytokines like tumor necrosis factor-alfa (TNF-a) and IFN-y
[38,50-52]. These processes contribute to the recognition and elimination of
pathogens and the subsequent activation of the immune system. Ten TLRs have
been described in dogs. It is demonstrated that TLR2, TLR3, TLR4, TLR7 and
TLRY play a role in the infection due to L. infantum and in the dissemination
of the disease [11]. It seems that TLR2 has a protective role against infection
by amplifying the synthesis of the inflammatory cytokines TNF-a and
interleukin-6 (IL-6) in sick, “resistant” dogs and non-infected healthy dogs
[53]. However, it is associated with the pathogenesis in cutaneous lesions of
CanlL [48] and it has been demonstrated that the use of the protein aggregate
of magnesium ammoniumphospholinoleate palmitoleate anhydride (P-MAPA)
which is a TLR agonist (TLRa) in sick dogs improved clinical signs, it was
associated with a reduction in the parasite load on the skin, elevated IFN-y
concentration, and decreased interleukin-10 (IL-10) production. [54]

Regarding the TLR3 and TLR7, they also have a protective function of
recognition and control of Leishmania infection by the production of cytokines.
However, TLR7 showed a stronger response against Leishmania infection than
TLR3 [55-57].

TLR4 plays a role in regulating the growth of Leishmania through both innate
and adaptive immune responses. Moreover, it acts as a potent regulator of
inducible nitric oxide synthase (iNOS), resulting in the death of the parasite
(58].

Studies revealed that TLR9 has a crucial function in attracting neutrophils as
part of the defensive reaction against L. infantum infection, possibly linked to
the activation of dendritic cells [59][11].
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The adaptive T-cell immunity has been extensively studied and recognized
for its critical role in both disease development and resistance. The immune
response to L. infantum infection in dogs involves a complex interplay of T cell
subpopulations and their associated cytokines. In this complex interaction, it
has been consistently observed that a predominantly cellular immune response
isassociated with disease resistance or subclinical forms, whereas a predominant
humoral response is linked to clinical illness [3,60]. A Thl-mediated immune
response, characterized by the release of cytokines such as IFN-y, interleukin-2
(IL-2), and TNF-a, has been specifically linked to a protective cell-mediated
response [11,61]. IFN-y, in particular, plays a significant role as it stimulates
activated macrophages to produce nitric oxide and reactive oxygen species
(ROS), contributing to the elimination of amastigotes and control of L. infantum
infection [62,63] (Figure 2).

Interleukin-17a (IL-17) could also play an important role, as it has been shown
to be implicated in the management of intracellular parasite infections [64].
However, its role in canine leishmaniosis is still a topic of debate. While it has
been associated with protection against visceral leishmaniosis and restricting
parasite growth in dogs and humans, it may also have an inflammatory function
in cutaneous and mucosal forms in humans [65-69].
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Figure 2. Interaction between the parasite and the host’s immune system.
GM-CSF, Granulocyte Macrophage Colony-Stimulating Factor; IFN-y, Interferon-gamma;
IL-4, Interleukin-4; IL10, Interleukin-10; TGF- B, transforming growth factor-beta; TNF- q,

tumor necrosis factor-alfa.

Conversely, a Th2-mediated immune response results in the production
of non-protective cytokines, including interleukin-4 (IL-4), (IL-10), and
transforming growth factor-beta (TGF-{). These cytokines are associated with
a predominantly humoral immune response and disease progression [11,61]
(Figure 2). Maintaining a balanced interaction between proinflammatory Th1
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CD4+ T cells, which aim to inhibit parasite replication, and immunosuppressive
regulatory response mediated by T regulatory 1 cells, which aim to prevent
immune overreaction, is crucial for disease control [35].

The immune response requires a balance between inflammatory and regulato-
ry responses to control L. infantum infection [35]. Prolonged antigen exposure
can lead to immune disbalance resulting in dysfunction [62]. Dogs in a subclin-
ical state and during early stages of infection exhibit a strong immune response
characterized by CD4+ T cell proliferation upon exposure to parasite antigen,
effectively combating intracellular pathogens through IFN-y production and
macrophage activation [35,70,71]. To mitigate potential adverse effects of these
proinflammatory cytokines, a minimal amount of IL-10 is produced, often at
levels that are difficult to detect [72,73]. However, as leishmaniosis progresses,
the immune system gradually loses its ability to maintain the delicate balance
of inflammation without resulting in pathological damage [62,72]. At some
point, a switch occurs in the T cell response from a protective Th1 response to a
regulatory response. This transition to a regulatory response is accompanied by
an increased proliferation of regulatory T cells and the production of regulatory
cytokines, particularly IL-10 [74]. This switch is driven by changes in cytokine
expression and prolonged antigen exposure. An increased IL-10 production re-
duces the proliferation of protective Thl1 CD4+ T cells, resulting in decreased
IFN-y production and impaired macrophage activation [36,75,76]. This shift in
the immune response, combined with increased humoral responses, leads to T
cell exhaustion and unrestricted parasite growth [75,77].

T cell exhaustion refers to the dysfunction of T cells resulting from prolonged
exposure to antigens, and it is characterized by the heightened expression of
inhibitory receptors such as programmed death-1 and cytotoxic T-lympho-
cyte-associated antigen 4 [77,78]. In the case of CanL, there is evidence sup-
porting the occurrence of T cell exhaustion [62]. CD4+ and CD8+ T cells de-
rived from dogs displaying clinical signs of leishmaniosis exhibit elevated levels
of programmed cell death protein-1 (PD-1) expression, reduced proliferation,
and impaired functionality, which can include diminished production of IFN-y
(62,75].

B cells also play a key role in the progression of CanL and its pathogenesis.
They induce a humoral immune response and act as antigen presenting
cells modulating the activation of CD4+ T cells, which in turn activate B
cells to produce antibodies [35]. As disease progresses, the production of
IgG antibodies increases and bind to Leishmania antigen creating immune
complexes (type IIT hypersensitivity reaction) (Figure 3). This process reflects
as hypergammaglobulinemia [79]. When deposited in specific tissues, these
immune complexes provoke vasculitis and tissue damage in particular organs
such as the kidneys, eyes, and skin [80-82] (Figure 3).
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Figure 3. Deposition of immune complexes in L. infantum infection.
Adapted from Solano-Gallego, 2023 [91].

Glomerulonephritis, vasculitis, uveitis, myositis, or polyarthritis are typical
lesions of clinical leishmaniosis in severe stages that can be induced by
immunocomplexes formation [81,82]. Immune complexes also induce the
production of IL-10 by macrophages, which constitutes a negative feedback
loop over the macrophages, reducing its activity and thus, allowing parasite
proliferation [83]. On the other hand, a regulatory B cell population also
increases IL-10 production and down regulates the Thl response allowing
parasite growth [84,85]. Excessive and continuous stimulation of antibodies
produced by B lymphocytes can also trigger type II hypersensitivity reactions
associated with complement-mediated antibody-antigen interactions [81,82].
Other inflammatory components, like neutrophils and Thl7 cells, also
contribute to the inflammatory state, inducing parasite elimination but also
leading to pathology [35]. All these immune challenges affect the balance
between progression to clinical disease and maintaining a subclinical infection.

Disease and clinical staging

As previously mentioned, when a dog acquires the infection due to L. infantum,
a wide spectrum of clinical manifestations can be observed. Because of the
interaction between the parasite and the host’s immune system, the L. infantum
infection presentation varies from a subclinical infection with no clinical signs
nor laboratory abnormalities to a very severe fatal disease [1].
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Given the parasite’s capability to affect various tissues, organs, or systems, it can
give rise to a multitude clinical signs and laboratory abnormalities (Table 1).

Table 1. Clinical signs and laboratory abnormalities found in CanL due to L. infantum.
Modified from Solano-Gallego et al., 2011 [1].

Clinical signs /ﬁ Laboratory abnormalities
General CBC/Hemostasis ‘
® Generalized lymphadenomegaly e Mild to moderate
e Loss of body weight non-regenerative anemia
e Decreased or increased appetite ® Leukocytosis or leukopenia
e Lethargy ® Thrombocytopathy
e Mucous membranes pallor ® Thrombocytopenia
e Splenomegaly, hepatomegaly ® Impaired secondary hemostasis
® Polyuria and polydipsia and fibrinolysis
® Fever Biochemical profile
® Vomiting Serum protein electrophoresis
® Diarrhea (small and large Urinalysis
bowel inflammation) e Hyperproteinemia
Cutaneous e Hyperglobulinemia (polyclonal

beta and/or gammaglobulinemia)
® Hypoalbuminemia
® Decreased A/G ratio
e Renal azotemia
® Elevated liver enzyme activities
® Proteinuria

e Non-pruritic exfoliative dermatitis
with or without alopecia

e Erosive-ulcerative dermatitis
® Nodular dermatitis

® Papular dermatitis

e Pustular dermatitis

® Onychogryphosis

Ocular

e Blepharitis (exfoliative, ulcerative,
or nodular) and conjunctivitis
(nodular)

e Keratoconjunctivitis, either
common or sicca

® Anterior uveitis/ endophtalmitis

Other

® Mucocutaneous and mucosal ulcerative or
nodular lesions (oral, genital, and nasal)

e Epistaxis

® ameness (erosive or non-erosive polyarthritis,
osteomyelitis, polymyositis)

e Atrophic masticatory myositis

e Vascular disorders (systemic vasculitis, arterial
thromboembolism)

® Neurological disorders
® Respiratory disorders
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According to LeishVet guidelines, staging is conducted in canine patients
diagnosed with L. infantum infection, based on clinical signs and/or
clinicopathological abnormalities, in order to facilitate the implementation of
appropriate treatment and monitoring strategies for the patient’s well-being
[82] (Table 2).

Table 2. Clinical staging of CanL based on serological status, clinical signs, laboratory
findings, and prognosis. Modified from Solano-Gallego et al., 2017 [82].

Clinical .. - S % Quantitative s
stages Clinical signs Laboratory findings serology** Prognosis
. . No clinicopathological
M”d célnlcall abnormalities observed. Negative to
Sta_ige ! signs (papufar Normal renal profile: low positive
(mild dermatitis . . Good
disease) or localized creatlnlnel< 1.4‘1 mg/dL, antibody
lymphadenomegaly) non-proteinuric: levels
UPC< 0.5
Diffuse or Clinicopathological
symmetrical abnormalities compatible
cutango_us lesions with L. infantum
(exfolla_tl_ve infection (mild non-
dermatitis, , regenerative anemia,
onychogryphosis, ergammaglobulinemia )
stage II ulcerations in planum and hypoalbuminemia) Lovx{ Fo high
(moderate nasale, Substage pos_ltlve Good to
disease) ears, footpads, i antibody guarded
bony prominences a) Normal renal profile: levels
or mucocutaneous creatinine < 1.4 mg/dl;
junctions, non-proteinuric:
generalized UpC < O_.5 .
lymphadeno-megaly, ~©) Proteinuric:
loss of appetite and creatinine < 1.4 mg/dL;
weight loss) UPC=0.5-1
Dogs, which apart
from the signs listed Clinicopathological
in stages land Il, abnormalities listed Medium to
Stage Il may present signs in Stage II. CKD IRIS high positive Guarded to
(severe originating due to stage 1 with proteinuria antibody boor
disease) immune-complex UPC >1or CKD IRIS levels
deposition (e.g., stage 2 (creatinine
glomerulonephritis, 1.4-2.8 mg/dl)
uveitis)
. Clinicopathological
S?n?savlv:igns gbnormalities listed
listed in Stage in stages Il and Il.
Stage IV I1l. Pulmonary CKD IR'.S stage 3 Medium to
(very thromboembolism (creatinine 2.9-5 mg/dl) hlgh positive Poor
severe or nephrotic ! and CKD IRIS stage 4 antibody
disease) P (creatinine > 5 mg/dl) or levels

syndrome
and end stage
renal disease

Nephrotic syndrome or

marked proteinuria
UPC >5

CKD, Chronic Kidney Disease; IRIS, International Renal Interest Society; UPC, urine
protein:creatine ratio.
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Papular dermatitis

Papular dermatitis is a common cutaneous sign and is considered a typical
presentation in endemic areas. This type of skin manifestation is linked to
LeishVet stage I, which corresponds to mild leishmaniosis [1,86]. The presence
of an efficient Thl-based parasite-specific cellular immunity and a limited
humoral immune response characterizes this cutaneous form. Consequently,
laboratory abnormalities are absent, and there is a lack of systemic clinical
signs. Although self-healing of the skin lesions is possible, the process generally
spans a period of three to six months [87].

Regarding the treatment, papular dermatitis has been scientifically neglected
[1]. In dogs classified as LeishVet stage I, there have been instances of short-
term treatment involving one or two conventional anti-Leishmania drugs (like
meglumine antimoniate, miltefosine, and/or allopurinol), alongside immune-
potentiating treatments (such as domperidone or nucleotides plus active
hexose correlated compound (AHCC)), either individually or combined with
the previously mentioned drugs [1,88]. Alternatively, in certain cases, clinical
monitoring without treatment might be considered. Limited evidence exists
regarding treatment outcomes for dogs in this stage, resulting in the unknown
clinical effectiveness of these treatment options [89].

Interestingly, local treatment as administered in cutaneous leishmaniosis in
humans [90], has not been explored in the context of LeishVet stage I papular
dermatitis caused by canine L. infantum infection.

Treatment

Conventional treatment

The recommended dosage, route of administration, adverse effects, and
mechanism of action of conventional anti-Leishmania drugs in dogs are
detailed in Table 3 [91].

Pentavalent antimonials

Pentavalent antimonials (Sb(V)) are considered first-line drugs for the treatment
of canine and human leishmaniosis in many countries [1]. Currently, there are
mainly two alternatives: meglumine antimoniate and sodium stibogluconate.
Meglumine antimoniate is the most used in dogs and has more studies and
reported cases available [92]. It is also recommended as the first-choice drug for
the treatment of leishmaniosis in humans by the World Health Organization
(WHO). However, its use is associated with certain limitations in both humans
and dogs, including the risk of significant adverse effects, the need for daily
parenteral administration, and the increasing development of parasite resistance
[92]. The effectiveness of Sb(V) has been widely proven, and multiple studies
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Table 3. Most commonly used drugs in conventional anti-Leishmania treatment
(mechanism of action, dosage, side effects, and relapse time). Modified from Solano-
Gallego et al., 2023 [77] and Mird et al., 2017 [92].

Active
Ingredient

Meglumine
antimoniate

Miltefosine

Allopurinol

Mechanisms
of action

Blocking the
parasite’s ener-
gy metabolism
through the
inhibition of the
phosphofruc-
tokinase enzyme

Prodrug that
converts into tri-
valent antimonial
with increased
activity and
toxicity
Promutagenic
agent that
induces toxicity

Impairment of
signaling path-
ways and syn-
thesis of the cell
membrane

Immunomodula-
tory effects
(release of inter-
feron-gamma
and Thi
response)

Interference
with the purine
pathway, leading
to the disruption
of protein trans-
lation and se-
lective parasite
death

100 mg/kg/24 h
or

50 mg/kg/12 h
S.C. for

4-6 weeks

2mg/kg/24 h
P.O. for 28 days

1.2 mg/kg/24 h
P.O. for 5
consecutive
days followed
by a dose of
2.5 mg/kg

for 25 days P.O.

10 mg/kg/12 h
P.O. for 6-24
months

(some cases
require longer
treatments
based on the
clinical stage
and tolerance)

Relapse

Side effects time

Refs.

Gastrointestinal
(vomiting,
diarrhea,
anorexia) *

Local reactions
at the injection
site
Musculoskeletal
disorders (joint
pain and muscle
pain)

Possible renal
and hepatic
damage

[92,
93,

103,
109,
110]

6-12
months

Non-specific:
lethargy,
weakness,
apathy, weight
loss, fever,
persistent cough

Gastrointestinal

(dysorexia,

vomiting, and I,
diarrhea) ** 4-6 122,
Teratogenic, months 126,
embryotoxic, 129]
and fetotoxic

effects ***

Urolithiasis,

nephrolithiasis,

and/or

mineralization of

the renal pelvis

(xanthinuria) *

Mild . . Insufficient [,

gastrointestinal . . 133,
information

symptoms 134]

(nausea,

vomiting,

diarrhea)

Elevation of liver

enzymes (AST,

ALT, and ALP)

ALT, alanine aminotransferase; ALP, alkaline phosphatase; AST, aspartate amino-
transferase; P.O., per oral; S.C., subcutaneous administration. *Most common side effects;
**if administered with food, the risk of these effects is significantly reduced (Solano-
Gallego et al., 2011)[1]. ***Its use is contraindicated during pregnancy and lactation (Mird
et al.,, 2009) [129].
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suggest the existence of different mechanisms of action (Table 3). There are
multiple studies that, collectively, suggest the existence of different mechanisms
of action, either as an active principle or by acting as a pro-drug that converts
into a trivalent antimonial, which seems to exhibit higher activity and toxicity
[93,94].

As an active principle, it has been theorized that Sb(V) has the ability to
disrupt the energy metabolism of Leishmania amastigotes by forming stable
complexes with ribonucleosides, interfering with the parasite’s 3-oxidation
and glycolysis processes, and leading to a depletion of adenosine triphosphate
(ATP) levels. Another hypothesis suggests that Sb(V) acts as a pro-drug that
transforms into its more toxic trivalent form, Sb (III), which is considered an
intermediate (or borderline) metal ion with high affinity for ligands containing
nitrogen or sulthydryl groups [93-95]. Some studies even propose that the in
vivo transformation to Sb (III) is responsible for both its therapeutic activity
and its toxicity [96-98]. One of its anti-Leishmania mechanisms is probably
related to its interaction with biomolecules containing sulthydryl groups,
including thiols, peptides, proteins, and enzymes [93,99-102]. Additionally, Sb
(IIT) could act as a pro-mutagen in vivo, requiring its transformation to exert
an effect [103]. One of the described mutagenic mechanisms might be linked
to the ability of Sb (III) to modify the redox potential of cells, compromising
the activity of antioxidant defense mechanisms like glutathione peroxidase
[95,99,103,104]. Thus, antimonial compounds elevate levels of reactive oxygen
and nitrogen species, leading to toxicity [105-107]. These same mechanisms
could be related to patient harm and the described adverse effects [103]. The
toxicity of antimonials is mainly attributed to their binding to sulthydryl
groups, altering the tertiary structure of proteins and disrupting the activity of
various enzymes [108].

The described adverse effects can be classified into two major groups: signs of
intolerance and signs of intoxication (Table 3). The former usually appear
at the beginning of treatment and are not dose-dependent (changes in
temperature, arthralgia, vomiting, dry cough, and injection site lesions). The
latter can occur even after discontinuing treatment and can affect the heart,
liver, kidney, pancreas, and/or the circulatory system. Historically, meglumine
antimoniate treatment has been associated with kidney damage. Currently,
the most accepted hypothesis is that the main cause of kidney damage during
meglumine antimoniate treatment is the deposition of antibody complexes
at the glomeruli due to parasite death, although the exact impact of tubular
toxicity caused by antimonials is unknown [109-111]. There are multiple studies
that evaluate renal biomarkers in dogs treated with meglumine antimoniate.
Pardo-Martin et al. (2017) described that there were no changes in symmetric
dimethylarginine (SDMA) or tubular damage markers (uGGT/UC) in response
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to the administration of meglumine antimoniate combined with allopurinol.
However, later, Paltrinieri et al. (2018) did describe a reduction in uGGT/UC
[112,113]. On the other hand, Bianciardi et al. (2009) analyzed the effect of
meglumine antimoniate treatment on the kidneys of healthy dogs by taking
biopsies just before and after 27 days of treatment. They observed significant
tubular damage after treatment, although no clinical signs of renal disease
appeared in any subjects [114]. Finally, in a study published in 2019 conducted
on dogs with Leishmania, no alteration in the glomerular filtration rate or
urinary density was observed when administering meglumine antimoniate
[108]. Although there is still much controversy, currently the most accepted
hypothesis is that the main cause of renal damage during leishmaniosis
treatment is the deposition of antibody complexes at the glomerular level,
although the exact impact of tubular toxicity by antimonials is not known with
certainty [115]. Different administration routes have been described, although
intramuscular and subcutaneous routes have a longer presence in the body than
the intravenous route, maintaining good bioavailability, making them superior
[116,117]. Furthermore, Valladares et al., already in 1996, reported that, when
comparing the intramuscular route with the subcutaneous route, very similar
pharmacokinetic behavior was obtained, making the subcutaneous route
preferred due to a lower occurrence of adverse effects (especially related to pain
at the injection site) and convenience [117].

Additionally, the main excretion route for meglumine antimoniate is through
urine (up to 83% is eliminated via this route within the first 9 hours of
administration)[117]. This may be particularly relevant in patients with kidney
damage, as drug elimination could be impaired, leading to increased blood
concentrations.

Miltefosine and other alkylphospholipids

Miltefosine, along with oleilphosphocholine, belongs to the group of drugs
known as alkylphospholipids. These drugs have structural components
related to the group of alkyl-lysophospholipids, which are synthetic analogs
of lysophosphatidylcholine. Miltefosine is an inhibitor of protein kinase B,
which is involved in cell survival [118]. Initially, it was used as a local treatment
for cutaneous metastases in breast cancer patients due to its antineoplastic
properties. In 1987, Croft et al. first described its anti-Leishmania activity in
vitro and in vivo_[119]

Miltefosine has been demonstrated to be a safe and effective alternative for
the treatment of canine leishmaniosis; however, its mechanism of action has
not yet been fully identified [92]. Multiple studies suggest that miltefosine acts
through various mechanisms affecting various molecular action points (Table
3) [91]. Some studies indicate an association between miltefosine and the
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alteration of ether phospholipid metabolism (major components of the parasitic
membrane), glycosylphosphatidylinositol synthesis (involved in virulence), and
intraparasitic transduction signals [120]. On the other hand, in 2005, it was
observed that some strains of Leishmania exposed to miltefosine underwent
changes in the length and saturation level of fatty acids, indicating that fatty
acid metabolism might be a target for the drug [121]. Finally, a study published
by Paris et al. suggests that part of the apoptotic machinery is related to
protease activity [122]. Furthermore, it has also been reported that miltefosine
can exert immunomodulatory effects. It has been observed to induce the release
of certain cytokines such as IFN-y, enhancing macrophage response capability
and promoting a Th1 response [123].

Miltefosine is the first effective oral drug described for anti-Leishmania
treatment. Its use has been described as monotherapy as well as in combination
with allopurinol, and some specialists recommend its use in patients with
renal disease due to the controversy surrounding meglumine antimoniate and
kidney damage. Furthermore, a reduction in proteinuria has been observed in
L. infantum-infected patients treated with miltefosine and allopurinol [124],
similar to what was observed with meglumine antimoniate and allopurinol
treatment [125]. In 2020, a study demonstrated that a deviation from the
usual miltefosine dosage (Table 3) resulted in better tolerance and clinical
effectiveness, a reduction in parasite load, and a lower risk of relapse for the
patient [126]. Resistance to miltefosine has also been reported in dogs infected
with L. infantum [124]. Additionally, it has been observed that dogs can
continue to infect sandflies weeks after treatment is completed, increasing the
transmission of resistant amastigotes [127].

The miltefosine dose and its most commonly described adverse effects are
presented in Table 3. The most common adverse effects are gastrointestinal, such
as anorexia, vomiting, and diarrhea [128]. However, administering miltefosine
with food significantly reduces the risk of these effects [1]. Additionally, its use
is contraindicated during pregnancy and lactation due to observed teratogenic,
embryotoxic, and fetotoxic effects [129].

Allopurinol

Allopurinol is a hypoxanthine analog belonging to the pyrazolopyrimidine
family that blocks xanthine oxidase, interrupting purine metabolism [124].
Its anti-Leishmania activity was first described in 1974 by Pfaller and Marr
[130] and is attributed to the inhibition of the parasite’s hypoxanthine-guanine
phosphoribosyltransferase (HGPRT) enzyme. HGPRT is involved in the
parasite’s purine salvage pathway, converting dephosphorylated purines into
nucleoside monophosphates. The most accepted theory is that phosphorylated
allopurinol is incorporated into nucleic acids, leading to the disruption of
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protein translation and the selective death of the parasite [131-133]. Allopurinol
is widely used due to its activity against L. infantum and its low toxicity, making
it ideal for dogs with kidney damage. It is typically used in combination with
other drugs such as antimonials and miltefosine for prolonged treatment.
However, it can also be used as monotherapy in dogs with milder clinical stages
(I or ITa) or in seropositive healthy dogs with high antibody levels [124]. It is
widely available worldwide, cost-effective, with infrequent and generally mild
adverse effects, and is used for the treatment of human leishmaniosis [133].

The recommended initial dose is shown in Table 3, along with the adverse
effects of this drug [91]. The duration of allopurinol treatment depends on the
severity of the disease (clinical stages), response to treatment, and tolerance to
the drug. In some particularly susceptible patients, indefinite treatment may
be necessary [115]. The decision of when to discontinue allopurinol treatment
should be based on a comprehensive clinical examination (physical examination,
complete blood count, biochemistry, and urinalysis) that should show complete
physical and clinical-pathological recovery, as well as a quantitative serological
testindicatinga marked decrease in antibodylevels (seroreversion or borderline).
Treatment may also be stopped in cases of xanthinuria that does not improve
with low-purine diets or by reducing the total daily dose [1]. In patients with
xanthinuria, if discontinuing treatment is contraindicated, the administration
of a diet based on specific proteins (casein) and increased water consumption
can be considered to reduce the risk of urolithiasis [1]. The development of
resistance to L. infantum treatment is one of the factors that can lead to relapse
in patients with leishmaniosis [133]. Yasur-Landau et al. in 2016 demonstrated,
for the first time in a clinical study, the emergence of allopurinol resistance in
dogs with leishmaniosis and linked it to an increased risk of relapse [133].

Other potential anti-Leishmania drugs

Antibiotics
Aminoglycosides: paromomycin

Paromomycin is a broad-spectrum aminoglycoside that inhibits the 30S
ribosomal subunit of the parasite [124]. When used as monotherapy, relapses
have been reported in 73.8% of cases during the first few months after treatment
discontinuation, as well as dose-dependent significant adverse effects such as
kidney damage or hearing loss [124]. However, in a study where it was combined
with allopurinol, among the 8 dogs that completed the study, no relapse was
observed [135]. Regarding the recommended dosage, different clinical studies
have described a high percentage of patients with a positive clinical response
(86.6-100%) using a subcutaneous dose of 5 mg/kg every 12 hours [124]. On
the other hand, using higher doses than the one described did not result in
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increased efficacy but did lead to increased adverse effects [136]. However, a
more recent study concluded that a dose of 15 mg/kg once daily for 21 days could
be beneficial without causing renal damage [137]. Another study compared the
combined treatment of paromomycin (15 mg/kg subcutaneously once daily for
28 days) and allopurinol with conventional treatment (meglumine antimoniate
and allopurinol) and concluded that although the first treatment was safe
and effective, conventional treatment showed a higher percentage of cases in
complete remission [135]. Therefore, the use of paromomycin and allopurinol
can be considered as a second-line treatment, especially important in countries
where meglumine antimoniate is not available or when its use needs to be
reduced [135].

It is important to highlight that, similar to what is observed with other drugs,
repeated exposure of the parasite to the drug results in the emergence of
resistance, leading to a decrease in effectiveness and the potential transmission
of the resistant parasite through sandflies [138].

Imidazole derivatives: ketoconazole, metronidazole, and combi-
nations

Imidazoles are antifungal compounds that can have antibacterial and
antiprotozoal activity depending on the specific drug. It has been observed that
they can induce parasite death by decreasing glycogen reserves through the
activation of glycogenolysis after phosphorylase activation. They have also been
shown to inhibit nucleic acid synthesis [136].

There are some clinical studies reporting the use of metronidazole and
its combination with other antibiotics (metronidazole/espiramycin and
metronidazole/enrofloxacin and metronidazole/marbofloxacin) in patients
with leishmaniosis, with varying responses, although none of the combinations
have proven to be as effective as conventional treatments [124,136]. There is
not enough evidence to recommend the use of imidazoles in the treatment of
canine leishmaniosis.

Antimicrobial peptides

Antimicrobial peptides (AMPs) are components of the innate immune system
in multicellular organisms whose function is to protect against external
pathogens. The mechanism of action against Leishmania involves disruption
of the plasma membrane by altering the composition of phospholipids, leading
to increased molecular permeability, binding to intracellular targets, and
apoptosis [139].

There is also evidence of modulation of the innate immune response and
modification of the adaptive immune response, for example, by modulating
gene expression, inhibiting the production of proinflammatory cytokines,
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stimulating chemokine expression, promoting wound healing, or inducing
changes in dendritic cells [139].

Artemisinin and derivatives

Artemisinin and its derivatives (ART) have been shown to be effective in
the treatment of certain protozoan parasites such as Plasmodium spp. and
Perkinsus spp. [140]. Currently, there is very little information regarding their
effectiveness in the treatment of leishmaniosis. Some in vitro studies have
reported anti-Leishmania activity of certain artemisinin derivatives against
L. infantum [141]. Furthermore, their effectiveness has been documented in
the treatment of experimentally induced visceral leishmaniosis in mice [142].
In a randomized field study comparing conventional treatment (meglumine
antimoniate and allopurinol) with artesunate in dogs with leishmaniosis, it was
observed that the artesunate-treated group had a lower clinical grade, lower
parasitemia, and a more significant reduction in antibody levels 6 months after
starting treatment. Additionally, all dogs tolerated artesunate well, and no
related adverse effects were observed [143].

Immunomodaulation
The dosage and adverse effects of nucleotides along with domperidone and

active hexose compounds, cytokines and toll-like receptors and autovaccines
are detailed in Table 4.

Table 4. Commonly used immunomodulatory drugs.
Modified from Solano-Gallego et al., 2017 [82].

Active Ingredient Posology Side Effects References

Galactorrhea
Gastrointestinal [144,145]
Behavioral

0,5 mg/kg/24 h

Domperidone P.O. for T month*

Gastrointestinal
Follow manufacturer’s .
Nucleotides+ AHCC  instructions. Teratogenic, [144,147]

P.O. for 6-12 months embryotoxic, and
fetotoxic effects

Follow manufacturer’s No side effects reported
instructions. Parenteral . . [54144,152]
administration Minor local swelling

Cytokines and Toll-
like receptors

Two booster

Autovaccines vaccinations Tml S.C. No side effects [151]
followed at 2-week reported
intervals

AHCC, Active hexose correlated compound; P.O., per oral; S.C., subcutaneous administra-
tion. *Only registered in some European countries for the treatment of mild disease (stage I);
however, published clinical studies are very limited and uncontrolled.
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Domperidone

Domperidone is a dopamine D2 receptor antagonist. This drug modulates the
immune response by increasing prolactin levels, which is related to serotonin
release by the hypothalamus. Prolactin induces an increase in CD4+ T
lymphocytes, resulting in the release of cytokines such as IL-2, IFN-y, and
TNF-a, characteristic of the Th1 immune response, which is vital in the control
of leishmaniosis [144]. It is used for both the treatment of mild disease (clinical
stage I) and the prevention of disease in seronegative and seropositive healthy
dogs [124,145,146).

Nucleotides and active hexose compounds

Oral administration of nucleotides has been observed to modulate the immune
response. They are low molecular weight compounds that positively influence
lipid metabolism and tissue growth and repair [144]. AHCC is a dietary
supplement extracted from basidiomycete mushrooms that has shown the
ability to stimulate the immune system by increasing Th1-mediated response
[124,147]. There is limited evidence for its use in combination with meglumine
antimoniate for the treatment of sick dogs or for the prevention of disease in
healthy dogs infected with Leishmania [147].

Cytokines and Toll-like receptors

TLRs are type I transmembrane proteins considered part of the first line of
defense against pathogens. They are distributed in various locations, such as
the inner membranes of inflammatory cells like macrophages, dendritic cells,
natural Killer cells, and T and B lymphocytes. Their function is to recognize
PAMPs and trigger maturation, phagocytosis, and induction of various
inflammatory cytokines (IL-12, TNF-a, and IFN-y) [11,144].

Some TLRa such as imiquimod and resiquimod have shown efficacy in
the treatment of cutaneous leishmaniosis in humans when combined with
antimonials [148]. However, due to their high costs, their use is currently not
teasible in veterinary medicine.

Regarding cytokines, their protective role in dogs that develop a Thl-type
cellular response has been well-documented. One of the cytokines released
in this pathway is IFN-y, which stimulates macrophage activation to promote
parasite death [11]. In some studies, conducted in humans with leishmaniosis,
the combination of recombinant human IFN-y with pentavalent antimonials
was found to increase treatment effectiveness [149,150].

Autovaccines

In 2012, an autovaccine called Leishtop® (Diomune SL.) was introduced in
Spain as a treatment for CanlL.
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It is prepared from an aspirate of lymph nodes or bone marrow from the
infected animal to collect Leishmania amastigotes, which are then cultured and
obtained as promastigotes. These promastigotes are inactivated and subjected
to a stabilization process.

After the administration of the autovaccine (an initial immunization followed
by a second one 15 days later), the Th1 cellular response is activated, leading to
increased production of cytokines such as IL-12, TNF-a, and IFN-y.

In a study conducted with 44 dogs naturally infected with L. infantum, 85% of
the animals showed clinical improvement after 2 months of treatment [151].

Therapeutic vaccines

Although commercialized vaccines are not approved for the treatment of
infected healthy or sick dogs, some veterinarians use them off-label for
modulating immunity in patients with recurrent or refractory relapses.

Some of the commercialized vaccines for prevention, as well as other vaccines
in development, have been tested as potential immunotherapeutic vaccines
[153-160]. The findings from all these studies were compared in a recent article
which reported that they consistently demonstrate positive outcomes, including
clinical improvement in treated dogs particularly notable in cases of mild or
moderate disease, although the impact on severe disease was more limited [144].
Furthermore, some studies also observed a reduction in the parasitic load [144].

Nanomedicine

Over the pastfewyears, there hasbeen a notable advancement in the management
and therapy of leishmaniosis, facilitated by the integration of nanotechnological
approaches that enhance conventional diagnostic methods and introduce novel
therapeutic agents and strategies [161,162]. Nanomedicine has emerged as a
pivotal player in the enhancement of drug formulations, primarily due to its
emphasis on targeted delivery and controlled release, achieved through the
application of nanodevices and nanomaterials [162,163].

Nanoparticles (NPs) find application in the development of new pharmaceutical
formulations due to their ability to facilitate significant interaction with the
biological environment, achieve sustained and controlled release of the desired
compound, shield the compound from potential enzymatic and hydrolytic
degradation, and decreased toxic effects [164]. Nanoparticles can be produced
through a variety of techniques and using different materials, fitting into
categories like metallic, lipid, or polymeric nanoparticles, as well as including
liposomes, nanoemulsions, and others [165,166]. They can be administered
through a range of routes, including oral, intravenous, pulmonary, topical, and
subcutaneous. Depending on how they are made and what materials are used,
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nanoparticles can display unique physical, chemical, mechanical, and magnetic
characteristics, resulting in various reactions when introduced to a biological
environment [167].

A strategy in this context is the utilization of drug delivery systems that
enhance pharmacokinetic properties, surmounting common drug limitations
such as poor solubility, limited permeability, and enzymatic and hydrolytic
degradation. Furthermore, this enhanced drug efficiency translates to reduced
toxicity by minimizing the required dosage. These drug delivery systems are
employed for precise targeting, augmenting drug concentrations within the
intended cells or tissues [162].

Local or topical treatment

Although there is scarce information regarding local treatments in patients
with Leishmania in veterinary medicine [168], the WHO and the Pan American
Health Organization (PAHO) recommend it as an alternative treatment for
cutaneous leishmaniosis in humans when there are at least four lesions with
a diameter smaller than 4 cm [169]. Local treatments offer simpler application,
lower cost, and lower risk of adverse effects compared to conventional treatments
[169]. Intralesional injections of antimonials (such as sodium stibogluconate or
meglumine antimoniate), cryotherapy with liquid nitrogen, thermotherapy
(localized current field radiofrequency heat), and topical formulations (creams
with paromomycin) have been described [169-171].

Despite cutaneous manifestations are the most commonly findings observed
during clinical examination and might be the sole presentation of the disease
[91], local treatment has barely studied.

Following the LeishVet guidelines, canine cutaneous leishmaniosis (CCL) has
no specific treatment and will be manage according to the stage. New local
treatments have been successfully tested in dogs as the use of an ointment
containing 2% hederagenin glucoside saponins (SS) and 2% chromane-
derived hydrazone (TC2) [172]. Papular dermatitis is considered as stage I-mild
leishmaniosis and its treatment has been scientifically neglected [1]. However,
a short-term use of one or two conventional anti-Leishmania drugs (such as
meglumine antimoniate, miltefosine, and/or allopurinol), has been documented
[91].

Additionally, immune-potentiating treatments involving domperidone or
nucleotides, often combined with AHCC, have been explored alone or in
conjunction with the aforementioned drugs [1,88]. Alternatively, a monitoring
approach without active treatment could be considered in select cases. However,
the efficacy of these treatment options in this stage remains uncertain due to
limited available evidence [89].
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Treatment and prognosis according to clinical stage

The main objectives of treating a patient with leishmaniosis are:

@ Achieving remission of clinical and clinicopathological signs by reducing
the parasite load using anti-Leishmania drugs.

@ Reducing the risk of relapse by using drugs that interfere with parasite
proliferation or stimulate the immune system to induce the development
of effective cellular immunity.

@ Minimizing the occurrence of adverse effects, as far as possible.

In order to accomplish these objectives, therapeutic decisions will depend on

the patient’s clinical condition and the severity of the disease [92].

Clinical stages established by the LeishVet group [82] allow organizing patients
according to the severity of the disease and help determine the need for
treatment and type of treatment, as well as establish the prognosis (Table 5).

Clinical
stages

Stage |
(mild
disease)

Stage Il
(moderate
disease)

Stage Il
(severe disease)

Stage IV
(very severe
disease)

Table 5. Clinical stages, treatment, and prognosis.
Modified from Solano-Gallego et al., 2017 [82].

Treatment

Two posible approaches:
Close monitoring without treatment
Short-term treatment with:

a) Anti-Leishmania drug alone (meglumine antimoniate,

miltefosine, or allopurinol)
b) Immunomodulators alone
c) Combination of both

Meglumine antimoniate +allopurinol
Miltefosine +allopurinol
Substage b: follow IRIS guidelines for CKD.

