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CHAPTER 1

INTRODUCTION

“La vida es un proceso que implica, necesariamente, conocimiento.”

Antonio Lopez Campillo, La ciencia como herejia






Chapter 1: Introduction

LEISHMANIA IN MAMMALS

The term leishmaniosis encompasses a number of diseases with distinct clinical symptoms,
epidemiological cycles, vector and host species, and geographical distributions caused by flagellate
protozoans of the genus Leishmania. Leishmania sp. (Ross, 1903) are digenean obligate parasites of
mammals transmitted by hematophagous sandflies, Phlebotomus sp in the Palearctic ecoregion, and
Lutzomya spp in the Neotropical ecoregion (Herwarpt, 1999). The Leishmania genus comprises two
subgeni which in turn include several species complexes, the taxonomy of lesser known species still
being controversial (Baruts et al., 2007; Antinorr et al., 2012). The most relevant species in either
animal or public health, L. (Leishmania) donovani, L. (L) infantum, L. (L) major and L. (Viannia)
braziliensis, show marked genetic, morphological, pathogenic, and epidemiological differences, and
are each linked to specific presentations of disease in mammals (including humans) (DesiEux,

2004a; BanetH & Sorano-GarLLEGo, 2012).

Mammalian infection by Leishmania follows regurgitation of Leishmania promastigotes (the motile
phase of the parasite) by an infected sandfly into its host's dermis (Kirrick-Kenprick, 1999). Once in
the mammalian host, the promastigotes infect phagocytic immune cells wherein they transform into
amastigotes (SorBacu & Laskay, 2000). Survival of phagocytosed amastigotes and subsequent
propagation of infection can lead to different diseases, or patterns of disease, (HerwarLpt, 1999)

known as leishmanioses - or leishmaniases, (Kassai, 2006).

Leishmanioses affect human beings living in tropical and temperate areas of the world. Human
leishmanioses (HuL) are mainly rural and surburban zoonotic diseases, with domestic or
peridomestic mammals acting as reservoir hosts. Instances of anthroponotic leishmanioses, where
animal hosts do not partake in the epidemiology are a rare exception (Asurorp, 2000). Indeed,
humans are generally considered marginal, or even dead-end hosts in epidemiological cycles that
usually involve several mammalian hosts, one or two of which are implicated as main reservoirs.
Rural cycles of leishmanioses can involve domestic and peridomestic animals, such as dogs and rats
(L. infantum in South America and the Mediterranean ecoregions) (Asurorp, 2000; Banetn &
SorLano-GaLLeco, 2012) or putatively equines (L. donovani in Sudan) (MukaTar et al., 2000) or L
braziliensis in South America (Brannio-FiLro et al., 2003). Sylvatic reservoirs for other instances of
HuL have also been identified, as with L. major in North Africa (Psammomys obesus) (GHawaR et

al.,, 2011)or in Iran (Rhombomys optimus) (Akuavan et al., 2010). Other instances of human
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involvement are restricted to sporadic infection from strictly sylvatic epidemiological cycles of

Leishmania, such as L. panamensis, maintained by sloths (Asurorp, 1996).

Although human infections by Leishmania spp. are a significant global public health concern, the
different forms of HuL have lower morbidity and mortality than notable infectious diseases such as
tuberculosis. Leishmania ranks below pathogens such as Treponema, Clostridium, or Morbillivirus
in terms of mortality or social impact (DALYs) (WorLp Hearta Orcanizarion, 2004). Moreover,
Hul. are mainly tropical diseases, mostly impinging upon impoverished social groups in
underdeveloped areas of the world, and are considered neglected diseases by the World Health
Organization (WorLb Hearta Orcanization, 2007). However, Leishmania sp. and their infection of
vertebrate hosts are more extensively studied than their ranking and neglected disease status might

suggest '.

The scientific interest in leishmanioses is not only due to their impact on public health. Several
factors combine to enhance the scientific relevance of leishmanioses. Perhaps most importantly,
Leishmania infection is a key model to study vertebrate immunology. Immune responses by
vertebrate hosts to Leishmania sp. are varied and complex, and key in determining the course and
outcome of infection (Herwarpr, 1999) Efforts to understand these responses have made
Leishmania infection an unequalled source of information on mammalian immunity, to the point
that the differentiated T-helper lymphocyte responses, which led to the development of the
paradigm of Th1-Th2 adaptive immune responses in the late nineteen eighties, were identified in the

experimental infection of laboratory mice with L. major (Sacks & NoBen-Trauth, 2002).

Besides their key role in immunology, research in leishmanioses is also stimulated by other factors.
For one, leishmanioses are more likely to receive attention in the developed world. Unlike other
tropical diseases, leishmanioses are endemic in Mediterranean countries of the European Union
(GALLEGo, 2004). This enhances their “visibility” for the scientific community, particularly in
comparison to relatively obscure (for us first-world dwellers) diseases such as trachoma or
lymphatic filariosis. Furthermore, HuL. is an emerging (or re-emerging) disease (Asurorp, 2000;
Suaw, 2007), critically, through HIV-coinfection in developed countries in the Mediterranean area

(Arvar et al., 2008). Both facts help to make research in leishmanianioses more likely to attract

1 Whereas Mycobacterium and Plasmodium are responsible for thirty- and twenty-five-fold as many deaths as
Leishmania respectively (WorLb Hearti Organization, 2004), these ratios drop dramatically in counts of published
research. Pubmed searches for these pathogens only yield slightly over four (Mycobacterium) or two (Plasmodium)
times as many articles as for Leishmania (NCBI).
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funding, than other tropical or neglected diseases.