Meglumine antimoniate +allopurinol

Miltefosine +allopurinol

Follow IRIS guidelines for CKD

Assess the appropriate treatment for Leishmania on a
case-by-case basis for each patient

Follow IRIS guidelines for CKD

Prognosis

Good

Good to
guarded

Guarded
to poor

Poor

CKD, Chronic Kidney Disease; IRIS, International Renal Interest Society.

Currently, there is limited evidence to establish specific treatment
recommendations for dogs in stage I.

Managing patients with severe stages (stages III and IV) is more complex due
to the presence of advanced kidney disease. In these cases, specific therapeutic
options for leishmaniosis should be individualized on a case-by-case basis.
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Prevention

When it comes to preventing Leishmania infection, there are two main
mechanisms. The first involves preventing transmission by targeting the vector
responsible for spreading the disease and the second approach focuses on
enhancing the host’s ability to resist the disease by stimulating a robust immune
response [91,92].

To date, the most effective strategy for preventing Leishmania infection is
centered around vector management [124,173]. Since transmission primarily
occurs through the bite of phlebotomine sand flies, measures aimed at reducing
their population or preventing their bites have proven to be effective [124,173].
This can be achieved through environmental management practices or the use
of repellents [115].

Environmental control

The strategies for environmental control primarily aim to eliminate ideal
breeding sites for sandflies and directly reduce the sandfly population using
insecticides. Sandflies tend to breed in damp and sheltered locations where organic
debris like leaf litter or firewood is abundant [92]. They have successfully adapted
to urban environments and can be found in shaded areas of gardens, containers,
or drains. To effectively control sandflies, it is recommended to thoroughly
clean these areas, removing any organic debris, and apply effective insecticides
specifically targeted at sandflies [92]. Additionally, avoiding outdoor activities
during periods when the vector is most active, typically at dawn and dusk can
also be considered to reduce the risk of Phlebotomus biting, as well as installing
fine-mesh mosquito nets (0.3-0.4 mm). Lastly, implementing indoor insecticide
treatments can further contribute to the prevention of sand fly bites [115].

Vector control

Regarding the use of repellents, there are various formulations available, such
as spot-on treatments, sprays, and collars, which have shown effectiveness
in repelling sand flies, reducing the risk of new infections, and providing
protection against sand fly bites for both healthy and infected dogs [20,174-
181]. These repellents typically contain synthetic pyrethroids, permethrin, or
deltamethrin as active ingredients [92,177-181]. They offer a dual effect, acting
as a deterrent to prevent vector bites and as an insecticide that can eliminate
the sand fly upon contact with the dog, effectively interrupting transmission
between individuals [92].

However, it is important to note that while repellents are helpful, they may not be
completely sufficient in preventing the disease on their own. It is recommended
to combine various preventive measures to further reduce the risk as much as
possible.
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L. infantum infection control
Immunomodulators

Numerous strategies have been investigated to develop immunoprophylaxis
against Leishmania; however, their effectiveness remains limited. These
approaches can be broadly classified into two categories: vaccines and
immunomodulators [91]. Currently, the availability of these products in Europe
is limited. Domperidone stands as the sole immunomodulator specifically
designed for the prevention of L. infantum infection [145,146].

Prophylactic vaccines

Vaccines play a crucial role in preventing infectious diseases by providing
effective and protective immunity, and this could include CanL. However,
achieving this level of immunity through vaccination remains challenging
[182,183]. When evaluating potential vaccines against Leishmania, it is essential
to understand the characteristics of protective immunity. Since Leishmania is
an intracellular pathogen, the primary goal of a vaccine against it is to elicit
a predominantly Thi-type cellular immune response [182-184]. This response
is characterized by an efficient antigen presentation with a subsequent IFN-y
production by T cells [183,184]. PRRs, such as Toll-like receptors and nucleotide
oligomerization domain (NOD)-like receptors, are vital for recognizing the
parasite’s surface molecules, known as PAMPs, and for initiating an appropriate
immune response [12]. Many existing Leishmania vaccines incorporate PAMPs
as antigens, adjuvants, or both.

The innate immune system also plays a crucial role in clearing Leishmania
infections by enabling intracellular killing through the production of oxygen
radicals within infected macrophage phagolysosomes [35,92]. If PRRs correctly
recognize antigens and activate an appropriate Thl response, IFN-y will be
released, inducing macrophages and other immune cells to produce oxygen
radicals, increasing the chances of killing the parasite and controlling the
infection [35,92].

Currently, there are two licensed vaccines available for the prevention of
leishmaniosis in dogs. These include Leish-Tec®, which contains a recombinant
single-protein antigen, and Letifend®’, which consists of a recombinant
polypeptide antigen [92,185]. Leish-Tec® is authorized for use in Brazil, while
Letifend® is approved for use in Europe [124,185]. Additionally, two other
vaccines, namely Leishmune® and Canileish’, were previously marketed.
Leishmune® was available in Brazil, while Canileish® was available in Europe.
However, both vaccines have been withdrawn from the market [185].
Additionally, a new vaccine, Neoleish, has recently been presented at the
WorldLeish congress 2022. Field trials performed on commercially approved
CanL vaccines are summarized in Table 6.
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Leishmune® (Fort Dodge Wyeth, later Zoetis, Brazil)

Leishmune®, introduced as the first licensed vaccine for CanL in 2004, is a
second-generation vaccine composed of the fucose-mannose ligand (FML) of
L. donovani, combined with a saponin adjuvant [186].

Immunogenicity studies conducted on FML-vaccine in mice demonstrated
its ability to induce specific seroconversion, enhanced lymphoproliferative
response, and a positive delayed-type hypersensitivity (DTH) reaction to L.
donovani antigens [187-190]. The vaccine also showed promise in reducing
parasite burden in the liver of previously immunized animals during
experimental infection [188-190], and it exhibited cross-protective efficacy
against L. infantum infection [191].

Phase III field trials conducted in endemic areas in Brazil evaluated the efficacy
of the FML-vaccine. The first trial used FML antigen with Riedel de Haén
saponin as the adjuvant and reported a vaccine efficacy of 76% and a protection
rate against CanL of 92% [192]. However, the study design had some limitations,
such as a lack of randomization and unclear criteria to classify dogs as infected
or diseased.

The second trial utilized FML antigen with QuilA saponin as the adjuvant
and reported a vaccine efficacy of 80% and 95% vaccine protection against
CanL [186]. Although it employed a similar case detection methodology to the
previous trial [192].

A large-scale field study involving 600 owned dogs in CanL endemic areas
provided further evaluation of Leishmune® [193,194]. The vaccine was found
to be safe and well-tolerated, with no severe adverse reactions observed [193].
Vaccinated dogs showed sustained specific seroconversion and positive DTH
reaction [194]. Compared to the control group, vaccinated dogs exhibited higher
rates of asymptomatic and healthy survivors [194]. However, due to potential
variations in infection rates across different locations regarding control and
infected groups, and the use of different criteria to diagnose infections in dogs,
statistical comparisons between the vaccine and control groups may not be
entirely reliable [194].

Subsequent studies confirmed a T-cell-dependent profile promoted by
Leishmune®, including the up-regulation of CD8+ lymphocytes, enhanced levels
of IFN-y, NO, anti-L. infantum 1gG2, IL-17a, TNF-a, as well as the stimulation
of neutrophils and monocytes [195-199].

Leishmune® was considered a transmission-blocking vaccine and showed
potential in inhibiting parasite binding to sandfly midguts [200,201]. However,
the methodology of comparative studies assessing the infectiousness rate in
Leishmune®-vaccinated dogs compared to controls was also not reliable [202].
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However, vaccination with Leishmune® was reported to reduce the incidence
of CanL and human leishmaniosis (HL) in Brazilian endemic areas, with
correlations observed between the number of vaccinated dogs and a decrease in
CanL and HL cases [203].

Regarding canine serological screening, variations in seropositivity detection
using different diagnostic tests were observed, making it challenging to
distinguish vaccinated dogs from naturally infected dogs in some cases [204-
207].

Finally, the production and marketing license of Leishmune® were withdrawn
in 2014 by the Brazilian Ministry of Agriculture due to insufficient evidence of
effectiveness in phase III trials [208].

Canileish® (Virbac, France)

Canileish® was a licensed vaccine for CanL introduced in Europe in 2011
[185,209]. It contains purified excreted-secreted proteins of L. infantum (LiESP)
and is adjuvanted with a purified fraction of the Quilaja saponaria saponin
(QA-21) [185,209].

Before the release of Canileish, studies evaluated LiESAp with the adjuvant
muramyl dipeptide (MDP) [210-213]. These studies demonstrated that
vaccination with LiIESAp induced a specific humoral response characterized by
IgG2 antibodies against LIESAp, along with a predominantly Thl-type cellular
immune response. The vaccine conferred high protection against experimental
L. infantum infection in both laboratory and field studies, with efficacy rates of
100% and 99.4%, respectively [210-212]. Notably, no adverse effects, apart from
mild local reactions, were reported [210-212]. However, this formulation was
never authorized, instead a new adjuvant was added in substitution of MDP to
create Canileish®, which was licensed in Europe.

In an initial phase I experimental study conducted on Beagle dogs, Canileish®
vaccination induced specific antibodies to LiESP and parasite surface antigen
(PSA), with a bias towards an IgG2 profile. The vaccine also elicited a cellular
immune response, as vaccinated animals showed a specific T-cell response and
increased production of IFN-y. Furthermore, monocyte-derived macrophages
fromvaccinated dogs exhibited enhanced capacity for parasitekilling, expression
of inducible nitric oxide synthase (iNOS), and production of nitrogen dioxide
(NO) [209]. These markers were evaluated for up to one year after vaccination,
showing persistent changes [214].

However, efficacy field trials of Canileish® in endemic areas reported varying
results. The first field trial conducted on naturally exposed dogs showed a
significant difference in the number of dogs with active infection (33.3% in the
control group vs. 12.2% in the vaccinated group) and symptomatic cases (23.1%
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in the control group vs. 7.3% in the vaccinated group) between the two groups.
However, no significant difference was observed in the proportion of dogs with
a positive PCR result, suggesting that the vaccine does not prevent the entry
and migration of the parasite to deeper tissues. Vaccinated dogs also exhibited
a reduced progression to fatal stages compared to the control group [215].

However, in additional studies performed later, no significant difference was
found in the development of active symptomatic infections or the number of
PCR-positive dogs between vaccinated dogs and the control group [26,216].
The vaccine was also assessed for its impact on the infectiousness potential
of Leishmania-infected dogs through a xenodiagnosis study, which showed
no difference in the rate of sandfly infection between the vaccinated and
control groups [217]. However, CaniLeish® reduces the intensity of infection in
Phlebotomus perniciosus fed on L. infantum infected dog

An additional limitation of using this vaccine is its interference with the
serologic diagnosis of leishmaniosis, as the assay cannot distinguish between
vaccine-induced antibodies and those produced in response to natural infection
[215,218-221]. Canileish® was withdrawn from the market in 2021.

Leish-Tec® (Hertape Calier Saude Animal, later Ceva, Brazil)

Leish-Tec® is an anti-Leishmania vaccine formulated with a recombinant
A2 protein derived from L. donovani amastigotes, along with saponin as an
adjuvant which was authorized in Brazil in 2007 [185]. Studies conducted in
murine models showed that immunization with the recombinant A2 protein
resulted in significant protection against experimental L. donovani infection, as
evidenced by lower parasite burden in vaccinated animals compared to controls
[222]. The vaccine induced a specific humoral immune response and triggered
a mixed Th1-Th2 cell-mediated immune response, characterized by increased
production of IFN-y [222].

In Beagle dogs subjected to a high-dose challenge with L. infantum, vaccinated
dogs exhibited elevated levels of anti-A2 IgG2 antibodies and higher production
of IFN-y. These dogs also experienced a delayed onset of clinical signs compared
to the control group, although the parasite was still detectable in the bone
marrow samples of 57% of the vaccinated dogs [223]. Thus, while the vaccine
demonstrated the induction of protective immunity, it provided only partial
protection against the parasite [223]. However, in a xenodiagnosis study, Leish-
Tec® was found to significantly reduce the infectivity of dogs to sandflies [202].

Safety analysis indicated that the vaccine only caused mild, site-specific adverse
reactions in 3.09% of vaccinated dogs [159]. Furthermore, it did not induce non-
specific seroconversion or cross-reactivity with diagnostic tests in the majority
of vaccinated animals [224].
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Two field trials have been conducted to assess the efficacy of Leish-Tec®. The first
trial showed a significant reduction in the number of CanL cases based on various
criteria, including parasitological tests, xenodiagnosis, and seroconversion to
A2 antigen. However, there was no statistically significant difference in the
prevalence of sandfly pools feeding on vaccinated dogs, indicating no reduction
in infectiveness [225]. The second efficacy trial reported a lower incidence of
infection in the vaccine group (27%) compared to the control group (42%).
However, among seropositive animals, a higher proportion of vaccinated dogs
developed the disease, suggesting limited effectiveness under field conditions
[226]. Additionally, a systematic review had previously raised questions about
the efficacy of the Leish-Tec® vaccine, further adding to the controversy [227].

Finally, a comparative study between Leishmune® and Leish-Tec® found no
significant differences in humoral response or infection and transmission rates
to the sandfly vector, except for a higher rate of adverse reactions observed in
the Leish-Tec® group [25].

Letifend® (Laboratorios LETI, Spain)

Letifend®, developed by Laboratorios LETI in Spain, is a licensed recombinant
vaccine for CanL in Europe available since 2016 [185]. It consists of a chimerical
protein known as protein Q, which is composed of five antigenic fragments
derived from different L. infantum proteins (ribosomal proteins LiP2a, LiP2b,
LiPO0, and histone H2A). Notably, Letifend® does not contain any adjuvant [185].

The potential of protein Q to induce immunization against L. infantum was
initially demonstrated in murine models [228,229]. In early experiments, protein
Q was combined with live bacillus Calmette-Guérin (BCG) as an adjuvant, and
when vaccinated dogs and mice were challenged with L. infantum experimental
infection, the vaccine exhibited the ability to prevent parasite establishment
[228]. However, due to safety concerns associated with BCG, alternative
adjuvant combinations were tested, but no significant differences were observed
comparing these to a control group, suggesting that the previously observed
protective effect may have been attributed to live BCG [230,231].

Nevertheless, in a separate study where protein Q was administered without
adjuvants, as in the commercial LetiFend® formulation, a protective effect was
observed in vaccinated dogs [232]. Additionally, in a phase III clinical trial
involving 549 dogs exposed to natural infection, the vaccinated group showed a
significantly lower proportion of infected dogs (4.7%) compared to the control
group (10.2%) after a two-year study period [233]. The vaccine demonstrated a
vaccine efficacy of 72% in preventing clinical signs of CanL and significantly
reduced the likelihood of confirmed CanL cases or the development of clinical
signs in vaccinated dogs [233].
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Importantly, no adverse effects were observed in laboratory or field studies,
and LetiFend® did not produce false-positive results in L. infantum serological
diagnostic tests [232-234]. These findings indicate a good safety profile and
compatibility with existing diagnostic methods.

Overall, although its limited effectiveness, LetiFend® has shown promising
results and has demonstrated a favorable safety profile. However, further studies
are needed to better understand its long-term effectiveness.

New vaccines: Neoleish® (in development by VZ Vaccines, Spain)

A new vaccine against Leishmania infantum in dogs has been recently
reported in the 7" WorldLeish congress [240], the following information has
been obtained from this congress, but it has to be taken in account that these
studies have not yet been published in indexed journals. This vaccine has
been developed utilizing a bacterial plasmid (DNA) that encodes the LACK
gene of L. infantum, and without any adjuvants or preservatives. The vaccine
is administered intranasally in two doses over a two-week period. The LACK
protein, is an analog of the activated C-Kinase receptor and is expressed in
both amastigotes and promastigotes. This protein is highly conserved, and it is
known to elicit an immunological response [241].

Clinical studies have been conducted to evaluate the efficacy and safety of this
vaccine. In phase I studies involving healthy dogs, the vaccine demonstrated
no local or systemic reactions, as well as no hematological or biochemical
alterations. Additionally, the vaccine did not interfere with serology results.

Phase II studies conducted with experimentally infected dogs showed
promising results. Dogs vaccinated with the DNA vaccine exhibited a lower
parasite burden in bone marrow and tissues, along with a reduction in clinical
signs. The vaccine also stimulated a Th1 cellular immune response both post-
vaccination and post-infection, indicating its ability to induce a protective
immune response. Notably, the dogs received an infectious dose 10° times
higher than the natural dose.

In phase III field studies involving a larger sample size of 180 vaccinated dogs
compared to 180 control dogs, no observed adverse reactions were reported.
Additionally, vaccinated dogs showed a reduction in parasite burden, a lower
number of infections, and increased resistance to the disease. Additionally, the
severity of clinical signs was reduced in vaccinated dogs.

These findings suggest that the vaccine is apparently safe and can stimulate a
Thl immune response, resulting in a decrease in parasite burden and a lower
incidence of active infections. It is important to remind once again that all the
mentioned studies are currently unpublished. Further research and publication
of the studies are necessary to provide additional evidence and establish its
potential as an effective preventive measure against canine leishmaniosis.
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Other non-commercialized vaccines

Numerous other Leishmania antigens have been identified as potential vaccine
candidates; nonetheless, only a few have undergone rigorous evaluation in field
trials [227]. The quality of evidence from many existing studies is compromised
by methodological limitations and insufficient statistical power, which hampers
the comprehensive assessment of the effectiveness of this vaccines [227]. An
overview of Leishmania antigens that have been evaluated as potential vaccine
candidates (either in murine or canine) are summarized in Table 7.

Table 7. Leishmania antigens evaluated as potential vaccines candidates.
Modified from Keerti and N.K., 2015 [242].

First generation vaccine candidates

Antigen Description of antigen Adjuvant Refs.
Life attenuated Leishmania parasite

L. donovani Radio-attenuated L. donovani No [243]

SIR2 (silent information regulatory 2)

L. infantum deficient L. infantum amastigotes No [244]

L. flonovanl, Long ter_m culture of LIESP Gentamycin [245]

L. infantum promastigotes

L. donovani BT1 (blopter!n transporter) knock No [246]
out promastigotes

L. tarentolae Live attenuated nonpgthogemc No [247]
L. tarentolae promastigotes

L. amazonensis Ph.o_todynamlc vaccination with ' No [248]
suicidal mutants of L. amazonensis

Life attenuated Leishmania parasite

L. major Alum 'preC|p|tated autoclaved BCG _(Bacnlus Clamette [249]
L. major Guerin)

L. donovani Autoclaved or heat killed L. donovani  No [250]

L. major Autoclaved L. major BCG (Bacillus Clamette 5,

Guerin)

Second generation or purified antigen

Antigen Description of antigen Adjuvant Refs.

Acidic ribosomal protein PO

PO of L. infantum No [252]
CPI and CPII L. infantum cysteine proteinases Cationic sphd lipid [253]
A and B nanoparticles
Salmonella
typhimurium or BCG
Surface expressed glycoprotein or cationic liposomes
GP63 P glycop or monophosphoryl [254]

GP63, or leishmanolysin Fucose lipid A-trehalose

dicorynomycolate
(MPL-TDM)

A



Table 7 (cont.). Leishmania antigens evaluated as potential vaccines candidates.

Modified from Keerti and N.K., 2015 [242].

Second generation or purified antigen

Antigen

FML

GP36

LIESAp

rLdccys1

SLA

rLdp45

rLelF-2

rLdPDI

rA2

KMP-11

rLeish-111f
(Polyprotein
vaccine)

Ldp27

pSP

rSMT

Description of antigen

Fucose mannose ligand Purified

Purified antigen from FML complex

Naturally excreted/secreted antigens
purified from culture supernatant of
L. infantum promastigotes

Recombinant cysteine proteinase

Soluble leishmanial antigen

Recombinant L. donovani p45
(rLdp45). Ldp45 is a member of the
methionine aminopeptidase family

L. donovani elongation factor-2
protein (LelF-2)

Protein disulfide isomerase (PDI) is
a chaperone involved in virulence
and survival of Leishmania parasite.
(rLdPDI: recombinant L. donovani
protein disulfide isomerase)

Recombinant protein specific to
L. donovani amastigotes

Kinetoplastid membrane protein-11
(KMP-11)

Leish-1M1f is a polyprotein derived
by fusion of three antigens namely
L. major homologue of eukaryotic
thiol-specific antioxidant (TSA),

L. major stress inducible protein 1
(LmSTI) & L. braziliensis elongation
and initiation factor (LelF)

L. donovani amastigote-specific
protein p27 (Ldp27), which is a
component of an active cytochrome
C oxidase complex

Secretory L. donovani serine
protease

Sterol 24-c-methyltransferase (SMT)
is one of the identified Ags. SMT is
an enzyme involved in biosynthesis
of ergosterol, which is a target
molecule of leishmanicidal and
fungicidal drug amphotericin B

72

Adjuvant

Saponins (Riedel De
Haen, QuilA, QS21),
IL12, BCG

Saponin

MDP (Muramyl
dipeptide)

BCG/
Propionibacterium
acnes

Monophosphoryl
lipid-trehalose
dicorynomycolate
(MPL-TDM)

No

No

P. acnes

CpG-ODN

MPL-SE
(monophosphoryl

lipid A plus squalene)

and/or Glucantime

IL-12

MPL-SE
(monophosphoryl

lipid A plus squalene)

and/or Glucantime

Refs.

[255]

[190]

[256]

[257]

[258]

[259]

[260]

[261]

[262]

[263]

[158]

[264]

[265]

[266]



Table 7 (cont.). Leishmania antigens evaluated as potential vaccines candidates.
Modified from Keerti and N.K., 2015 [242].

Second generation or purified antigen

Antigen

Histone H1

HSP70 and
HSP83

LBSap

GP63 and
HSP70

rLiHyp1

Aldolase

LirCyP1

LdSir2HP

L3 and L5

NS protein
(LEISH-F3)

8E/p21/SMT

Description of antigen

Bone marrow-derived dendritic cells
(BM-DCs) pulsed with the
L. infantum histone H1

Heat shock protein

L. braziliensis antigens plus saponin
(LBSap) vaccine

Cocktail vaccine (GP63 + HSP70 +
MPL-A and GP63 + HSP70 + ALD)

Hypothetical Leishmania amastigote-
specific protein (LiHyp1)

Central glycolytic enzyme in
carbohydrate metabolism

Found in several intracellular
compartments and extracellularly.
Possess peptidylprolylcis-trans
isomerase activity

Characterized by a conserved
catalytic domain that exerts unique
NAD-dependent deacetylase
activity. Potent immunestimulatory
protein

Leishmania major ribosomal proteins

Chimeric protein by the combination
of nucleoside hydrolase and sterol
24-c-methyltransferase

Chimeric fusion protein by the
contiguous expression of the 8E, p21
and SMT genes

Third generation vaccines

Adjuvant

CpG ODNs

MPLA, ALD

Saponins

MPL-A, ALD

Saponin

Freund’s adjuvant

Mouse recombinant
IL-12

Freund’s adjuvant

Phosphorothioate-
modified CpG-ODN

Glucopyranosyl
lipid A

GLA-SE

Refs.

[267]

[268]

[152,269]

[270]

[27]

[272]

[273]

[274

[275]

[276

[277]

Antigen

Description of antigen

Antigen-encoding DNA plasmid vaccines

ORFF

A2

LACK

KMP-11

NH36

Open reading frame fragment

Antigen specific to L. donovani
amastigotes

Leishmania homologue of receptors
for activated C kinase

Kinetoplastid membrane protein-11

Nucleoside hydrolase (NH36) is a
vital enzyme of L. donovani used in
the synthesis of parasite DNA
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Expression vector

pcDNA3Z1

A2-expressing
Lactococcus lactis

pCl-neo

pCMV-LIC

VR1012

Refs.

[278]

[279]

[280]

[281]

[282]



Table 7 (cont.). Leishmania antigens evaluated as potential vaccines candidates.

Modified from Keerti and N.K., 2015 [242].

Third generation vaccines

Antigen

Description of antigen Expression vector Refs.

Heterologous prime-boost vaccines

Recombinant vaccinia

Leishmania homologue of receptors virus (rvV)/ modified

LACK for activated C kinase prime boost L [283]
vaccine vaccinia virus Ankara
(MVA)
L. infantum cysteine proteinase type
CPI + CPII I (CPI) and Il (CPII) prime boost PCB6 [284]
vaccine
L. infantum cysteine proteinase type
cPill 111 (CPIII) prime boost vaccine PCDNA [285]
KMP-11 Kinetoplastid membrane protein-11 rvv [286]
A2 + CPI + A2 antigen and cysteine proteinases
cPIl (CPI and CPII) of L. donovani PCDNA [287]
Recombinant L. donovani ribosomal
rLdP1 BT gene (rLAPT) PVAX [288]
TRYP Tryparedoxin peroxidase (TRYP) Modified vaccinia [257]
rypar xin perox virus Ankara (MVA)
Cysteine proteinase of 30 kDa from
Ldccys1 L infantum PcDNA3 [289]
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Hypothesis

As previously described in the introduction and in the justification, the
hypotheses of this doctoral thesis are described below.

Hypothesis 1.a)

Topical administration of polyhexamethylene biguanide (PHMB) used alone or
in combination with a TLR4 agonist in patients with papular dermatitis leads to
a faster resolution of clinical signs and no significant adverse effects.
Hypothesis 1.b)

Topical administration of meglumine antimoniate in patients with papular
dermatitis leads to a faster resolution of clinical signs and no significant adverse
effects.

Hypothesis 1.c)

Dogs with papular dermatitis show a strong cellular immune response and a
weak humoral immune response.

Hypothesis 2.a)

Healthy seropositive infected dogs or dogs with mild disease (stage I-papular
dermatitis) show a higher proportion of activated neutrophils in peripheral
blood than dogs in moderate to severe diseases (stages II-III).

Hypothesis 2.b)

IFN-y is positively associated to activated neutrophils in peripheral blood of
dogs with L. infantum infection as well as inversely related to antibody levels.
Hypothesis 3.a)

A candidate vaccine for L. infantum induces a protective immune response
characterized by a strong cellular immune response and a mild specific hu-
moral response as well as a good safety profile when administered to healthy
beagles.
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Objectives

The general aim of this thesis was to investigate new tools for prevention and
treatment as well as enhancing knowledge regarding innate and adaptive
immunity for canine L. infantum infection.

Objective 1.a)

To evaluate the safety and clinical efficacy of topical administration of
polyhexamethylene biguanide (PHMB) used alone or in combination with
a TLR4 agonist in the resolution of cutaneous lesions in dogs with papular
dermatitis due to L. infantum infection.

® To evaluate the occurrence of local or systemic side effects of topical
administration of PHMB used alone or in combination with a TLR4
agonist (by performing a complete physical and clinical exam during
the drug’s administration and comparing the results with placebo
administration.

® To evaluate clinical efficacy of topical administration of PHMB used
alone or in combination with a TLR4 agonist in dogs with papular
dermatitis due to L. infantum by performing a physical exam and
lesion follow-up at days 15, 30, 60, 90, 180, and 365 and registering the
evolution of the lesions and possible relapses and comparing the results
with placebo administration.

Objective 1.b)

To evaluate of the safety and efficacy of topical administration of meglumine
antimoniate in the resolution of cutaneous lesions in dogs with papular
dermatitis due to L. infantum infection.

@ To evaluate the occurrence of local or systemic side effects of meglumine
antimoniate by performing a complete physical and clinical exam during
the drug’s administration and comparing the results with placebo
administration.

® To evaluate clinical efficacy of topical administration of meglumine
antimoniate in dogs with papular dermatitis due to L. infantum by
performing a physical exam and lesion follow-up at days 15, 30, 60, 90,
180, and 365 and registering the evolution of the lesions and possible
relapses and comparing the results with placebo administration.
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Objective 1.¢)

To evaluate parasite-specific humoral and cellular immunity as well as
parasitemia at the time of diagnosis and during the follow-up period of dogs
with papular dermatitis throughout treatment with topical administration of
meglumine antimoniate or PHMB used alone or in combination with a TLR4
agonist.

@ To evaluate parasite-specifichumoral response by measuring L. infantum
antibody levels by quantitative serology using an in-house Enzyme-
Linked ImmunoSorbent Assay (ELISA) at the time of diagnosis and at
days 15, 30, 60, 90, 180, and 365.

@® To evaluate the cellular immunity by measuring IFN-y concentration
with cytokine release whole blood assay at the time of diagnosis and at
days 30, 90, 180, and 365, and measuring IL-17a concentrations with the
same procedure at days 0, 30, and 365.

® To evaluate parasitemia by performing blood DNA extraction and
Leishmania real-time PCR from blood samples taken at days 0, 30, and
6 or 12 months.

® To evaluate neutrophils oxidative activity by performing nitroblue
tetrazolium reduction test (NBT) from blood samples taken at days 0,
30 and 360.

Objective 2.a)

To assess the variations in peripheral blood neutrophil oxidative activity in
dogs with different stages of L. infantum infection by means of NBT rate.

@® To assess and compare the NBT rate from peripheral blood in healthy
seronegative dogs, Leishmania-seropositive but clinically healthy dogs,
dogs with mild disease-LeishVet Stage I, dogs with moderate disease-
LeishVet Stage IT and dogs with severe disease-LeishVet stage III and
very severe disease-LeishVet stage IV.

Objective 2.b)

To investigate the potential association between neutrophil oxidative activity
and IFN-y concentrations and antibody levels in dogs in different states of L.
infantum infection.

@® To assess IFN-y concentration by performing cytokine release whole
blood assay in healthy seronegative dogs, Leishmania-seropositive but
clinically healthy dogs, dogs with mild disease-LeishVet Stage I, dogs
with moderate disease-LeishVet Stage II and dogs with severe disease-
LeishVet stage III and very severe disease-LeishVet stage IV and to
compare these results with the NBT rate and antibody production
detected by an in-house ELISA both performed at the same timepoint.
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Objective 3.a)

To assess the safety and humoral and cellular immune response of a candidate
vaccine for L. infantum in dogs.

® To evaluate the occurrence of short-term adverse effects by keeping the
dogs under veterinary surveillance after each vaccine dose, performing
clinical examinations and evaluate local adverse effects at the injection
site and systemic adverse effects.

® To evaluate the occurrence of long-term adverse effects by performing
a complete physical examination prior to prime vaccination (day 0) and
before every booster (day 15, 30, 190 and 470), performing a complete
blood count and serum biochemistry panel at day 0, 45, 190, 200 and 470
and recording the body weight two weeks after each booster.

@ To evaluate parasite-specifichumoral response by measuring L. infantum
antibody levels by quantitative serology using an in-house ELISA at the
time of prime vaccination and at days 10, 15, 30, 45, 60, 75, 90, 105, 126,
141, 190, 200, 215, 230, 245, 260, 275, 290, 330, 360, 410, 440, 470, 480,
485, 507, 570, 640, 745 and 836.

® To evaluate the cellular immunity by measuring IFN-y concentration
with cytokine release whole blood assay at the time of prime vaccination
and at days 10, 30, 45, 60, 75, 90, 105, 126, 141, 190, 200, 215, 230, 245,
260, 275, 290, 330, 360, 410, 440, 470, 480, 485, 507, 570, 640, 745 and 836,
and measuring IL-17a concentrations with the same procedure at days 0,
10, 30, 45, 60, 190, 200, 470, 485 and day 836.
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Abstract

Papular dermatitis is a cutaneous manifestation of canine Leishmania infantum
infection associated with mild disease. Although it is a typical presentation,
nowadays, there is still no established treatment. This study evaluated the safety
and clinical efficacy of local meglumine antimoniate, locally administered
polyhexamethylene biguanide (PHMB) alone or PHMB in combination with
a Toll-like receptor 4 agonist (TLR4a) for the treatment of papular dermatitis
due to L. infantum and assessed parasitological and immunological markers in
this disease. Twenty-eight dogs with papular dermatitis were divided randomly
into four different groups; three of them were considered treatment groups:
PHMB (n = 5), PHMB + TLR4a (n = 4), and meglumine antimoniate (n = 10),
and the remaining were considered the placebo group (n=9), which was further
subdivided into two sub-groups: diluent (n = 5) and TLR4a (n = 4). Dogs were
treated locally every 12 hours for four weeks. Compared to placebo, local
administration of PHMB (alone or with TLR4a) showed a higher tendency
towards resolution of papular dermatitis due to L. infantum infection at day
15 (x* = 5.78; df = 2, p = 0.06) and day 30 (x* = 4.; df = 2, p = 0.12), while
local meglumine antimoniate administration demonstrated the fastest clinical
resolution after 15 (x°= 12.58; df = 2, p = 0.002) and 30 days post-treatment
(x*=9.47; df =2, p = 0.009). Meglumine antimoniate showed a higher tendency
towards resolution at day 30 when compared with PHMB (alone or with
TLR4a) (x* = 4.74; df = 2, p = 0.09). In conclusion, the local administration
of meglumine antimoniate appears to be safe and clinically efficient for the
treatment of canine papular dermatitis due to L. infantum infection.

Keywords: canine; cutaneous lesions; immunotherapy; leishmaniosis; local
treatment; toll-like agonist.
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1. Introduction

Canine leishmaniosis (Canl) is a vector-borne zoonotic disease with a
worldwide distribution caused by the protozoan parasite Leishmania infantum.
It is considered an endemic disease in the Mediterranean basin, Portugal,
Latin America, and southern Asia [1]. Female phlebotomine sand flies are the
biological vector, and dogs are considered the main reservoir [2].

Canine leishmaniosis is manifested by a broad spectrum of clinical signs and
a wide range of disease severity that is classified into four stages: mild (stage I),
moderate (stage II), severe (stage III), or very severe disease (stage IV) based
on clinical signs, clinicopathological abnormalities, and measurement of anti-
leishmanial antibodies [1]. Cutaneous manifestations are the most common
clinical signs, and among them, papular dermatitis is considered a typical
presentation in endemic areas and is associated with Leishvet stage I-mild
leishmaniosis [1,3]. This cutaneous form is associated with an effective Thl
predominant parasite-specific cellular immunity and low humoral immune
response, and thus, it is characterized by the absence of laboratory abnormalities
and lack of systemic clinical signs. Self-healing of the skin lesions may occur at
some point; however, it usually takes three to six months [4].

Clinical signs and outcomes of CanL depend on the interactions between
the parasite and the host’s innate and adaptive immune responses [5-7].
The adaptive response characterized by T-helper 1 (Thl) activation produces
cytokines such as interferon-gamma (IFN-y), interleukin-2 (IL-2), and tumor
necrosis factor-alpha (TNF-a), which help to control the infection. In contrast,
the immune response mediated by Th2 induces the production of anti-
inflammatory cytokines such as interleukin-4 (IL-4), interleukin-10 (IL-10),
and transforming growth factor-beta (TGF-{) and is associated with disease
progression [7,8]. Interleukin-17a (IL-17a) produced by several cells such as
Th17, natural killer cells (NK), and macrophages, among others [9], plays a role
in blocking parasite growth by the activation of inducible nitric oxide synthase
(iNOS), among others [10, 11]. Therefore, IL-17a is associated with resistance
against L. infantum infection or disease in humans [10] and dogs [12], acting
synergistically with IFN-y.

Regarding the Thl response, disease control requires a balanced interaction
between a proinflammatory immune response mediated by T helper 1 type (Th1)
CD4+ T cells, with the aim of controlling parasite replication, and a regulatory
immune response mediated by T regulatory 1 cells, which are necessary to avoid
a self-damaging overactivation of the immune system [13]. B cells also play a key
role in the progression of CanL. They induce a humoral immune response and
actas antigen-presenting cells modulating the activation of CD4+ T cells, which
in turn activate B cells to produce antibodies [13]. As the disease progresses, the
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production of specific and non-specific IgG antibodies increases, reflected as
hypergammaglobulinemia, and binds to Leishmania antigen creating immune
complexes, which may contribute to disease progression [14-16].

One of the factors that regulate the activation of Th1 or Th2 immunity is pattern
recognition receptors (PRRs) such as Toll-like receptors (TLRs), which recognize
molecules found in the promastigote that act as pathogen-associated molecular
patterns (PAMPs) [17]. TLRs are located on the membrane or intracellular
compartments of different types of cells, including T and B lymphocytes,
macrophages, dendritic cells (DCs), and NK [18]. After binding their ligand,
TLRs trigger the activation of the immune activity through diverse events such
as the induction of inflammatory cytokines such as TNF-a and IFN-y [19-22].

The innate immune response has an essential role in avoiding Leishmania
survival. Cells such as neutrophils, macrophages, and DCs can kill the parasite
via phagocytosis or facilitate their elimination by producing cytokines [7].
Neutrophils are activated following L. infantum inoculation and initiate several
defense mechanisms, such as the production of reactive oxygen species (ROS)
[23]. The nitroblue tetrazolium (NBT) reduction test is used to detect activated
neutrophils in peripheral blood. NBT (soluble and colorless) is transformed
into formazan (insoluble and blue-grey) in activated neutrophils, shown to be
directly related to ROS production [24,25].

Treatment regarding Leishvet stage I has been scientifically neglected. Short-
term treatment with one or two conventional anti- Leishmania drugs (meglumine
antimoniate, miltefosine and/or allopurinol) in dogs classified as Leishvet stage
I has been described, as well as immune-potentiating treatments (domperidone
or nucleotides plus- active hexose correlated compound (AHCC)) alone or
in combination with the previously mentioned drugs [1,26]. Alternatively,
monitoring without treatment can also be considered in some cases. There is
limited evidence for treatment outcomes for dogs in this stage, and therefore,
the clinical efficacy of these treatment options remains unknown [27].

Similarly, there is no universally applicable treatment for human cutaneous
leishmaniasis (CL) [28]. Local treatment for CL in humans has been
recommended as an alternative treatment to systemic therapy by the World
Health Organization and the Pan American Health Organization in patients
with at least four lesions smaller than 4 cm in diameter, especially if the face
and joints are not affected [29]. Local treatments are described as easy to use
and with a lower risk, toxicity, and cost compared to traditional therapies,
and they include intralesional antimonial injections, cryotherapy (with liquid
nitrogen), thermotherapy (use of localized current field radiofrequency heat),
and topical formulations such as paromomycin ointment [28,30-32]. However,
local treatment has not been investigated in stage I-papular dermatitis due to
canine L. infantum infection.
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Polyhexamethylene biguanide (PHMB) is a synthetic cationic polymer with
antimicrobial activity commonly used as a first-line treatment for locally
infected wounds [33]. Furthermore, PHMB has been reported to have
antileishmanial activity by inducing disruption of the parasite’s membrane
integrity and causing chromosomal damage [34]. On the other hand, TLR4
activation induces a protective immune response against Leishmania, and will
also regulate iNOS leading to the death of the parasite [22]. PHMB alone or in
combination with a TLR4 agonist (TLR4a) has been reported to induce lower
percentages of Leishmania infection in canine DH-82 cells in vitro [22].

The main aim of this randomized, controlled, double-blinded study was to
evaluate the safety and clinical efficacy of locally administered PHMB alone
or in combination with TLR4a and the local administration of meglumine
antimoniate in the treatment of papular dermatitis due to L. infantum infection
in dogs. The secondary objectives were to assess parasite-specific humoral and
cellular immunity as well as parasitemia and to evaluate neutrophil function
based on NBT at the time of diagnosis and during the follow-up period.

2. Materials and Methods
2.1. Dogs and Study Design

This study was designed as a multicentric randomized double-blinded controlled
study with a follow-up of one year and involving five veterinary centers from
Spain: Hospital Veterinario Alhaurin El Grande (Malaga), Hospital Mediterrani
Veterinaris (Reus, Tarragona), Clinica veterinaria Paws Patas (Mula, Murcia),
Hospital Veterinari Canis (Palma, Mallorca), and Fundacié Hospital Clinic
Veterinari (UAB, Bellaterra, Barcelona).

Dogs visited at the mentioned centers from 2019 to 2022 were considered for
inclusion in this study. Inclusion criteria were a diagnosis of mild leishmaniosis
(LeishVet stage I) characterized by the absence of laboratory abnormalities,
negative or low antibody levels, and papular dermatitis as the only clinical
sign at the time of diagnosis [1]. Withdrawal criteria were the development of
systemic disease based on clinical signs and clinicopathological abnormalities,
treatment with conventional anti-Leishmania drugs (meglumine antimoniate,
miltefosine, or allopurinol), or highly increased antibody levels. A signed
informed consent was obtained from all dog owners. Ethical approval was
obtained by “Comissi6é d’Etica en 'Experimentacié Animal i Humana de la
Universitat Autonoma de Barcelona” (CEAAH 4526, November 2018) and by
“Generalitat de Catalunya” (FUE-2018-00944112 11D KSHYD6LVR, April 2019).

A complete physical examination, complete blood count (CBC), and
biochemistry panel, including at least creatinine, urea, total proteins (TP), and
alanine transaminase (ALT), were performed in all dogs to assess the clinical
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status. In some dogs, serum electrophoresis and urinalysis with urinary protein/
creatinine ratio were also performed. Cutaneous lesions were photographed,
borders around each lesion were measured to document size, and a cytology
examination was performed from the lesions to diagnose L. infantum infection.

2.2. Treatment and Follow-Up

Five different products were manufactured as follows: PHMB alone (3 mg/
mL PHMB in 30% ethanol), a combination of PHMB and TLR4a (1.5 pg/mL
TLR4 agonist + 3 mg/mL PHMB in 30% ethanol), TLR4a alone (1.5 ug/mL
TLR4 agonist in 30 % ethanol), meglumine antimoniate (30% meglumine
antimoniate + 70% pluronic F-127), and diluent (30% ethanol in nuclease-free
water). PHMB, PHMB+TLR4a, TLR4a, and diluent (30% ethanol in nuclease-
free water) were formulated as liquid spray formulations. It was strongly
advised to gently invert 20 times the sprayer vial before every application and
to keep it upright when spraying. Meglumine antimoniate was a lotion spray
formulation and was stored in the refrigerator. It was recommended to remove
the remaining product over the patient’s skin from the last application before a
new administration [35].

Dogs were randomly divided into four groups: three of them were considered
treatment groups, PHMB (n = 5), PHMB + TLR4a (n = 4), and meglumine
antimoniate (n = 10), and the remaining was considered the placebo group
(n = 9), which was further subdivided into two sub-groups (diluent (n = 5)
and TLR4a (n = 4)). TLR4a showed no statistical differences when compared
to a diluent, and therefore, both groups were considered as placebo. Each group
was treated locally over the papules every 12 h for four weeks, and a physical
exam and lesion follow-up were performed on days 15, 30, 60, 90, 180, and 365.
Clinical efficacy was defined as partial or total resolution of the lesions at days
15 and 30, respectively (Figure 4).

Figure 4. Clinical efficacy of local PHMB on papular dermatitis due to L. infantum
at day 0 (A), day 15 (B), showing partial remission, and day 30 (C) full remission.
Courtesy of Isaac Carrasco.
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All the procedures performed on each dog at the time of diagnosis and during
follow-up are described at Figure 5.

Physical exam

L. infantum Ab
IFN-y

IL-17a

NBT

Real-time PCR

Physical exam
L. infantum Ab

Day
Physical exam Physical exam Physical exam Physical exam
L. infantum Ab L. infantum Ab L. infantum Ab CBC+ BQ
Physical exam IFN-y IFN-y _ Urinalysis
CBC+ BQ L. infantum Ab
Urinalysis IFN-y
Papule's cytology IL;IZ'T'
L. infantum Ab .
IFN Real-time PCR
=y
IL-17a
NBT
Real-time PCR

Figure 5. Timeline of the procedures performed on each dog at the time of diagnosis
and during follow-up. CBC, complete blood count; BQ, biochemistry panel; Ab, antibody;
IFN-y, Interferon-gamma; IL-17a, Interleukin-17a; LSA, soluble L. infantum antigen;

NBT, Nitroblue tetrazolium reduction test.

Persistent papules after sixty days from the beginning of the study or the
appearance of new papules during the treatment were considered as a lack of
response to treatment and relapse, respectively, and a rescue therapy (topical
administration of 30% meglumine antimoniate + 70% pluronic F-127) was
administered.

2.3. Safety Assessment

Drug safety assessment was performed based on a complete physical exam on
days 15, 30, and 60 by veterinarians. Local side effects of the topical treatments
at the application site, such as erythema and swelling, were recorded and
graded (0-4) (Supplementary material 1). Local pruritus and pain were also
recorded. Systemic signs such as lymphadenomegaly or increased temperature,
among others, were also registered. This information was recorded in the data
collection form of both the veterinarian and the owner or caregiver of the dog
(Supplementary material 1). Furthermore, photographs of the application site
were also reviewed by the first author to check for local reactions on days 15,
30, and 60.
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2.4. ELISA for specific L. infantum antibody detection

Leishmania infantum antibody levels were measured by quantitative serology
using an in-house Enzyme-Linked ImmunoSorbent Assay (ELISA) at the time
of diagnosis and repeated on days 15, 30, 60, 90, 180, and 365 [5].

The in-house ELISA was performed on the sera of all dogs as previously
described [36]. Briefly, the samples were diluted to 1:800 in phosphate buffer
solution (PBS) with Tween 20 and 1% dry milk and incubated at 37° for 1 h.
Then, the plates were washed three times with PBS-Tween and once with PBS
and incubated with Protein A conjugated to horseradish peroxidase (Peroxidase
Conjugate Protein A; Merck KGaA, Darmstadt, Germany) at 1:30,000 dilution
for 1 h at 37 °C. After incubation, the plates were washed again, as described
before. Then, o-phenylenediamine and substrate buffer (IGMAFAST OPD;
Merck KGaA, Darmstadt, Germany) was added to the plates, and the reaction
was finally stopped with 5 M H2SO4. Absorbance values were read at 492 nm
in a spectrophotometer (MB-580 HEALES; Shenzhen Huisong Technology
Development Co., Ltd, Shenzhen, China), and the results were quantified as
ELISA units (EU) related to a positive canine serum used as a calibrator and set
at 100 EU.

The cut-off of the serum in-house ELISA was already determined to be 35 EU
using the ELISA results of 80 dogs from a non-endemic area, as previously
described [37]. Cut-off was established by the standard deviation (SD) method,
consisting of multiplying the SD of the results by four and adding up the mean
of the results obtained by the ELISA (mean + 4 SD). Serum was classified as high
positive when the result was >300 EU, medium positive when the result was
>150 EU and <300 EU, low positive when the result was >35 EU and <150 EU,
and negative when the result was <35 EU [37]. All samples from each animal
were analyzed on the same plate.

2.5. Cytokine Release Whole Blood Assay and Determina-
tion of Canine IFN-y and IL-17a

IFN-y concentration was measured at admission in all dogs and repeated at
days 30, 90, 180, and 365, while IL-17a was performed at days 0, 30, and 365.

A heparinized whole blood cytokine release assay was performed as described
elsewhere [5]. Briefly, whole blood was separately incubated with three different
conditions: (i) medium alone (unstimulated); (ii) medium with soluble L.
infantum antigen (LSA) at a concentration of 10 pg/mL; and (iii) medium with
the mitogen concanavalin A (ConA, 100 mg, Medicago®, Uppsala, Sweden) at
a concentration of 10 pg/mL. Blood cultures were collected after five days at 37
°C in 5% of CO, and were centrifugated at 300 g for 10 min. Supernatants were
collected and stored at -80 °C until tested. IFN-y and IL-17a were determined in
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all samples by a commercial sandwich ELISA (DuoSet® ELISA by Development
System R&DTM, Abingdon, UK) [5,6]. The standard curve for IFN-y and IL-
17a was calculated using a computer-generated four-parameter logistic curve fit
with the program MyAssays (http://www.myassays.com/) [5].

Dogs were classified as IFN-y producers when L. infantum-specific IFN-y
concentration was 2110 pg/mL after subtracting the medium alone [38]. In the
case of IL-17a, dogs were classified as producers when L. infantum-specific IL-
17a concentration was >62.5 pg/mL after subtracting the medium alone [5].

2.6. Nitroblue Tetrazolium Reduction Test

Hematocrit capillary microtubes were filled with blood samples collected in
EDTA tubes from all dogs and centrifugated at 2910 g for 5 min. Then, the
bufty coat from each microtube was placed in an Eppendorf tube with the
same volume of 0.1% NBT solution (1:1) (N6876, Sigma-Aldrich Co., St. Louis,
USA). The Eppendorf tube was mildly agitated and incubated for 15 min at 37
°C and then for another 15 min at room temperature. Two blood smears from
each Eppendorf tube were obtained by placing 3 pL of NBT-stained samples
on each slide. The slides were stained with Diff-Quick, and the NBT reduction
rate was assessed by light microscopy after counting 300 neutrophils. The
percentage was calculated as the number of activated neutrophils, defined by
those containing blue-black formazan deposits, divided by the total number of
neutrophils counted, multiplying the result by 100.

2.7. Blood DNA Extraction and Leishmania Real-Time PCR

Real-time PCR was carried out from blood samples at day 0, day 30, and 6 or
12 months.

DNA was isolated from blood samples collected in EDTA tubes using MagMax
CORE Nucleic Acid Purification Kit (Thermo Fisher Scientific Inc., Waltham,
Massachusetts, USA) using an automated system (KingFisher Flex Purification
System, Thermo Fisher Scientific Inc., Waltham, Massachusetts, USA) following
the manufacturer’s instructions for a simple workflow with whole blood
samples. Briefly, 10 uL of proteinase K solution and 20 puL of magnetic beads
were added to 100 uL of each sample. DNA was extracted by the robot after
adding 700 pL of a mix of the binding and lysis solution in all the samples [36].

Leishmania real-time PCR was performed as previously described [39]. Each
DNA sequence amplification for PCR was performed in triplicate. The mix
reaction was prepared with 1x iTaq supermix with Rox (Bio-Rad), 0.2 umoL
of direct primer (5-CTT TTC TGG TCC TCC GGG TAGG-3’), 0.2 pumoL of
reverse primer (5-CCA CCC GGC CCT ATT TTA CAC CAA -3’), 20 nmol of
the labeled TagMan probe (FAM- TTT TCG CAG AAC GCC CCT ACC CGC
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TAMRA), 0.5 pL of H20, and 2.5 pL of sample DNA. Positive and negative
controls were also included in each plate. A 10-fold dilution series of standard
DNA from L. infantum promastigotes (CATB101) was used as a calibrator (serial
dilution from 10° parasites/ml to 10~ parasites/mL), allowing for the plotting of a
standard curve. Cycling was performed using the QuantStudio™ 7 Pro (Thermo
Fisher Scientific, Foster City, California, USA) at 95 °C/55 °C for 45 cycles. The
PCR was considered positive for Leishmania when the quantification cycle (Cq)
was <40, and the amplification was detected in all the replicates.

2.8. Statistical Analysis

The statistical analysis was performed using GraphPad Prism 8.0.1 for Windows
software (GraphPad Software, San Diego, California, USA). First, different
normality tests were performed to know if the different variables (age, ELISA
results, real-time PCR, LSA IFN-y, ConA IFN-y, LSA IL-17a, ConA IL-17a,
and NBT rate) had a normal distribution at the time of diagnosis and follow-
up. For each variable, the following tests were performed: Anderson-Darling,
D’Agostino and Pearson, Shapiro-Wilk, and Kolmogorov-Smirnov. A p-value <
0.05 was considered statistically significant, meaning all variables did not follow
a normal distribution except for the NBT rate. Therefore, non-parametric tests
were used unless the comparison was between NBT rate groups, in which case,
a parametric test was performed (paired t-test). A non-parametric Wilcoxon
matched-pairs signed rank test was used for quantitative variables to compare
two groups if the samples were paired. If samples were unpaired, a Mann-
Whitney U-test was used. A Friedman test was used to compare more than
two groups, and afterward, Dunn’s multiple comparisons test was performed.
The chi-square test or Fisher’s exact test was used to determine whether there
was a significant association between two categorical variables. The Spearman
Correlation Coefficient was used to evaluate differences in cytokine production
of the dogs studied. Differences were considered significant, with a 5%
significance level (p-value < 0.05).

3. Results

3.1. Dog Characteristics at the Time of Diagnosis

Twenty-eight dogs were included in this study (Figure 6) and were randomly
divided into the aforementioned groups as follows: PHMB (n = 5), PHMB +
TLR4a (n = 4), TLR4a-placebo (n = 4), meglumine antimoniate (n = 10), and
diluent-placebo (n = 5). Unfortunately, complete blood samples and data were
only obtained from 24, including 9 females and 15 males (37.5% and 62.5%,
respectively).
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Fifty-four percent of dogs were crossbred (n = 13); other represented breeds
were Belgian Malinois (n = 4), German shepherd (n = 2), American bully (n
= 1), Border collie (n = 1), Chihuahua (n = 1), Labrador retriever (n = 1), and
Rottweiler (n = 1). Their ages ranged from 3 to 84 months, with a median of
6 months, with 91.7% being less than 12 months old and 45.8% less than 6
months old.

Dogs included
(n=28)

PHMB Meglumine Control
+ TLR4a antimoniate group
(n=4) (n =10) (n=9)
Day 30 Day 30 Day 30 Day 30
(n=5) (n = 3) (n=10) =7
Withdrawn: n =1 Withdrawn: n = 2
Day 60 Day 60
By, 9 Day 60 (n=4) (n=4)
(h=4) (n=3) Lost to follow-up: n =5 Lost to follow-up: n = 2
Lost to follow-up: n =1 No visit at this follow-up: No visit at this follow-up:
n=1 n=1
Day 90
Day 90 (:‘; 5 Day 90 Day 90
(n=4) Withdrawn: n =1 (n=5) (n=4)
Day 180 Day 180
Day 180 m=1 (n=3) Day 180
(h=4) No visit at this follow-up: No visit at this follow-up: (n=4)
n=1 n=2
Day 365
Day 365 Day 365 Day 365 =2
(n=4) (h=2) (n=5) No visit at this follow-up:
n=2

Figure 6. Flowchart displaying the number of dogs included at the time of diagnosis,
treatment groups, as well as withdrawn dogs and lost to follow-up during the follow-
up period. PHMB, polyhexamethylene biguanide; TLR4a, Toll-like receptor 4 agonist;
Control group (n = 9): diluent (n = 5) + TLR4a (n = 4). Lost to follow-up, owners did
not want to participate in the study anymore. No visit at this follow-up, owners did not
show up at the Veterinary clinic that day. Withdrawn, dog was withdrawn of the study
due to the development of systemic disease based on clinical signs and clinicopathological
abnormalities, treatment with conventional anti-Leishmania drugs (meglumine antimoniate,
miltefosine, or allopurinol), or highly increased antibody levels.
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On physical examination, solitary (n = 1) or multiple (n = 23) erythematous
non-pruritic papules were observed in non-haired skin areas (Table 8).

Table 8. Distribution of papules.

Site Number of Lesions %
Inner surface of the pinna 15 46.9
Abdomen 6 18.8
Eyelid 3 9.4
Lips 3 9.4
Foreskin 2 6.3
Elbow 1 3.1
Bridge of the nose 1 3.1
Nose 1 3.1

The onset of clinical lesions was mainly in autumn (70.8%), followed by winter
(16.7%), spring (8.3%), and summer (4.2%) (Table 9).

Table 9. The onset of clinical lesions analysed by season, sex, and median age.

Total number % (Minm::-':vlggﬁnum

of dogs Months)

Autumn 17 70.8 6 (3-84)

Female 5 20.8 7 (3-84)

Male 12 50 6 (4-6)

Winter 4 16.7 6 (6-10)

Female 3 12.5 6 (6-10)
Male 1 4.2 5

Spring 2 8.3 3.5(3-4)

Male 2 8.3 3.5(3-4)
Summer 1 4.2 5
Female 1 4.2 5
Total 24 100 6

No other abnormalities were found on physical examination, except a mild
lymphadenomegaly of regional lymph nodes in two dogs.

Most dogs showed no laboratory abnormalities except for one dog with a mild
increase in TP and three dogs with a mild decrease in TP.
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Clinical characteristics and laboratory tests according to different treatments at
the time of diagnosis are displayed in Table 10.

Table 10. Clinical characteristics and laboratory tests at the time of diagnosis before
starting local treatment.

Qualitative PHI_VIB + PHMB Me_glumine Control p-Ya||"e
characteristics with TLR4a Antimoniate Group (Fisher’s
(n=9) (n =6/10)* (n=9) Exact Test)
Crossbred 7 (78%) 3 (50%) 3 (33%)
Bred 0.162
Purebred 2 (22%) 3 (50%) 6 (67%)
Male 7 (78%) 2 (33%) 5 (56%)
Sex 0.227
Female 2 (22%) 4 (67%) 4 (44%)
ELISA Low positive 3 (33%) 0 (0%) 3 (33%) 0.264
atday 0 Negative 6 (67%) 6 (100%) 6 (67%)
- - iti o, o, o,
Leishmania Positive 5 (56%) 3 (50%) 5 (56%) 0.972
real-time PCR Negative 4.(44%) 3(50%) 4 (44%)
IFN-y Producers 7 (78%) 3 (50%) 2 (22%)
0.1
Non-prod. 2 (22%) 3 (50%) 7 (78%)
Producers 8 (89%) 1(17%) 1(11%)
IL-17a 0.7
Non-prod. 1(11%) 5 (83%) 8 (89%)
Qualitative Median Median Median g(rvu::(lz:le
characteristics (min-max) (min-max) (min-max) Wallis test)
Age 6 (3-8) 5.5 (4-84) 6 (3-36) 0.875
(months)
IFN-y 768.6 140.4 _ x
(pg/mL) (11.6-3997.5) (0-762.4) 23.6 (0-309) o.on
IL-17a 768.6 _ o
/L (11.6-3997.5) 11.9 (0.148) 0 (0-71.5) 0.005
ELISA _ _ 22.3
it 26 (7.1-227.1) 5.7 (2.8-73.5) (4.8-100.9) 0.1
L p-Value
e Mean * SD Mean * SD Mean * SD (Ordinary
characteristics one-way
ANOVA)
Cq PCR 35.3%1.9 35%1.4 33.9+27 0.58

PHMB, polyhexamethylene biguanide; TLR4a, Toll-like receptor 4 agonist; IFN-y,
Interferon-gamma; IL-17a, Interleukin-17a; Cq, Quantification cycle; Non-prod, non-
producers.

*Complete data were only obtained from 6 out of 10 dogs in this group.
*#*Significant difference was observed between PHMB+PHMB with TLR4a and control
groups but not between PHMB+PHMB with TLR4 and meglumine antimoniate groups and
between meglumine antimoniate and control groups.
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3.2. Safety and Clinical Efficacy of Treatments

All treatments studied were considered safe. No side effects (local or systemic)
were observed during the treatment period in any formulations studied.

Regarding the PHMB formulations, there were no statistically significant
differences between the PHMB alone group and the PHMB with TLR4a at day
15 (chi-square: X*= 0.9; df = 2, p = 0.64) and day 30 (chi-square: x*= 3.6; df = 2,
p=0.17).Ontheotherhand,although differencesbetweenlocaladministration
of PHMB alone or in combination with TLR4a when compared to the placebo
administration were not statistically significant, and thus it is unclear if this
would reflect on a large canine population, the results suggested a higher
tendency towards resolution (both partial and total) at day 15 (chi-square:
x> = 5.78; df = 2, p = 0.06) and day 30 post-treatment (chi-square: x> = 4.; df =
2, p = 0.12). Conversely, dogs treated with local administration of meglumine
antimoniate had a statistically significant fastest resolution compared with
placebo treatment at 15 (chi-square: x*= 12.58; df = 2, p = 0.002) and 30 days
post-treatment (chi-square: x’= 9.47; df = 2, p = 0.009). Although no statistically
significant differences were observed between the administration of meglumine
antimoniate and the administration of PHMB alone or in combination with
TLR4a at 15 days post-treatment (chi-square: x*= 2.57; df = 2, p = 0.27), there
was a higher tendency towards resolution at 30 days post-treatment (chi-square:
X’=4.74; df = 2, p = 0.09) when meglumine antimoniate was administered
(Table 11).

Table 11. Clinical resolution of papules according to the different treatments
(PHMB alone, PHMB in combination with TLR4a, and meglumine antimoniate).

Clinical Resolution (Number of Dogs/Total, %)

15 Days 30 Days
Local Post-Treatment Post-Treatment
treatment . .
(number of dogs) Without Partial Total Without Partial Total
Resolution Resolution
PHMB alone 1/5,20%  3/5,60%  1/5,20%  1/5,20%  2/5,40%  2/5,40%
PH M(Bn+= I)'-R4a 1/4,25%  3/4,75% 0/4 0/4 4/4,100%  0/4
Meglumine 7/10
antimoniate 0/10 8/10,80%  2/10,20% 0/10 3/10, 30% )

70%
(n=10)

Control group

(n=9):
diluent (n = 5) 7/9, 78% 2/9,22% 0/9 5/9, 56% 3/9,33% 1/9, 1%

+TLR4a (n = 4)
Total
(= 28) 9 16 3 6 12 10

PHMB, polyhexamethylene biguanide; TLR4a, Toll-like receptor 4 agonist.
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Regarding the dogs included in the control group (n = 9), some showed a total
resolution of the papules at days 30 (n = 1/9), 90 (n = 2/9), and 180 (n = 1/9),
two were excluded from the study at day 30 because of clinical worsening, and
they were treated with meglumine antimoniate subcutaneously (2/9). The other
three dogs (3/9) showed a partial resolution at day 60, but they were lost to
follow-up (Figure 6).

3.3. Clinical Worsening (Withdrawal) and Lost to Follow-Up

Some dogs were lost to follow-up or withdrawn from the study for several
reasons (Figure 6). In four (two from the control group and two from the
PHMB + TLR4a group), other clinical signs such as loss of body weight,
generalized lymphadenomegaly, and decreased appetite were observed during
the follow-up, and L. infantum-specific antibody levels increased. They were
treated with meglumine antimoniate subcutaneously and withdrawn from
the study from that point. Samples from several dogs could not be collected
during the lockdown caused by SARS-CoV-2, but they were collected again in
further follow-ups (Figure 6). In one dog treated with PHMB, initially, clinical
resolution of papules was observed, although new papules appeared during
the treatment. This was considered a relapse, and a local rescue therapy (30%
meglumine antimoniate + 70% pluronic F-127) was instituted. In this case,
papules were all resolved on day 15 after the rescue therapy was started.

3.4. Leishmania infantum-Specific Antibody Levels at the
Time of Diagnosis and Follow-Up

The results of L. infantum-specific antibody levels at the time of diagnosis and
during treatment follow-up are displayed in Table 12.

At the time of diagnosis, all dogs presented negative or low antibody levels
except one dog (n = 24, median: 21.4, ranging from 2.8 to 227.1 EU). At day 0, six
dogs were positive against L. infantum antigen, five of which were low positive,
and one was medium positive. The rest of the dogs (n = 18) were seronegative.
At day 15 (n = 23, median: 17.8, ranging from 3.5 to 167.4 EU), seven dogs were
low positive, one dog was medium positive, and the rest were seronegative. At
day 30 (n = 20, median: 13.8, ranging from 2.9 to 121.6 EU), six dogs were
low positive, and the rest were seronegative. At day 60 (n = 14, median: 13.3,
ranging from 3.8 to 115.5 EU), four dogs were low positive, and the rest were
seronegative. At day 90 (n=15, median: 12.4, ranging from 2.8 to 161.6 EU), only
one dog was medium positive, and the rest were seronegative. At day 180 (n =
13, median: 3, ranging from 2.8 to 26 EU), all dogs were seronegative. At day
365 (n = 13, median: 16.3, ranging from 2.4 to 213.7 EU), one dog was medium
positive, and the rest were seronegative; this dog had not been tested at day 180
due to lack of compliance of the owner.
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No significant differences were observed when comparing L. infantum antibody
levels at day 0 with the follow-up at any time (p = 0.98). Regarding the follow-
up, only in 10 dogs (41.7%) was it possible to complete it as planned (days 0, 15,
30, 60, 90, 180, and 365). At days 180 and 365, thirteen dogs out of a total of 24
(54.2%) were tested.

Twelve dogs remained seronegative, while only one dog remained seropositive
during all the follow-ups. Interestingly, four dogs experimented with a
seroreversion since the antibody levels changed from low positive to negative. In
contrast, no dogs showed seroconversion during the follow-up period. One dog
treated with PHMB + TLR4a changed from low positive to medium positive.

3.5. IFN-y Concentration at the Time of Diagnosis and
During Treatment Follow-Up

The results of IFN-y concentration at the time of diagnosis and during treatment
follow-up are displayed in Table 12.

At day 0, 12 of 24 dogs were considered IFN-y producers. Supernatants from
LSA-stimulated whole blood of IFN-y producer dogs presented significantly
higher concentrations of IFN-y (median: 607.8, ranging from 171.9 to 3997.5 pg/
mL) when compared with IFN-y non-producers (median: 10.6, ranging from 0
to 84 pg/mL) (p < 0.0001) (Figure 7a). However, the concentration of IFN-y
of ConA stimulated blood from IFN-y non-producers (median: 1287, ranging
from 153.8 to 4254.2 pg/mL) did not show statistically significant differences (p
= 0.442) with the IFN-y producers’ group (median: 1287.5, ranging from 459.3
to 5959.9 pg/mL).

LSA IFN-y LSA IL-17a
(pg/mL) (pg/mL)
1500 - A 1500 - B
1000 + 1000 +
500 A 500 A
0 d [ 0 l I
Producers Non- Producers Non-
Producers Producers

Figure 7. Median concentration with 95% CI (A) IFN-y and (B) IL-17a concentration after
LSA stimulation in cytokine producers and non-producers dogs at the time of diagnosis
and prior to administration of local treatment.
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At day 30, 9 of the 20 dogs analyzed were classified as IFN-y producers.
Supernatants from LSA-stimulated whole blood of IFN-y producer dogs
showed higher concentrations of IFN-y (median: 668.9, ranging from 233.9 to
3614 pg/mL) when compared with the IFN-y non-producers’ group (median:
23.6, ranging from 0 to 62.7 pg/mL) (p = 0.0017). Regarding the concentration
of IFN-y of ConA stimulated blood from IFN-y producers (median: 2503.7,
ranging from 357.3 to 5073.2 pg/mL), there were no significant differences
(p = 0.14) with the IFN-y non-producers (median: 1295.6, ranging from
293.8 to 3576 pg/mL).

Concerning the rest of the follow-up, 9 dogs out of a total of 12 were considered
IEN-y producers at day 90, 5 out of 11 dogs were producers at day 180, while 5
dogs out of 12 remained IFN-y producers at day 365.

Additionally, no statistically significant differences were observed when
comparing IFN-y concentrations in supernatants of blood stimulated with
LSA from all dogs at day 0 and day 30 (p = 0.35) nor when comparing IFN-y
concentration after ConA stimulation at day 0 and day 30 (p = 0.81).

3.6. IL-17a Concentration at Time of Diagnosis and During
Treatment Follow-Up

The results of IL-17a concentration at the time of diagnosis and during treatment
follow-up are displayed in Table 12.

Atdiagnosis, 10 0of 24 dogs were classified as IL-17a producers. Supernatants from
LSA-stimulated whole blood of IL-17a producer dogs presented significantly
higher concentrations of IL-17a (median: 149.5, ranging from 69.4 to 1933.3
pg/mL) when comparing with IL-17a non-producers (median: 0, ranging from
0 to 32.1 pg/mL) (p < 0.0001) (Fig. 7b). However, concentrations of IL-17a of
ConA stimulated blood from IL-17a non-producers (median: 6466.3, ranging
from 721.3 to 23050.2 pg/mL) did not show statistically significant differences
(p = 0.34) with the IL-17a producers’ group (median: 9228.7 ranging from
3363.5 to 18143.3 pg/mL).

On day 30, 11 dogs were considered IL-17a producers out of 20 dogs. IL-17a
concentration after LSA stimulation of IL-17a producer dogs demonstrated
higher concentrations of IL-17a (median: 155.7 ranging from 74 to 630.3
pg/mL) when comparing with the IL-17a non-producers’ group (median:
2.8 ranging from 0 to 40 pg/mL) (p < 0.0001). IL-17a concentration after
ConA stimulation was not statistically different (p = 0.56) between IL-17a
producers (median: 14088.6 ranging from 1082.1 to 41390 pg/mL) and IL-17a
non-producers (median: 12425.3 ranging from 2637 to 31150 pg/mL) dogs.

Furthermore, no statistically significant differences were observed when
comparing IL-17a concentrations in supernatants of blood stimulated with LSA
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from all dogs at day 0 and day 30 (p = 0.08). However, significant differences
were found when comparing IL-17a concentration after ConA stimulation at
day 0 and day 30 (p = 0.01).

3.7. Correlation between Parameters Studied

Consideringall dogs studied (n = 24), a correlation was not found between IFN-y
concentration after LSA stimulation and L. infantum specific antibody levels
(Spearman r: 0.31, p = 0.15) neither between IL-17a after LSA stimulation and
antibody levels (Spearman r: 0.25, p = 0.24). Moreover, there was no correlation
between the age of the dogs and antibody levels (Spearman r: -0.28, p = 0.18).

No correlation was found between PCR Cq and L. infantum specific antibody
levels (Spearman r: -0.07, p =0.8) nor PCR Cq and IFN-y concentration after
LSA stimulation (Spearman r: 0.41, p = 0.09) nor between PCR Cq and IL-17a
after LSA stimulation (Spearman r: 0.46, p = 0.06).

IFN-y concentration after LSA stimulation was significantly positively
correlated with IL-17a concentration after LSA stimulation (Spearman r: 0.59,
p <0.0001) (Figure 8).

Similarly, there was a significant correlation between IFN-y concentration
after Con A stimulation and IL-17a concentration after Con A stimulation
(Spearman r: 0.54, p = 0.0002).

IL-17a LSA

(pg/mL)
2500 -

20004 o
1500 o
1000 -

500 d
(N ] P

O h.' |. . L e |. ' L]
(o] 1000 2000 3000 4000 5000
IFN-yLSA
(bg/mL)

Figure 8. Correlation between IL-17a (pg/mL) and IFN-y (pg/mL) after LSA
stimulation in the total of dogs studied at the time of diagnosis and follow-up.
Spearman r: 0.59, p < 0.0001.
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3.8. Nitroblue Tetrazolium Reduction Test

There were no statistically significant differences when comparing the NBT
reduction rate at day 0 (mean + SD: 18 * 6 %) with the NBT reduction rate at
day 30 (mean + SD: 19 £ 5 %) (p=0.53).

3.9. Blood PCR

The Leishmania real-time PCR results at the time of diagnosis and during the
follow-up period are depicted in Table 12.

At the time of diagnosis, 13 out of a total of 24 (54.2%) dogs were PCR positive.
At day 30, only 4 dogs were PCR positive from a total of 20 (20%) dogs.

Interestingly, 2 dogs remained positive from day 0 to day 30. The other 2
negative dogs at day 0 were PCR positive at day 30. In contrast, 8 dogs that were
PCR positive at day 0 were negative at day 30. Unfortunately, 4 dogs were lost to
follow-up on day 30.

Regarding the last PCR performed from each dog, one was at day 60 and was
positive, while it was negative at days 0 and 30.

On day 180, 3 dogs were tested, and all were PCR positive.

Finally, at day 365, 12 out of 13 dogs were PCR positive (92%). Two dogs
remained always positive from day 0, only one remained negative from day 0,
and the others changed depending on the time.

Regarding the proportion of positive dogs, significant differences were found
when comparing day 0 to day 30 (p = 0.03), day 0 to day 365 (p = 0.02), and
day 30 to day 365 (p = <0.0001). Statistically significant differences were ob-
served when comparing PCR Cq results at day 0 (mean * SD: 34.7 + 2.1)
and day 30 (mean + SD: 37.1 + 0.5) (p = 0.04), and when comparing PCR Cq
results at day 30 and day 365 (mean + SD: 34.7 £ 1.2) (p = 0.0023). However,
no differences were observed when PCR Cq results at day 0 and day 365 were
compared (p = 0.93).

4. Discussion

To the author’s best knowledge, there are few studies evaluating the effective-
ness of local treatment in canine cutaneous leishmaniosis (CCL), but no stu-
dies so far have evaluated local treatment of papular dermatitis due to L. in-
fantum infection [40-42]. In the present randomized controlled study, 70% of
dogs treated with meglumine antimoniate and 40% of dogs treated with PHMB
alone showed a complete response after 30 days of treatment, demonstrating
a much faster response than the median of 98 + 5 days observed in a previous
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observational study. However, it is difficult to compare these results as we only
included dogs with stage I-mild disease-papular dermatitis, and in the previous
study, all dogs had ulcerative lesions in which self-healing was not expected
[1,40]. Moreover, no adverse effects were observed throughout the course of the
study in any of the dogs. Therefore, we might conclude that all the studied subs-
tances were safe.

Although meglumine antimoniate is widely described as a systemic treatment
for L. infantum infection both in humans and dogs [36], to the author’s best
knowledge, there is limited information regarding the efficacy of its topical
use in dogs with either cutaneous leishmaniosis or papular dermatitis.
Interestingly, a recent study demonstrated the efficacy of an intralesional
meglumine antimoniate compared with a placebo for the treatment of CCL due
to L. braziliensis [41]. Dogs with localized cutaneous ulcers were enrolled in this
study and showed a higher and faster healing rate when they were treated with
intralesional meglumine antimoniate [41]. In human medicine, meglumine
antimoniate is commonly used as a local treatment through intralesional
administration and is considered appropriate for the treatment of simple
cutaneous lesions due to L. panamensis and L. mexicana [43]. Local application
of meglumine antimoniate has also been tested in murine leishmaniosis
models [44-47]. The main obstacle to the local administration of meglumine
antimoniate is that it is considered a water-soluble molecule, and thus, it has
limited interaction with lipophilic skin structures [29].

In murine models, different drug delivery systems have been evaluated.
Moosavian Kalat et al. (2014) tested a liposome containing 22.5% meglumine
antimoniate as a local treatment on infected BALB/c mice and observed a
reduction in lesion size and a lower spleen parasite burden in treated mice
compared to the control group [44]. The same group, in a further study (2019),
tested a similar mixture by adding stearylamine, which improved liposome
performance with good clinical improvement [45]. In another study published
in 2013, meglumine antimoniate administered using a liposomal formulation
showed a reduction in lesion size and amastigote counts, although it had no
significant therapeutic difference compared to the control group [46]. Finally,
Horoiwaone et al. (2020) tested the local application of meglumine antimoniate
contained in maltodextrin polymeric colloidal nanocarriers in a murine
leishmaniasis model, which showed similar efficacy to the intraperitoneal
injection regarding parasite titer reduction and superior healing activity in
terms of collagen area deposition [47]. Other delivery systems have also been
tested for systemic administration of meglumine antimoniate, which could be
considered for topical administration in future studies, including polymeric
nanoformulations such as aqueous-core poly-L-lactide nanocapsules, which
have shown a great antileishmanial activity on mice infected with L. infantum
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[48]. In addition, this new formulation promotes meglumine antimoniate
uptake within the macrophages, increasing its efficacy and decreasing its
cellular-negative outcome [48].

In the present study, the administration of meglumine antimoniate with
pluronic F-127 as a delivery system was tested, which is a non-ionic detergent
used to facilitate the solubilization of water-insoluble materials in physiological
media. A significant improvement was observed in our patients when compared
to the control group, and no adverse effects were detected during the length of
administration nor the posterior follow-ups, which could mean that pluronic
F-127 is a safe and adequate delivery system and that locally administered
meglumine antimoniate could be considered as a viable treatment option in
dogs with localized papular dermatitis due to L. infantum. This new local
formulation of meglumine antimoniate has shown to be safe for its use in
humans, and it has been previously tested in vitro in three cell lines, ex vivo
using human skin samples, and in vivo testing on human volunteers [35].

Regarding PHMB, to the author’s best knowledge, there are no previous in vivo
studies reporting its use as a topical formulation for the treatment of papules
due to L. infantum infection, neither in dogs nor in humans. On the other hand,
it has been described in previous publications as a topical antimicrobial for
locally infected wounds in dogs [49,50], and there is a study about the safety of
its use in combination with other drugs as an ear flush in dogs [51]. In humans,
PHMB has been used as a first-line treatment for infected wounds [52,53] and
as a treatment for Acanthamoeba keratitis [54].

As mentioned previously, in the present study, dogs treated with topical PHMB
showed a higher tendency toward resolution compared with the control group,
although the results were not statistically significant. PHMB has been shown to
have antileishmanial properties, such as disruption of the parasite’s membrane
integrity and chromosomal damage, in previous in vitro studies [22,34]. We
also evaluated its combination with TLR4a, as according to a previous study,
TLR4 activation leads to the parasite’s death by inducing a protective immune
response against Leishmania and regulating iNOS [22]. According to our results,
no statistically significant differences were observed between the PHMB alone
group and the PHMB combined with TLR4a. This lack of difference could be due
to a lack of effectiveness regarding the TLR4a stimulation, insufficient dosage,
or due to complications such as lack of absorption of the TLR4a. However, a
small number of dogs were included in these groups, and thus a significant
difference could have been observed if more dogs were included.