A final reason for which the number of Leishmania-related scientific publications is further
compounded is the relative feasibility of investigating natural and experimental Leishmania
infection, even on limited or crude resources. Natural infection is a plentiful source of
epidemiological, immunological, pathological and parasitological data, given the variety of species
(parasites, vectors, and hosts) involved, and ecological, sociological and epidemiological settings of
leishmanioses. Furthermore, since experimental infections by Leishmania spp can be readily
induced in many hosts (Garc & Dugg, 2006), they have led to the further “models of disease” of
varying sophistication, popularity and validity. To add insult to injury, heterogeneity and even
contradictions in the data obtained from natural and experimental infections have only helped to

spawn further research into the different models, but only a few attempts at integrative research.
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AIMS

As mentioned earlier, natural infection by Leishmania is shaped by innumerable variables. Although
this provides plentiful data for descriptive studies, it severely hampers elucidation of cause-effect
relations between observations and results in studies of the Leishmania-host relation. In this thesis,
we attempt to present data that help advance a coherent picture of the host-parasite relationship in
natural infections of mammalian hosts of Leishmania infantum in NE Spain. We have attempted to
avoid a reductionist approach, and instead focus on the broad picture evaluating indicators of how

healthy hosts respond to infection. The specific aims of this thesis are:

1. To evaluate the significance and how to interpret commonly used assays of specific cellular

immunity against Leishmania, which is a key determinant of the outcome of infection.

2. To evaluate the impact of the Leishmania transmission season on indicators of infection and

immune response in healthy hosts.
3. To describe cutaneous leishmaniosis by L. infantum in horses.
4. To investigate the status of domestic horses as hosts for L. infantum.

5. To advance an integrative interpretation of the significance of commonly used indicators of

infection by Leishmania and immunity in susceptible hosts.



Chapter 1: Introduction

LITERATURE REVIEW

The large numbers of mammalian host, phlebotomine vector, and Leishmania species involved in
Leishmania epidemiology yield a heterogeneous set of pathological and epidemiological processes
affecting most mammalian taxa. Different combinations of sandlfy vectors, mammalian hosts, and
Leishmania sp. constitute nosodemiological units (Asurorp, 2000); unique systems of parasite
maintenance involving a concrete set of hosts and vectors and displaying a defined pattern of
nosological presentations. HuL. can be ascribed to several such units, greatly defined by the

Leishmania species involved and the clinical presentation of disease (Asurorp, 2000).

HuL display largely dichotomic clinico-pathological patterns of disease, characterized by either
cutaneous or systemic involvement (Conen & WaRreN, 1982; Herwarpt, 1999). Leishmania was first
described as the causative agent of a severe systemic disease known as kala-azar, or visceral
leishmaniosis (HuVL), by Leishman and Donovan in the nineteenth century (Gisson, 1983). Other
Leishmania sp were subsequently linked to focal benign skin lesions (cutaneous leishmaniosis,
HuCL) as well as other, more rare, clinical presentations (Murray et al., 2005; Davip & CRraAFr,

2009).

Human visceral leishmaniosis is a severe disease, officially accounting for 59000 deaths worldwide
every year, although this may be a gross underestimate (Desieux, 2004a; Bern et al., 2008;
REiTHINGER, 2008). In the classical manifestation of HuVL, severe systemic clinical signs (including
fever, splenomegaly, lymphadenopathy, pancytopenia and hypergammaglobulinemia) evolve over a

variable time course, and ultimately lead to death if untreated (GArLEGo, 2004; Murray et al., 2005).

HuCLis far more prevalent in humans than HuVL (WorLp Heartn Orcanization, 2004), but
comparatively benign. It normally consists of single self-healing skin lesions which evolve over
prolonged periods of time (ReirHinGer et al., 2007). Despite its benign nature, HuCL has a
significant impact on affected populations because of its high prevalence (1-1.5 million new
worldwide cases yearly), inherent social stigma and the potential for evolving to severe disease

(DEsseux, 2004a; REITHINGER, 2008).

Both HuCL and HuVL are also epidemiologically distinct, and each comprises different sets of
nosodemiological units. Most instances of HuVL are caused by the L. (donovani) complex (L.

infantum and L. donovani), which is distributed across a broad swath of tropical and temperate areas
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in South America, Africa, Europe and Asia (Desieux, 2004a; RerrHiNGeRr, 2008). HuCL, on the other
hand is caused by a different set of Leishmania species (L. major, L. tropica, L. braziliensis, and L.
mexicana) found over a wider geographical range than those causing HuVL. HuCL is most

prevalent in different countries than HuVL (Desseux, 2004a; Bern et al., 2008).

This mainly dichotomous classification of leishmaniosis as of either cutaneous (benign) or systemic
(severe) involvement is also applied to leishmanioses in other mammals. Leishmania sp. are also
responsible for cutaneous disease in animals, such as L. braziliensis infection in horses (VEDOVELLO
Fino et al., 2008), L. infantum in cats (Navarro et al., 2010), or L. major in sand rats (FicuHer-CALVET
et al., 2003). On the visceral “front”, L. infantum infection in dogs can lead to severe systemic
disease (CaL), similar to HuVL (BanetH & Sorano-GarLeco, 2012). However, Cal. presents a more
complex nosology, and it is generally referred to as viscerocutaneous: although strictly cutaneous
disease occurs, characteristic Cal. presents with severe systemic involvement, commonly
accompanied by dermatological lesions (Banetn & Sorano-Garieco, 2012). Infections in laboratory
animals and other experimental models with Leishmania sp also have been able to replicate patterns

of disease akin to HuCL and HuVL (Garc & Dugg, 2006).

Endemic leishmaniosis in Southern Europe belongs to a nosodemiological unit in which
Leishmania infantum causes HuCL (or, more infrequently, HuVL) in children and aged adults
(Reapy, 2010). Several Phlebotomus sand fly species are implicated as vectors, transmitting the
parasite from dogs, the main reservoir host (Reapy, 2010; Banetn & Sorano-Garieco, 2012). HuL. in
these areas is a relatively minor public health issue in healthy persons, disease is a rare occurrence

and outbreaks warrant ad hoc reports in scientific literature (NocueroL Arvarez et al., 2012).

However, HuVL in Southern Europe emerged as an important complication in HIV-infected patients
at the end of the twentieth century, and is among the more important complications of HIV infection
(Arvar et al., 2008). By contrast, in South America HuVL by L. infantum (syn. L. chagasi [Mauricio
et al., 2000]), is a major public health concern. CaL there is therefore relevant as the reservoir of
human disease, and is targeted by public health programs in Brazil and other South American

countries in an attempt to control HuL (ALvar et al., 2004).

Unlike Hul,, CaL by L. infantum in the ecoregions around the Meditarranean basin is a highly
prevalent disease of domestic dogs, commanding much veterinary attention. Thus, dogs are not a

“proper” reservoir host (Haypon et al., 2002) of L. infantum, as they themselves are prey to disease
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(BanetH & Sorano-Garieco, 2012). Leishmaniosis by L. infantum in these ecoregions is therefore
characterized by a population of hosts which are highly susceptible to disease (domestic dogs), and
which are considered the reservoir of the parasite for HuL. Involvement of other hosts, such as rats,

is considered minor or incidental and may be dead-end hosts (Asurorp, 1996).

Prevention, diagnosis and therapy of CaL therefore warrant much interest in pet dog medicine. In
depth understanding of how infection progresses in dogs over time, from inoculation to disease and
infectivity to vector sandflies is the necessary basis for proper clinical and epidemiological
management of CaL. Although the body of scientific literature available on these subjects is vast,
much remains to be understood before we have a sound and coherent understanding of the complex

processes and human relations involved in CaL.

Acquired immune response to Leishmania

Host immunity is a key determinant of establishment and progression of infection by Leishmania
sp. in mammals. The host immune responses to Leishmania have be-en extensively researched in
the standard experimental model for HuL, L. major infection of inbred laboratory mouse strains.
Through methods of varying refinement, research has successfully emulated clinical presentations
of leishmaniosis ranging from rampaging multisystemic disease in “susceptible” mouse strains such
as BALB/c, to mild self healing skin lesions in “resistant” strains such as C57BL/6 infected with L.
major (Sacks & Noeen-TrautH, 2002; McMaHon-Pratt & Arexanper, 2004). Highly refined
implementations of this model have exposed exquisite details on the processes following parasite
inoculation by sandflies, and throughout the course and outcome of infection (BeLkam et al., 2000;

VAN ZANDBERGEN et al., 2006).

T-helper 1 and T-helper 2 responses

In the mouse L. major experimental model, distinct forms of acquired immune response were
shown to underlie the cutaneous vs. visceral pattern of disease, either keeping infection in check or
failing to do so. Following inoculation into the mammalian host, Leishmania promastigotes are
eventually phagocytosed by macrophages, wherein they transform into amastigotes. Whereas the
host innate immunity plays a key role in the initial phase of infection leading up to phagocytosis,
subsequent survival and ability to replicate and propagate within the macrophagic cell line is

determined by the acquired (specific) immune response (SorBacu & Laskay, 2000). Two distinct
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subsets of T helper lymphocytes were shown to drive the specific immune response in inbred mice,
towards either an effective response which controls infection and restricts lesions to the skin (Th1
lymphocytes), or an ineffective response which fails to curtail parasite replication and with ensuant
systemic dissemination (Th2 lymphocytes) (Sacks & Nosen-Trauth, 2002). In fact, this finding is
the basis of the identification of dichotomic T helper lymphocyte responses and the subsequent
development of the Th1/Th2 paradigm of mammalian acquired host immune response in the late

nineteen eighties (McManoN-PraTT & ALEXANDER, 2004).

The downstream paths initiated in laboratory mice by distinct T-helper lymphocyte subpopulations
1 and 2 are largely independent and mutually exclusive, as different cytokines, intermediary
molecules, and effector cell populations are involved in either response and can cross-down regulate
(SoLBacH & Laskay, 2000; Sacks & Noen-Trauth, 2002). Ultimately, a Th1-dominated immune
response leads to abrogated parasite replication and clinical cure, whereas prevalence of Th2
responses leads to unchecked parasite replication, tendency to visceral involvement and, eventually,

death.