To the author’s best knowledge, there are only two published studies in which
a follow-up over dogs with papular dermatitis was performed [4,55]. In one of
them, 15 out of 17 dogs were treated with subcutaneous meglumine antimoniate
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for 25-30 days, showing complete resolution of lesions by day 25 in all dogs [4].
The remaining dog received no treatment and was only revisited four months
later, showing only partial remission [4]. In the other study, 3 out of 8 dogs were
treated twice a day with meglumine antimoniate subcutaneously (50 mg/kg SC
BID) and allopurinol orally (10 mg/kg PO BID), showing total resolution by
10 days of treatment [55]. The other four dogs received no treatment, showing
improvement only after 3 to 5 months [55]. Similarly, in the present study, all
dogs treated with topical meglumine antimoniate showed improvement one
month after starting treatment, although only 70% had a complete resolution
of lesions. However, taking into account the mean of administration (much less
painful and stressful for the dog and the owner) and the lower risk of adverse
effects, we can consider topical treatment as an advantageous alternative.

As mentioned previously, self-healing of the skin lesions may occur between
three and six months in previous studies [4,55]. This fact is similar to the results
of the present study, in which some dogs included in the control group showed a
total resolution of the papules at days 90 (22%) and 180 (11%) or partial resolution
at day 60 (11%), although one showed total resolution by day 30 (11%).

The immune response was also evaluated in this study. IFN-y is one of the
cytokines expressed by a Thl response (considered an effective immune
response). In the present study, 50% (12/24) of dogs at day 0 and 45% (9/20) at
day 30 were considered IFN- y producers. These findings are similar to previous
studies using IFN-y release whole blood assay in dogs with stage I and papular
dermatitis. In one study [5], dogs in stage I (25.7%) and Ila (48.5%) showed a
higher production of IFN-y than other dogs classified as stage IIb (8.5%), III
(14.2%), and IV (2.8%). In another study, 15 of 19 dogs in stage I (79%) were
IFN-y producers, whereas only 6 out of 15 dogs (40%) were in stage II-III [6].
Interestingly, in this study, the dogs that were followed up at different time
points presented a production of parasite-specific IFN-y that ranged from 41 to
75% of the dogs studied.

The results of IFN-y concentration showed a positive correlation with IL-17a
concentration after LSA and Con A stimulation. This correlation was expected
regarding previous studies where it was demonstrated that IL-17a played a
synergic role with IFN-y by blocking parasite growth after checking IFN-y and
IL-17alevels in infected mice [10]. In another study, nRNA expression for iNOS
and IFN- y was positively correlated with IL-17a gene transcription in dogs [11].
However, another study concluded that SNPs located in analogous regions of
canine IL-17a gene promoter did not show an association with Leishmania
spp. resistance [56]. Further studies on the role played by IL-17a in L. infantum
infection are required to determine if it might be used as a prognostic marker.

In addition, it is important to highlight that, similarly to previous studies, the
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majority of these dogs were seronegative or presented very low positive antibody
levels throughout the study period, and four dogs even showed seroreversion [6].
Therefore, even if dogs were only treated with local treatment or no treatment,
most of them did not have relapses or worsening of the infection. Regarding this,
only one dog treated with PHMB alone showed relapse of papular dermatitis,
another dog treated with PHMB + TLR4a demonstrated an increase in serology
levels through treatment, and four dogs were withdrawn from the study due to
worsening of clinical signs, two associated to the control group (2/4) and two to
PHMB + TLR4a group (2/4). Conversely, no dogs treated with local meglumine
antimoniate showed worsening or relapse of clinical signs throughout the study
period, nor an increase in antibody levels, and the dog that had relapsed while
PHMB was being administrated, did show complete resolution after changing
to local meglumine antimoniate, demonstrating, in these cases, a good efficacy
not only in the treatment of clinical signs but also to avoid relapses or worsening
of the disease.

According to previous papers, in this study, there was no association between sex
or age and NBT reduction rate [24,25]. In a previous study, the NBT reduction
rate of 40 healthy dogs (4.57 + 1.72 %), 20 dogs in Stage-I (34 £ 10.05%), and 20
dogs in Stage-IV (3.7 + 2.03 %) was compared, showing that NBT reduction
rate was significantly higher in dogs in Stage-I [24]. In another study, the NBT
reduction rate was compared between ten healthy dogs treated with 0.5 mg/
kg oral (PO) of domperidone once a day (SID) for 30 days and ten non-treated
healthy dogs [25]. In this previous study, the results from the non-treated group
showed similar means to the first study (5.9 + 1.6%) [25]. According to these
previous papers, our results of NBT reduction rate at day 0 (mean + SD: 18 +
6%) and day 30 (mean + SD: 19 + 5%) were closer to the Stage-I results [24,25].

Concerning real-time PCR, the results of the present study are in agreement
with previous studies where dogs with mild leishmaniosis showed a lower
proportion of positive cases than dogs in more advanced stages [5,6,57]. It is
well known that sick dogs with high antibody levels also show high parasitemia
levels [57]. It is worth noticing that a difference was observed between the
proportion of PCR-positive dogs at day 0 (54.2%) and day 30 (20%) (p = 0.03),
and when comparing dogs at day 30 and day 365 (92.3%) (p = 0.0001), showing
a significantly lower result at day 30 and a significantly higher result at day 365.
This could be interpreted as a signal of infection recrudescence. However, it was
not associated with clinical or analytical worsening, and the parasitemia (PCR
Cq) was the same at day 365 (34.7 + 1.2) and at day 0 (34.7 + 2.1), indicating a
possible clinical cure with infection persistence or progression. Nevertheless,
it should be taken into account that in this study, dogs were changing between
PCR positive or negative depending on the day of the follow-up. Intermittent or
transitory parasitemia has been commonly observed in previous studies in dogs
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with Leishmania infection and is the most likely explanation for the variability
of the results throughout the follow-up [58]. Moreover, the number of dogs that
were available for PCR testing on day 365 was much lower than initially, and
this could affect the results. It should also be pointed out that PCR performed
on DNA extracted from whole blood samples is a less sensitive technique than
PCR performed on bone marrow, lymph node, spleen, or skin, which could be
regarded as a limitation of this study [59,60]. Invasive sampling for PCR was
considered not ethical in this scenario.

Regarding the onset of clinical signs, 87.5% of the papules appeared in autumn
and winter, as previously described [4,61]. This period belongs to the end of the
sandfly season, which could mean a delay between Leishmania inoculation and
the development of papular dermatitis. This might be explained by a period
of parasite amplification, as it was described in mice [62] and dogs [63]. The
majority of dogs in this study were young, 91.7% were below 12 months of age,
and 45.8% were below 6 months of age, as was observed in previous studies
[4,61]. This could mean that papular dermatitis might be more common at
the time of the first contact of the parasite with the host’s immune system. In
the same way, the distribution of papular lesions was similar to these previous
studies, 46.9% were located on the inner surface of the pinna, and 18.8% were
on the abdomen [4,61].

5. Conclusions

In conclusion, the results of this study showed that dogs with papular dermatitis
treated with local meglumine antimoniate healed faster than dogs treated with
a placebo. Furthermore, no dog treated with topical meglumine antimoniate
showed worsening clinical signs or relapse during the one-year follow-up. On
the other hand, PHMB (alone or in combination with TLR4a) showed a higher
tendency towards resolution when compared to placebo, although results were
considered non-significant. Moreover, no adverse effects were observed in
any of the drugs throughout the study in any of the dogs. Therefore, we might
conclude that local meglumine antimoniate is a safe and effective alternative
for the treatment of papular dermatitis in dogs with L. infantum infection.
The present study also showed that most dogs presented a protective immune
response at the time of diagnosis and during a year follow-up period without
clinical failure.
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Simple Summary

This study aimed to understand the role of neutrophils in canine leishmaniosis
(CanL) by assessing neutrophil activation and its relationship with different states
of Leishmania infantum infection and antibody and IFN-y production. The results
showed that sick dogs in stage I-mild disease had significantly higher neutrophil
activation compared to healthy seronegative and seropositive dogs and sick
dogs in advanced stages (II, III-IV). Healthy seropositive dogs exhibited higher
neutrophil activation compared to all other groups except sick dogs in stage I.
Dogs in advanced disease stages (II, III-IV) did not show significant differences
in neutrophil activation compared to healthy seronegative dogs. Furthermore,
dogs in stage I had significantly higher IFN-y concentrations compared to healthy
seronegative and sick dogs in advanced disease stages. Dogs in stage II showed
higher IFN-y concentrations compared to healthy seronegative dogs, while no
significant differences were observed in dogs in stage III-IV. Healthy seropositive
dogs had elevated IFN-y concentrations compared to healthy seronegative dogs
and dogs in stage III-IV. These findings indicate that neutrophil activation is
predominant in dogs with mild disease and healthy seropositive dogs with an
association with potent IFN-y production.

Abstract

This study aimed to investigate the role of neutrophils in canine leishmaniosis
by assessing neutrophil activation and its relationship with different states of L.
infantum infection and antibody and IFN-y production. Dogs were categorized
into five groups: healthy-seronegative (n = 25), healthy-seropositive (n = 21),
LeishVet-stage I (n = 25), Leishvet-stage II (n = 41), and LeishVet-stage III-
IV (n = 16). Results of the nitroblue tetrazolium reduction test (NBT) showed
significantly higher neutrophil activation in stage I (median:17.17, range: [7.33-
31.50] %) compared to in healthy-seronegative (4.10 [1.20-18.00]%), healthy-
seropositive (7.65 [3.98-21.74]%), stage II (6.50 [1.50-28.70]%), and stage III-IV
(7.50 [3.00-16.75]%) groups (p < 0.0001). Healthy-seropositive dogs also displayed
higher values than all groups except stage I. Stages II and III-IV did not show
significant differences compared to healthy-seronegative. Regarding IFN-y, stage
I dogs had higher concentrations (median:127.90, range: [0-3998.00] pg/mL) than
healthy-seronegative (0 [0-109.50] pg/mL) (p = 0.0002), stage II (9.00 [0-5086.00]
pg/mL) (p = 0.045), and stage III-IV (3.50 [80.00-548.80] pg/mL) (p = 0.02)
dogs. Stage II dogs showed increased IFN-y compared to healthy-seronegative
dogs (p = 0.015), while stage III-IV dogs had no significant differences compared
to healthy-seronegative dogs (p = 0.12). Healthy-seropositive dogs had elevated
IFN-y concentrations compared to healthy-seronegative dogs (p = 0.001) and
dogs in stage III-IV (p = 0.03). In conclusion, neutrophil activation was higher in
dogs with mild disease and healthy-seropositive dogs, and a relationship between
neutrophil activation and the production of IFN-y was found

Keywords: NBT; dog; immunity; interferon-gamma; neutrophil; leishmaniosis;
oxidative burst; oxidative metabolism.
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1. Introduction

Canine leishmaniosis (CanL) is a zoonotic vector-borne disease caused by the
protozoan parasite Leishmania infantum and primarily transmitted through the
bite of female Phlebotomine sand flies [1]. It has a worldwide distribution and is
considered endemic in regions, such as the Mediterranean basin, Latin America,
and southern Asia [1]. Dogs serve as the main reservoir for this infection.
Leishmania infantum is an obligate intracellular parasite that infects and survives
within various myeloid lineage cells, including monocytes, macrophages,
dendritic cells, and neutrophils. Its presence in the body has unique implications
for the immune system during the course of the infection [2].

Clinical manifestations of CanL can vary widely, ranging from subclinical
infection to severe systemic disease [1]. The severity of the disease is classified
into four stages: mild disease-LeishVet stage I, characterized by mild clinical
signs like papular dermatitis, exhibiting no noteworthy clinicopathological
abnormalities, and displaying antibody levels that range from negative to
low; moderate disease-LeishVet stage II, characterized by diffuse clinical
manifestations, like extensive skin lesions, widespread lymph node
enlargement or weight loss, clinicopathological abnormalities without a rise
in creatinine concentrations, and antibody levels varying from weakly positive
to strongly positive; severe disease-LeishVet stage III, defined by extensive
clinical manifestations along with clinical signs linked to the deposition of
immune complexes (like uveitis or glomerulonephritis), clinicopathological
abnormalities, including either IRIS Stage 1 proteinuric or IRIS Stage 2 chronic
kidney disease (CKD), accompanied byantibodylevels ranging from moderate to
high positivity; and very severe disease-LeishVet stage IV, determined by diffuse
clinical signs, clinicopathological abnormalities, and advanced CKD stage 3 or
4, accompanied by antibody levels ranging from moderate to high positivity
(1]. The interplay between the host’s innate and adaptive immune responses in
response to the parasite infection plays a crucial role in determining the clinical
signs and overall outcome of the disease [3,4]. Dogs with a predominant cellular
immune response are associated with disease resistance or subclinical forms,
while dogs exhibiting a predominantly humoral response are associated with
clinical illness [2,5]. Adaptive T-cell immunity has been widely investigated
to play a crucial role in disease development and resistance. The T helper 1
(Thl)-mediated immune response, characterized by the secretion of cytokines,
such as interferon-gamma (IFN-y), interleukin-2 (IL-2), and tumor necrosis
factor-alpha (TNF-a), is associated with immune protection [4,6]. Conversely,
the Th2-mediated immune response leads to the production of cytokines, like
interleukin-4 (IL-4), interleukin-10 (IL-10), and transforming growth factor-
beta (TGF-f), which are linked to a predominantly humoral immune response

144



and disease progression [4,6]. A balanced response between proinflammatory
Thl CD4+ T cells that inhibit parasite replication and an immune regulatory
response mediated by T regulatory 1 (Trl) cells is crucial for disease control
[2]. The former stimulates macrophage activity through IFN-y production,
promoting parasite elimination [7]. However, prolonged exposure to antigens
can lead to T cell exhaustion, resulting in reduced T cell proliferation and
IEN-y production. This, in turn, allows for parasite survival and expansion
within macrophages [7].

In recent years, growing evidence has highlighted the significant role of the
innate immune response in controlling Leishmania infection. Among the
components of the innate immune system, neutrophils have emerged as key
players, particularly in the early stages of Leishmania infection [8]. While
macrophages are considered the primary host target cells for the replication of
L. infantum, neutrophils also play a distinct role in the control or progression of
leishmaniosis, thanks to their ability to kill parasites and produce interleukins
[9,10]. As the first line of defense, neutrophils are the initial cells that
migrate to the site of infection and internalize the Leishmania promastigote
[11-14]. Upon phagocytosis, neutrophils activate their defense mechanisms,
including the production of reactive oxygen species (ROS), which is a crucial
antileishmanial mechanism produced in phagocytes (oxidative burst) [15-
18]. The phagocyte’s NADPH oxidase generates the superoxide anion (O,),
which serves as a precursor to hydrogen peroxide and other ROS [15-17,19-
21]. Subsequently, the neutrophil releases these ROS within the phagosomes
containing L. infantum amastigotes, effectively killing the parasite [19]. In
addition to the oxidative burst, neutrophils that ingest Leishmania amastigotes
initiate further defensive strategies. These include the secretion of TNF-a and
IFN-y, which aid in stimulating macrophage activation and recruitment to the
infection site [22,23] and the release of neutrophil extracellular traps, which
also potentially play a significant role in combatting protozoal infections, such
as Leishmania [24].

However, Leishmania amastigotes have the ability to deactivate the oxidative
activity of polymorphonuclear leukocytes, allowing them to survive within
neutrophils and exploit them as a means to hide from the immune system while
silently infecting the final host cell, the macrophage [10,22,25]. Alternatively,
if the oxidative burst is successful and limits parasite growth within cells, the
infection can be controlled [26,27]. Therefore, the ability or predisposition of
neutrophils to activate the oxidative burst can have a significant impact on
disease progression or containment.

Interferons (IFNs) are a family of proteins that exhibit strong antiviral and
antibacterial effects and play crucial roles in regulating effector cells within
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both innate and adaptive immune responses [28-31]. Among these, IFN-y
stands out for having the most diverse and potent effects [32]. While much of
the research on IFN-y has focused on its effects on adaptive immunity, recent
studies have revealed its ability to modulate myeloid cell activity, including
neutrophils, in diverse ways. These include enhancing NADPH oxidase
activity and the oxidative burst, promoting nitric oxide (NO) production,
increasing the expression of MHCII proteins, altering cytokine and chemokine
production, inhibiting chemotaxis, and suppressing apoptosis [33]. Although
these effects have been predominantly observed in vitro based on mature
neutrophils, studies suggest that more substantial changes occur when IFN-y
interacts with maturing myeloid cells [34]. Thus, IFN-y could potentially have
an impact on the capacity of neutrophils to eliminate phagocyted Leishmania
amastigotes and promastigotes by stimulating the cellular immune response
and activating phagosomes to induce an oxidative burst. Therefore, a positive
relationship within IFN-y and the oxidative metabolism of neutrophils could
be suspected.

The nitroblue tetrazolium reduction test (NBT) is a diagnostic assay that
utilizes the ability of neutrophils and macrophages to generate free radicals
(oxidative burst) during the process of phagocytosis [35,36]. This test relies on
the reduction of nitroblue tetrazolium, a colorless compound, to formazan, a
blue compound, by the NADPH oxidase present in activated neutrophils within
the phagocytic vacuole. As a result, the cytoplasm of the cells undergoes a color
change, indicating the production of ROS [36]. The NBT reaction provides
an assessment of the ROS-generating activity in the cytoplasm of cells and
has been shown to correlate strongly with the levels of ROS produced during
the oxidative burst [37,38]. By employing conventional light microscopy, the
rate of NBT can be determined by calculating the percentage of neutrophils
with formazan present in their cytoplasm, reflecting the activation status of
neutrophils and monocytes in the peripheral blood [35]. The primary objective
of this study was to assess the variations in peripheral blood neutrophil ROS
generation in dogs with different stages of L. infantum infection by means of the
NBT. Additionally, we aimed to investigate the potential association between
neutrophil ROS generation and IFN-y concentrations, as well as antibody levels,
in dogs with different states of L. infantum infection.

2. Materials and Methods

All dogs included in this study belonged to volunteer owners who had granted
permission to a physical examination and blood collection from their dogs
through a signed consent form.
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2.1. Dogs and Clinical Data

Dogs of different breeds from an endemic area were selected to enter the
study. A complete blood count, serum biochemistry profile (at least containing
creatinine, alanine aminotransferase, and albumin), urinalysis, serum
electrophoresis, and ELISA serology were performed for all dogs, as well as
cytology of the lesions in dogs in stage I.

A total of 128 dogs were enrolled in this study and divided into five groups
according to the LeishVet staging system [1]: Group 1 included healthy
seronegative dogs with no clinical signs or hematological or biochemical
abnormalities (n = 25); Group 2 included Leishmania-seropositive but
clinically healthy dogs with no clinical signs, hematological and serum and
urinary biochemical parameters within normal limits, and presenting low to
medium antibody levels (1 = 21); Group 3 included dogs with mild disease-
LeishVet stage I presenting papular dermatitis as the sole clinical sign [39],
the identification of intralesional amastigotes via cytology, hematological,
serum, and urinary biochemical parameters within normal limits (including
creatinine < 1.4 mg/dL), and presenting negative to low antibody levels (n = 25);
Group 4 included dogs with moderate disease-LeishVet stage II, including the
characteristic clinical signs (diffuse clinical manifestations, like extensive skin
lesions, widespread lymph node enlargement, or weight loss among others),
hematological and serum biochemical abnormalities with normal creatinine
values (<1.4 mg/dL), and medium-to-high antibody levels (n = 41); Group 5
included dogs with severe disease-LeishVet stage III and very severe disease-
Leishvet stage IV, including the characteristic clinical signs, hematological,
biochemical abnormalities (including creatinine values of 1.4-2.8 mg/dL or
UPC > 1 for stage III and creatinine values > 2.8 for stage IV or UPC > 5), and
presenting positive antibody levels (n = 16) [1]. The urine protein creatinine
ratio was assessed in 12/25 dogs in stage I and in all dogs in stages II, III,
and IV. Leishmania infantum-specific antibody levels were assessed in all dogs
using an end point ELISA. As for IFN-y, this test was conducted on most of
the dogs, although technical limitations prevented its performance in all cases.
IFN-y measurements were obtained from 10 out of 25 healthy seronegative
dogs, 15 out of 21 healthy seropositive dogs, 24 out of 25 stage I dogs, 34 out of
41 stage IT dogs, and 13 out of 16 stage III/IV dogs. A follow-up of up to one year
was available for all dogs with papular dermatitis without conventional anti-
Leishmania systemic treatment instituted. Some dogs in this group received
local treatment whit either topical meglumine antimoniate as a lotion spray
(n = 6/25), polyhexamethylene biguanide alone or in combination with Toll
like receptor 4 as a spray (n = 9/25), or placebo (n = 9/25), and one received no
treatment at all [39].
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2.2. Blood Collection

The blood was collected via jugular or cephalic venipuncture and placed in
EDTA tubes for the hematologic analysis and the NBT test, into heparin tubes
to perform cytokine release whole blood assay, and into serum tubes for the
antileishmanial antibody quantification.

2.3. Antileishmanial Antibody Quantification via ELISA

Antibody levels against L. infantum were assessed using an in-house Enzyme-
Linked ImmunoSorbent Assay (ELISA), as outlined in previous studies [3,40].
Dog sera were diluted to a ratio of 1:800 in a phosphate buffer solution (PBS)
containing Tween 20 and 1% dry milk. This mixture was then incubated in
plates previously coated overnight with sonicated promastigotes of L. infantum
(MHOM/MON-1/LEM-75) obtained from an infected dog at a concentration
of 20 ug/mL, and the incubation took place at 37 °C for 1 h [41]. Following
this, the plates underwent a series of washes using PBS-Tween and PBS.
Next, Protein A conjugated to horseradish peroxidase (Peroxidase Conjugate
Protein A; Merck KGaA, Darmstadt, Germany) was added to the plates at
a dilution of 1:30,000 and incubated for 1 h at 37 °C. After another round
of washing, the plates were treated with o-phenylenediamine and substrate
buffer (SIGMAFAST OPD; Merck KGaA, Darmstadt, Germany). The reaction
was terminated using 5 M H SO,. Absorbance readings were taken at 492 nm
using a spectrophotometer (MB-580 HEALES; Shenzhen Huisong Technology
Development Co., Ltd., Shenzhen, China). The quantification of results was
performed in terms of ELISA units (EUs), normalized against positive canine
serum utilized as a calibrator and set at 100 EU.

The threshold was established at 35 EU [39]. Serum samples were categorized
as negative when their value fell below 35 EU. If the result ranged from 35
EU up to but not exceeding 150 EU, it was considered low positive. Similarly,
if the result fell between 150 EU and 300 EU, it was categorized as medium
positive. Finally, if the value equaled or surpassed 300 EU, it was classified as
high positive.

For a more in-depth examination of samples identified as medium or high
positive, an ELISA involving a two-fold serial dilution was conducted. This
process was initiated at a dilution of 1:800 and continued with an additional
7 to 11 dilutions. Quantification was predicated on arbitrary units (EU) in
relation to a calibrator set at 100 EU, which corresponded to an optical density
(OD) value of 1 at the 1:800 dilution. The mean values of dilutions displaying an
OD approximate to one were chosen for calculating the EU. This computation
was executed using the following formula: (sample OD/calibrator OD) x 100 x
dilution factor [40].
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2.4. Nitroblue Tetrazolium Reduction Test

For each EDTA tube, blood was drawn and filled into three hematocrit
capillary microtubes (Servoprax, Wiesel, Germany). These microtubes were
then subjected to centrifugation at 2910 x g for 5 min (Fugevet+ GDCO005,
Nabhita International Ltd., London, UK) to isolate the bufty coat. The obtained
bufty coat was transferred to an Eppendorf tube, where it was mixed with
an equal volume of 0.1% NBT solution (1:1) (N6876, Sigma-Aldrich Co., St.
Louis, MO, USA). The mixture was gently agitated and then placed in a heater
at 37.5 °C for a duration of 15 min (INB 200, Memmert GmbH + Co. KG,
Schwabach, Germany), followed by an additional 15 min at room temperature.
Subsequently, two blood smears were prepared from each Eppendorf tube, with
3 puL of NBT-stained blood being placed on each glass slide. These slides were
turther stained using the Diff-Quik method. To assess the NBT rate, a total
of 300 neutrophils displaying a clear morphology were counted on each slide
using standard light microscopy. Neutrophils that were aggregated or damaged
were excluded from the count. The NBT rate was calculated by determining
the percentage of activated neutrophils, characterized by the presence of blue-
black formazan deposits, among the total counted neutrophils [42].

Dogs were considered to have an increased NBT rate when the NBT value
exceeded the cut-off. This cut-oft was calculated by considering the NBT values
of the 25 healthy seronegative dogs as the control group. A high sensitivity was
desired for this cut-oft. The standard deviation was added to the mean value of
this group, resulting in a cut-off of 10.80%. With this cut-off, considering the
healthy seronegative dogs as negative and the dogs with papular dermatitis as
positive, the sensitivity was 92% and the specificity 84%.

2.5. Cytokine Release Whole Blood Assay and Determina-
tion of Canine IFN-y

The heparinized cytokine release whole blood assay was conducted following
established procedures [3]. To outline the process, the assay involved incubating
whole blood separately under three distinct conditions: (i) medium alone
(unstimulated); (ii) medium containing L. infantum soluble antigen (LSA) at
a concentration of 10 pug/mL [43]; and (iii) medium supplemented with the
mitogen concanavalin A (ConA, 100 mg, Medicago, Uppsala, Sweden) at a
concentration of 10 ug/mL. LSA was obtained through a process involving
triple cycles of freezing and thawing of cultured L. infantum promastigotes
(MHOM/MON-1/LEM-75) suspended at a concentration of 1 x 10° cells/mL
in PBS. Subsequently, the supernatant was harvested following centrifugation
(8.000 x g, 20 min, 4 °C), adhering closely to the methodology outlined in
Carrillo et al., 2015, albeit with minor adjustments [44]. Following five days of
incubation at 37 °C in an environment containing 5% CO,, supernatants were
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obtained through centrifugation at 300 x g for a duration of 10 min. These
supernatants were then collected and stored at —80 °C until the testing phase.
The measurement of IFN-y was carried out for all samples utilizing a
commercially available sandwich ELISA (Du-oSet” ELISA by Development
System R&DTM, Abingdon, UK) using a canine IFN-y antibody. A standard
curve for canine IFN-y was established through a computer-generated
four-parameter logistic curve-fit using the MyAssays program (http:/
www.myassays.com/) [3]. Dogs were categorized as IFN-y producers if the
concentration of L. infantum-specific IFN-y exceeded or was equal to 110 pg/
mL after accounting for the medium-alone baseline [43].

2.6. Statistical Analysis

The statistical analysis of data was performed using GraphPad Prism 8.0.1 for
Windows software (GraphPad Software, San Diego, CA, USA).

Several normality tests (Anderson-Darling, D’Agostino and Pearson, Shapiro-
Wilk, and Kolmogorov-Smirnov) were performed to assess the normality of
the different variables (NBT rate, serological results, and IFN-y concentration).
No variables followed a normal distribution except for the NBT rate in stage
I and stage III-IV considering a p-value < 0.05 as statistically significant.
Therefore, non-parametric tests were used to assess the data, except for the
unpaired t-test (parametric test) performed between the parameters with a
normal distribution. A non-parametric Mann-Whitney U-test was used for
quantitative variables to compare two groups.

A Kruskal-Wallis test and a Dunn’s multiple comparisons test were used to
compare more than two groups when data did not follow a normal distribution.
If data followed a normal distribution, an ordinary one-way ANOVA and
a Tukey’s multiple comparisons test were performed. The Chi-square test
or Fisher’s exact test was performed to determine if an association between
categorical variables existed. The Spearman (non-normal distribution) or
Pearson (normal distribution) correlation coefficient was used to evaluate
if there were correlations among different parameters studied. Results were
considered statistically significant at a p-value < 0.05.

3. Results

3.1. Dog Clinical Characteristics and Performed Tests

Dog clinical characteristics and results of performed tests are summarized
and displayed in Tables 13 and 14. Forty-two percent of dogs were crossbred
(n = 54), and the other most represented breeds were Beagle (n = 10), German
shepherd (n = 8), and Greyhound (n = 5)
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Table 13. Distribution of qualitative characteristics including breed, sex, positive/
negative NBT, positive/negative serology, and productive/non-productive status for IFN-y
among dogs categorized within the five states of infection studied.

Health Health
Qualitative sero-y sero-y Stage Stage Stage p_-value
characteristics negative positive ='25) @ :' o ('n"="1‘6’) (Ch"::')"a'e’
(n = 25) (n=21)
Crossbred 9 n 14 16 4
Bred (n = 54) (36%) (52.4%) (56%) (39%) (25%) 0.5
(n=128)  pyrebred 16 10 n 25 12 539
(n=74) (64%) (47.6%) (44%) (61%) (75%)
Male 12 10 16 23 13
Sex (n=74) (48%) (47.6%) (64%) (56.1%) (81.3%) 0.2
(n =128) Female 13 1 9 18 3 (5.9, 4)
(n = 54) (52%) (52.4%) (36%) (43.9%) (18.7%)
Increased 4 5 23 10 3
NBT (n = 46) 16%) (23.8%) (92%) (24.4%) (18.8%) < 0.0001*
(n=128) WNL 21 16 2 31 13 (44.6,4)
(n=82) (84%) (76.2%) (8%) (75.6%) (81.2%)
Positive o 21 6 a1 16
Serology =84 (0%) (100%) (24%) (100%) (100%) < 0,000
(n=128)  Negative 25 0o 19 0 0 (107.8, 4)
(n = 44) (100%) (0%) (76%) (0%) (0%)
IEN- Producers o 9 12 9 4
Y (n =34) (0%) (60%) (50%) (26.5%) (30.8%) 001
(n=97) (2.5, 4)
Non-prod. 10 6 12 25 9 e
(n = 63) (100%) (40%) (50%) (73.5%) (69.2%)

NBT, nitroblue tetrazolium reduction test; WNL, within normal limits; IFN-y, Interferon-
gamma; Non-prod., non-producers; ELISA, Enzyme-Linked ImmunoSorbent Assay.
*Significant differences were observed between groups.

Table 14. Median, minimum, and maximum values for quantitative traits like age, NBT,
serology, and IFN-y within each group.

Qualitative Healthy Healthy p-value
characteristics sero- sero- Stalge Stflge s"tla?‘;a (Kruskal-
Median (min- negative positive _ - - Wallis
max) (n=25) (n=21) (OR22) GRSl S test)
Age 1.3 5 0.5 4 75 .
(years) (1-1.6) (1-13) (0.25-7) @-13) Qa-11) <0.0001
NBT 4.1 7.7 17.2 6.5 7.5 .
(%) (1.2-18) (4-21.7) (7.3-31.5) (1.5-28.7) (3-16.75) <0.0001
IFN-y (o] 204.1 127.9 9 3.5 0.001*
(pg/mL) (0-109.5) (0-4763) (0-3998) (0-5086) (80-548.8) .
Serology 5.5 133.9 21.4 1894 1857 <0.0001*
(ELISA units) (0.3-28.5) (75.8-956.3) (2.8-227.1) (57.2-10293) (96.8-11114) ’

NBT, nitroblue tetrazolium reduction test; WNL, within normal limits; IFN-y, Interferon-
gamma; Non-prod., non-producers; ELISA, Enzyme-Linked ImmunoSorbent Assay.
*Significant differences were observed between groups.
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3.2. Age-Stratified Analysis of NBT Rate in Dogs with
Papular Dermatitis (Stage I): Insights from Younger and
Older Canine Cohorts

Dogs within the stage I group were further subdivided between dogs younger
than one year of age (n = 22) and dogs older than one year of age (n = 3)
for a further statistical analysis. No statistical differences were found when
comparing the NBT rate of dogs in both groups (p = 0.674).

Additionally, the statistical study comparing the stage I group with the other
groups was repeated but only taking in consideration the dogs that were older
than 1 year of age, showing similar results to the previous study performed.
Stage I (older than 1 year of age) had a significantly higher NBT rate than
dogs in the healthy seronegative group (p = 0.02), the healthy seropositive
group (p = 0.011), the stage II group (p = 0.002), and the stage III-IV group
(p < 0.0001).

3.3. Follow-up of Dogs with Papular Dermatitis (Stage )

Over the following months after diagnosis, the majority of the dogs exhibited
a notable improvement or the resolution of their cutaneous lesions, and the
antibody levels demonstrated a declining trend. However, among the 25 dogs
studied, three exhibited a deterioration in their cutaneous lesions, which
progressed to the point of ulceration in two cases. Consequently, a systemic
conventional anti-Leishmania treatment approach was initiated to address
their condition.

For the purpose of conducting a statistical analysis, the three dogs that
experienced a worsening of their clinical signs were categorized as belonging to
group PD-B, and the remaining 22 dogs that displayed an improvement or the
resolution of their clinical signs without the need for systemic treatment were
designated as members of group PD-A. Detailed results pertaining to NBT,
IFN-y, and serology, both for these delineated groups and for each individual
dog within group PD-B, can be found in Table 15.

Upon conducting a comparative analysis of the NBT, IFN-y, and serology results
between the two groups, no statistically significant differences were found (p =
0.074, p = 0.176, and p = 0.271, respectively). However, it is worth noting that the
sample size for group PD-B was limited to only three dogs, which could have
influenced the robustness of the statistical outcomes.

Interestingly, despite the limitations in sample size, a significant correlation
was established between the number of dogs surpassing the NBT cut-oft value
and the achievement of a clinical improvement without the requirement for
systemic treatment. This observation indicated that dogs in group PD-B
(those experiencing worsening clinical signs) were more prone to exhibit NBT
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results within the normal range, unlike dogs in group PD-A (demonstrating
an improvement without systemic treatment). However, no corresponding link
was identified between the various groups and the status of being an IFN-y
producer or having a positive serology.

Table 15. NBT and IFN-y results for dogs presented with papular dermatitis and divided

into Group PD-A (clinical improvement without systemic treatment) and Group PD-B
(clinical worsening and need for systemic treatment).

NBT

Serolo- 1
status IFN-y i Clinical
o =
NBT (%) (cut-off IFN-y status Serology gical T
=10.8) status
Grou Median: Median: Median:
P 1717 23/23 127.9 10/10 18.21 5/22 Partial or total
Over
PD-A (min: 9.7, cutoff (min: O, Producers (min: 2.76, Positive improvement
(n=22) max: 31.5) max: 1599) max: 227.1)
Group Me::aan: Median: 7 /3 Mzefiﬂ": 1/3
PD-B e 2/3 WNL (min: O, 0 o -
(min: 7.3, max: 234.2) Producer (min: 22.34, Positive
(n=3) max: 20.8) : - max: 79.9)
D Worsening of
og Non- . cutaneous clinical
PD-B.1 8.8 WNL 7 producer 79.9 Positive signs: diffuse
worsening
Worsening of
Dog cutaneous clinical
7.3 WNL 234.2 Producer 27.41 Negative signs: ulcerative
PD-B.2 lesion at the nose
bridge
Worsening of
D cutaneous clinical
og Over Non- . signs: ulcerative
PD-B.3 208 cutoff 0 producer 22.34 Positive lesion at the level

of the right lower
eyelid

Group PD-A, dogs diagnosed with papular dermatitis that showed improvement of

clinical signs without systemic treatment; Group PD-B, dogs diagnosed with papular

dermatitis that showed worsening of clinical signs and in which systemic treatment was

considered necessary; NBT, nitroblue tetrazolium reduction test; WNL, within normal
limits; IFN -y, Interferon-gamma.

3.4. Total Leucocyte Concentration and Differential Leuko-
cyte Concentration

The results from the total leucocyte concentration and the differential leukocyte
concentrationanalysiswithin thedifferentgroupsstudied aredisplayedin Table
16. Upon scrutinizing the outcomes across different groups, no statistically
significant differences were identified in terms of total leukocyte, neutrophil,
and eosinophil concentrations. However, significant differences were observed
in relation to the lymphocyte concentration. Specifically, healthy seronegative
dogs exhibited notably higher lymphocyte concentrations in comparison to the
healthy seropositive dogs (p = 0.028), as well as to dogs in stage II (p = 0.048)
and stage III-IV (p = 0.001). Interestingly, no substantial variance was found
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when comparing the lymphocyte concentration between healthy seronegative
dogs and dogs in the stage I group. Furthermore, regarding the lymphocyte
concentration within the stage I group, significantly higher values were also
recorded in contrast to healthy seropositive dogs (p = 0.022), dogs in stage II
(p = 0.033), and dogs in stage III-IV (p = 0.001). Notably, no significant
differences were evident when comparing the stage II group with the stage ITI-
IV group.

Regarding the monocyte concentration, statistically significant differences were
observed between healthy seropositive dogs and those in stage I (p = 0.004), as
well as between dogs in stage II and those in stage I (p = 0.04). In both cases, the
stage I group exhibited markedly higher values.

When exploring potential correlations between the NBT rate and both
neutrophil and lymphocyte concentrations, a comprehensive analysis
encompassing all of the dogs collectively revealed no significant correlations
(p = 0.491 and p = 0.199, respectively). This pattern persisted when conducting
separate evaluations within distinct groups, which included healthy seronegative
(p = 0.682 and p = 0.811, respectively), healthy seropositive (p = 0.766 and p =
0.144, respectively), stage I (p = 0.187 and p = 0.507, respectively), stage II (p =
0.408 and p = 0.494, respectively), and stage III-IV (p = 0.625 and p = 0.525,
respectively) groups.

Regarding the monocyte concentration, a significant negative correlation
with the NBT was observed exclusively within the stage I group (p = 0.005).
In contrast, no such correlations emerged when examining the healthy
seronegative (p = 0.785), healthy seropositive (p = 0.128), stage II (p = 0.451),
and stage III-IV (p = 0.73) groups separately. Similarly, no overall correlation
was identified when considering all dogs collectively (p = 0.159).

Table 16. Median (min-max) results for the leukogram and differential leukocyte
concentration in each group.

Healthy Healthy

Median Stage Stage Stage
(min-max) sero sero ] n n-1v p-value
negative positive
Leucocytes 11330 9710 11180 10470 9650 oms
(cell/pl) (6390-15020) (3360-16920) (6200-20540) (3990-19430)  (3420-13630) .
Neutrophiles 6675 5889 6939 71781 6482 0.936
(cell/ul) (3706-9913)  (2755-11844)  (3300-17860) = (3032-14378) = (2633-10223) .
Lymphocytes 3006 171 3590 1921 1472 <0.0001*
(cell/pl) (1968-3930) (235-3849) (900-5800) (518-4696) (616-2385) ’
Eosinophils 409 514 500 479 386 0.541
(cell/pl) (300-934) (63-2369) (20-1100) (0-2176) (0-1204) .
Monocytes 668 413 750 517 560 0.003*
(cell/ul) (313-1502) (34-1157) (100-1310) (129-1269) (171-1204) :

*Significant differences were observed between groups.
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3.5. Nitroblue Tetrazolium Reduction Test

The results of NBT are depicted in Table 13, Table 14, and Figure 9. A
significantly lower median NBT rate was observed in the healthy seronegative
group (median: 4.13% range: [1.15-17.96]%) when comparing this to the to
the healthy seropositive group (7.65% [3.98-21.74]%) (p = 0.006) and stage I
group (17.17% [7.33-31.50]%) (p < 0.0001). However, no significant differences
were found between the healthy seronegative group and stage IT (6.50% [1.50—
28.70]%) (p = 0.08) or stage III-IV group (7.50% [3.00-16.75]%) (p = 0.09).