Identification of Th1/Th2 responses in mice spurred many efforts to demonstrate distinct Th1 and
Th2 responses to Leishmania in other mammalian hosts, albeit only with partial success.
Unsurprisingly, the immune response in natural mammalian hosts is not as polarized as in inbred
laboratory mice (Kramer et al., 2006; Tripatar et al., 2007). Despite most of the molecules and
pathways (or their counterparts) identified in murine Thl and Th2 responses have also been
identified in multiple mammal species, studies have failed to show such clear-cut patterns in these
species. Indeed, the Th1/Th2 paradigm does not apply directly even in other murine leishmanioses.
For instance, ongoing research has shown dissimilar roles and importances of signalling and
effector molecules in different instances of Leishmania infections in mice (McMaHon-PratT &
AvLexANDER, 2004). In fact, even the a priori simple model of L. major infection in inbred laboratory
mice strains has shown nuances in which different molecules and mechanisms interact in more

complex ways than initially thought (ALexanper & Bryson, 2005).

Acquired immunity to Leishmania in the field: humoral and cellular responses

Paradoxically, the old and looser classification of immune response components as either cellular or
humoral (WorLp Heartn Orcanization, 1969) still holds, to a point, and applies coarsely to observed

responses to Leishmania infection by mammals, regardless of the underlying molecular

10
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mechanisms. Predominance of either component of acquired immunity leads to opposing outcomes;
control of infection and clinical cure, or unchecked parasite replication and runaway clinical
symptoms respectively (SoLBacH & Laskay, 2000; Arvar et al., 2004; Murray et al., 2005). Cellular
immunity can be grossly likened to Thl-type responses, in which macrophages are rendered
competent to control Leishmania replication, and is considered protective. Likewise, Th2-like
pathways underly humoral responses, ineffective in controlling Leishmania infections and which
may even contribute to pathogeny, as happens in dogs (Arvar et al., 2004; BanetH & Sorano-

GALLEGO, 2012).

Long before the discovery of Th1/Th2 responses, it was recognized that HuCL and HuVL are linked
to different patterns in the acquired host immune response to Leishmania (WorLp Hearta
OrcanizatioN, 1969; Herwarpr, 1999). In HuCL, patients develop potent cell-mediated immunity
(cellular immunity, CMI) which controls infection and prevents relapse. Practical, if unwitting, use
of this fact predates modern medicine: to prevent visible scarring secondary to HuCL, infants were
inoculated with Leishmania in the arm (Davies et al., 2003) , a procedure termed leishmanization.
By contrast, in HuVL and disseminated and mucosal leishmanioses (both infrequent, but severe,
forms of disease), specific humoral immunity is more prominent, and CMI weak or lacking

(Murray et al., 2005).

Acquired immunity to Leishmania in domestic dogs

Like humans, dogs develop specific humoral and CMI responses to L. infantum infection. Humoral
immunity is particularly relevant in CaL, both pathologically and diagnostically. Dogs suffering
disease by L. infantum develop exuberant antibody levels which eventually result in a hallmark
(practically pathognomonic) polyclonal gammapathy (Baneth & Sorano-Garreco, 2012).
Subsequent generation of circulating immune complexes cause life-threatening glomerulonephritis,
and eventually result in renal failure, a major cause of death of dogs with leishmaniosis (BanetH &

Sorano-GaLLEco, 2012).

Exacerbated production of specific antibodies during disease has also historically been the basis for
diagnosis of CaL (Stappenper & Greene, 1990). Even without using specific assays for Leishmania,
elevated serum gammaglobulin levels in dogs from endemic areas are highly suggestive of CaL.
Consequently, numerous serological assays have been developed and implemented to exploit this

characteristic of Cal, ranging from crude agglutination tests to ELISAs against recombinant

11
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antigens (Maia & Cawmpino, 2008). Despite the development of more sophisticated tools such as
PCR, serological assays remain the standard method for diagnosing and evaluating CaL. (Maia &

Cawmpino, 2008; Sorano GarLeco et al., 2009; Baneth & Sorano-GALLEGO, 2012).

Whereas the humoral component of the immune response in CaL has been researched over decades,
mainly for its diagnostic potential, up to the 1990's there was very little interest in the canine CMI
to Leishmania. In fact, at one point, dogs were actually considered anergic to L. infantum infection
(StappEnDEL & GRreeNE, 1990). Investigations into canine CMI to Leishmania infection only began in
the 1990's following seminal studies of cell-mediated responses which uncovered an unexpected
prevalence of infection by Leishmania in otherwise healthy dogs (CagraL et al., 1992; PineLLi et al.,
1994). L. infantum infection in domestic dogs in ecoregions around the Mediterranean basin has
since been shown to be highly prevalent, much more so than disease or even seropositivity (Banet
et al., 2008). Detection of parasite DNA in dogs in different studies demonstrated prevalences of
infection greater than 50% which contrasted with much lower seroprevalence and prevalence of
disease (BerraHAL et al., 1996; SoLano-GarLeco et al., 2001; Leontpes et al., 2002), and confirmed
that the observed prevalences of CMI were due to current infection, with parasite presence (as
opposed to “memory” responses). A significant about-turn in our understanding of Cal. and
Leishmania infections in mammals in general, these findings effectively shifted the emphasis in our
understanding of CaL from infection to host immune response (Ferrer, 2002), vindicating the
determinant role of specific host immunity in the course and outcome of L.infantum infection in

dogs.

Acquired immunity to Leishmania in other mammals

Knowledge on the immune response elicited by Leishmania infections in other mammalian hosts is
fragmentary, mostly deriving from empirical attempts at host or reservoir identification, as well as
at clinical diagnosis. Serological studies of Leishmania infection are by far the more common form
of immunological evaluation of putative hosts such as domestic ruminants or wild canids (MukHTAR
et al., 2000; Arawm et al., 2011; MiLAN et al., 2011; Just et al., 2011). However, in the natural and
experimental host species where this has been researched, Leishmania has been shown to elicit both
humoral and cellular responses (Dugkt et al., 1999; Garc & Dusg, 2006). Although the paucity of
data precludes conclusions on the prevalence of CMI in these species, it is valid to conclude that

dual CMIr and humoral responses are universal in mammalian hosts of Leishmania.
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Evaluating Cell Mediated Immunity

Immunological assays of leishmanioses target both cellular and humoral acquired responses
(Murray et al., 2005; Maia & Cawmpino, 2008). Humoral immunity is gauged by measuring
circulating specific antibody levels, for which a vast number of assays have been advanced. Variety
in these assays largely hinges on the Leishmania epitopes targeted (i.e. from whole cell
homogenates to selected epitopes in recombinant proteins) and on how these antibodies are detected
(i.e. latex agglutination to IgG isotype-specific conjugated secondary antibodies) (Gowmes et al.,
2006). A lot of effort has been put into cross-validating these assays for sensitivity and specifity, in

search of a gold standard (Maia & Cawmpino, 2008; Ropricuez-Cortes et al., 2010).

By contrast, evaluation of CMI presents more difficulties. Most assays of CMI are either in vivo
tests, or must be performed shortly upon obtention of samples. Furthermore, they tend to be more
complex than antibody assays, require more infrastructure and have lower throughput. These
drawbacks may justify the lower number of studies which attempt to evaluate CMI. They are also a

major obstacle in the furthering of our knowledge on the host-parasite interactions in leishmaniosis.

Assays of CMI against Leishmania sp. in mammalian hosts include a delayed-type hypersensitivity
skin test (LST), assays evaluating ex vivo lymphocyte proliferation (LPA), and bioassays for in vivo
and ex vivo detection of CMI-related molecules, chiefly Interferon-y (Maia & Cawmpino, 2008).
These assays have been partially been made obsolete by the development of molecular assays such
as reverse-transcriptase PCR of cytokine mRNA, and cytokine identification with species-specific
antibodies. However, crude assays such as LST or LPA still afford some advantages; LST gauges in
vivo responses and potentially yields comprehensive information on CMI, whereas LPA affords a
gross evaluation of in vitro CMI as compared to, perhaps more fickle, expression patterns of

molecules.

Leishmanin skin test

Developed by analogy with the Mantoux test, the leishmanin, or Montenegro, skin test (LST), was
the first assay of specific cellular immunity used in leishmaniosis research (MonTeEnEGRO, 1926).
Like the Mantoux test in tuberculosis, a specific amount of inactivated antigen (leishmanin) is
injected intradermally and the response measured as of induration at 72 hours (Carposo et al.,
1998). Possibly due to misunderstanding of the immune competence of dogs against Leishmania,

(StarpenDEL & Greene, 1990), LST was only tardily applied, at the end of the 20th century, in dogs
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in several studies and resulted in uncovering elevated prevalences of specific CMI against
Leishmania in healthy dogs from endemic areas (MarriNez-Moreno et al., 1995; ReITHINGER &
Davies, 1999; Sorano-Garreco et al., 2000). Although simple and requiring a minimal logistical
framework in field studies, the need for revisiting the study subject at a precise time and variability
inherent to in vivo assays hamper its applicability in broad field studies. Attempts at fine tuning the
assay in order to enhance its prognostic value using selected antigens have only been partly

successful (Topoti et al., 2010).

Lymphocyte proliferation assays

Together with LST, circulating lymphocyte proliferation assays (LPA) were the first CMI assays
applied to research in CaL (CaBraL et al., 1992; Morina et al., 1994; Pinerwi et al., 1994). In LPA,
circulating lymphocytes are stimulated in vitro with a pertinent Leishmania antigen and the
proliferation of sensitized lymphocytes is measured following an adequate incubation period.
Although the thimidine (H>+) incorporation is considered the best method for measurement of
proliferation, alternative, non-radioactive methods have been developed, of which bromo-
deoxyuridine (BrdU) incorporation yields the best results (Wacner et al., 1999). Although more
complex than LST, non-radioactive LPA presents a viable alternative for CMI evaluation in modern

laboratory settings, without requiring revisiting the subject to make readings..

Cytokine bioassays

Evaluation of molecules involved in the processes underlying the phenotype of cellular or humoral
immune responses has become central in mammalian immunology. Prior to the development and
availability of molecular tools such as PCR and monoclonal antibodies, this was achieved chiefly
through bioassays developed to (specifically) detect or measure the effect of the target molecule on
a biological system (House, 1999; MEeacer, 2006). Although there has been a rather timid use of
bioassays in CaL research, it spearheaded the advance in knowledge in canine immune response to

Leishmania (PiNeLLI et al., 1994, 1995).