NBT reduction rate
% Healthy  Healthy
(%) sero- < sero- (p = 0.006)
40 - negative  positive
. Healthy ¢ stage (o = 0.00D
50 1 .. . negative
o . Healthy _
20 o2 sero- < Stage (p =0.00D
© : = by o positive
; 5 “oox = 0.001
10 4 & o . :; E: Stalge > St?lge (p = 0.001)
& erws ° —.1—
B L 2R S S =0.001
od S = fee > SR @O0
Healthy Healthy Stage Stage Stage
sero- sero- | ] m-iv

negative positive

Figure 9. NBT reduction rate results (median, minimum and maximum values) in
different L. infantum states of infection.

Regarding healthy seropositive dogs, a significantly lower median NBT rate was
also observed when comparing this group to stage I (p < 0.0001). However, no
significant differences were found with the other groups: stage II (p = 0.23) and
stage III-IV (p = 0.53). A significantly higher median NBT rate was found when
comparing stage I to both stage II (p < 0.0001) and stage III-IV (p < 0.0001).
Conversely, there were no significant differences between stage IT and stage ITI-
IV (p = 0.8).

Regarding the number of dogs over the cut-oft value for NBT, there was a
significantly higher proportion of dogs that surpassed the cut-off in the stage I
group (92.00%) when compared to seronegative (16.00%) (p < 0.0001), healthy
seropositive (23.8%) (p < 0.0001), stage II (24.40%) (p < 0.0001), and stage ITI-
IV dogs (18.75%) (p < 0.0001). No additional significant differences were found
when comparing the other groups (Table 13).
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3.6. Leishmania infantum-Specific Antibody Levels

All dogs in the healthy seronegative group were considered negative (median:
5.50, range: [0.30-28.49] EU). Among the healthy seropositive group (median:
133.90, range: [75.79-956.30] EU), 76.19% of dogs were classified as low positive,
14.29% as medium positive, and 9.52% exhibited high antibody levels. In the
stage I group (median: 21.42, range: [2.76-227.10] EU), all dogs had negative
(76.00%) or low (20.00%) antibody levels, except for one dog (4.00%), which was
considered medium positive.

For the stage II group (median: 1894, range: [57.16-10,293.00] EU), 21.95% of
dogs were classified as low positive, 34.14% as medium positive, and 43.90% as
high positive. In the stage III-IV group (median: 1857, range: [96.79-11,114.00]
EU), 37.50% of dogs were classified as medium positive, another 37.50% as high
positive, and 25.00% fell into the low positive category.

Statistically significant lower values were found when comparing the healthy
seronegative group to the healthy seropositive group (p < 0.0001), stage I (p =
0.0003), stage II (p < 0.0001), and stage III-IV (p < 0.0001) groups. The healthy
seropositive group showed significantly higher values when compared to stage
I (p < 0.0001) and significantly lower values when compared to stage II (p <
0.0001) and stage III-IV (p = 0.0001) groups. Significantly lower values were
also observed when comparing stage I to stage II (p < 0.0001) and stage III-
IV (p < 0.0001) groups. No statistically significant differences were observed
between the stage II and stage III-IV groups (p = 0.93).

3.7. IFN-y Concentration

The results of the IFN-y concentration are depicted in Tables 13 and 14 and
Figure 10. In the healthy seronegative group, all tested dogs (10/10) were
classified as IFN-y-non-producers. Among the healthy seropositive group,
9 out of 15 dogs (60.00%) were considered as IFN-y-producers. In the stage I
group, 50.00% of dogs (12/24) were classified as IFN-y-producers. In stage II, a
total of 9 out of 34 dogs (26.47%) were classified as IFN-y-producers, while the
majority, 73.53%, were non-producers. Similarly, in stage III-IV, only 4 out of
13 dogs (30.77%) were identified as IFN-y-producers, with 69.23% classified as
non-producers.

Supernatants from LSA-stimulated whole blood of healthy seronegative dogs
(median: 0, range: [0-109.50] pg/mL) showed significantly lower concentrations
of IFN-y compared to healthy seropositive dogs (median: 204.10, range: [0-
4763.00] pg/mL) (p = 0.001), dogs in stage I (median: 127.90 pg/mL, range: [0-
3998.00] pg/mL) (p = 0.0002), and dogs in stage II (median: 9.00 pg/mL, range:
[0-5086.00] pg/mL) (p = 0.015). However, no differences were observed when
comparing IFN-y concentration between healthy seronegative dogs and dogs in
stage ITII-IV (median: 3.48 pg/mL, range [0-548.80] pg/mL) (p = 0.12).
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Figure 10. IFN-y concentrations (median, minimum and maximum values) after
stimulation with LSA in different L. infantum states of infection.
IFN-y, Interferon-gamma; LSA, L. infantum soluble antigen.

Regarding healthy seropositive dogs, no significant differences were found when
comparing their supernatants from LSA-stimulated whole blood results to dogs
in stage I (p = 0.6) and stage II (p = 0.06). However, statistically significant
higher values were observed in healthy seropositive dogs when comparing
them to dogs in stage ITII-IV (p = 0.03).

Concentrations of IFN-y from dogs in stage I were significantly higher than
concentrations of IFN-y from dogs in stage II (p = 0.045) and stage III-IV
(p = 0.02). No statistically significant differences were found between IFN-y
concentrations from dogs in stage IT and dogs in stage III-IV (p = 0.5).

3.8. Correlation Between Parameters Studied

No significant correlation was observed between the concentration of IFN-y
after LSA stimulation and L. infantum-specific antibody levels (p = 0.107)
when considering all the groups. Similarly, there was no correlation between
the NBT rate and antibody levels (p = 0.088). Additionally, no correlation
was found between the NBT rate and the concentration of IFN-y after LSA
stimulation (p = 0.087).

When examining the correlation within specific groups, no significant
correlation was observed between the concentration of IFN-y and L. infantum-
specific antibody levels in the healthy seronegative group (p = 0.2) and in
the stage I group (p = 0.146). Conversely, a significant negative correlation
was observed between IFN-y and L. infantum-specific antibody levels when
evaluating the results in the healthy seropositive (p = 0.028), the stage II (p =
0.001), and stage III-IV groups (p = 0.002).
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No significant correlation was found between the NBT results and L. infantum-
specific antibody levels when comparing different groups, including healthy
seronegative dogs (p = 0.778), the healthy seropositive group (p = 0.938), stage
I (p =0.663), stage I (p = 0.9), and stage III-IV (p = 0.164).

Furthermore, no correlation was observed when comparing the NBT results
and the concentration of IFN-y after LSA stimulation within specific groups,
including healthy seronegative dogs (p = 0.8), healthy seropositive group (p =
0.609), stage I (p = 0.94), stage II (p = 0.13), and stage III-IV (p = 0.16).

In terms of qualitative values, a significant positive association was found
between IFN-y-producers and increased NBT results when evaluating all dogs
(p =0.009) (Figure 11). Additionally, there was a negative association between
the proportion of increased NBT rate and ELISA seropositivity when evaluating
all dogs (p =0.035) (Figure 12). A negative association was also found between
the IFN-y-producer status and ELISA positivity (p = 0.04). These associations
were not found when evaluating the dogs separately by groups.

(%) (%)
80 - 10049 p=0.035
p =0.009
80 4
60 o
60 4
40 -
40
20 +
20 +
O d 0 d
NBT + NBT- NBT + NBT-
[l IFN-y producers [l seropositive
[ IFN-y non-producers [l seronegative
Figure 11. NBT association to IFN-y Figure 12. NBT association to serolo-
producer status. gical status.
NBT+, increased nitroblue tetrazolium NBT+, increased nitroblue tetrazolium
reduction test; NBT-, nitroblue tetra- reduction test; NBT-, nitroblue tetra-
zolium reduction test within normal zolium reduction test within normal
limits; IFN-y, Interferon-gamma. limits.

4. Discussion

Neutrophils are suspected to be a key factor for disease development in CanL;
however, their role remains poorly understood [2,8]. The objective of this
study was to assess neutrophil activation and its relationship with different
clinical manifestations ranging from subclinical infection to advanced disease
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and antibody production and to evaluate if the ability of IFN-y to stimulate
neutrophils correlates with the activation of its oxidative metabolism through
NBT measurements. This is the first study to comprehensively evaluate the
NBT across all states of this infection, including healthy seropositive and
seronegative dogs, and to establish a relationship between antibody levels and
the IFN-y production status.

Regarding the assessment of oxidative metabolism in different clinical stages
of leishmaniosis, the present findings revealed that dogs in the mild disease
LeishVet stage I exhibited significantly higher NBT values compared to healthy
seronegative and seropositive dogs, as well as to dogs in the moderate and severe
disease stages. This indicates elevated oxidative metabolism in neutrophils
specifically in dogs with mild, self-limiting disease, whereas this increase was
not observed in dogs with moderate-to-very severe disease [37]. Additionally,
although the healthy seropositive group showed a significantly lower NBT rate
than the stage I group, it still displayed significantly higher values compared
to all other groups. These results provide support for the hypothesis that
neutrophil activation is closely linked to an effective immune response against
leishmaniosis. This hypothesis is further supported by the observed association
between the lack of an NBT rate increase and the deterioration of clinical
signs during the follow-up of dogs with papular dermatitis. It is important
to note that among the 25 dogs, only three exhibited worsening clinical signs
necessitating systemic treatment, aligning with existing research portraying
papular dermatitis as a predominantly self-resolving condition linked to a
robust immune response [39,45-47]. Remarkably, two of these three dogs did
not display an elevated NBT rate, while all dogs manifesting with self-limiting
disease (22 out of 25) demonstrated NBT values surpassing the established
threshold.

The diminished response observed in the healthy seropositive group, when
compared to dogs with mild self-limiting disease (papular dermatitis), could
potentially be attributed to different states of infection, resulting in varying
levels of immune stimulation or activation. Thus, enhanced oxidative
metabolism in neutrophils may serve as an indicator of an effective immune
response against Leishmania infection, further supporting the significance of
neutrophils in disease management.

However, it is important to consider that differences in neutrophil activity
within the stage I group could potentially arise from variations in age between
these dogs and those belonging to the other groups. Notably, dogs with papular
dermatitis are markedly younger than their counterparts, boasting a median
age of 6 months, with ages ranging from 3 months to 7 years. This is in line
with previous studies, as papular dermatitis is consistently diagnosed in dogs
under one year of age [39,48,49]. This has been theorized to be attributed to
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the condition’s propensity to manifest during the initial encounter between
the parasite and the host’s immune system, making it more prevalent in young
dogs, particularly in areas where the parasite is endemic [39]. To mitigate
the potential bias introduced by age, the statistical analysis was re-executed,
focusing exclusively on dogs older than 12 months. This refined analysis
yielded outcomes similar to those obtained when considering the entire dog
population, despite the limited population of older dogs with papular dermatitis
(three cases). Additionally, no significant differences were observed when
comparing dogs aged 12 months and above with their younger counterparts
within the stage I group. Consequently, the authors consider it unlikely for age
to act as a confounding factor in neutrophil activation levels. An alternative
hypothesis could be considered, suggesting that the neutrophilic response
observed in patients at stage I could be linked to an early phase of the disease
rather than a profile of resistance. However, this proposition seems less plausible
given that, in the current study, every dog included within the stage I category
exclusively displayed papular dermatitis as the solitary clinical manifestation.
This particular clinical presentation is commonly associated with a robust
and protective immune response. Notably, these dogs spontaneously resolve
cutaneous lesions, as evidenced by long-term follow-up, which also indicates
an absence of clinical relapse or the emergence of systemic clinical signs, and
thus, they are more likely to be representative of an effective immune response
and not just an early phase of the disease [39,45-47,49]. To further support this,
the long-term follow-up in the current study showed that only three animals
out of 25 were considered to get worse without systemic treatment, and the
other 22 dogs resolved cutaneous lesions and remained healthy. Additionally, as
mentioned previously, an association between the lack of an NBT rate increase
and the deterioration of clinical signs was found.

In contrast to stage I and healthy seropositive dogs, dogs in stages II and III-
IV did not exhibit significant differences compared to healthy seronegative
dogs. This observation could indicate a correlation between the absence of
neutrophil activation and the progression of clinical disease, mirroring the
findings obtained while assessing dogs in stage I who exhibited a deterioration
in clinical signs and reflecting a non-effective immune phenotype, including
immunity exhaustion [7]. Previous studies have demonstrated an increased
rate of neutrophil apoptosis in severe clinical stages of CanL, which may
contribute to the reduction in the NBT rate [50]. While an initial increase in
oxidative metabolism by neutrophils might be viewed as a protective response,
if Leishmania infection is not controlled, prolonged neutrophil activation
can lead to the generation of oxidative stress and the depletion of antioxidant
defenses and ultimately trigger neutrophil apoptosis [51]. In addition, in dogs
with LeishVet stage III-IV, chronic kidney disease may also contribute to
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an increased apoptotic rate and reduced neutrophil superoxide production
[52,53]. Regardless of the underlying cause, this negatively impacts neutrophil
oxidative metabolism, which can significantly compromise the organism’s
primary defense mechanisms. This impairment ultimately results in a reduced
ability to control CanL and likely increases the vulnerability to co-infections
[50,52,54,55].

When assessing the total leukocyte and leukocyte differential concentrations,
despite observing no distinctions in leukocyte, neutrophil, and eosinophil
concentrations across the groups, some differences were found when evaluating
the lymphocytes and monocytes. Specifically, healthy seropositive dogs and
those with moderate-to-advanced leishmaniosis (stage II and stage III-IV)
displayed significantly diminished lymphocyte concentrations compared
to both healthy seronegative dogs and those in stage I. This partly concurs
with earlier research linking clinical systemic CanL to a reduced lymphocyte
concentration, consistent with the present observations in stage II and III-V
cohorts [56,57]. This could be due to multifactorial mechanisms, and although
the most likely explanation is stress-induced changes in the leukogram, other
causes, like lymphocyte entrapment or hindered hematopoiesis attributed
to bone marrow parasitism, could also contribute to lymphopenia [57].
It is also worth noting that dogs in the stage I group exhibited lymphocyte
concentrations comparable to those of healthy seronegative dogs. This
observation suggests the absence of a stress leukogram in dogs with mild self-
healing disease. Furthermore, dogs in stage I showed a significant increase
in the monocyte concentration compared to seropositive dogs and those in
stage II. While elevated monocyte concentrations in infected dogs have been
documented previously, particularly in dogs with positive splenic cultures
for L. infantum [58], our study indicated a distinct pattern: solely dogs in
stage I exhibited significantly elevated levels, particularly when contrasted
against other infection statuses (healthy seropositive and stage II). This
could be explained by the increased mobilization of monocytes linked to an
effective cellular immune response. Additionally, a correlation between the
NBT rate and leukocyte differential was explored, and while none was found
when evaluating the neutrophil and lymphocyte concentrations, an inverse
correlation surfaced when evaluating the monocyte concentration, though
this was only observed within the stage I group. This negative correlation
could be explained by the increased recruitment of monocytes to the infection
site induced by activated neutrophils, consequently depleting the circulating
monocyte pool [22,23].

Previous research has provided evidence for the crucial role of neutrophils
in the early stages of L. infantum infection [8,11,59]. These cells form an
essential part of the initial nonspecific immune response by internalizing the
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promastigote and acting as a “trojan horse” to infect definitive host cells, such
as macrophages [8,11,59]. However, this process could only occur if the parasite
is able to evade or suppress the parasite-killing activity of polymorphonuclear
cells, which has been observed to happen primarily through inhibiting or
evading its oxidative damage capacity [10,59,60]. The findings of the current
study support this hypothesis, as dogs with mild self-healing disease and
seropositive healthy dogs exhibited a higher rate of NBT in their circulating
white blood cells. This indicates increased neutrophil activity and enhanced
parasite-killing capacity through the oxidative burst mechanism. This could
explain why the infection was confined to the site of inoculation (papular
dermatitis) and systemic disease did not develop [39].

Previous studies on neutrophil oxidative metabolism in CanL have reported
conflicting results. Some studies suggested a decrease in oxidative metabolism
in infected dogs, while others found increased superoxide production and
oxidative metabolism [9,36,61,62]. However, these studies had limitations,
such as small sample sizes and the lack of disease severity assessments.

Our study findings align with the conclusions drawn in two more recent
publications, further demonstrating that neutrophil oxidative metabolism
is dependent on the disease stage [36,50]. In line with the study by Gémez-
Ochoa et al., our results indicate that dogs with mild disease-LeishVet stage I
exhibited significantly higher neutrophil reactivity compared to both healthy
dogs and dogs presenting with severe disease [36]. However, in contrast
to the findings of Almeida et al., which reported a significantly increased
NBT rate in stage II dogs when compared to healthy and stage IV dogs, our
study revealed that both stage II and stages III-IV groups exhibited reduced
oxidative metabolism, with no significant differences observed between them
or the healthy seronegative group [50]. It is important to note that our study
included a much larger population, with 41 dogs in stage II (compared to 15
in the previous study), which reduces the risk of population bias. Additionally,
we employed a modified NBT technique that mitigates potential biases by
evaluating a minimum of 300 cells per sample, whereas previous studies
evaluated a minimum of 100 cells per sample, thus enhancing the reliability of
our results in this specific aspect [36,50,62]. Furthermore, our study is the first
to perform a direct comparison between dogs in stage I and stage II, revealing
a significantly higher proportion of activated neutrophils in dogs with mild
stage I disease, as well as to evaluate and compare healthy seropositive dogs
with both healthy seronegative and diseased dogs. Interestingly, we found a
mild yet significant increase in the NBT rate among healthy seropositive dogs
when compared to the healthy seronegative group. Finally, this is also the
first study to assess the clinical progression of dogs diagnosed with papular
dermatitis and compare it to the NBT rate at diagnosis, showing an association
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of clinical worsening with a lack of neutrophil activation. These findings
highlight the distinct neutrophil activation patterns in different states of L.
infantum infection in dogs and provide valuable insights into the immune
responses in CanL.

Gomez-Ochoa et al. proposed a hypothesis suggesting that the variations in
neutrophil oxidative metabolism and its augmentation during the early stages
of L. infantum infection may be associated with the heightened production
of chemotactic agents, such as cytokines, in healthy infected dogs, thereby
promotingresistanceagainstinfection [36]. IFN-yisapotentimmunoregulatory
cytokine that not only modulates the adaptive immune system but also plays a
role in enhancing neutrophil functions [29,32]. In agreement with this, when
evaluating our results, IFN-y was found to be increased in dogs with mild self-
limiting clinical leishmaniosis.

The production of Leishmania-specific IFN-y in stimulated blood, being this a
cytokine associated with a robust Th1 immune response, has been previously
correlated with a resistant phenotype or a less-severe clinical presentation [2-
4,63-66].

Previous studies demonstrated that different clinical stages of leishmaniosis
in dogs were associated with different cytokine profiles in stimulated blood
[3,66]. They reported that the IFN-y concentration was significantly higher in
dogs staged I and IIa when compared to more severe clinical stages, although
results were not compared to healthy dogs [3]. Our study yielded similar
findings, as dogs in stage I exhibited significantly higher concentrations of
IFN-y compared to healthy dogs, dogs in the moderate stage LI, and dogs in
the severe stage III-IV disease categories. Notably, dogs in stage II displayed
a mild yet significant increase in IFN-y concentrations compared to healthy
seronegative dogs, whereas no significant differences were observed in dogs
in stage III-IV when compared to healthy seronegative dogs. Additionally,
the majority of dogs in stage II and stage III-IV were classified as IFN-y-
non-producers. Thus, in line with previous studies, dogs in more advanced
clinical stages showed lower levels of IFN-y, which could reflect a less effective
immune response, away from a Th1 phenotype [7,67]. It has been previously
reported that, as disease progresses, T cells develop certain unresponsiveness
to L. infantum antigens, showing an impairment in CD4+ T cell proliferation
and IFN-y production, called T-cell exhaustion [7,67].

Interestingly, in our study, healthy seropositive dogs displayed elevated
IFN-y concentrations in comparison to both healthy seronegative dogs and
dogs in stage III-1V, the latter of which aligns with a recent study performed
in seropositive dogs [40]. However, the previous study did not compare the
results to healthy seronegative dogs [40]. This observation could indicate the
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presence of an effective Th1 response that effectively maintains the infection
in a subclinical state.

In a recent study performed on humans, the administration of IFN-y was
found to have notable effects on circulating neutrophils, leading to significant
changes in gene expression, protein expression, and overall function. These
findings indicate an enhancement in neutrophil activity [32]. The results of
that study further suggested that IFN-y not only stimulates NADPH oxidase
activity, thereby promoting the oxidative burst, but also impacts Fc receptor-
mediated ingestion, pathogen recognition by innate immune receptors, antigen
presentation (including MHCI and MHCII), the activation of GBPs (guanylate-
binding proteins), the upregulation of NO production, and the augmentation
of neutrophil release into circulation [32]. Therefore, it is plausible that IFN-y
has a direct correlation with NBT by stimulating the oxidative burst of white
blood cells, which in turn may be associated with an effective immune response
through neutrophil reactivity.

In our study, we discovered a significant association between IFN-y production
and an increased NBT rate. Moreover, both factors exhibited a substantial
increase in dogs with subclinical or controlled infection (healthy seropositive),
as well as dogs with mild self-limiting disease (stage I). These findings lend
support to the notion that IFN-y plays a role in promoting the oxidative
metabolism of neutrophils, thereby contributing to an effective immune
response [32]. This suggests that the modulation of neutrophil function
through IFN-y-mediated pathways could serve as one of the mechanisms by
which the immune system achieves an efficient defense against the disease
[32]. Furthermore, the reduction in IFN-y associated with T-cell exhaustion
could also contribute to the lack of an increase in the oxidative metabolism
of neutrophils observed in advanced stages [7,32]. The findings of this
investigation also revealed an inverse relationship between IFN-y and levels
of L. infantum-specific antibody levels across the healthy seropositive, stage
11, and stage III-IV groups. Additionally, an association was found between
the IFN-y-producer status and negative ELISA results. This is in agreement
with a previous article by Solano-Gallego et al. published in 2016 [3]. These
negative correlations and associations could be explained by IFN-y’s role as a
marker for an effective Th1 response, primarily characterized as cellular rather
than humoral. Conversely, heightened antibody levels align with a robust
humoral immune response, linked to other cytokines, such as IL-4, IL-10, and
TGF-p [4,6,68]. Overall, these findings contribute to a better understanding
of the complex immune response in CanL and emphasize the significance of
neutrophil activation and IFN-y production in disease management. Further
research is needed to explore other underlying mechanisms and potential
therapeutic targets for enhancing the immune response against Leishmania
infection.
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One limitation of this study was the lack of a sufficient number of dogs in
stage IV, preventing a separate evaluation of this group. As a result, dogs in
stage IV had to be combined with those in stage III in a sole group. However,
the classification of dogs into healthy, mild disease, moderate disease, and
severe disease categories still holds relevance. Another limitation is inherent
to the NBT technique, which relies on a subjective measurement through light
microscopy to assess activated neutrophils. To mitigate potential operator bias,
a rigorous approach was adopted: a minimum of 300 cells was evaluated per
sample, and at least 50% of the samples were independently reviewed by two
different investigators.

5. Conclusions

In conclusion, neutrophil activation, as assessed using NBT, is significantly
higher in dogs with mild self-limiting disease, followed by healthy seropositive
dogs, indicating enhanced oxidative metabolism in neutrophils in these cases.
Additionally, dogs in stage I exhibiting an NBT rate within normal limits
were found to be linked to clinical deterioration when contrasted with dogs
displaying an elevated NBT rate at the time of diagnosis. On the other hand, dogs
in more advanced stages of the disease did not exhibit significant differences
in neutrophil activation compared to healthy seronegative dogs. Furthermore,
the study demonstrates a relationship between neutrophil activation and the
production of IFN-y, a key cytokine associated with an effective immune
response against Leishmania infection. This study provides valuable insights
into the role of neutrophil activation and its relationship with subclinical states
and degrees of disease severity and suggests that neutrophils and oxidative
metabolism could play a crucial role in the effective immune response against
leishmaniosis.
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Discussion






The present PhD thesis aimed to investigate various aspects of canine
leishmaniosis (CanL) with a focus on improving the understanding of the
immune response, exploring new therapeutic options for some presentations
(papular dermatitis) as well as exploring the immunogenicity and safety
of a novel Leishmania vaccine candidate. Three independent studies were
conducted, each contributing to a comprehensive understanding of different
facets of CanL. In this general discussion, we will synthesize the findings from
the three studies and discuss their implications for CanL research and future
directions in the field.

New therapeutic options for dogs with Leish-
Vet stage | CanL

The topical treatment of Leishmania dermatological lesions has garnered
attention as a potential therapeutic approach for managing cutaneous
leishmaniosis in both humans and dogs [1-4]. Nevertheless, until now, no
studies evaluated topical treatment for papular dermatitis (mild disease-stage
I) due to L. infantum infection in dogs, which is a common presentation of
this disease [2-4]. Traditional treatment options for leishmaniosis often involve
systemic medications, such as antimonials, amphotericin B, or miltefosine
[5,6]. However, these systemic treatments can be associated with various side
effects and require prolonged administration, and thus might be considered
unsuitable for the treatment of papular dermatitis [6,7]. Therefore, exploring
topical treatments offers potential advantages in terms of targeted delivery,
reduced systemic exposure, and fewer adverse effects [8]. In humans, local and
intralesional therapies have been endorsed as an alternative to systemic drugs
for patients with at least four lesions smaller than 4 cm in diameter, particularly
when the face or joints are unaffected (WHO, PAHO). Notably, intralesional
therapy has been found to be effective and safe for localized forms of the disease
[9-12].

The findings of the present study demonstrated that dogs with papular
dermatitis who received local meglumine antimoniate experienced faster
healing compared to those who received a placebo. Additionally, none of the
dogs exhibited worsening of clinical signs during the one-year follow-up period.

Thus, meglumine antimoniate, a commonly used systemic treatment for
leishmaniosis, has also shown promise as a local treatment option. Systemic
meglumine antimoniate is widely accepted as a mainstay treatment for all
types of leishmaniosis [5,6]. Nevertheless, even that systemic administration
is associated to adverse effects and even local pain, its topical administration
has never been evaluated for the treatment of localized cutaneous form of the
infection (papular dermatitis) [13]. In humans, intralesional treatment has
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been recommended as an acceptable therapeutic alternative for New World
leishmaniosis by the WHO Expert Committee on Leishmaniasis in 2010 and
the PAHO Expert Committee on Leishmaniasis in 2013 [1,9-12]. Intralesional
infiltration of meglumine antimoniate in cases of cutaneous leishmaniosis
has reported efficacy rates of 68-82% [7]. Similarly, in dogs a higher healing
rate has been reported when treating localized cutaneous ulcerations due to L.
braziliensis with intralesional meglumine antimoniate [11]. The main downside
of this technique is that it requires infiltration of all cutaneous lesions to be
effective, additionally, local irritation, pain, edema, erythema, and pruritus
have been described as adverse effects [1,11,14]. These make this technique
non-viable for most of the cases of canine papular dermatitis, as they show as
multiple small papules, and infiltration would not be possible. When comparing
this to the topical formulation described in our study, the latter shows clear
advantages, including the application form and the reduced risk of adverse
effects. This topical formulation has shown to be a useful and easy to apply
treatment for dogs with papular dermatitis.

In the present study, PHMB, whether administered alone or in combination
with TLR4a, exhibited a higher inclination toward resolution, although the
results did not reach statistical significance. PHMB is a topical antimicrobial
agent that has previously shown antiLeishmanial properties in in vitro studies
by disrupting the parasite’s membrane integrity and inducing chromosomal
damage, although there was limited in vivo research on the topical use of
PHMB for the treatment of leishmaniosis [15,16]. Nevertheless, meglumine
antimoniate showed better results in the present study and thus, it should be
considered as a better option.

In conclusion, topical treatment holds promise as an alternative approach
for managing Leishmania dermatological lesions. The use of meglumine
antimoniate has shown encouraging results in terms of faster resolution
and improved clinical response. These topical treatment offers the potential
advantages of targeted delivery, reduced systemic exposure, and fewer adverse
effects. However, further research is needed to optimize treatment protocols
and expand the understanding of topical treatment options for leishmaniosis
in both human and veterinary medicine.

Neutrophil activation in different states of
canine L. infantum infection: Nitroblue tetra-
zolium test and IFN-y

This study aimed to provide valuable insights into the role of neutrophils and
their activation in the context of CanL. The study aimed to comprehensively
evaluate the relationship between neutrophil activation in different states of
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canine L. infantum infection and its possible association to the production of
IFN-y, a key cytokine associated with an effective immune response against
Leishmania infection [17-23]. The findings shed light on the complex immune
response in CanL and highlight the significance of neutrophils and their
oxidative metabolism in disease management.

The study’s main objectives were effectively addressed through the assessment
of neutrophil activation using the nitroblue tetrazolium test (NBT) across
different states of infection, including healthy seropositive and seronegative
dogs. The results revealed that dogs with mild, self-limiting disease (papular
dermatitis) exhibited significantly higher NBT values, indicating an elevated
oxidative metabolism of neutrophils in these cases. This finding supports the
hypothesis that neutrophil activation is closely linked to an effective immune
response against Leishmania infection, and that an enhanced oxidative
metabolism in neutrophils may serve as an indicator of such a response [24-26].

Conversely, dogs in more advanced stages of the disease did not exhibit
significant differences in neutrophil activation compared to healthy seronegative
dogs. This observation could be attributed to a correlation between the absence
of neutrophil activation and the progression of clinical disease, potentially
reflecting a non-effective immune phenotype or a consequence of disease
progression and immunity exhaustion [27,28]. Notably, previous studies have
shown an increased rate of neutrophil apoptosis in severe stages of CanL, which
could contribute to the reduction in NBT rate [29-32]. Prolonged neutrophil
activation can lead to the generation of oxidative stress, depletion of antioxidant
defenses, and ultimately trigger neutrophil’s apoptosis, negatively impacting
neutrophil’s oxidative metabolism and compromising the organism’s primary
defense mechanisms [30].

The study also explored the role of IFN-y, a potent immunoregulatory cytokine,
in relation to neutrophil activation. IFN-y was found to be increased in dogs
with mild self-limiting CanL, and its production correlated with an increased
NBT rate while in more advanced clinical stages, dogs showed lower levels of
IFN-y, possibly indicating a less effective immune response or T-lymphocytes
exhaustion [19]. This suggests that IFN-y could play a role in promoting the
oxidative metabolism of neutrophils and contributes to an effective immune
response. A recent study demonstrated that the administration of IFN-y had
significant effects on circulating neutrophils in humans, resulting in noteworthy
changes in gene expression, protein expression, and overall function, indicating
an enhancement in neutrophil activity [33]. The study’s findings further
suggested that IFN-y not only stimulates NADPH oxidase activity to promote
the oxidative burst but also influences Fc receptor-mediated ingestion, pathogen
recognition by innate immune receptors, antigen presentation (including MHCI
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and MHCII), activation of GBPs (guanylate-binding proteins), upregulation of
nitric oxide (NO) production, and increase of neutrophil release into circulation
[33]. Hence, it is likely that IFN-y has a direct correlation with NBT by inducing
the oxidative burst in white blood cells, potentially contributing to an effective
immune response through neutrophil reactivity.

Opverall, the study’s findings provide valuable insights into the immune responses
in CanlL, particularly regarding the role of neutrophils and their activation, as
well as the influence of IFN-y production over this. This knowledge contributes
to a better understanding of the complex immune response in CanL and
highlights the importance of neutrophil activation and IFN-y production in
disease management.

Further research is needed to explore other underlying mechanisms and
potential therapeutic targets for enhancing the immune response against
Leishmania infection. Understanding the interactions between different
cytokines, T-lymphocyte responses, and neutrophil functions such as neutrophil
extracellular traps could lead to the development of more effective treatment
strategies and contribute to the management of CanL [19,34]. The findings
presented in this study contribute significantly to the body of knowledge on
CanlL and lay the groundwork for future investigations in this field.
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Integration of findings

Collectively, the findings from the three studies contribute to our understanding
of the immune response in CanL and its potential implications for disease
management and vaccine development. The immune response in CanL is
characterized by a complex interplay of CD4+ T lymphocyte subsets, with
Th2 response predominating in active disease [17,48]. The transition from a
protective Thl response to a regulatory response and T cell exhaustion were
identified as key factors in disease progression [27]. Neutrophil activation
and oxidative metabolism were found to be associated with disease severity,
highlighting the significance of neutrophils in the immune response against
CanlL [17,19]. Furthermore, the evaluation of a new topical treatment for dogs
with mild cutaneous presentations (papular dermatitis) demonstrated that
the use of meglumine antimoniate as topical treatment showed encouraging
results in terms of faster resolution and improved clinical response, holding
promise as an alternative approach for managing Leishmania dermatological
lesions, offering potential advantages. Finally, research done on a novel vaccine
formulation demonstrated promising immunogenicity and safety profiles,
emphasizing the need for further studies to evaluate its efficacy in disease
prevention.

Future Directions

Based on the findings from this PhD thesis, several avenues for future
research can be suggested. First, exploring different protocols and drugs for
topical treatment, and to initiate additional large scale field studies. Second to
continue exploring the role of neutrophils and their potential modulation via
IFN-y stimulation or others, and its effect in disease progression and immune
response. Additionally, to study strategies to restore the balance between Th1
and Th2 responses and alleviate T cell exhaustion could offer new therapeutic
approaches for CanL management. Lastly, to further continue evaluating the
efficacy of the Leishmania candidate vaccine studied here by conducting phase
III clinical trials, as this vaccine hold promise for effective disease prevention
and warrant additional efficacy studies in dogs.
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Conclusions






© Local meglumine antimoniate was a safe and clinical effective
alternative for the treatment of papular dermatitis in dogs with L.
infantum infection.

© No dog treated with local meglumine antimoniate showed worsening
clinical signs or relapse during the one-year follow-up.

© PHMB (alone or in combination with TLR4a) showed a higher
tendency towards resolution when compared to placebo, although
results were considered non-significant.

© PHMB (alone or in combination with TLR4a) proved to be a safe local
treatment for dogs affected by papular dermatitis due to L. infantum.

© Dogs diagnosed with papular dermatitis due to L. infantum presented
a protective immune response at the time of diagnosis and during a
year follow-up period.

O Neutrophil activation, as assessed by NBT, was significantly higher
in dogs with mild self-limiting disease (papular dermatitis), followed
by healthy seropositive dogs, indicating an enhanced oxidative
metabolism of neutrophils in these cases.

@ Dogs in more advanced stages of the disease did not exhibit significant
differences in neutrophil activation compared to healthy seronegative
dogs.

© A positive association was found between neutrophil activation and
the production of IFN-y.
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ADVERSE EFFECTS BY VETERINARIAN

Day of visit ........[l................ Dog ID
ERYTHEMA / CRUSTS 0 1 2 3 4

EDEMA 0 1 2 3 4

ITCHING NO Sl

PAIN NO Sl

OTHER SKIN LESIONS OR OTHER CLINICAL SIGNS (SPECIFY):

Erythema and crusts Formation of edemas
Very slight erythema very slight edema (barely noticeable)
Well-defined erythema slight edema (edges of the area well defined by
elevation)

Moderate to severe

erythema Moderate edema (elevation of approximately 1 mm)

Severe edema (elevation of more than 1 mm,

SEYBIEGr SusisommEon extending beyond the exposure site)

PHOTO FOR ADVERSE EFFECT ASSESSMENT
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WITHDRAWAL FROM THE STUDY AND REASON

Day of visit ........[........]...... Dog ID
WITHDRAWAL FROM THE STUDY YES NO
REASON

VETERINARIAN

Signature: Date: / /
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Animal owner informed consent

In this study, two distinct informed consent forms were used. The first form
was carefully reviewed and signed by the owners of dogs diagnosed with stage
I leishmaniosis (papular dermatitis) (pag 1-2), while the second form was
designated for the remaining dogs participating in the research (pag 3).

ANIMAL OWNER INFORMED CONSENT FOR DOGS WITH PAPULAR DERMATITIS

Study on Leishmania infantum infection in dogs

Department of Animal Medicine and Surgery
Faculty of Veterinary Medicine
Autonomous University of Barcelona

Objective and brief explanation of the study:

Leishmaniosis is an infectious disease that can affect both dogs and humans. In both
cases, the infection is transmitted through the bite of a sandfly commonly found in
the Mediterranean area. In dogs, Leishmania infection can be associated with
various clinical signs, ranging from mild skin symptoms to systemic conditions. It is
also known that some dogs can control the progression of the disease after infection
and may develop very mild clinical signs, such as papular dermatitis, or even show
no clinical signs of the disease at all. This characteristic is genetically determined.
For example, Ibizan Hound dogs are more resistant to the disease than dogs of other
breeds. The variability in clinical manifestations of canine leishmaniosis depends on
different immune responses in the dog and can partially influence the treatment and
its response.

The objective of this study is to assess the efficacy of a topical immunomodulatory
or antiparasitic treatment for papular dermatitis caused by Leishmania.

Which patients are eligible to participate in this study?

Dogs with leishmaniosis, with papular dermatitis as the only clinical sign (stage I).

Voluntary participation:

Your dog's participation in this research is completely voluntary on your part.

What will happen if | decide to enroll my dog in this study?

The dogs will undergo some diagnostic tests to confirm that they are infected by
Leishmania. Your dog will undergo a series of diagnostic tests, including blood, urine,
lymph node, and skin tests. These procedures are not painful and can be performed
without sedation or anesthesia. These tests are necessary for diagnosing
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leishmaniosis and, in most cases, would need to be conducted even if you decide
not to enroll your dog in the study.

Once in the study, your dog will be assigned to either the topical treatment group or
the control group. Papular dermatitis is a sign of mild leishmaniosis that generally
does not require treatment and tends to resolve on its own within a couple of months.
Therefore, if your dog is assigned to the control group, it does not mean that it will
affect their health or delay the resolution of the skin lesions.