IFN-y is a salient effector molecule in CaL, as it plays a key role in activating infected macrophages
and renders them competent to kill phagocytosed amastigotes (Sacks & Nosen-Trauth, 2002).
Determination of IFN-y activity can be achieved by measuring its antiviral effect on cultured cells
(PNeLLr et al., 1994; Iwata et al., 1996). Although this assay has critical drawbacks, including the

need for biocontainment facilities due to the virus used, it was the only method available for
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estimation of canine IFN-y prior to the development of molecular assays.

Molecular assays

Where the above methods provide functional information on CMI, molecular assays can be
designed to target specific mediator and effector molecules in acquired immunity. These assays rely
either on polymerase chain reactions (PCR) or development of specific antibodies against target

molecules.

Unlike humoral immunity, characterized by production of specific antibodies, the cellular
component of acquired immunity lacks singular stable markers. Instead, assessment of cellular
responses is dependent on in vivo or ex vivo evaluation of transient processes, and/or measurement
of concentrations of short-lived molecules mentioned previously. Furthermore, antigenic targets of
CMI assays tend to vary among species, requiring production of species-specific antibodies used to
detect them. Because of this, CMI assays tend to be more sophisticated than serological assays,
have lower throughput and are more subject to repeatability constraints. Standardization across CMI
assays is also severely hampered, at times rendering interpretation of results more an art than
science. All this also difficults their widespread use, particularly under field conditions. To
complicate matters further, different tests of cellular immunity in fact target different processes
involved in CMI, and an effective gold standard is lacking. Even further variability is due to the

lack of standardized, easily obtainable antigens and antigen preparations.

Because of the difficulties involved, particularly with non-molecular assays, CMI is normally
evaluated using a single assay. Very little effort has been advanced to standardize results across

assays and to establish a consensual interpretation of CMI assays.

Infection in healthy dogs

Where CMI was disregarded or ignored as an integral part of the immune response to Leishmania in
dogs, it led to gross misinterpretations of the host-parasite relationship. Strict application of Koch's
postulates of infectious disease to leishmanioses implies disease is a necessary consequence of
infection (Incris, 2007). Under this classical model of disease, infected hosts either belong to a

“reservoir species” (Haypon et al., 2002), and do not develop disease, or to a “susceptible species”
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which upon infection inevitably develops disease following an incubation period which is described
as lasting weeks to years for Leishmania (Suappenpir. & Greene, 1990; Arvar et al., 2004). However,
the greatest breakthrough in leishmanioses came from the demonstration of infection in healthy

€

dogs two decades ago, which could not be conceivably be written off as “incubating disease”.
Contrary to domestic dog's perceived condition as anergic to L. infantum (StappENDEL & GREENE,
1990), studies in the early 1990's showed not every dog experimentally or naturally infected with
Leishmania developed disease (CaBraL et al., 1992; PiNerL1 et al., 1994; Carposo et al., 2007).
Furthermore, complete elimination of the parasite was shown to not be necessary for clinical

healing (PineLLi et al., 1994; KiLLick-Kenprick et al., 1994).

Recognition of non-pathogenic infection by Leishmania in the 1990's coincided with application of
PCR, and other exquisitely sensitive molecular biology assays. Together with data from
reinterpretation and reimplementation of immunological assays, studies showed infection by
Leishmania was shown to be much more common than disease. It thus resulted that non-pathogenic
infection was not unique to “pure reservoir” host species (Asurorp, 2000). Highly sensitive DNA
detection assays such as PCR have even shown instances of prevalence of infection of up to 100%
(BerraHAL et al., 1996). Subsequent studies showed high prevalences of infection are the norm in

exposed dogs and humans (SoLano-GaLLeco et al., 2001; Riera et al., 2008).

The implications of such high prevalences of unapparent infection on our understanding of
Leishmania epidemiology and pathogeny are profound. Some authors even adopted Thomas Khun's
postulates (Kunn, 2012) and recognized this as a paradigm shift (Ferrer, 2002). This new
understanding has a direct bearing not only on clinical management of leishmanioses, but much
more importantly, it completely subverts many of the undepinnnings of previous veterinary and

public health programs targeting leishmanioses (QuinneLL & Courtenay, 2009; Costa, 2011).

The effect of generalized non-pathogenig infection by Leishmania in susceptible hosts is highly
relevant. Large populations of healthy infected hosts can have a massive effect on epidemiology of
leishmanioses (Quinnerr & Courtenay, 2009). How infectious these hosts are for vector sandflies
can significantly affect overall rates of parasite transmission. Although healthy infected hosts have
been shown to be hardly infective to sandflies, if at all (Costa et al., 2000; Courtenay et al., 2002),
this does not necessarily rule out their participation in Leishmania epidemiology. Indeed, the lower
infectivity of healthy infected dogs to sandflies may be countered by their high numbers, and they

may, for instance, conceivably suffice to maintain the epidemiological cycle of Leishmania. For
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example, where the failure of dog-culling programs to control L. infantum in Brazil was hitherto
ascribed to “silent” phases of disease, the role of healthy infected hosts warrants research (QuinNELL

& Courtenay, 2009; Costa, 2011).