It is essential to note that as the owner of the dog, you can withdraw your dog from
the study at any time without any negative impact on your dog. If you observe any
alterations in the treated area of the animal after withdrawing from the study, the
animal will be attended to at the same center without any additional cost.

Consent Certificate

Animal Name: Sex:

M(male)/F(female)

Age: Breed:

(Weeks/Months/Years)

| hereby certify that | am the owner (or custodian) of the animal whose name is
indicated above and that | am of legal age.

Furthermore,

| understand that the veterinarians of this institution are dedicated to researching the
nature of canine leishmaniosis.

Veterinarian Dr. has explained the study's
characteristics to me, and | have carefully read the above information.

| have had the opportunity to ask questions and clarify points, and | have received
specific answers to those questions.

| give my permission to publish the data obtained from this study for the benefit of
the scientific community. | understand that my dog cannot be individually identified.

Therefore, | voluntarily consent to my dog's participation in this research.

Signed Date

Owner or Custodian

Witnessed by: Date
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ANIMAL OWNER INFORMED CONSENT

Name of animal: .............coooiiiiiiiiiinnn, Identification (Chip):

- I, the undersigned .........ccooiiioiiiiee e (name and
surname) certify that | am the owner of the above-mentioned animal and that | am of
legal age.

- | understand that | should not discuss aspects of the study “research project
(register number 008/EPA-2383ESP)” with people outside the study.

- | have been duly  informed by my veterinarian Dr.
........................................................ (Name and surname) about the objective of the
study, the inclusion/exclusion/withdrawal criteria, the treatments to be followed, my
obligations in the development of the study, possible adverse effects, waiting time
and all relevant aspects that may affect my animal. | have had the opportunity to ask
questions about the study and have received the answers.

- | agree to follow the indications received regarding my participation in the
study. | have been informed of the possibility of withdrawing the animal at any time
during the study.

- | declare that my animal is not on any type of medication at the time of
inclusion and | have reported all medication received during the last 90 days.

- | understand that | must not administer any medication to the animal during
the study except as indicated for the study.

- | agree to inform my veterinarian immediately if my animal shows signs of
illness or if any adverse event occurs.

- | give my consent for the realization of the above-mentioned study promoted
by Ecuphar Veterinaria S.L.U. in the animal of my property.

- | consent to the collection, processing, disclosure and transfer of my personal
data for the study's administrative purposes or regulatory requirements.

- | give my permission to publish the data obtained from this study for the benefit
of the scientific community. | understand that my dog cannot be individually identified.

- Therefore, | voluntarily consent to my dog's participation in this research.

Owner’s signature Date: /[

Veterinarian’s signature Date: /[
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Supplementary material 2
Individual clinical record sheet for the assessment of clinical safety

Local Adverse Effects

Mo itch Worst imaginable itch

Pruritus: | |
Swelling: 0 1 2

Alopecia: 0 1 2

Skin hardening: 0 1 2

Erythema: 0 1 2

Local pain: 0 1 2

Others (ulcers, abscess, necrosis, regional lymphadenomegally ...):

Systemic Adverse Effects

Fever: 0 1 2
Depression: 0 1 2
Antalgic posture: 0 1 2
Diarrhea: YES NO

Vomiting: YES NO

Anorexia: YES NO
Generalized lymphadenomegally: YES NO

Others (anaphylaxis, seizures, death...):

Examination of the injection site:

e Local reaction or pain on palpation (normal = 0; mild inflammation without pain =
1; moderate inflammation with pain =2).

e Presence of swelling, alopecia, skin hardening, erythema using a 0 to 2 scale (0=
absence; 1= moderate presence; 2= severe presence).

e Presence of pruritus following the visual analogue scale.
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Systemic reactions:

Rectal temperature: normal (38 -39°C) = 0; 39° - 39.5°C = 1, >39.5° = 2.

Pain or discomfort behaviour: normal = 0; hyporexia/anorexia = 1; antalgic
posture = 2.

Depression using a 0-2 scale (0= absence; 1= moderate presence; 2= severe
presence).

Presence or absence of vomiting, diarrhea and generalized lymphadenomegally.

During two hours after injection, the dogs will be observed by more than one person to
detect possible anaphylactic reactions.

Corrective measures to prevent and manage possible adverse events after the
vaccination:

Total values of 0 are considered normal.

With a total value of 1, frequency of monitorization is increased to 2 examinations
per day, no additional treatment is applied.

Total values of 2 during more than one day: meloxicam is administrated
subcutaneously at 0.2 mg/kg (5mg/ml) SID at most 3 days.

If an anaphylactic reaction is detected at the inoculation time or after,
dexamethasone will be administrated intramuscularly at 0.1mg/kg (2mg/ml).

If an anaphylactic shock is detected at the inoculation time or after, epinephrine
will be administrated intramuscularly at 0.01mg/kg (1mg/ml) and dexamethasone
will be administrated intramuscularly at 0.1mg/kg (2mg/ml).
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Abstract: Papular dermatitis is a cutaneous manifestation of canine Leishmania infantum infection
associated with mild disease. Although it is a typical presentation, nowadays, there is still no estab-
lished treatment. This study evaluated the safety and clinical efficacy of local meglumine antimoniate,
locally administered polyhexamethylene biguanide (PHMB) alone or PHMB in combination with
a Toll-like receptor 4 agonist (TLR4a) for the treatment of papular dermatitis due to L. infantum
and assessed parasitological and immunological markers in this disease. Twenty-eight dogs with
papular dermatitis were divided randomly into four different groups; three of them were considered
treatment groups: PHMB (n = 5), PHMB + TLR4a (n = 4), and meglumine antimoniate (n = 10)), and
the remaining were considered the placebo group (n = 9), which was further subdivided into two
sub-groups: diluent (n = 5) and TLR4a (n = 4). Dogs were treated locally every 12 h for four weeks.
Compared to placebo, local administration of PHMB (alone or with TLR4a) showed a higher tendency
towards resolution of papular dermatitis due to L. infantum infection at day 15 (x2=5.78;df =2,
p =0.06) and day 30 (x*> = 4.; df =2, p =0.12), while local meglumine antimoniate administration
demonstrated the fastest clinical resolution after 15 (x2 = 12.58; df = 2, p =0.002) and 30 days
post-treatment (x> = 9.47; df = 2, p = 0.009). Meglumine antimoniate showed a higher tendency
towards resolution at day 30 when compared with PHMB (alone or with TLR4a) (2 =4.74;df =2,
p = 0.09). In conclusion, the local administration of meglumine antimoniate appears to be safe and
clinically efficient for the treatment of canine papular dermatitis due to L. infantum infection.

Keywords: canine; cutaneous lesions; immunotherapy; leishmaniosis; local treatment; toll-like agonist

1. Introduction

Canine leishmaniosis (CanL) is a vector-borne zoonotic disease with a worldwide
distribution caused by the protozoan parasite Leishmania infantum. It is considered an
endemic disease in the Mediterranean basin, Portugal, Latin America, and southern Asia [1].
Female phlebotomine sand flies are the biological vector, and dogs are considered the main
reservoir [2].
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Canine leishmaniosis is manifested by a broad spectrum of clinical signs and a wide
range of disease severity that is classified into four stages: mild (stage I), moderate (stage II),
severe (stage III), or very severe disease (stage IV) based on clinical signs, clinicopatho-
logical abnormalities, and measurement of anti-leishmanial antibodies [1]. Cutaneous
manifestations are the most common clinical signs, and among them, papular dermatitis is
considered a typical presentation in endemic areas and is associated with Leishvet stage
I-mild leishmaniosis [1,3]. This cutaneous form is associated with an effective Th1 predom-
inant parasite-specific cellular immunity and low humoral immune response, and thus, it
is characterized by the absence of laboratory abnormalities and lack of systemic clinical
signs. Self-healing of the skin lesions may occur at some point; however, it usually takes
three to six months [4].

Clinical signs and outcomes of CanL depend on the interactions between the para-
site and the host’s innate and adaptive immune responses [5-7]. The adaptive response
characterized by T-helper 1 (Th1) activation produces cytokines such as interferon-gamma
(IEN-y), interleukin-2 (IL-2), and tumor necrosis factor-alpha (TNE-«), which help to control
the infection. In contrast, the immune response mediated by Th2 induces the production
of anti-inflammatory cytokines such as interleukin-4 (IL-4), interleukin-10 (IL-10), and
transforming growth factor-beta (TGF-f) and is associated with disease progression [7,8].
Interleukin-17a (IL-17a) produced by several cells such as Th17, natural killer cells (NK),
and macrophages, among others [9], plays a role in blocking parasite growth by the acti-
vation of inducible nitric oxide synthase (iNOS), among others [10,11]. Therefore, IL-17a
is associated with resistance against L. infantum infection or disease in humans [10] and
dogs [12], acting synergistically with IFN-y.

Regarding the Th1 response, disease control requires a balanced interaction between a
proinflammatory immune response mediated by T helper 1 type (Th1) CD4+ T cells, with
the aim of controlling parasite replication, and a regulatory immune response mediated
by T regulatory 1 cells, which are necessary to avoid a self-damaging overactivation of the
immune system [13]. B cells also play a key role in the progression of CanL. They induce a
humoral immune response and act as antigen-presenting cells modulating the activation
of CD4+ T cells, which in turn activate B cells to produce antibodies [13]. As the disease
progresses, the production of specific and non-specific IgG antibodies increases, reflected
as hypergammaglobulinemia, and binds to Leishmania antigen creating immune complexes,
which may contribute to disease progression [14-16].

One of the factors that regulate the activation of Th1 or Th2 immunity is pattern
recognition receptors (PRRs) such as Toll-like receptors (TLRs), which recognize molecules
found in the promastigote that act as pathogen-associated molecular patterns (PAMPs) [17].
TLRs are located on the membrane or intracellular compartments of different types of cells,
including T and B lymphocytes, macrophages, dendritic cells (DCs), and NK [18]. After
binding their ligand, TLRs trigger the activation of the immune activity through diverse
events such as the induction of inflammatory cytokines such as TNF-oc and IFN-y [19-22].

The innate immune response has an essential role in avoiding Leishmania survival.
Cells such as neutrophils, macrophages, and DCs can kill the parasite via phagocytosis or
facilitate their elimination by producing cytokines [7]. Neutrophils are activated following
L. infantum inoculation and initiate several defense mechanisms, such as the production
of reactive oxygen species (ROS) [23]. The nitroblue tetrazolium (NBT) reduction test is
used to detect activated neutrophils in peripheral blood. NBT (soluble and colorless) is
transformed into formazan (insoluble and blue-grey) in activated neutrophils, shown to be
directly related to ROS production [24,25].

Treatment regarding Leishvet stage I has been scientifically neglected. Short-term
treatment with one or two conventional anti-Leishmania drugs (meglumine antimoniate,
miltefosine and/or allopurinol) in dogs classified as Leishvet stage I has been described, as
well as immune-potentiating treatments (domperidone or nucleotides plus- active hexose
correlated compound (AHCC)) alone or in combination with the previously mentioned
drugs [1,26]. Alternatively, monitoring without treatment can also be considered in some
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cases. There is limited evidence for treatment outcomes for dogs in this stage, and therefore,
the clinical efficacy of these treatment options remains unknown [27].

Similarly, there is no universally applicable treatment for human cutaneous leishmani-
asis (CL) [28]. Local treatment for CL in humans has been recommended as an alternative
treatment to systemic therapy by the World Health Organization and the Pan American
Health Organization in patients with at least four lesions smaller than 4 cm in diameter,
especially if the face and joints are not affected [29]. Local treatments are described as easy
to use and with a lower risk, toxicity, and cost compared to traditional therapies, and they
include intralesional antimonial injections, cryotherapy (with liquid nitrogen), thermother-
apy (use of localized current field radiofrequency heat), and topical formulations such as
paromomycin ointment [28,30-32]. However, local treatment has not been investigated in
stage I-papular dermatitis due to canine L. infantum infection.

Polyhexamethylene biguanide (PHMB) is a synthetic cationic polymer with antimi-
crobial activity commonly used as a first-line treatment for locally infected wounds [33].
Furthermore, PHMB has been reported to have antileishmanial activity by inducing dis-
ruption of the parasite "s membrane integrity and causing chromosomal damage [34]. On
the other hand, TLR4 activation induces a protective immune response against Leishmania,
and will also regulate iNOS leading to the death of the parasite [22]. PHMB alone or in
combination with a TLR4 agonist (TLR4a) has been reported to induce lower percentages
of Leishmania infection in canine DH-82 cells in vitro [22].

The main aim of this randomized, controlled, double-blinded study was to evaluate
the safety and clinical efficacy of locally administered PHMB alone or in combination with
TLR4a and the local administration of meglumine antimoniate in the treatment of papular
dermatitis due to L. infantum infection in dogs. The secondary objectives were to assess
parasite-specific humoral and cellular immunity as well as parasitemia and to evaluate
neutrophil function based on NBT at the time of diagnosis and during the follow-up period.

2. Materials and Methods
2.1. Dogs and Study Design

This study was designed as a multicentric randomized double-blinded controlled
study with a follow-up of one year and involving five veterinary centers from Spain:
Hospital Veterinario Alhaurin El Grande (Mélaga), Hospital Mediterrani Veterinaris (Reus,
Tarragona), Clinica veterinaria Paws Patas (Mula, Murcia), Hospital Veterinari Canis (Palma,
Mallorca), and Fundacié Hospital Clinic Veterinari (UAB, Bellaterra, Barcelona).

Dogs visited at the mentioned centers from 2019 to 2022 were considered for inclusion
in this study. Inclusion criteria were a diagnosis of mild leishmaniosis (LeishVet stage I)
characterized by the absence of laboratory abnormalities, negative or low antibody levels,
and papular dermatitis as the only clinical sign at the time of diagnosis [1]. Withdrawal crite-
ria were the development of systemic disease based on clinical signs and clinicopathological
abnormalities, treatment with conventional anti-Leishmania drugs (meglumine antimoni-
ate, miltefosine, or allopurinol), or highly increased antibody levels. A signed informed
consent was obtained from all dog owners. Ethical approval was obtained by “Comissié
d’Etica en I'Experimentacié Animal i Humana de la Universitat Autonoma de Barcelona”
(CEAAH 4526, November 2018) and by “Generalitat de Catalunya” (FUE-2018-00944112 i
ID KSHYD6LVR, April 2019).

A complete physical examination, complete blood count (CBC), and biochemistry
panel, including at least creatinine, urea, total proteins (TP), and alanine transaminase
(ALT), were performed in all dogs to assess the clinical status. In some dogs, serum
electrophoresis and urinalysis with urinary protein/creatinine ratio were also performed.
Cutaneous lesions were photographed, borders around each lesion were measured to
document size, and a cytology examination was performed from the lesions to diagnose
L. infantum infection.
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2.2. Treatment and Follow-Up

Five different products were manufactured as follows: PHMB alone (3 mg/mL PHMB
in 30% ethanol), a combination of PHMB and TLR4a (1.5 ug/mL TLR4 agonist + 3 mg/mL
PHMB in 30% ethanol), TLR4a alone (1.5 ug/mL TLR4 agonist in 30% ethanol), meglumine
antimoniate (30% meglumine antimoniate + 70% pluronic F-127), and diluent (30% ethanol
in nuclease-free water).

PHMB, PHMB + TLR4a, TLR4a, and diluent (30% ethanol in nuclease-free water) were
formulated as liquid spray formulations. It was strongly advised to gently invert 20 times
the sprayer vial before every application and to keep it upright when spraying.

Meglumine antimoniate was a lotion spray formulation and was stored in the refriger-
ator. It was recommended to remove the remaining product over the patient’s skin from
the last application before a new administration [35].

Dogs were randomly divided into four groups: three of them were considered treat-
ment groups, PHMB (n = 5), PHMB + TLR4a (n = 4), and meglumine antimoniate (n = 10),
and the remaining was considered the placebo group (n = 9), which was further subdivided
into two sub-groups (diluent (n = 5) and TLR4a (n = 4)). TLR4a showed no statistical
differences when compared to a diluent, and therefore, both groups were considered as
placebo. Each group was treated locally over the papules every 12 h for four weeks, and a
physical exam and lesion follow-up were performed on days 15, 30, 60, 90, 180, and 365.
Clinical efficacy was defined as partial or total resolution of the lesions at days 15 and 30,
respectively (Figure 1). All the procedures performed on each dog at the time of diagnosis
and during follow-up are described at Figure 2.

o

Iii

sl

o

i

%

Figure 1. Clinical efficacy of local PHMB on papular dermatitis due to L. infantum at day 0 (a), day 15

(b) showing partial remission, and day 30 (c) full remission. Courtesy of Isaac Carrasco.
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Figure 2. Timeline of the procedures performed on each dog at the time of diagnosis and during
follow-up. Created with BioRender.com. CBC = complete blood count, BQ = biochemistry panel,
Ab = antibody, IFN-y = Interferon-gamma, IL-17a = Interleukin-17a, LSA = soluble L. infantum antigen,
NBT = Nitroblue tetrazolium.

Persistent papules after sixty days from the beginning of the study or the appearance
of new papules during the treatment were considered as a lack of response to treatment
and relapse, respectively, and a rescue therapy (topical administration of 30% meglumine
antimoniate + 70% pluronic F-127) was administered.

2.3. Safety Assessment

Drug safety assessment was performed based on a complete physical exam on days 15, 30,
and 60 by veterinarians. Local side effects of the topical treatments at the application site, such
as erythema and swelling, were recorded and graded (0-4) (Supplementary Material Table S1).
Local pruritus and pain were also recorded. Systemic signs such as lymphadenomegaly or
increased temperature, among others, were also registered. This information was recorded
in the data collection form of both the veterinarian and the owner or caregiver of the dog
(Supplementary Material Table S1). Furthermore, photographs of the application site were
also reviewed by the first author to check for local reactions on days 15, 30, and 60.

2.4. ELISA for specific L. infantum Antibody Detection

Leishmania infantum antibody levels were measured by quantitative serology using
an in-house Enzyme-Linked ImmunoSorbent Assay (ELISA) at the time of diagnosis and
repeated on days 15, 30, 60, 90, 180, and 365 [5].

The in-house ELISA was performed on the sera of all dogs as previously described [36].
Briefly, the samples were diluted to 1:800 in phosphate buffer solution (PBS) with Tween
20 and 1% dry milk and incubated at 37° for 1 h. Then, the plates were washed three times
with PBS-Tween and once with PBS and incubated with Protein A conjugated to horseradish
peroxidase (Peroxidase Conjugate Protein A; Merck KGaA, Darmstadt, Germany)
at 1:30,000 dilution for 1 h at 37 °C. After incubation, the plates were washed again,
as described before. Then, o-phenylenediamine and substrate buffer (SIGMAFAST OPD;
Merck KGaA, Darmstadt, Germany) was added to the plates, and the reaction was finally
stopped with 5 M H2504. Absorbance values were read at 492 nm in a spectrophotome-
ter (MB-580 HEALES; Shenzhen Huisong Technology Development Co., Ltd., Shenzhen,
China), and the results were quantified as ELISA units (EU) related to a positive canine
serum used as a calibrator and set at 100 EU.

The cut-off of the serum in-house ELISA was already determined to be 35 EU using the
ELISA results of 80 dogs from a non-endemic area, as previously described [37]. Cut-off was
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established by the standard deviation (SD) method, consisting of multiplying the SD of the
results by four and adding up the mean of the results obtained by the ELISA (mean + 4 SD).
Serum was classified as high positive when the result was >300 EU, medium positive
when the result was >150 EU and <300 EU, low positive when the result was >35 EU and
<150 EU, and negative when the result was <35 EU [37]. All samples from each animal
were analyzed on the same plate.

2.5. Cytokine Release Whole Blood Assay and Determination of Canine IFN-y and IL-17a

IFN-y concentration was measured at admission in all dogs and repeated at days 30,
90, 180, and 365, while IL-17a was performed at days 0 and 30.

A heparinized whole blood cytokine release assay was performed as described else-
where [5]. Briefly, whole blood was separately incubated with three different conditions:
(i) medium alone (unstimulated); (ii) medium with soluble L. infantum antigen (LSA) at
a concentration of 10 pug/mL; and (iii) medium with the mitogen concanavalin A (ConA,
100 mg, Medicago®, Uppsala, Sweden) at a concentration of 10 ug/mL. Blood cultures
were collected after five days at 37 °C in 5% of CO, and were centrifugated at 300 g for
10 min. Supernatants were collected and stored at —80 °C until tested. IFN-y and IL-17a
were determined in all samples by a commercial sandwich ELISA (DuoSet® ELISA by
Development System R&DTM, Abingdon, UK) [5,6]. The standard curve for IFN-y and
IL-17a was calculated using a computer-generated four-parameter logistic curve fit with
the program MyAssays (http:/ /www.myassays.com/) [5].

Dogs were classified as IFN-y producers when L. infantum-specific IFN-y concentration
was >110 pg/mL after subtracting the medium alone [38]. In the case of IL-17a, dogs were
classified as producers when L. infantum-specific IL-17a concentration was >62.5 pg/mL
after subtracting the medium alone [5].

2.6. Nitroblue Tetrazolium Reduction Test

Hematocrit capillary microtubes were filled with blood samples collected in EDTA tubes
from all dogs and centrifugated at 2910 g for 5 min. Then, the buffy coat from each microtube
was placed in an Eppendorf tube with the same volume of 0.1% NBT solution (1:1) (N6876,
Sigma—Aldrich Co., St. Louis, MO, USA). The Eppendorf tube was mildly agitated and
incubated for 15 min at 37 °C and then for another 15 min at room temperature. Two blood
smears from each Eppendorf tube were obtained by placing 3 pL of NBT-stained samples on
each slide. The slides were stained with Diff-Quick, and the NBT reduction rate was assessed
by light microscopy after counting 300 neutrophils. The percentage was calculated as the
number of activated neutrophils, defined by those containing blue-black formazan deposits,
divided by the total number of neutrophils counted, multiplying the result by 100.

2.7. Blood DNA Extraction and Leishmania Real-Time PCR

Real-time PCR was carried out from blood samples at day 0, day 30, and 6 or
12 months.

DNA was isolated from blood samples collected in EDTA tubes using MagMax CORE
Nucleic Acid Purification Kit (Thermo Fisher Scientific Inc., Waltham, MA, USA) using
an automated system (KingFisher Flex Purification System, Thermo Fisher Scientific Inc.,
Waltham, MA, USA) following the manufacturer’s instructions for a simple workflow with
whole blood samples. Briefly, 10 uL. of proteinase K solution and 20 uL of magnetic beads
were added to 100 puL of each sample. DNA was extracted by the robot after adding 700 uL
of a mix of the binding and lysis solution in all the samples [36].

Leishmania real-time PCR was performed as previously described [39]. Each DNA
sequence amplification for PCR was performed in triplicate. The mix reaction was prepared
with 1x iTaq supermix with Rox (Bio-Rad), 0.2 umoL of direct primer (5'-CTT TTC TGG TCC
TCC GGG TAGG-3'), 0.2 pmoL of reverse primer (5'-CCA CCC GGC CCT ATT TTA CAC
CAA -3), 20 nmol of the labeled TagMan probe (FAM- TTT TCG CAG AAC GCC CCT ACC
CGC TAMRA), 0.5 uL of H20, and 2.5 uL of sample DNA. Positive and negative controls
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were also included in each plate. A 10-fold dilution series of standard DNA from L. infantum
promastigotes (CATB101) was used as a calibrator (serial dilution from 10 parasites/mL to
1073 parasites/mL), allowing for the plotting of a standard curve. Cycling was performed
using the QuantStudio™ 7 Pro (Thermo Fisher Scientific, Foster City, CA, USA) at 95 °C/55 °C
for 45 cycles. The PCR was considered positive for Leishmania when the quantification cycle
(Cq) was <40, and the amplification was detected in all the replicates.

2.8. Statistical Analysis

The statistical analysis was performed using GraphPad Prism 8.0.1 for Windows
software (GraphPad Software, San Diego, CA, USA). First, different normality tests were
performed to know if the different variables (age, ELISA results, real-time PCR, LSA IFN-y,
ConA IFN-y, LSA IL-17a, ConA IL-17a, and NBT rate) had a normal distribution at the
time of diagnosis and follow-up. For each variable, the following tests were performed:
Anderson-Darling, D’Agostino and Pearson, Shapiro-Wilk, and Kolmogorov-Smirnov. A
p-value < 0.05 was considered statistically significant, meaning all variables did not follow
anormal distribution except for the NBT rate. Therefore, non-parametric tests were used
unless the comparison was between NBT rate groups, in which case, a parametric test
was performed (paired t-test). A non-parametric Wilcoxon matched-pairs signed rank test
was used for quantitative variables to compare two groups if the samples were paired. If
samples were unpaired, a Mann-Whitney U-test was used. A Friedman test was used to
compare more than two groups, and afterward, Dunn’s multiple comparisons test was
performed. The chi-square test or Fisher s exact test was used to determine whether there
was a significant association between two categorical variables. The Spearman Correlation
Coefficient was used to evaluate differences in cytokine production of the dogs studied.
Differences were considered significant, with a 5% significance level (p-value < 0.05).

3. Results
3.1. Dog Characteristics at the Time of Diagnosis

Twenty-eight dogs were included in this study (Figure 3) and were randomly divided
into the aforementioned groups as follows: PHMB (n = 5), PHMB + TLR4a (n = 4), TLR4a-
placebo (n = 4), meglumine antimoniate (n = 10), and diluent-placebo (n = 5). Unfortunately,
complete blood samples and data were only obtained from 24, including 9 females and
15 males (37.5% and 62.5%, respectively).

Fifty-four percent of dogs were crossbred (n = 13); other represented breeds were
Belgian Malinois (n = 4), German shepherd (n = 2), American bully (n = 1), Border collie
(n = 1), Chihuahua (n = 1), Labrador retriever (n = 1), and Rottweiler (n = 1). Their ages
ranged from 3 to 84 months, with a median of 6 months, with 91.7% being less than
12 months old and 45.8% less than 6 months old.

On physical examination, solitary (n = 1) or multiple (n = 23) erythematous non-
pruritic papules were observed in non-haired skin areas (Table 1).

Table 1. Distribution of papules.

Site Number of Lesions %
Inner surface of the pinna 15 46.9
Abdomen 6 18.8
Eyelid 3 9.4
Lips 3 9.4
Foreskin 2 6.3
Elbow 1 3.1
Bridge of the nose 1 3.1
Nose 1 3.1
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The onset of clinical lesions was mainly in autumn (70.8%), followed by winter (16.7%),
spring (8.3%), and summer (4.2%) (Table 2).

Table 2. The onset of clinical lesions was analysed by season, sex, and median age.

Total Number of Dogs % Median Age (;\/I/[(i)ziﬁglm-Maximum
Autumn 17 70.8 6 (3-84)
Female 5 20.8 7 (3-84)
Male 12 50 6 (4-6)
Winter 4 16.7 6 (6-10)
Female 3 12.5 6 (6-10)
Male 1 42 5
Spring 2 8.3 3.5(3-4)
Male 2 8.3 3.5(3-4)
Summer 1 42 5
Female 1 42 5
Total 24 100 6
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Dogs included (n = 28)

Day 180 (n=4)

Day 180 (n=1)
No visit at this follow-
up:n=1

Day 180 (n=3)
No visit at this follow-
up:n=2

Day 365 (n=4)

Day 365 (n=2)

Day 365 (n=5)

PHMB i Control grou
PHMB + TLR4a (n = 4) Meglumine group
(n=5) antimoniate (n = 10) (n=9)
Day 30 (n=3 Day 30 (n=7
Day 30 (n=5) . y30( ) Day 30 (n=10) . y30( )
Withdrawn: n=1 Withdrawn: n =2
Day 60 (n=4) Day 60 (n=4)
Day 60 (n=4 up:n = R
y 60 ( ) Day 60 (n=3) Lost to follow-up:n=5 Lost to follow-up: n =2
Lost to follow-up: n=1 No visit at this follow-up: No visit at this follow-
| | T T
Day 90 (n = 4) Day 90 (n=2) Day 90 (n=5
a n= - B
¥ Withdrawn: n=1 ay 90 (n=5) Day 90 (n = 4)

Day 180 (n=4)

|

Day 365 (n=2)
No visit at this follow-
up:n=2

Figure 3. Flowchart displaying the number of dogs included at the time of diagnosis, treatment
groups, as well as withdrawn dogs and lost to follow-up during the follow-up period. PHMB = poly-
hexamethylene biguanide, TLR4a = Toll-like receptor 4 agonist, Control group (n = 9): diluent (n = 5)
+ TLR4a (n = 4). Lost to follow-up = owners did not want to participate in the study anymore. No
visit at this follow-up = owners did not show up at the Veterinary clinic that day. Withdrawn = dog
was withdrawn of the study due to the development of systemic disease based on clinical signs and
clinicopathological abnormalities, treatment with conventional anti-Leishmania drugs (meglumine

antimoniate, miltefosine, or allopurinol), or highly increased antibody levels.

No other abnormalities were found on physical examination, except a mild lymphade-
nomegaly of regional lymph nodes in two dogs.
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Most dogs showed no laboratory abnormalities except for one dog with a mild increase
in TP and three dogs with a mild decrease in TP.

Clinical characteristics and laboratory tests according to different treatments at the
time of diagnosis are displayed in Table 3.

Table 3. Clinical characteristics and laboratory tests at the time of diagnosis before starting local treatment.

Meglumine p-Value
Qualitative Characteristics wI::_II'lI\"/[FEI: 451({111\639) Antimoniate Con:;ol_(;)r oup (Fisher’s
B (n = 6/10) * B Exact Test)
Crossbred 7 (78%) 3 (50%) 3 (33%)
Breed 0.162
Purebred 2 (22%) 3 (50%) 6 (67%)
Male 7 (78%) 2 (33%) 5 (56%)
Sex 0.227
Female 2 (22%) 4 (67%) 4 (44%)
L iti 3 (33% 0 (0% 3 (33%.
ELISA at day 0 OW posiHve (33%) (0%) (33%) 0.264
Negative 6 (67%) 6 (100%) 6 (67%)
Leishmania Positive 5 (56%) 3 (50%) 5 (56%) 0o
real-time PCR Negative 4 (44%) 3 (50%) 4 (44%) '
Producers 7 (78%) 3 (50%) 2 (22%)
IFN-y 0.1
Non-prod. 2 (22%) 3 (50%) 7 (78%)
Producers 8 (89%) 1(17%) 1(11%)
1L-17a 0.7
Non-prod. 1(11%) 5 (83%) 8 (89%)
. . . p-Value
Quantitative Characteristics Medlan Medlan Medlan (Kruskal-Wallis
(min-max) (min-max) (min-max)
Test)
Age (months) 6 (3-8) 5.5 (4-84) 6 (3-36) 0.875
IFN-y (pg/mL) 768.6 (11.6-3997.5) 140.4 (0-762.4) 23.6 (0-309) 0.011 **
IL-17a (pg/mL) 151.1 (0-1933.3) 11.9 (0.148) 0(0-71.5) 0.005 **
ELISA Units 26 (7.1-227.1) 5.7 (2.8-73.5) 22.3 (4.8-100.9) 0.11
p-Value
Quantitative Characteristics Mean + SD Mean + SD Mean + SD (Ordinary
One-Way
ANOVA)
CqPCR 353+19 35+14 339+27 0.58

PHMB = polyhexamethylene biguanide, TLR4a = Toll-like receptor 4 agonist, [IFN-y = Interferon-gamma, IL-
17a = Interleukin-17a, Cq = Quantification cycle, Non-prod= non-producers. * Complete data were only obtained
from 6 out of 10 dogs in this group. ** Significant difference was observed between PHMB + PHMB with TLR4a
and control groups but not between PHMB + PHMB with TLR4 and meglumine antimoniate groups and between
meglumine antimoniate and control groups.

3.2. Safety and Clinical Efficacy of Treatments

All treatments studied were considered safe. No side effects (local or systemic) were
observed during the treatment period in any formulations studied.

Regarding the PHMB formulations, there were no statistically significant differences
between the PHMB alone group and the PHMB with TLR4a at day 15 (chi-square: x2 = 0.9;
df =2, p =0.64) and day 30 (chi-square: x%=3.6;df =2, p=0.17). On the other hand, although
differences between local administration of PHMB alone or in combination with TLR4a
when compared to the placebo administration were not statistically significant, and thus it
is unclear if this would reflect on a large canine population, the results suggested a higher
tendency towards resolution (both partial and total) at day 15 (chi-square: x2=578;df =2,
p =0.06) and day 30 post-treatment (chi-square: x? = 4.; df = 2, p = 0.12). Conversely, dogs
treated with local administration of meglumine antimoniate had a statistically significant
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fastest resolution compared with placebo treatment at 15 (chi-square: x> = 12.58; df = 2,
p =0.002) and 30 days post-treatment (chi-square: x? = 9.47; df = 2, p = 0.009). Although no
statistically significant differences were observed between the administration of meglumine
antimoniate and the administration of PHMB alone or in combination with TLR4a at
15 days post-treatment (chi-square: x2=257;df =2, p = 0.27), there was a higher tendency
towards resolution at 30 days post-treatment (chi-square: x> = 4.74; df = 2, p = 0.09) when
meglumine antimoniate was administered (Table 4).

Table 4. Clinical resolution of papules according to the different treatments (PHMB alone, PHMB in
combination with TLR4a, and meglumine antimoniate).

Clinical Resolution (Number of Dogs/Total, %)

Local Treatment (Number of Dogs) 15 Days Post-Treatment 30 Days Post-Treatment
Without . Without .
Resolution Partial Total Resolution Partial Total

PHMB alone (n =5) 1/5,20% 3/5,60% 1/5,20% 1/5,20% 2/5,40% 2/5,40%

PHMB+ TLR4a (n = 4) 1/4,25% 3/4,75% 0/4,0% 0/4,0% 4/4,100% 0/4,0%
Meglumine antimoniate (n = 10) 0/10, 0% 8/10, 80% 2/10,20% 0/10, 0% 3/10, 30% 7/10, 70%

Control group (n = 9): diluent o o o o o o
(0=5) + TLR4a (n = 4) 7/9,78% 2/9,22% 0/9,0% 5/9,56% 3/9,33% 1/9,11%

Total (n = 28) 9 16 3 6 12 10

PHMB = polyhexamethylene biguanide, TLR4a = Toll-like receptor 4 agonist.

Regarding the dogs included in the control group (n = 9), some showed a total res-
olution of the papules at days 30 (n = 1/9), 90 (n = 2/9), and 180 (n = 1/9), two were
excluded from the study at day 30 because of clinical worsening, and they were treated
with meglumine antimoniate subcutaneously (2/9). The other three dogs (3/9) showed a
partial resolution at day 60, but they were lost to follow-up (Figure 3).

3.3. Clinical Worsening (Withdrawal) and Lost to Follow-Up

Some dogs were lost to follow-up or withdrawn from the study for several reasons
(Figure 3). In four (two from the control group and two from the PHMB + TLR4a group),
other clinical signs such as loss of body weight, generalized lymphadenomegaly, and
decreased appetite were observed during the follow-up, and L. infantum-specific antibody
levels increased. They were treated with meglumine antimoniate subcutaneously and
withdrawn from the study from that point.

Samples from several dogs could not be collected during the lockdown caused by
SARS-CoV-2, but they were collected again in further follow-ups (Figure 3).

In one dog treated with PHMB, initially, clinical resolution of papules was observed,
although new papules appeared during the treatment. This was considered a relapse, and
a local rescue therapy (30% meglumine antimoniate + 70% pluronic F-127) was instituted.
In this case, papules were all resolved on day 15 after the rescue therapy was started.

3.4. Leishmania Infantum-Specific Antibody Levels at the Time of Diagnosis and Follow-Up

The results of L. infantum-specific antibody levels at the time of diagnosis and during
treatment follow-up are displayed in Table 5.
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Table 5. Serological, molecular, IFN-y and IL-17a concentrations and NBT results of dogs at diagnosis and follow-up.

. . Median
it e IR oanny R A rere ven
Dogs (%) (min-max) Producers (%) (min-max) Producers (%) ‘m"in_max, B 4 (%)
Day 0 6/24 (25%) 214(28-227.1)  12/24 (50%) 127.9 (0-3998) 10/24 (42%) 232 (0-1933) 13 (542) 347+21 18+ 6%
Day 15 8/23 (348%)  17.8(3.5-167.4) - - - - -
Day 30 6/20 (30%) 13.8 (29-121.6) 9/20 (45%) 61.7 (0-3614) 11/20 (55%) 852 (0-630.3) 4(20) 371405 19+ 5%
Day 60 4/14(286%) 133 (3.8-1155) - - - - -
Day 90 1/15 (6.7%) 124 (28-161.6) 9/12 (75%) 444.1 (4.6-6002.9)
Day 180 0/13 (0%) 9.58 (3-26) 5/11 (45.5%) 416 (0-2660)
Day 365 1/13 (8%) 163 (24-2137)  5/12 (41.7%) 1250.2 (0-6947.7) 12(923) 347+12

Cq = Quantification cycle, IFN-y = Interferon-gamma, IL-17a = Interleukin-17a, LSA = soluble L. infantum antigen, NBT = Nitroblue tetrazolium, min = minimum, max = maximum.
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At the time of diagnosis, all dogs presented negative or low antibody levels except one
dog (n = 24, median: 21.4, ranging from 2.8 to 227.1 EU). At day 0, six dogs were positive
against L. infantum antigen, five of which were low positive, and one was medium positive.
The rest of the dogs (n = 18) were seronegative. At day 15 (n = 23, median: 17.8, ranging
from 3.5 to 167.4 EU), seven dogs were low positive, one dog was medium positive, and
the rest were seronegative. At day 30 (n = 20, median: 13.8, ranging from 2.9 to 121.6 EU),
six dogs were low positive, and the rest were seronegative. At day 60 (n = 14, median: 13.3,
ranging from 3.8 to 115.5 EU), four dogs were low positive, and the rest were seronegative.
Atday 90 (n = 15, median: 12.4, ranging from 2.8 to 161.6 EU), only one dog was medium
positive, and the rest were seronegative. At day 180 (n = 13, median: 3, ranging from 2.8 to
26 EU), all dogs were seronegative. At day 365 (n = 13, median: 16.3, ranging from 2.4 to
213.7 EU), one dog was medium positive, and the rest were seronegative; this dog had not
been tested at day 180 due to lack of compliance of the owner.

No significant differences were observed when comparing L. infantum antibody levels
at day 0 with the follow-up at any time (p = 0.98). Regarding the follow-up, only in 10 dogs
(41.7%) was it possible to complete it as planned (days 0, 15, 30, 60, 90, 180, and 365). At
days 180 and 365, thirteen dogs out of a total of 24 (54.2%) were tested.

Twelve dogs remained seronegative, while only one dog remained seropositive during
all the follow-ups. Interestingly, four dogs experimented with a seroreversion since the
antibody levels changed from low positive to negative. In contrast, no dogs showed
seroconversion during the follow-up period. One dog treated with PHMB + TLR4a changed
from low positive to medium positive.

3.5. IFN-vy Concentration at the Time of Diagnosis and During Treatment Follow-Up

The results of IFN-y concentration at the time of diagnosis and during treatment
follow-up are displayed in Table 5.

At day 0, 12 of 24 dogs were considered IFN-y producers. Supernatants from LSA-
stimulated whole blood of IFN-y producer dogs presented significantly higher concentra-
tions of IFN-y (median: 607.8, ranging from 171.9 to 3997.5 pg/mL) when compared with
IFN-y non-producers (median: 10.6, ranging from 0 to 84 pg/mL) (p < 0.0001) (Figure 4a).
However, the concentration of IFN-y of ConA stimulated blood from IFN-y non-producers
(median: 1287, ranging from 153.8 to 4254.2 pg/mL) did not show statistically significant
differences (p = 0.442) with the IFN-y producers’ group (median: 1287.5, ranging from
459.3 t0 5959.9 pg/mL).

At day 30, 9 of the 20 dogs analyzed were classified as IFN-y producers. Supernatants
from LSA-stimulated whole blood of IFN-y producer dogs showed higher concentrations of
IFN-y (median: 668.9, ranging from 233.9 to 3614 pg/mL) when compared with the IFN-y
non-producers’ group (median: 23.6, ranging from 0 to 62.7 pg/mL) (p = 0.0017). Regarding
the concentration of IFN-y of ConA stimulated blood from IFN-y producers (median:
2503.7, ranging from 357.3 to 5073.2 pg/mL), there were no significant differences (p = 0.14)
with the IFN-y non-producers (median: 1295.6, ranging from 293.8 to 3576 pg/mL).

Concerning the rest of the follow-up, 9 dogs out of a total of 12 were considered IFN-y
producers at day 90, 5 out of 11 dogs were producers at day 180, while 5 dogs out of
12 remained IFN-y producers at day 365.

Additionally, no statistically significant differences were observed when comparing
IFN-y concentrations in supernatants of blood stimulated with LSA from all dogs at day
0 and day 30 (p = 0.35) or any other time point during follow-up nor when comparing
IFN-y concentration after ConA stimulation at day 0 and day 30 (p = 0.81).

3.6. IL-17a Concentration at Time of Diagnosis and During Treatment Follow-Up

The results of IL-17a concentration at the time of diagnosis and during treatment
follow-up are displayed in Table 5.

At diagnosis, 10 of 24 dogs were classified as IL-17a producers. Supernatants from
LSA-stimulated whole blood of IL-17a producer dogs presented significantly higher concen-
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trations of IL-17a (median: 149.5, ranging from 69.4 to 1933.3 pg/mL) when comparing with
IL-17a non-producers (median: 0, ranging from 0 to 32.1 pg/mL) (p < 0.0001) (Figure 4b).
However, concentrations of IL-17a of ConA stimulated blood from IL-17a non-producers
(median: 6466.3, ranging from 721.3 to 23,050.2 pg/mL) did not show statistically signifi-
cant differences (p = 0.34) with the IL-17a producers’ group (median: 9228.7 ranging from
3363.5 to 18,143.3 pg/mL).
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Figure 4. Median concentration with 95% CI (a) IFN-y and (b) IL-17a concentration after LSA
stimulation in cytokine producers and non-producers dogs at the time of diagnosis and prior to
administration of local treatment.

On day 30, 11 dogs were considered IL-17a producers out of 20 dogs. IL-17a concen-
tration after LSA stimulation of IL-17a producer dogs demonstrated higher concentrations
of IL-17a (median: 155.7 ranging from 74 to 630.3 pg/mL) when comparing with the IL-17a
non-producers’ group (median: 2.8 ranging from 0 to 40 pg/mL) (p < 0.0001). IL-17a
concentration after ConA stimulation was not statistically different (p = 0.56) between
IL-17a producers (median: 14,088.6 ranging from 1082.1 to 41,390 pg/mL) and IL-17a
non-producers (median: 12,425.3 ranging from 2637 to 31,150 pg/mL) dogs.

Furthermore, no statistically significant differences were observed when comparing
IL-17a concentrations in supernatants of blood stimulated with LSA from all dogs at day
0 and day 30 (p = 0.08). However, significant differences were found when comparing
IL-17a concentration after ConA stimulation at day 0 and day 30 (p = 0.01).

3.7. Correlation between Parameters Studied

Considering all dogs studied (n = 24), a correlation was not found between IFN-y
concentration after LSA stimulation and L. infantum specific antibody levels (Spearman r:
0.31, p = 0.15) neither between IL-17a after LSA stimulation and antibody levels (Spearman
r: 0.25, p = 0.24). Moreover, there was no correlation between the age of the dogs and
antibody levels (Spearman r: —0.28, p = 0.18).

No correlation was found between PCR Cq and L. infantum specific antibody levels
(Spearman r: —0.07, p = 0.8) nor PCR Cq and IFN-y concentration after LSA stimula-
tion (Spearman r: 0.41, p = 0.09) nor between PCR Cq and IL-17a after LSA stimulation
(Spearman r: 0.46, p = 0.06).

IFN-y concentration after LSA stimulation was significantly positively correlated with
IL-17a concentration after LSA stimulation (Spearman r: 0.59, p < 0.0001) (Figure 5).
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Figure 5. Correlation between IL-17a (pg/mL) and IFN-y (pg/mL) after LSA stimulation in the total
of dogs studied at the time of diagnosis and follow-up. Spearman r: 0.59, p < 0.0001.

Similarly, there was a significant correlation between IFN-y concentration after Con A
stimulation and IL-17a concentration after Con A stimulation (Spearman r: 0.54, p = 0.0002).

3.8. Nitroblue Tetrazolium Reduction Test

There were no statistically significant differences when comparing the NBT reduction
rate at day 0 (mean =+ SD: 18 & 6%) with the NBT reduction rate at day 30 (mean =+ SD:
19 £ 5%) (p = 0.53).

3.9. Blood PCR

The Leishmania real-time PCR results at the time of diagnosis and during the follow-up
period are depicted in Table 5.

At the time of diagnosis, 13 out of a total of 24 (54.2%) dogs were PCR positive.

At day 30, only 4 dogs were PCR positive from a total of 20 (20%) dogs.

Interestingly, 2 dogs remained positive from day 0 to day 30. The other 2 negative
dogs at day 0 were PCR positive at day 30. In contrast, 8 dogs that were PCR positive at
day 0 were negative at day 30. Unfortunately, 4 dogs were lost to follow-up on day 30.

Regarding the last PCR performed from each dog, one was at day 60 and was positive,
while it was negative at days 0 and 30.

On day 180, 3 dogs were tested, and all were PCR positive.

Finally, at day 365, 12 out of 13 dogs were PCR positive (92%). Two dogs remained
always positive from day 0, only one remained negative from day 0, and the others changed
depending on the time.

Regarding the proportion of positive dogs, significant differences were found when
comparing day 0 to day 30 (p = 0.03), day 0 to day 365 (p = 0.02), and day 30 to day 365
(p < 0.0001). Statistically significant differences were observed when comparing PCR Cq
results at day 0 (mean =+ SD: 34.7 & 2.1) and day 30 (mean =+ SD: 37.1 4 0.5) (p = 0.04), and
when comparing PCR Cq results at day 30 and day 365 (mean =+ SD: 34.7 + 1.2) (p = 0.0023).
However, no differences were observed when PCR Cq results at day 0 and day 365 were
compared (p = 0.93).

4. Discussion

To the author’s best knowledge, there are few studies evaluating the effectiveness
of local treatment in canine cutaneous leishmaniosis (CCL), but no studies so far have
evaluated local treatment of papular dermatitis due to L. infantum infection [40-42]. In the
present randomized controlled study, 70% of dogs treated with meglumine antimoniate
and 40% of dogs treated with PHMB alone showed a complete response after 30 days of
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treatment, demonstrating a much faster response than the median of 98 4 5 days observed
in a previous observational study. However, it is difficult to compare these results as we
only included dogs with stage I-mild disease-papular dermatitis, and in the previous study,
all dogs had ulcerative lesions in which self-healing was not expected [1,40]. Moreover,
no adverse effects were observed throughout the course of the study in any of the dogs.
Therefore, we might conclude that all the studied substances were safe.

Although meglumine antimoniate is widely described as a systemic treatment for
L. infantum infection both in humans and dogs [36], to the author’s best knowledge, there is
limited information regarding the efficacy of its topical use in dogs with either cutaneous
leishmaniosis or papular dermatitis. Interestingly, a recent study demonstrated the efficacy
of an intralesional meglumine antimoniate compared with a placebo for the treatment of
CCL due to L. braziliensis [41]. Dogs with localized cutaneous ulcers were enrolled in this
study and showed a higher and faster healing rate when they were treated with intralesional
meglumine antimoniate [41]. In human medicine, meglumine antimoniate is commonly
used as a local treatment through intralesional administration and is considered appropriate
for the treatment of simple cutaneous lesions due to L. panamensis and L. mexicana [43].
Local application of meglumine antimoniate has also been tested in murine leishmaniosis
models [44—47]. The main obstacle to the local administration of meglumine antimoniate
is that it is considered a water-soluble molecule, and thus, it has limited interaction with
lipophilic skin structures [29].

In murine models, different drug delivery systems have been evaluated. Moosavian
Kalat et al. (2014) tested a liposome containing 22.5% meglumine antimoniate as a local
treatment on infected BALB/c mice and observed a reduction in lesion size and a lower
spleen parasite burden in treated mice compared to the control group [44]. The same
group, in a further study (2019), tested a similar mixture by adding stearylamine, which
improved liposome performance with good clinical improvement [45]. In another study
published in 2013, meglumine antimoniate administered using a liposomal formulation
showed a reduction in lesion size and amastigote counts, although it had no significant
therapeutic difference compared to the control group [46]. Finally, Horoiwaone et al. (2020)
tested the local application of meglumine antimoniate contained in maltodextrin polymeric
colloidal nanocarriers in a murine leishmaniasis model, which showed similar efficacy to
the intraperitoneal injection regarding parasite titer reduction and superior healing activity
in terms of collagen area deposition [47]. Other delivery systems have also been tested for
systemic administration of meglumine antimoniate, which could be considered for topical
administration in future studies, including polymeric nanoformulations such as aqueous-
core poly-L-lactide nanocapsules, which have shown a great antileishmanial activity on
mice infected with L. infantum [48]. In addition, this new formulation promotes meglumine
antimoniate uptake within the macrophages, increasing its efficacy and decreasing its
cellular-negative outcome [48].

In the present study, the administration of meglumine antimoniate with pluronic
F-127 as a delivery system was tested, which is a non-ionic detergent used to facilitate the
solubilization of water-insoluble materials in physiological media. A significant improve-
ment was observed in our patients when compared to the control group, and no adverse
effects were detected during the length of administration nor the posterior follow-ups,
which could mean that pluronic F-127 is a safe and adequate delivery system and that
locally administered meglumine antimoniate could be considered as a viable treatment
option in dogs with localized papular dermatitis due to L. infantum. This new local formu-
lation of meglumine antimoniate has shown to be safe for its use in humans, and it has
been previously tested in vitro in three cell lines, ex vivo using human skin samples, and
in vivo testing on human volunteers [35].

Regarding PHMB, to the author’s best knowledge, there are no previous in vivo
studies reporting its use as a topical formulation for the treatment of papules due to
L. infantum infection, neither in dogs nor in humans. On the other hand, it has been
described in previous publications as a topical antimicrobial for locally infected wounds
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in dogs [49,50], and there is a study about the safety of its use in combination with other
drugs as an ear flush in dogs [51]. In humans, PHMB has been used as a first-line treatment
for infected wounds [52,53] and as a treatment for Acanthamoeba keratitis [54].

As mentioned previously, in the present study, dogs treated with topical PHMB
showed a higher tendency toward resolution compared with the control group, although
the results were not statistically significant. PHMB has been shown to have antileishmanial
properties, such as disruption of the parasite 's membrane integrity and chromosomal
damage, in previous in vitro studies [22,34]. We also evaluated its combination with TLR4a,
as according to a previous study, TLR4 activation leads to the parasite’s death by inducing
a protective immune response against Leishmania and regulating iNOS [22]. According
to our results, no statistically significant differences were observed between the PHMB
alone group and the PHMB combined with TLR4a. This lack of difference could be due
to a lack of effectiveness regarding the TLR4a stimulation, insufficient dosage, or due to
complications such as lack of absorption of the TLR4a. However, a small number of dogs
were included in these groups, and thus a significant difference could have been observed
if more dogs were included.

To the author’s best knowledge, there are only two published studies in which a
follow-up over dogs with papular dermatitis was performed [4,55]. In one of them, 15 out
of 17 dogs were treated with subcutaneous meglumine antimoniate for 25-30 days, showing
complete resolution of lesions by day 25 in all dogs [4]. The remaining dog received no
treatment and was only revisited four months later, showing only partial remission [4].
In the other study, 3 out of 8 dogs were treated twice a day with meglumine antimoniate
subcutaneously (50 mg/kg SC BID) and allopurinol orally (10 mg/kg PO BID), showing
total resolution by 10 days of treatment [55]. The other four dogs received no treatment,
showing improvement only after 3 to 5 months [55]. Similarly, in the present study, all
dogs treated with topical meglumine antimoniate showed improvement one month after
starting treatment, although only 70% had a complete resolution of lesions. However,
taking into account the mean of administration (much less painful and stressful for the dog
and the owner) and the lower risk of adverse effects, we can consider topical treatment as
an advantageous alternative.

As mentioned previously, self-healing of the skin lesions may occur between three
and six months in previous studies [4,55]. This fact is similar to the results of the present
study, in which some dogs included in the control group showed a total resolution of the
papules at days 90 (22%) and 180 (11%) or partial resolution at day 60 (11%), although one
showed total resolution by day 30 (11%).

The immune response was also evaluated in this study. IFN-y is one of the cytokines
expressed by a Th1 response (considered an effective immune response). In the present
study, 50% (12/24) of dogs at day 0 and 45% (9/20) at day 30 were considered IFN- y
producers. These findings are similar to previous studies using IFN-y release whole blood
assay in dogs with stage I and papular dermatitis. In one study [5], dogs in stage I (25.7%)
and Ila (48.5%) showed a higher production of IFN-y than other dogs classified as stage IIb
(8.5%), 111 (14.2%), and IV (2.8%). In another study, 15 of 19 dogs in stage I (79%) were IFN-y
producers, whereas only 6 out of 15 dogs (40%) were in stage II-III [6]. Interestingly, in this
study, the dogs that were followed up at different time points presented a production of
parasite-specific IFN-y that ranged from 41 to 75% of the dogs studied.

The results of IFN-y concentration showed a positive correlation with IL-17a con-
centration after LSA and Con A stimulation. This correlation was expected regarding
previous studies where it was demonstrated that IL-17a played a synergic role with IFN-y
by blocking parasite growth after checking IFN-y and IL-17a levels in infected mice [10]. In
another study, mRNA expression for iNOS and IFN- y was positively correlated with IL-
17a gene transcription in dogs [11]. However, another study concluded that SNPs located
in analogous regions of canine IL-17a gene promoter did not show an association with
Leishmania spp. resistance [56]. Further studies on the role played by IL-17a in L. infantum
infection are required to determine if it might be used as a prognostic marker.
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In addition, it is important to highlight that, similarly to previous studies, the majority
of these dogs were seronegative or presented very low positive antibody levels throughout
the study period, and four dogs even showed seroreversion [6]. Therefore, even if dogs were
only treated with local treatment or no treatment, most of them did not have relapses or
worsening of the infection. Regarding this, only one dog treated with PHMB alone showed
relapse of papular dermatitis, another dog treated with PHMB + TLR4a demonstrated an
increase in serology levels through treatment, and four dogs were withdrawn from the study
due to worsening of clinical signs, two associated to the control group (2/4) and two to
PHMB + TLR4a group (2/4). Conversely, no dogs treated with local meglumine antimoniate
showed worsening or relapse of clinical signs throughout the study period, nor an increase
in antibody levels, and the dog that had relapsed while PHMB was being administrated, did
show complete resolution after changing to local meglumine antimoniate, demonstrating,
in these cases, a good efficacy not only in the treatment of clinical signs but also to avoid
relapses or worsening of the disease.

According to previous papers, in this study, there was no association between sex
or age and NBT reduction rate [24,25]. In a previous study, the NBT reduction rate of
40 healthy dogs (4.57 + 1.72%), 20 dogs in Stage-I (34 & 10.05%), and 20 dogs in Stage-IV
(3.7 £ 2.03%) was compared, showing that NBT reduction rate was significantly higher
in dogs in Stage-I [24]. In another study, the NBT reduction rate was compared between
ten healthy dogs treated with 0.5 mg/kg oral (PO) of domperidone once a day (SID) for
30 days and ten non-treated healthy dogs [25]. In this previous study, the results from the
non-treated group showed similar means to the first study (5.9 &= 1.6%) [25]. According to
these previous papers, our results of NBT reduction rate at day 0 (mean + SD: 18 + 6%)
and day 30 (mean = SD: 19 + 5%) were closer to the Stage-I results [24,25].

Concerning real-time PCR, the results of the present study are in agreement with
previous studies where dogs with mild leishmaniosis showed a lower proportion of positive
cases than dogs in more advanced stages [5,6,57]. It is well known that sick dogs with
high antibody levels also show high parasitemia levels [57]. It is worth noticing that a
difference was observed between the proportion of PCR-positive dogs at day 0 (54.2%)
and day 30 (20%) (p = 0.03), and when comparing dogs at day 30 and day 365 (92.3%)
(p = 0.0001), showing a significantly lower result at day 30 and a significantly higher result
at day 365. This could be interpreted as a signal of infection recrudescence. However, it
was not associated with clinical or analytical worsening, and the parasitemia (PCR Cq) was
the same at day 365 (34.7 + 1.2) and at day 0 (34.7 & 2.1), indicating a possible clinical cure
with infection persistence or progression. Nevertheless, it should be taken into account that
in this study, dogs were changing between PCR positive or negative depending on the day
of the follow-up. Intermittent or transitory parasitemia has been commonly observed in
previous studies in dogs with Leishmania infection and is the most likely explanation for the
variability of the results throughout the follow-up [58]. Moreover, the number of dogs that
were available for PCR testing on day 365 was much lower than initially, and this could
affect the results. It should also be pointed out that PCR performed on DNA extracted from
whole blood samples is a less sensitive technique than PCR performed on bone marrow,
lymph node, spleen, or skin, which could be regarded as a limitation of this study [59,60].
Invasive sampling for PCR was considered not ethical in this scenario.

Regarding the onset of clinical signs, 87.5% of the papules appeared in autumn and
winter, as previously described [4,61]. This period belongs to the end of the sandfly
season, which could mean a delay between Leishmania inoculation and the development of
papular dermatitis. This might be explained by a period of parasite amplification, as it was
described in mice [62] and dogs [63]. The majority of dogs in this study were young, 91.7%
were below 12 months of age, and 45.8% were below 6 months of age, as was observed in
previous studies [4,61]. This could mean that papular dermatitis might be more common
at the time of the first contact of the parasite with the host’s immune system. In the same
way, the distribution of papular lesions was similar to these previous studies, 46.9% were
located on the inner surface of the pinna, and 18.8% were on the abdomen [4,61].
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5. Conclusions

In conclusion, the results of this study showed that dogs with papular dermatitis
treated with local meglumine antimoniate healed faster than dogs treated with a placebo.
Furthermore, no dog treated with topical meglumine antimoniate showed worsening
clinical signs or relapse during the one-year follow-up. On the other hand, PHMB (alone or
in combination with TLR4a) showed a higher tendency towards resolution when compared
to placebo, although results were considered non-significant. Moreover, no adverse effects
were observed in any of the drugs throughout the study in any of the dogs. Therefore, we
might conclude that local meglumine antimoniate is a safe and effective alternative for the
treatment of papular dermatitis in dogs with L. infantum infection. The present study also
showed that most dogs presented a protective immune response at the time of diagnosis
and during a year follow-up period without clinical failure.
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Simple Summary: This study aimed to understand the role of neutrophils in canine leishmaniosis
(CanL) by assessing neutrophil activation and its relationship with different states of Leishmania
infantum infection and antibody and IFN-y production. The results showed that sick dogs in stage
I-mild disease had significantly higher neutrophil activation compared to healthy seronegative and
seropositive dogs and sick dogs in advanced stages (II, III-IV). Healthy seropositive dogs exhibited
higher neutrophil activation compared to all other groups except sick dogs in stage I. Dogs in
advanced disease stages (II, III-IV) did not show significant differences in neutrophil activation
compared to healthy seronegative dogs. Furthermore, dogs in stage I had significantly higher IFN-y
concentrations compared to healthy seronegative and sick dogs in advanced disease stages. Dogs
in stage II showed higher IFN-y concentrations compared to healthy seronegative dogs, while no
significant differences were observed in dogs in stage III-IV. Healthy seropositive dogs had elevated
IEN-y concentrations compared to healthy seronegative dogs and dogs in stage III-IV. These findings
indicate that neutrophil activation is predominant in dogs with mild disease and healthy seropositive
dogs with an association with potent IFN-y production.

Abstract: This study aimed to investigate the role of neutrophils in canine leishmaniosis by assessing
neutrophil activation and its relationship with different states of L. infantum infection and antibody
and IFN-y production. Dogs were categorized into five groups: healthy-seronegative (1 = 25), healthy-
seropositive (1 = 21), LeishVet-stage I (n = 25), Leishvet-stage II (1 = 41), and LeishVet-stage III-IV
(n = 16). Results of the nitroblue tetrazolium reduction test (NBT) showed significantly higher neu-
trophil activation in stage I (median:17.17, range: [7.33-31.50]%) compared to in healthy-seronegative
(4.10 [1.20-18.00]%), healthy-seropositive (7.65 [3.98-21.74]%), stage II (6.50 [1.50-28.70]%), and stage
II-1V (7.50 [3.00-16.75]%) groups (p < 0.0001). Healthy-seropositive dogs also displayed higher val-
ues than all groups except stage I. Stages II and ITI-IV did not show significant differences compared
to healthy-seronegative. Regarding IFN-y, stage I dogs had higher concentrations (median:127.90,
range: [0-3998.00] pg/mL) than healthy-seronegative (0 [0-109.50] pg/mL) (p = 0.0002), stage II
(9.00 [0-5086.00] pg/mL) (p = 0.045), and stage III-IV (3.50 [80.00-548.80] pg/mL) (p = 0.02) dogs.
Stage II dogs showed increased IFN-y compared to healthy-seronegative dogs (p = 0.015), while
stage III-IV dogs had no significant differences compared to healthy-seronegative dogs (p = 0.12).
Healthy-seropositive dogs had elevated IFN-y concentrations compared to healthy-seronegative dogs
(p =0.001) and dogs in stage III-IV (p = 0.03). In conclusion, neutrophil activation was higher in dogs
with mild disease and healthy-seropositive dogs, and a relationship between neutrophil activation
and the production of IFN-y was found.

Keywords: NBT; dog; immunity; interferon-gamma; neutrophil; leishmaniosis; oxidative burst;
oxidative metabolism
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1. Introduction

Canine leishmaniosis (CanL) is a zoonotic vector-borne disease caused by the proto-
zoan parasite Leishmania infantum and primarily transmitted through the bite of female
Phlebotomine sand flies [1]. It has a worldwide distribution and is considered endemic
in regions, such as the Mediterranean basin, Latin America, and southern Asia [1]. Dogs
serve as the main reservoir for this infection. Leishmania infantum is an obligate intracellular
parasite that infects and survives within various myeloid lineage cells, including mono-
cytes, macrophages, dendritic cells, and neutrophils. Its presence in the body has unique
implications for the immune system during the course of the infection [2].

Clinical manifestations of CanL can vary widely, ranging from subclinical infection to
severe systemic disease [1]. The severity of the disease is classified into four stages: mild
disease-LeishVet stage I, characterized by mild clinical signs like papular dermatitis, exhibit-
ing no noteworthy clinicopathological abnormalities, and displaying antibody levels that
range from negative to low; moderate disease-LeishVet stage II, characterized by diffuse
clinical manifestations, like extensive skin lesions, widespread lymph node enlargement or
weight loss, clinicopathological abnormalities without a rise in creatinine concentrations,
and antibody levels varying from weakly positive to strongly positive; severe disease-
LeishVet stage III, defined by extensive clinical manifestations along with clinical signs
linked to the deposition of immune complexes (like uveitis or glomerulonephritis), clin-
icopathological abnormalities, including either IRIS Stage 1 proteinuric or IRIS Stage 2
chronic kidney disease (CKD), accompanied by antibody levels ranging from moderate to
high positivity; and very severe disease-LeishVet stage IV, determined by diffuse clinical
signs, clinicopathological abnormalities, and advanced CKD stage 3 or 4, accompanied by
antibody levels ranging from moderate to high positivity [1]. The interplay between the
host’s innate and adaptive immune responses in response to the parasite infection plays a
crucial role in determining the clinical signs and overall outcome of the disease [3,4]. Dogs
with a predominant cellular immune response are associated with disease resistance or
subclinical forms, while dogs exhibiting a predominantly humoral response are associated
with clinical illness [2,5]. Adaptive T-cell immunity has been widely investigated to play a
crucial role in disease development and resistance. The T helper 1 (Thl)-mediated immune
response, characterized by the secretion of cytokines, such as interferon-gamma (IFN-y),
interleukin-2 (IL-2), and tumor necrosis factor-alpha (TNF-«), is associated with immune
protection [4,6]. Conversely, the Th2-mediated immune response leads to the production of
cytokines, like interleukin-4 (IL-4), interleukin-10 (IL-10), and transforming growth factor-
beta (TGF-f3), which are linked to a predominantly humoral immune response and disease
progression [4,6]. A balanced response between proinflammatory Thl CD4+ T cells that
inhibit parasite replication and an immune regulatory response mediated by T regulatory
1 (Tr1) cells is crucial for disease control [2]. The former stimulates macrophage activity
through IFN-y production, promoting parasite elimination [7]. However, prolonged ex-
posure to antigens can lead to T cell exhaustion, resulting in reduced T cell proliferation
and IFN-y production. This, in turn, allows for parasite survival and expansion within
macrophages [7].

In recent years, growing evidence has highlighted the significant role of the innate
immune response in controlling Leishmania infection. Among the components of the
innate immune system, neutrophils have emerged as key players, particularly in the early
stages of Leishmania infection [8]. While macrophages are considered the primary host
target cells for the replication of L. infantun, neutrophils also play a distinct role in the
control or progression of leishmaniosis, thanks to their ability to kill parasites and produce
interleukins [9,10]. As the first line of defense, neutrophils are the initial cells that migrate to
the site of infection and internalize the Leishmania promastigote [11-14]. Upon phagocytosis,
neutrophils activate their defense mechanisms, including the production of reactive oxygen
species (ROS), which is a crucial antileishmanial mechanism produced in phagocytes
(oxidative burst) [15-18]. The phagocyte’s NADPH oxidase generates the superoxide anion
(O27), which serves as a precursor to hydrogen peroxide and other ROS [15-17,19-21].
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Subsequently, the neutrophil releases these ROS within the phagosomes containing L.
infantum amastigotes, effectively killing the parasite [19]. In addition to the oxidative burst,
neutrophils that ingest Leishmania amastigotes initiate further defensive strategies. These
include the secretion of TNF-« and IFN-y, which aid in stimulating macrophage activation
and recruitment to the infection site [22,23] and the release of neutrophil extracellular traps,
which also potentially play a significant role in combatting protozoal infections, such as
Leishmania [24].

However, Leishmania amastigotes have the ability to deactivate the oxidative activity
of polymorphonuclear leukocytes, allowing them to survive within neutrophils and exploit
them as a means to hide from the immune system while silently infecting the final host
cell, the macrophage [10,22,25]. Alternatively, if the oxidative burst is successful and limits
parasite growth within cells, the infection can be controlled [26,27]. Therefore, the ability or
predisposition of neutrophils to activate the oxidative burst can have a significant impact
on disease progression or containment.

Interferons (IFNs) are a family of proteins that exhibit strong antiviral and antibacterial
effects and play crucial roles in regulating effector cells within both innate and adaptive
immune responses [28-31]. Among these, IFN-y stands out for having the most diverse
and potent effects [32]. While much of the research on IFN-y has focused on its effects on
adaptive immunity, recent studies have revealed its ability to modulate myeloid cell activity,
including neutrophils, in diverse ways. These include enhancing NADPH oxidase activity
and the oxidative burst, promoting nitric oxide (NO) production, increasing the expression
of MHCII proteins, altering cytokine and chemokine production, inhibiting chemotaxis,
and suppressing apoptosis [33]. Although these effects have been predominantly observed
in vitro based on mature neutrophils, studies suggest that more substantial changes occur
when IFN-vy interacts with maturing myeloid cells [34]. Thus, IEN-y could potentially have
an impact on the capacity of neutrophils to eliminate phagocyted Leishmania amastigotes
and promastigotes by stimulating the cellular immune response and activating phagosomes
to induce an oxidative burst. Therefore, a positive relationship within IFN-y and the
oxidative metabolism of neutrophils could be suspected.

The nitroblue tetrazolium reduction test (NBT) is a diagnostic assay that utilizes the
ability of neutrophils and macrophages to generate free radicals (oxidative burst) during
the process of phagocytosis [35,36]. This test relies on the reduction of nitroblue tetrazolium,
a colorless compound, to formazan, a blue compound, by the NADPH oxidase present in
activated neutrophils within the phagocytic vacuole. As a result, the cytoplasm of the cells
undergoes a color change, indicating the production of ROS [36]. The NBT reaction provides
an assessment of the ROS-generating activity in the cytoplasm of cells and has been shown
to correlate strongly with the levels of ROS produced during the oxidative burst [37,38]. By
employing conventional light microscopy, the rate of NBT can be determined by calculating
the percentage of neutrophils with formazan present in their cytoplasm, reflecting the
activation status of neutrophils and monocytes in the peripheral blood [35]. The primary
objective of this study was to assess the variations in peripheral blood neutrophil ROS
generation in dogs with different stages of L. infantum infection by means of the NBT.
Additionally, we aimed to investigate the potential association between neutrophil ROS
generation and IFN-y concentrations, as well as antibody levels, in dogs with different
states of L. infantum infection.

2. Materials and Methods

All dogs included in this study belonged to volunteer owners who had granted
permission to a physical examination and blood collection from their dogs through a signed
consent form.
2.1. Dogs and Clinical Data

Dogs of different breeds from an endemic area were selected to enter the study. A
complete blood count, serum biochemistry profile (at least containing creatinine, alanine
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aminotransferase, and albumin), urinalysis, serum electrophoresis, and ELISA serology
were performed for all dogs, as well as cytology of the lesions in dogs in stage I.

A total of 128 dogs were enrolled in this study and divided into five groups according
to the LeishVet staging system [1]: Group 1 included healthy seronegative dogs with no
clinical signs or hematological or biochemical abnormalities (1 = 25); Group 2 included
Leishmania-seropositive but clinically healthy dogs with no clinical signs, hematological and
serum and urinary biochemical parameters within normal limits, and presenting low to
medium antibody levels (1 = 21); Group 3 included dogs with mild disease-LeishVet stage
I presenting papular dermatitis as the sole clinical sign [39], the identification of intrale-
sional amastigotes via cytology, hematological, serum, and urinary biochemical parameters
within normal limits (including creatinine < 1.4 mg/dL), and presenting negative to low
antibody levels (n = 25); Group 4 included dogs with moderate disease-LeishVet stage II,
including the characteristic clinical signs (diffuse clinical manifestations, like extensive skin
lesions, widespread lymph node enlargement, or weight loss among others), hematological
and serum biochemical abnormalities with normal creatinine values (<1.4 mg/dL), and
medium-to-high antibody levels (1 = 41); Group 5 included dogs with severe disease-
LeishVet stage III and very severe disease-Leishvet stage IV, including the characteristic
clinical signs, hematological, biochemical abnormalities (including creatinine values of
1.4-2.8 mg/dL or UPC > 1 for stage IIT and creatinine values > 2.8 for stage IV or UPC > 5),
and presenting positive antibody levels (n = 16) [1]. The urine protein creatinine ratio was
assessed in 12/25 dogs in stage I and in all dogs in stages II, I, and IV. Leishmania infantum-
specific antibody levels were assessed in all dogs using an end point ELISA. As for IFN-y,
this test was conducted on most of the dogs, although technical limitations prevented its
performance in all cases. I[FN-y measurements were obtained from 10 out of 25 healthy
seronegative dogs, 15 out of 21 healthy seropositive dogs, 24 out of 25 stage I dogs, 34
out of 41 stage II dogs, and 13 out of 16 stage III/IV dogs. A follow-up of up to one year
was available for all dogs with papular dermatitis without conventional anti-Leishmania
systemic treatment instituted. Some dogs in this group received local treatment whit either
topical meglumine antimoniate as a lotion spray (1 = 6/25), polyhexamethylene biguanide
alone or in combination with Toll like receptor 4 agonist as a spray (n = 9/25), or placebo
(n =9/25), and one received no treatment at all [39].

2.2. Blood Collection

The blood was collected via jugular or cephalic venipuncture and placed in EDTA tubes
for the hematologic analysis and the NBT test, into heparin tubes to perform cytokine release
whole blood assay, and into serum tubes for the antileishmanial antibody quantification.

2.3. Antileishmanial Antibody Quantification via ELISA

Antibody levels against L. infantum were assessed using an in-house Enzyme-Linked
ImmunoSorbent Assay (ELISA), as outlined in previous studies [3,40]. Dog sera were
diluted to a ratio of 1:800 in a phosphate buffer solution (PBS) containing Tween 20 and
1% dry milk. This mixture was then incubated in plates previously coated overnight
with sonicated promastigotes of L. infantum (MHOM/MON-1/LEM-75) obtained from an
infected dog at a concentration of 20 pg/mL, and the incubation took place at 37 °C for
1 h [41]. Following this, the plates underwent a series of washes using PBS-Tween and PBS.
Next, Protein A conjugated to horseradish peroxidase (Peroxidase Conjugate Protein A;
Merck KGaA, Darmstadt, Germany) was added to the plates at a dilution of 1:30,000 and
incubated for 1 h at 37 °C. After another round of washing, the plates were treated with
o-phenylenediamine and substrate buffer (SIGMAFAST OPD; Merck KGaA, Darmstadt,
Germany). The reaction was terminated using 5 M HySOy. Absorbance readings were taken
at 492 nm using a spectrophotometer (MB-580 HEALES; Shenzhen Huisong Technology
Development Co., Ltd., Shenzhen, China). The quantification of results was performed
in terms of ELISA units (EUs), normalized against positive canine serum utilized as a
calibrator and set at 100 EU.
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The threshold was established at 35 EU [39]. Serum samples were categorized as
negative when their value fell below 35 EU. If the result ranged from 35 EU up to but
not exceeding 150 EU, it was considered low positive. Similarly, if the result fell between
150 EU and 300 EU, it was categorized as medium positive. Finally, if the value equaled or
surpassed 300 EU, it was classified as high positive.

For a more in-depth examination of samples identified as medium or high positive,
an ELISA involving a two-fold serial dilution was conducted. This process was initiated
at a dilution of 1:800 and continued with an additional 7 to 11 dilutions. Quantification
was predicated on arbitrary units (EU) in relation to a calibrator set at 100 EU, which
corresponded to an optical density (OD) value of 1 at the 1:800 dilution. The mean values
of dilutions displaying an OD approximate to one were chosen for calculating the EU. This
computation was executed using the following formula: (sample OD/calibrator OD) x 100
x dilution factor [40].

2.4. Nitroblue Tetrazolium Reduction Test

For each EDTA tube, blood was drawn and filled into three hematocrit capillary
microtubes (Servoprax, Wiesel, Germany). These microtubes were then subjected to cen-
trifugation at 2910x g for 5 min (Fugevet+ GDCO005, Nahita International Ltd., London,
UK) to isolate the buffy coat. The obtained buffy coat was transferred to an Eppendorf tube,
where it was mixed with an equal volume of 0.1% NBT solution (1:1) (N6876, Sigma-Aldrich
Co., St. Louis, MO, USA). The mixture was gently agitated and then placed in a heater
at 37.5 °C for a duration of 15 min (INB 200, Memmert GmbH + Co. KG, Schwabach,
Germany), followed by an additional 15 min at room temperature. Subsequently, two blood
smears were prepared from each Eppendorf tube, with 3 uL of NBT-stained blood being
placed on each glass slide. These slides were further stained using the Diff-Quik method.
To assess the NBT rate, a total of 300 neutrophils displaying a clear morphology were
counted on each slide using standard light microscopy. Neutrophils that were aggregated
or damaged were excluded from the count. The NBT rate was calculated by determining the
percentage of activated neutrophils, characterized by the presence of blue-black formazan
deposits, among the total counted neutrophils [42].

Dogs were considered to have an increased NBT rate when the NBT value exceeded
the cut-off. This cut-off was calculated by considering the NBT values of the 25 healthy
seronegative dogs as the control group. A high sensitivity was desired for this cut-off. The
standard deviation was added to the mean value of this group, resulting in a cut-off of
10.80%. With this cut-off, considering the healthy seronegative dogs as negative and the
dogs with papular dermatitis as positive, the sensitivity was 92% and the specificity 84%.

2.5. Cytokine Release Whole Blood Assay and Determination of Canine IFN-vy

The heparinized cytokine release whole blood assay was conducted following estab-
lished procedures [3]. To outline the process, the assay involved incubating whole blood
separately under three distinct conditions: (i) medium alone (unstimulated); (ii) medium
containing L. infantum soluble antigen (LSA) at a concentration of 10 ug/mL [43]; and
(iii) medium supplemented with the mitogen concanavalin A (ConA, 100 mg, Medicago®,
Uppsala, Sweden) at a concentration of 10 pg/mL. LSA was obtained through a process
involving triple cycles of freezing and thawing of cultured L. infantum promastigotes
(MHOM/MON-1/LEM-75) suspended at a concentration of 1 x 10° cells/mL in PBS. Sub-
sequently, the supernatant was harvested following centrifugation (8.000x g, 20 min, 4 °C),
adhering closely to the methodology outlined in Carrillo et al., 2015, albeit with minor
adjustments [44]. Following five days of incubation at 37 °C in an environment containing
5% CO,, supernatants were obtained through centrifugation at 300 x g for a duration of
10 min. These supernatants were then collected and stored at —80 °C until the testing
phase. The measurement of IFN-y was carried out for all samples utilizing a commercially
available sandwich ELISA (Du-0Set® ELISA by Development System R&DTM, Abingdon,
UK) using a canine IFN-y antibody. A standard curve for canine IFN-y was established
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through a computer-generated four-parameter logistic curve-fit using the MyAssays pro-
gram (http://www.myassays.com/) [3]. Dogs were categorized as IFN-y producers if
the concentration of L. infantum-specific IEN-y exceeded or was equal to 110 pg/mL after
accounting for the medium-alone baseline [43].