Infectivity of healthy hosts to sandflies depends on how accessible Leishmania are to feeding
sandflies. Some attention has already been given to distribution of the parasite within these healthy
hosts (Sorano-GatLeco et al., 2001; Travr et al., 2001). The role of “reservoir tissues or organs” in
the transmission of disease thus emerges, ; if Leishmania is harbored in the skin, as opposed to
spleen or other internal organs (Sorano-GaLLEGo et al., 2001), it can be picked up by sandflies, and

thus be transmitted to other hosts.

Epidemiological repercussions aside, infection in healthy hosts warrants in depth reconsideration of
the link between Leishmania infection and leishmanioses. Following Koch's postulates, infection in
healthy hosts classically was ascribed to a prolonged “incubation period” over which infection
evolved to eventually induce disease. However, this explanation is no longer tenable in view of the
contrast between prevalence of infection and incidence of disease. Non-pathogenic infection thus
arises as the most plausible explanation. This in turn makes the pathogen (Leishmania) a necessary,
but not sufficient, cause of disease (it is interesting to note that this situation is not restricted to

Leishmania, but also affects other pathogen-disease systems (Inctis, 2007).

Furthermore, it is not unreasonable to envision infection in healthy hosts not as a static condition,
but rather a dynamic equilibrium. It is would therefore be the determinants of this equilibrium what
ultimately lead to the different courses and outcomes of infection. The identification of non-
pathogenic infection as a relevant entity therefore also warrants further research into the putative
concomitant determinants of health and disease in Leishmania-infected hosts, and the evolution of

the host-parasite interactions (Sorano-GaLLEGo et al., 2004).

The role of other hosts

Despite a plethora of nosodemiological units involving a wide range of mammals, description of
natural disease by Leishmania sp is largely circumscribed to human and canine hosts (HerwALDT,
1999; Banern & Sorano-Garieco, 2012). Descriptions of natural disease in other hosts (Maia &

Cawmpino, 2011) are fewer and have been less documented.

Sandfly vectors of Leishmania sp. usually feed on more than one vertebrate species, and they show
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varying preferences for the different host species on which they feed (Kirick-Kenprick, 1999;
GALLEGO, 2004) This host preference in turn has a direct bearing on the pressure of infection by
Leishmania on these hosts. Like their sandfly vectors, Leishmania sp. lack host-species specificity
and almost all Leishmania species are known to infect more than one mammalian host (AsuForb,
2000). Such lack of host specificity results in a wide range of mammalian species for which
Leishmania infection has been reported. Indeed, natural infection by Leishmania has been observed
in terrestrial mammals ranging from domestic dogs and wild carnivores (Curr et al., 2006; SoBriNO
et al., 2008), to bats (De Lmva et al., 2008) to kangaroos (DoucatrL et al., 2009), and more recently
even artyodactils (Buartarar et al., 2010; Lossicer et al., 2010). Experimental infections have also
been succesfully performed in many species such as hamsters and laboratory-bred primates (Garc

& Dugg, 2006).

Description of Leishmania infections in non-human mammalian hosts is almost invariably from a
human health perspective, as reservoirs (proven or else) of human disease (Asurorp, 2000). In fact,
instances of anthroponotic leishmanioses, such as urban L. tropica in Afghanistan or L. infantum in
India (Bern et al., 2008), where other mammalian hosts do not partake in the epidemiology of
leishmanioses are a rare exception. Indeed, humans are generally considered marginal, or even
dead-end hosts in epidemiological cycles that usually involve several mammalian hosts, one or two
of which act as main reservoirs. Rural cycles of leishmanioses can involve domestic and
peridomestic animals, such as dogs and rats (L. infantum in South America and Mediterranean
ecoregions) or equines (L. donovani in Sudan). L. major in North Africa also has a rural cycle, but
with a wild reservoir host, a gerbil-like rat (Psammomys obesus) (Asurorp, 2000). Other instances
of human involvement are restricted to sporadic infection from strictly sylvatic epidemiological
cycles of Leishmania, such as L. panamensis, maintained by sloths, in South America (Bern et al.,

2008).

Despite extensive research into epidemiological involvement of different mammalian species in
Leishmania epidemiology, reports on disease in hosts other than humans or dogs are rare, and there
is little information available on the pathological consequences of Leishmania sp. infection in
sylvatic or peridomestic mammalian hosts. Although experimental infections have been performed
in some natural hosts in search for a cogent model of human disease, they shed little information on
disease following natural infection in these species (White et al., 1989). Furthermore, reservoir

hosts are normally infected, and even infectious, in apparent absence of disease or lesions
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(BranpAo-FiLHo et al., 2003; SvoBopova et al., 2006; Sosrino et al., 2008; Morina et al., 2012).
Nonetheless, benign lesions associated to Leishmania sp. infection have been observed in some
wild mammals (Ficuer-Carver et al., 2003; Rose et al.,, 2004), and clinical manifestations of

infection may occur, perhaps infrequently, in most mammalian hosts.