2.6. Statistical Analysis

The statistical analysis of data was performed using GraphPad Prism 8.0.1 for Win-
dows software (GraphPad Software, San Diego, CA, USA).

Several normality tests (Anderson-Darling, D’Agostino and Pearson, Shapiro-Wilk,
and Kolmogorov-Smirnov) were performed to assess the normality of the different vari-
ables (NBT rate, serological results, and IFN-y concentration). No variables followed
a normal distribution except for the NBT rate in stage I and stage III-IV considering a
p-value < 0.05 as statistically significant. Therefore, non-parametric tests were used to
assess the data, except for the unpaired f-test (parametric test) performed between the
parameters with a normal distribution. A non-parametric Mann-Whitney U-test was used
for quantitative variables to compare two groups.

A Kruskal-Wallis test and a Dunn’s multiple comparisons test were used to compare
more than two groups when data did not follow a normal distribution. If data followed a
normal distribution, an ordinary one-way ANOVA and a Tukey’s multiple comparisons test
were performed. The Chi-square test or Fisher’s exact test was performed to determine if an
association between categorical variables existed. The Spearman (non-normal distribution)
or Pearson (normal distribution) correlation coefficient was used to evaluate if there were
correlations among different parameters studied. Results were considered statistically
significant at a p-value < 0.05.

3. Results
3.1. Dog Clinical Characteristics and Performed Tests

Dog clinical characteristics and results of performed tests are summarized and dis-
played in Tables 1 and 2.

Table 1. Distribution of qualitative characteristics including breed, sex, positive/negative NBT,
positive/negative serology, and productive/non-productive status of IFN-y among dogs categorized
within the five states of infection studied.

Healthy Healthy

Qualitative Characteristics Ser(onegative Seropositive (Sn tlgze;) itlgful)l Sta(ﬁe::]a_)lv (Chi’-’ é:zla‘:'ee, af)
n = 25) (n=21)
Crossbred (1 = 54) 9 (36.00%) 11 (52.38%) 14 (56.00%) 16 (39.02%) 4(25.00%) 025
Breed (n =128) Purebred (n = 74) 16 (64.00%) 10 (47.62%) 11 (44.00%) 25 (60.98%) 12 (75.00%) (530, 4)
Sextn o 128) Male (n = 74) 12 (48.00%) 10 (47.62%) 16 (64.00%) 23 (56.10%) 13 (81.25%) 02
Female (1 = 54) 13 (52.00%) 11 (52.38%) 9 (36.00%) 18 (43.90%) 3 (18.75%) (590, 4)
Increased (1 = 46) 4(16.00%) 5(23.81%) 23 (92.00%) 10 (24.39%) 3 (18.75%) <0.0001 *
NBT n =1268) WNL (1 = 82) 21 (84.00%) 16 (76.19%) 2 (8.00%) 31 (75.61%) 13 (81.25%) (44.60, 4)
Serology Positive (1 = 84) 0(0.00%) 21 (100.00%) 6 (24.00%) 41 (100.00%) 16 (100.00%) <0.0001 *
(n=128) Negative (1 = 44) 25 (100.00%) 0 (0.00%) 19 (76.00%) 0 (0.00%) 0(0.00%) (107.80, 4)
Producers (1 = 34) 0(0.00%) 9 (60.00%) 12 (50.00%) 9.(26.47%) 4(30.77%) 001+
TEN-y (1 =57) Non-prod. (1 = 63) 10 (100.00%) 6 (40.00%) 12 (50.00%) 25 (73.53%) 9 (69.23%) (1254, 4)

NBT = nitroblue tetrazolium reduction test, WNL = within normal limits, IFN-y = interferon-gamma,
Non-prod. = non-producers, ELISA = Enzyme-Linked ImmunoSorbent Assay. * Significant differences were
observed between groups.

264



Vet. Sci. 2023, 10, 572 7 of 20

Table 2. Median, minimum, and maximum values for quantitative traits, like age, NBT, serology, and
IFN-y within each group.

Quantitative Healthy Healthy Stage LIV p-Value
Characteristics S ive positive Stage I (1 = 25) Stage II (n = 41) (5 ~16) (Kruskal-Wallis
Median (Min-Max) (n=25) (n=21) B Test)
Age (years) 1.30 (1.00-1.60) 5.00 (1.00-13.00) 0.50 (0.25-7.00) 4.00 (1.00-13.00) 750 (1.00-11.00) <0.0001 *
NBT (%) 4.13 (1.15-17.96) 7.65 (3.98-21.74) 17.17 (7.33-31.50) 6.50 (1.50-28.70) 7.50 (3.00-16.75) <0.0001 *
IFN-y (pg/mL) 0 (0-109.50) 204.10 (0-4763.00) 127.90 (0-3998.00) 9.00 (0-5086.00) 3.48 (0-548.80) 0.001 *
Serology (ELISA 5.50 (0.30-28.49) 13390 21.42 (2.76-227.10) 1894.00 1857.00 <0.0001 *

units) (75.79-956.30) (57.16-10,293.00) (96.79-11,114.00)

NBT = nitroblue tetrazolium reduction test, IFN-y = interferon-gamma, ELISA = Enzyme-Linked ImmunoSorbent
Assay. * Significant differences were observed between groups.

Forty-two percent of dogs were crossbred (1 = 54), and the other most represented
breeds were Beagle (1 = 10), German shepherd (n = 8), and Greyhound (n = 5).

3.2. Age-Stratified Analysis of NBT Rate in Dogs with Papular Dermatitis (Stage 1): Insights from
Younger and Older Canine Cohorts

Dogs within the stage I group were further subdivided between dogs younger than
one year of age (1 = 22) and dogs older than one year of age (1 = 3) for a further statistical
analysis. No statistical differences were found when comparing the NBT rate of dogs in
both groups (p = 0.674).

Additionally, the statistical study comparing the stage I group with the other groups
was repeated but only taking in consideration the dogs that were older than 1 year of age,
showing similar results to the previous study performed. Stage I (older than 1 year of age)
had a significantly higher NBT rate than dogs in the healthy seronegative group (p = 0.02),
the healthy seropositive group (p = 0.011), the stage II group (p = 0.002), and the stage III-IV
group (p < 0.0001).

3.3. Follow-Up of Dogs with Papular Dermatitis (Stage I)

Over the following months after diagnosis, the majority of the dogs exhibited a
notable improvement or the resolution of their cutaneous lesions, and the antibody levels
demonstrated a declining trend. However, among the 25 dogs studied, three exhibited
a deterioration in their cutaneous lesions, which progressed to the point of ulceration in
two cases. Consequently, a systemic conventional anti-Leishmania treatment approach was
initiated to address their condition.

For the purpose of conducting a statistical analysis, the three dogs that experienced
a worsening of their clinical signs were categorized as belonging to group PD-B, and the
remaining 22 dogs that displayed an improvement or the resolution of their clinical signs
without the need for systemic treatment were designated as members of group PD-A.
Detailed results pertaining to NBT, IFN-y, and serology, both for these delineated groups
and for each individual dog within group PD-B, can be found in Table 3.

Upon conducting a comparative analysis of the NBT, IFN-y, and serology results
between the two groups, no statistically significant differences were found (p = 0.074,
p =0.176, and p = 0.271, respectively). However, it is worth noting that the sample size for
group PD-B was limited to only three dogs, which could have influenced the robustness of
the statistical outcomes.

Interestingly, despite the limitations in sample size, a significant correlation was estab-
lished between the number of dogs surpassing the NBT cut-off value and the achievement
of a clinical improvement without the requirement for systemic treatment. This observation
indicated that dogs in group PD-B (those experiencing worsening clinical signs) were
more prone to exhibit NBT results within the normal range, unlike dogs in group PD-A
(demonstrating an improvement without systemic treatment). However, no corresponding
link was identified between the various groups and the status of being an IFN-y producer
or having a positive serology.
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Table 3. NBT and IFN-y results for dogs that presented with papular dermatitis and divided into two
groups: Group PD-A (clinical improvement without systemic treatment) and Group PD-B (clinical
worsening and need for systemic treatment).

a NBT Status Serological .. .
NBT (%) (Cut-Off = 10.8) IFN-y IFN-vy Status Serology Status Clinical Evolution
Median: 17.59 Median: 171.90 Median: 18.21 .
G':’:_P ;’ZE"A (min: 9.67, ZZ/C izm?f‘ er (min: 0, 10/10 Producers (min: 2.76, 5/22 positive l:;f“;‘;“’er[:“;:f&
- max: 31.50) max: 3998.00) max: 227.10) P!
Group PD-B Median: 8.80 Median: 7.03 Median: 27.41
(nli 3) (min: 7.33, 2/3 WNL (min: 0, 1/3 Producer (min: 22.34, 1/3 positive -
- max: 20.83) max: 234.20) max: 79.90)
Worsening of
Dog PD-B.1 8.80 WNL 7.03 Non-producer 79.90 Positive cutaneous clinical
signs: diffuse
worsening.
Worsening of
cutaneous clinical
Dog PD-B.2 7.33 WNL 234.24 Producer 27.41 Negative signs: ulcerative
lesion at the
nose bridge.
Worsening of
cutaneous clinical
Dog PD-B.3 20.83 Over cutoff 0 Non-producer 22.34 Negative 1215%2: altllcl?;altel::l
of the right
lower eyelid.

Group PD-A = dogs diagnosed with papular dermatitis that showed an improvement in clinical signs without
systemic treatment, Group PD-B = dogs diagnosed with papular dermatitis that showed the worsening of clinical
signs and in which systemic treatment was considered necessary, NBT = nitroblue tetrazolium reduction test,
WNL = within normal limits, IFN-y = interferon-gamma.

3.4. Total Leucocyte Concentration and Differential Leukocyte Concentration

The results from the total leucocyte concentration and the differential leukocyte con-
centration analysis within the different groups studied are displayed in Table 4. Upon
scrutinizing the outcomes across different groups, no statistically significant differences
were identified in terms of total leukocyte, neutrophil, and eosinophil concentrations. How-
ever, significant differences were observed in relation to the lymphocyte concentration.
Specifically, healthy seronegative dogs exhibited notably higher lymphocyte concentrations
in comparison to the healthy seropositive dogs (p = 0.028), as well as to dogs in stage II
(p = 0.048) and stage III-IV (p = 0.001). Interestingly, no substantial variance was found
when comparing the lymphocyte concentration between healthy seronegative dogs and
dogs in the stage I group. Furthermore, regarding the lymphocyte concentration within
the stage I group, significantly higher values were also recorded in contrast to healthy
seropositive dogs (p = 0.022), dogs in stage II (p = 0.033), and dogs in stage III-IV (p = 0.001).
Notably, no significant differences were evident when comparing the stage II group with
the stage III-IV group.

Regarding the monocyte concentration, statistically significant differences were ob-
served between healthy seropositive dogs and those in stage I (p = 0.004), as well as between
dogs in stage II and those in stage I (p = 0.04). In both cases, the stage I group exhibited
markedly higher values.

When exploring potential correlations between the NBT rate and both neutrophil
and lymphocyte concentrations, a comprehensive analysis encompassing all of the dogs
collectively revealed no significant correlations (p = 0.491 and p = 0.199, respectively). This
pattern persisted when conducting separate evaluations within distinct groups, which
included healthy seronegative (p = 0.682 and p = 0.811, respectively), healthy seroposi-
tive (p = 0.766 and p = 0.144, respectively), stage I (p = 0.187 and p = 0.507, respectively),
stage II (p = 0.408 and p = 0.494, respectively), and stage III-IV (p = 0.625 and p = 0.525,
respectively) groups.
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Table 4. Median (min—-max) results for total leukocyte concentrations and differential leukocyte
concentrations in each group.

Medi Health Health
(Mi:—ll\;:x) €2 y;w e: .ch Stage 1 Stage II Stage III-1V p-Value
Leucocytes 11,330 (6390-15,020; 9710 (3360-16,920) 11,180 (6200-20,540) 10,470 (3990-19,430 9650 (3420-13,630) 0.115

(cell/iL) 330 (6390-15,020) (3360-16,920) 180 (6200-20,540) 10,470 ( ,430) ( 3,630) 115
Nfc';'l'l‘,"‘:{‘:ls 6675 (3706-9913) 5889 (2755-11,844) 6939 (3300-17,860) 7171 (3032-14,378) 6482 (2633-10,223) 0.936
Ly(r:el’li‘/(:lc{)les 3006 (1968-3930) 1711 (235-3849) 3590 (900-5800) 1921 (518-4696) 1472 (616-2385) <0.0001 *
E‘Zj;;‘l‘}ﬁ{‘;“ 409 (300-934) 514 (63-2369) 500 (20-1100) 479 (0-2176) 386 (0-1204) 0.541
N(Ifgﬁﬁ'{fs 668 (313-1502) 413 (34-1157) 750 (100-1310) 517 (129-1269) 560 (171-1204) 0.003 *

NBT reduction rate (%)

40

* Significant differences were observed between groups.

Regarding the monocyte concentration, a significant negative correlation with the NBT
was observed exclusively within the stage I group (p = 0.005). In contrast, no such correla-
tions emerged when examining the healthy seronegative (p = 0.785), healthy seropositive
(p = 0.128), stage II (p = 0.451), and stage III-IV (p = 0.73) groups separately. Similarly, no
overall correlation was identified when considering all dogs collectively (p = 0.159).

3.5. Nitroblue Tetrazolium Reduction Test

The results of NBT are depicted in Tables 1 and 2 and Figure 1. A significantly
lower median NBT rate was observed in the healthy seronegative group (median: 4.13%
range: [1.15-17.96]%) when comparing this to the to the healthy seropositive group (7.65%
[3.98-21.74]%) (p = 0.006) and stage I group (17.17% [7.33-31.50]%) (p < 0.0001). However,
no significant differences were found between the healthy seronegative group and stage II
(6.50% [1.50-28.70]%) (p = 0.08) or stage III-1V group (7.50% [3.00-16.75]%) (p = 0.09).

y ¢ Ithy seropositive (p=0.006)
Healthy seronegative < Stage | (p<0.0001)

Healthy seropositive < Stage | (p<0.0001)

Stage | > Stage Il (p<0.0001)

Stage | > Stage Ill-I1V (p<0.0001)

Figure 1. NBT reduction rate results (median, minimum, and maximum values) in different
L. infantum states of infection.
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Regarding healthy seropositive dogs, a significantly lower median NBT rate was also
observed when comparing this group to stage I (p < 0.0001). However, no significant
differences were found with the other groups: stage II (p = 0.23) and stage III-IV (p = 0.53).
A significantly higher median NBT rate was found when comparing stage I to both stage II
(p < 0.0001) and stage III-IV (p < 0.0001). Conversely, there were no significant differences
between stage II and stage III-IV (p = 0.8).

Regarding the number of dogs over the cut-off value for NBT, there was a significantly
higher proportion of dogs that surpassed the cut-off in the stage I group (92.00%) when
compared to seronegative (16.00%) (p < 0.0001), healthy seropositive (23.8%) (p < 0.0001),
stage II (24.40%) (p < 0.0001), and stage III-1V dogs (18.75%) (p < 0.0001). No additional
significant differences were found when comparing the other groups (Table 1).

3.6. Leishmania Infantum-Specific Antibody Levels

All dogs in the healthy seronegative group were considered negative (median: 5.50,
range: [0.30-28.49] EU). Among the healthy seropositive group (median: 133.90, range:
[75.79-956.30] EU), 76.19% of dogs were classified as low positive, 14.29% as medium
positive, and 9.52% exhibited high antibody levels. In the stage I group (median: 21.42,
range: [2.76-227.10] EU), all dogs had negative (76.00%) or low (20.00%) antibody levels,
except for one dog (4.00%), which was considered medium positive.

For the stage II group (median: 1894, range: [57.16-10,293.00] EU), 21.95% of dogs
were classified as low positive, 34.14% as medium positive, and 43.90% as high positive. In
the stage III-IV group (median: 1857, range: [96.79-11,114.00] EU), 37.50% of dogs were
classified as medium positive, another 37.50% as high positive, and 25.00% fell into the low
positive category.

Statistically significant lower values were found when comparing the healthy seroneg-
ative group to the healthy seropositive group (p < 0.0001), stage I (p = 0.0003), stage II
(p <0.0001), and stage III-1V (p < 0.0001) groups. The healthy seropositive group showed
significantly higher values when compared to stage I (p < 0.0001) and significantly lower
values when compared to stage II (p < 0.0001) and stage III-IV (p = 0.0001) groups. Signif-
icantly lower values were also observed when comparing stage I to stage II (p < 0.0001)
and stage III-IV (p < 0.0001) groups. No statistically significant differences were observed
between the stage II and stage III-IV groups (p = 0.93).

3.7. IFN-7y Concentration

The results of the IFN-y concentration are depicted in Tables 1 and 2 and Figure 2.
In the healthy seronegative group, all tested dogs (10/10) were classified as IFN-y-non-
producers. Among the healthy seropositive group, 9 out of 15 dogs (60.00%) were con-
sidered as IFN-y-producers. In the stage I group, 50.00% of dogs (12/24) were classified
as IFN-y-producers. In stage II, a total of 9 out of 34 dogs (26.47%) were classified as
IFN-y-producers, while the majority, 73.53%, were non-producers. Similarly, in stage III-1V,
only 4 out of 13 dogs (30.77%) were identified as IEN-y-producers, with 69.23% classified
as non-producers.

Supernatants from LSA-stimulated whole blood of healthy seronegative dogs (median:
0, range: [0-109.50] pg/mL) showed significantly lower concentrations of IFN-y compared
to healthy seropositive dogs (median: 204.10, range: [0-4763.00] pg/mL) (p = 0.001), dogs in
stage I (median: 127.90 pg/mL, range: [0-3998.00] pg/mL) (p = 0.0002), and dogs in stage
II (median: 9.00 pg/mL, range: [0-5086.00] pg/mL) (p = 0.015). However, no differences
were observed when comparing IFN-y concentration between healthy seronegative dogs
and dogs in stage III-IV (median: 3.48 pg/mL, range [0-548.80] pg/mL) (p = 0.12).

Regarding healthy seropositive dogs, no significant differences were found when
comparing their supernatants from LSA-stimulated whole blood results to dogs in stage
I (p=0.6) and stage II (p = 0.06). However, statistically significant higher values were
observed in healthy seropositive dogs when comparing them to dogs in stage III-IV
(p=0.03).
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IFN-y (pg/ml)

Concentrations of IFN-y from dogs in stage I were significantly higher than concentra-
tions of IFN-y from dogs in stage II (p = 0.045) and stage III-IV (p = 0.02). No statistically
significant differences were found between IFN-y concentrations from dogs in stage IT and
dogs in stage III-IV (p = 0.5).

6000
L]
L]
4000~ R . R Healthy seronegative < Healthy seropositive {p= 0.001)
Healthy seronegative < Stage | (p= 0.0002)
° Healthy seronegative < Stage !l (p= 0.015)
. Healthy seropositive > Stage IlI-IV (p= 0.03)
2000 . Stage | > Stage Il (p= 0.045)
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® * Stage | > Stage III-IV (p= 0.02)
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Figure 2. IFN-y concentrations (median, minimum, and maximum values) after stimulation with
LSA in different L. infantum states of infection. IFN-y = interferon-gamma. LSA = L. infantum soluble
antigen.

3.8. Correlation between Parameters Studied

No significant correlation was observed between the concentration of IFN-y after
LSA stimulation and L. infantum-specific antibody levels (p = 0.107) when considering
all the groups. Similarly, there was no correlation between the NBT rate and antibody
levels (p = 0.088). Additionally, no correlation was found between the NBT rate and the
concentration of IFN-y after LSA stimulation (p = 0.087).

When examining the correlation within specific groups, no significant correlation was
observed between the concentration of IFN-y and L. infantum-specific antibody levels in
the healthy seronegative group (p = 0.2) and in the stage I group (p = 0.146). Conversely,
a significant negative correlation was observed between IEN-y and L. infantum-specific
antibody levels when evaluating the results in the healthy seropositive (p = 0.028), the stage
II (p = 0.001), and stage ITI-IV groups (p = 0.002).

No significant correlation was found between the NBT results and L. infantum-specific
antibody levels when comparing different groups, including healthy seronegative dogs
(p = 0.778), the healthy seropositive group (p = 0.938), stage I (p = 0.663), stage Il (p = 0.9),
and stage ITII-1V (p = 0.164).

Furthermore, no correlation was observed when comparing the NBT results and the
concentration of IFN-y after LSA stimulation within specific groups, including healthy
seronegative dogs (p = 0.8), healthy seropositive group (p = 0.609), stage I (p = 0.94), stage II
(p = 0.13), and stage ITI-IV (p = 0.16).

In terms of qualitative values, a significant positive association was found between
IFN-y-producers and increased NBT results when evaluating all dogs (p = 0.009) (Figure 3).
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Additionally, there was a negative association between the proportion of the increased
NBT rate and ELISA seropositivity when evaluating all dogs (p = 0.035) (Figure 4). A
negative association was also found between the IFN-y-producer status and ELISA posi-
tivity (p = 0.04). These associations were not found when evaluating the dogs separately
by groups.

80
Hl |FN-y producers
p =0.009 Yp
B3 IFN-y non-producers

60
% 40

20+

0-
NBT + NBT-
Figure 3. NBT association with IFN-y-producer status. NBT + = increased nitroblue tetrazolium
reduction test, NBT — = nitroblue tetrazolium reduction test within normal limits, IFN-y = interferon-
gamma.
100 it
p=0.035 El Seropositive

804 B Seronegative

60
%

40

20
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NBT + NBT -

Figure 4. NBT association with the serological status. NBT + = increased nitroblue tetrazolium
reduction test, NBT — = nitroblue tetrazolium reduction test within normal limits, ELISA = Enzyme-
Linked ImmunoSorbent Assay.

4. Discussion

Neutrophils are suspected to be a key factor for disease development in CanL; how-
ever, their role remains poorly understood [2,8]. The objective of this study was to assess
neutrophil activation and its relationship with different clinical manifestations ranging
from subclinical infection to advanced disease and antibody production and to evaluate
if the ability of IFN-y to stimulate neutrophils correlates with the activation of its oxida-
tive metabolism through NBT measurements. This is the first study to comprehensively
evaluate the NBT across all states of this infection, including healthy seropositive and
seronegative dogs, and to establish a relationship between antibody levels and the IFN-y
production status.

Regarding the assessment of oxidative metabolism in different clinical stages of leish-
maniosis, the present findings revealed that dogs in the mild disease LeishVet stage I
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exhibited significantly higher NBT values compared to healthy seronegative and seropos-
itive dogs, as well as to dogs in the moderate and severe disease stages. This indicates
elevated oxidative metabolism in neutrophils specifically in dogs with mild, self-limiting
disease, whereas this increase was not observed in dogs with moderate-to-very severe
disease [37]. Additionally, although the healthy seropositive group showed a significantly
lower NBT rate than the stage I group, it still displayed significantly higher values com-
pared to all other groups. These results provide support for the hypothesis that neutrophil
activation is closely linked to an effective immune response against leishmaniosis. This
hypothesis is further supported by the observed association between the lack of an NBT rate
increase and the deterioration of clinical signs during the follow-up of dogs with papular
dermatitis. It is important to note that among the 25 dogs, only three exhibited worsening
clinical signs necessitating systemic treatment, aligning with existing research portraying
papular dermatitis as a predominantly self-resolving condition linked to a robust immune
response [39,45-47]. Remarkably, two of these three dogs did not display an elevated NBT
rate, while all dogs manifesting with self-limiting disease (22 out of 25) demonstrated NBT
values surpassing the established threshold.

The diminished response observed in the healthy seropositive group, when compared
to dogs with mild self-limiting disease (papular dermatitis), could potentially be attributed
to different states of infection, resulting in varying levels of immune stimulation or activa-
tion. Thus, enhanced oxidative metabolism in neutrophils may serve as an indicator of an
effective immune response against Leishmania infection, further supporting the significance
of neutrophils in disease management.

However, it is important to consider that differences in neutrophil activity within
the stage I group could potentially arise from variations in age between these dogs and
those belonging to the other groups. Notably, dogs with papular dermatitis are markedly
younger than their counterparts, boasting a median age of 6 months, with ages ranging
from 3 months to 7 years. This is in line with previous studies, as papular dermatitis is
consistently diagnosed in dogs under one year of age [39,48,49]. This has been theorized
to be attributed to the condition’s propensity to manifest during the initial encounter
between the parasite and the host’s immune system, making it more prevalent in young
dogs, particularly in areas where the parasite is endemic [39]. To mitigate the potential bias
introduced by age, the statistical analysis was re-executed, focusing exclusively on dogs
older than 12 months. This refined analysis yielded outcomes similar to those obtained
when considering the entire dog population, despite the limited population of older dogs
with papular dermatitis (three cases). Additionally, no significant differences were observed
when comparing dogs aged 12 months and above with their younger counterparts within
the stage I group. Consequently, the authors consider it unlikely for age to act as a
confounding factor in neutrophil activation levels. An alternative hypothesis could be
considered, suggesting that the neutrophilic response observed in patients at stage I could
be linked to an early phase of the disease rather than a profile of resistance. However,
this proposition seems less plausible given that, in the current study, every dog included
within the stage I category exclusively displayed papular dermatitis as the solitary clinical
manifestation. This particular clinical presentation is commonly associated with a robust
and protective immune response. Notably, these dogs spontaneously resolve cutaneous
lesions, as evidenced by long-term follow-up, which also indicates an absence of clinical
relapse or the emergence of systemic clinical signs, and thus, they are more likely to
be representative of an effective immune response and not just an early phase of the
disease [39,45-47,49]. To further support this, the long-term follow-up in the current
study showed that only three animals out of 25 were considered to get worse without
systemic treatment, and the other 22 dogs resolved cutaneous lesions and remained healthy.
Additionally, as mentioned previously, an association between the lack of an NBT rate
increase and the deterioration of clinical signs was found.

In contrast to stage I and healthy seropositive dogs, dogs in stages II and III-1V did
not exhibit significant differences compared to healthy seronegative dogs. This observation
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could indicate a correlation between the absence of neutrophil activation and the progres-
sion of clinical disease, mirroring the findings obtained while assessing dogs in stage I who
exhibited a deterioration in clinical signs and reflecting a non-effective immune phenotype,
including immunity exhaustion [7]. Previous studies have demonstrated an increased rate
of neutrophil apoptosis in severe clinical stages of CanL, which may contribute to the reduc-
tion in the NBT rate [50]. While an initial increase in oxidative metabolism by neutrophils
might be viewed as a protective response, if Leishmania infection is not controlled, pro-
longed neutrophil activation can lead to the generation of oxidative stress and the depletion
of antioxidant defenses and ultimately trigger neutrophil apoptosis [51]. In addition, in
dogs with LeishVet stage III-1V, chronic kidney disease may also contribute to an increased
apoptotic rate and reduced neutrophil superoxide production [52,53]. Regardless of the
underlying cause, this negatively impacts neutrophil oxidative metabolism, which can
significantly compromise the organism’s primary defense mechanisms. This impairment
ultimately results in a reduced ability to control CanL and likely increases the vulnerability
to co-infections [50,52,54,55].

When assessing the total leukocyte and leukocyte differential concentrations, despite
observing no distinctions in leukocyte, neutrophil, and eosinophil concentrations across
the groups, some differences were found when evaluating the lymphocytes and monocytes.
Specifically, healthy seropositive dogs and those with moderate-to-advanced leishmaniosis
(stage II and stage ITI-IV) displayed significantly diminished lymphocyte concentrations
compared to both healthy seronegative dogs and those in stage I. This partly concurs
with earlier research linking clinical systemic CanL to a reduced lymphocyte concentra-
tion, consistent with the present observations in stage Il and III-V cohorts [56,57]. This
could be due to multifactorial mechanisms, and although the most likely explanation is
stress-induced changes in the leukogram, other causes, like lymphocyte entrapment or
hindered hematopoiesis attributed to bone marrow parasitism, could also contribute to lym-
phopenia [57]. It is also worth noting that dogs in the stage I group exhibited lymphocyte
concentrations comparable to those of healthy seronegative dogs. This observation suggests
the absence of a stress leukogram in dogs with mild self-healing disease. Furthermore,
dogs in stage I showed a significant increase in the monocyte concentration compared to
seropositive dogs and those in stage II. While elevated monocyte concentrations in infected
dogs have been documented previously, particularly in dogs with positive splenic cultures
for L. infantum [58], our study indicated a distinct pattern: solely dogs in stage I exhibited
significantly elevated levels, particularly when contrasted against other infection statuses
(healthy seropositive and stage II). This could be explained by the increased mobilization
of monocytes linked to an effective cellular immune response. Additionally, a correlation
between the NBT rate and leukocyte differential was explored, and while none was found
when evaluating the neutrophil and lymphocyte concentrations, an inverse correlation sur-
faced when evaluating the monocyte concentration, though this was only observed within
the stage I group. This negative correlation could be explained by the increased recruitment
of monocytes to the infection site induced by activated neutrophils, consequently depleting
the circulating monocyte pool [22,23].

Previous research has provided evidence for the crucial role of neutrophils in the
early stages of L. infantum infection [8,11,59]. These cells form an essential part of the
initial nonspecific immune response by internalizing the promastigote and acting as a
“trojan horse” to infect definitive host cells, such as macrophages [8,11,59]. However, this
process could only occur if the parasite is able to evade or suppress the parasite-killing
activity of polymorphonuclear cells, which has been observed to happen primarily through
inhibiting or evading its oxidative damage capacity [10,59,60]. The findings of the current
study support this hypothesis, as dogs with mild self-healing disease and seropositive
healthy dogs exhibited a higher rate of NBT in their circulating white blood cells. This
indicates increased neutrophil activity and enhanced parasite-killing capacity through the
oxidative burst mechanism. This could explain why the infection was confined to the site
of inoculation (papular dermatitis) and systemic disease did not develop [39].
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Previous studies on neutrophil oxidative metabolism in CanL have reported conflicting
results. Some studies suggested a decrease in oxidative metabolism in infected dogs,
while others found increased superoxide production and oxidative metabolism [9,36,61,62].
However, these studies had limitations, such as small sample sizes and the lack of disease
severity assessments.

Our study findings align with the conclusions drawn in two more recent publications,
further demonstrating that neutrophil oxidative metabolism is dependent on the disease
stage [36,50]. In line with the study by Gémez-Ochoa et al., our results indicate that
dogs with mild disease-LeishVet stage I exhibited significantly higher neutrophil reactivity
compared to both healthy dogs and dogs presenting with severe disease [36]. However,
in contrast to the findings of Almeida et al., which reported a significantly increased NBT
rate in stage II dogs when compared to healthy and stage IV dogs, our study revealed
that both stage II and stages III-IV groups exhibited reduced oxidative metabolism, with
no significant differences observed between them or the healthy seronegative group [50].
It is important to note that our study included a much larger population, with 41 dogs
in stage II (compared to 15 in the previous study), which reduces the risk of population
bias. Additionally, we employed a modified NBT technique that mitigates potential biases
by evaluating a minimum of 300 cells per sample, whereas previous studies evaluated
a minimum of 100 cells per sample, thus enhancing the reliability of our results in this
specific aspect [36,50,62]. Furthermore, our study is the first to perform a direct comparison
between dogs in stage I and stage I, revealing a significantly higher proportion of activated
neutrophils in dogs with mild stage I disease, as well as to evaluate and compare healthy
seropositive dogs with both healthy seronegative and diseased dogs. Interestingly, we
found a mild yet significant increase in the NBT rate among healthy seropositive dogs
when compared to the healthy seronegative group. Finally, this is also the first study to
assess the clinical progression of dogs diagnosed with papular dermatitis and compare it
to the NBT rate at diagnosis, showing an association of clinical worsening with a lack of
neutrophil activation. These findings highlight the distinct neutrophil activation patterns
in different states of L. infantum infection in dogs and provide valuable insights into the
immune responses in CanL.

Gomez-Ochoa et al. proposed a hypothesis suggesting that the variations in neutrophil
oxidative metabolism and its augmentation during the early stages of L. infantum infection
may be associated with the heightened production of chemotactic agents, such as cytokines,
in healthy infected dogs, thereby promoting resistance against infection [36]. IFN-y is a
potent immunoregulatory cytokine that not only modulates the adaptive immune system
but also plays a role in enhancing neutrophil functions [29,32]. In agreement with this, when
evaluating our results, IEN-y was found to be increased in dogs with mild self-limiting
clinical leishmaniosis.

The production of Leishmania-specific IEN-y in stimulated blood, being this a cytokine
associated with a robust Th1 immune response, has been previously correlated with a
resistant phenotype or a less-severe clinical presentation [2-4,63-66].

Previous studies demonstrated that different clinical stages of leishmaniosis in dogs
were associated with different cytokine profiles in stimulated blood [3,66]. They reported
that the IFN-y concentration was significantly higher in dogs staged I and Ila when com-
pared to more severe clinical stages, although results were not compared to healthy dogs [3].
Our study yielded similar findings, as dogs in stage I exhibited significantly higher con-
centrations of IFN-y compared to healthy dogs, dogs in the moderate stage I, and dogs
in the severe stage III-IV disease categories. Notably, dogs in stage II displayed a mild
yet significant increase in IFN-y concentrations compared to healthy seronegative dogs,
whereas no significant differences were observed in dogs in stage III-IV when compared to
healthy seronegative dogs. Additionally, the majority of dogs in stage II and stage III-IV
were classified as IEN-y-non-producers. Thus, in line with previous studies, dogs in more
advanced clinical stages showed lower levels of IFN-y, which could reflect a less effective
immune response, away from a Th1 phenotype [7,67]. It has been previously reported that,
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as disease progresses, T cells develop certain unresponsiveness to L. infantum antigens,
showing an impairment in CD4+ T cell proliferation and IFN-y production, called T-cell
exhaustion [7,67].

Interestingly, in our study, healthy seropositive dogs displayed elevated IFN-y con-
centrations in comparison to both healthy seronegative dogs and dogs in stage III-1V, the
latter of which aligns with a recent study performed in seropositive dogs [40]. However,
the previous study did not compare the results to healthy seronegative dogs [40]. This ob-
servation could indicate the presence of an effective Th1 response that effectively maintains
the infection in a subclinical state.

In a recent study performed on humans, the administration of IFN-y was found to have
notable effects on circulating neutrophils, leading to significant changes in gene expression,
protein expression, and overall function. These findings indicate an enhancement in
neutrophil activity [32]. The results of that study further suggested that IFN-y not only
stimulates NADPH oxidase activity, thereby promoting the oxidative burst, but also impacts
Fc receptor-mediated ingestion, pathogen recognition by innate immune receptors, antigen
presentation (including MHCI and MHCII), the activation of GBPs (guanylate-binding
proteins), the upregulation of NO production, and the augmentation of neutrophil release
into circulation [32]. Therefore, it is plausible that IFN-y has a direct correlation with NBT
by stimulating the oxidative burst of white blood cells, which in turn may be associated
with an effective immune response through neutrophil reactivity.

In our study, we discovered a significant association between IFN-y production and
an increased NBT rate. Moreover, both factors exhibited a substantial increase in dogs
with subclinical or controlled infection (healthy seropositive), as well as dogs with mild
self-limiting disease (stage I). These findings lend support to the notion that IFN-y plays
a role in promoting the oxidative metabolism of neutrophils, thereby contributing to an
effective immune response [32]. This suggests that the modulation of neutrophil function
through IFN-y-mediated pathways could serve as one of the mechanisms by which the
immune system achieves an efficient defense against the disease [32]. Furthermore, the
reduction in IFN-y associated with T-cell exhaustion could also contribute to the lack of
an increase in the oxidative metabolism of neutrophils observed in advanced stages [7,32].
The findings of this investigation also revealed an inverse relationship between IFN-y
and levels of L. infantum-specific antibody levels across the healthy seropositive, stage
II, and stage III-IV groups. Additionally, an association was found between the IFN-y-
producer status and negative ELISA results. This is in agreement with a previous article by
Solano-Gallego et al. published in 2016 [3]. These negative correlations and associations
could be explained by IFN-y’s role as a marker for an effective Th1 response, primarily
characterized as cellular rather than humoral. Conversely, heightened antibody levels
align with a robust humoral immune response, linked to other cytokines, such as IL-4,
IL-10, and TGF-p [4,6,68]. Overall, these findings contribute to a better understanding
of the complex immune response in CanL and emphasize the significance of neutrophil
activation and IFN-y production in disease management. Further research is needed to
explore other underlying mechanisms and potential therapeutic targets for enhancing the
immune response against Leishmania infection.

One limitation of this study was the lack of a sufficient number of dogs in stage
1V, preventing a separate evaluation of this group. As a result, dogs in stage IV had
to be combined with those in stage III in a sole group. However, the classification of
dogs into healthy, mild disease, moderate disease, and severe disease categories still
holds relevance. Another limitation is inherent to the NBT technique, which relies on
a subjective measurement through light microscopy to assess activated neutrophils. To
mitigate potential operator bias, a rigorous approach was adopted: a minimum of 300 cells
was evaluated per sample, and at least 50% of the samples were independently reviewed
by two different investigators.
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5. Conclusions

In conclusion, neutrophil activation, as assessed using NBT, is significantly higher
in dogs with mild self-limiting disease, followed by healthy seropositive dogs, indicating
enhanced oxidative metabolism in neutrophils in these cases. Additionally, dogs in stage I
exhibiting an NBT rate within normal limits were found to be linked to clinical deterioration
when contrasted with dogs displaying an elevated NBT rate at the time of diagnosis. On
the other hand, dogs in more advanced stages of the disease did not exhibit significant
differences in neutrophil activation compared to healthy seronegative dogs. Furthermore,
the study demonstrates a relationship between neutrophil activation and the production
of IFN-y, a key cytokine associated with an effective immune response against Leishmania
infection. This study provides valuable insights into the role of neutrophil activation and
its relationship with subclinical states and degrees of disease severity and suggests that
neutrophils and oxidative metabolism could play a crucial role in the effective immune
response against leishmaniosis.
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