The domestic cat is perhaps one such host. Although a rare condition, feline leishmaniosis by L.
infantum has been reported sporadically in Europe. Clinical presentations are primarily cutaneous,
although some cases of visceral involvement have been reported (Mancianti, 2004), and FIV
seropositive cats have been found to be PCR positive in lymph node samples (Vira et al., 2005). As
reports of feline leishmaniosis have accumulated, interest in the possible participation of cats in L.
infantum epidemiology has increased (MancianTi, 2004; Sorano-GaLieco et al., 2007; Maia et al.,
2008; Diakou et al., 2009). However, feline leishmaniosis remains a minor veterinary concern (Maia
& Cawmpino, 2011), as could be expected based on resistance to experimental infection observed in
cats (Kmrkeatrick et al., 1984), and is possibly the freak result of massive pressure of infection on
domestic cats living in endemic areas. Infection of cats by other Leishmania sp. has also been

reported, although they are likewise of little clinical relevance (SoLano-GarLeco & Baneth, 2012).

Besides dogs, horses and donkeys (Equus sp.)are the only domestic species for which a significant
body of studies on Leishmania infection has been reported. Reports on detection of lesions by L.
braziliensis in domestic equines in South America in the course of investigations into epidemic foci
of HuCL became common in the 1980's (Grimarpr & TesH, 1993). Although the parasite species
affecting equine hosts was not investigated in all cases (Ramos-Vara et al., 1996), whenever it was,
L. braziliensis was consistently identified (Asurorp, 1996; Branpio-FiLuo et al., 2003). Where
investigated, exposed equines were shown to develop humoral responses against Leishmania.
Clinically, most cases of equine leishmaniosis by L. braziliensis present as highly prevalent benign
single or multiple large nodular, sometimes ulcerated, skin lesions in horses, donkeys and mules
(AcuiLar et al., 1984, 1986). The benign nature of lesions by L. braziliensis in equines is in
accordance with the absence of disease in horses in established endemic foci, in the face of elevated
prevalences of infection detected in serological and parasitological surveys in healthy equines
(Forrapor et al., 1999; Branpio-FiLHo et al., 2003; pe Castro et al., 2005; VepboveLro Fino et al.,
2008). The frequent involvement in L. braziliensis foci has led to suspect domestic equines as

reservoirs of human disease, although this remains unconfirmed (Veboverro FiLuo et al., 2008).

Equine involvement in Palearctic leishmanioses has been seldom reported. Despite domestic Equus
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sp. are present throughout the rural areas endemic for leishmaniosis in Asia, Africa and Europe, they
have received scant attention. However, equine infection cannot be ruled out, and indeed has been

reported in some cases (MukHTAR et al., 2000).
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EXPERIMENTAL DESIGN

In the following chapters we describe five studies which attempt to improve our knowledge on the
interactions between naturally infected mammalian hosts and L. infantum in NE Spain as previously

described in the aims for this thesis.

The first is a methodological study in which we evaluate three assays of specific CMI to L.
infantum in as indicators of CMI. Two studies on the host-parasite interactions between L. infantum
and naturally infected dogs in Mallorca follow. The first study characterizes infection of grossly
normal skin, a potentially critical point for transmission of Leishmania to sandflies, in healthy and
sick dogs. How CMI and other immunological and parasitological parameters of L. infantum

infection in dogs change after the transmission season is the subject of a subsequent study.

These investigations in CaL. are complemented by two studies into a previously unknown host of L.
infantum: domestic horses. The first report is a preliminary approximation to domestic horses as
hosts for L. infantum, including pathological, immunological and parasitological data. This was
followed up by an extended investigation into the immune responses by healthy horses to L.

infantum, to help characterize their status as hosts of the parasite.
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Ahstract

Cellular immune response 10 Lelsfimania plays a key mole in canine leishmaniosis. However, there are few assays (o evaluate
this response in the dog. Here, we evaluated and compared three assays of specific cellular immune response o Ledshmania
irfariren in dogs: the leishmanin skin test (LST), lymphocyie proliferation assay (LPA) and IFN-y cytopathic effect inhibition
bioassay (IFNB), Fifty-six healthy dogs from an endemic area for leishmaniosis on the island of Mallorca were studied. Inall, 37
dogs showed a positive LST and 32 u positive [FNB. 24 were positive for both assays. The 17 dogs positive for LPA also gave
positive results for cither LST or IFNE, or boih, These findings indicate that although LET is the method of choice, IFNB isa
complementary test. Therefore, both assays should be performed and analyvzed jointly, In comparison with LST and IFNB, LPA
is much less sensitive, and yields many false negative results.

i 2005 Elsevier BV, All rights reserved.

Kevwords: Dog: Leishoania infemnim; Cellalar imnnine response; Lymphocyte proliferstion; Interferon-y, Leishmanin skin test

1. Introduction

The term leishmaniosis includes a number of
diseases with distinct clinical symptoms, transmission

Ablreviarions: 1FNB, [FN-y cytopathic effect inhibition bioas- routes, veclors, hosts and geographical distributions
wiy: LPA, lvmphocyte prolifertion mssay; LSA, Leisfurenin infa- caused by different species of Magellate protozoans of
tows soluble antigen; LST, lelshmanin skin test the genus Leishmania. Despite the heterogeneity of
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UAB, Spain. Tel.: 434 935813 144; fax: +34 935813142, parasite is always crucial for the outcome of infection.
Email addres: antonio.ramis@uabues (A Ramis), In inbred mice strains, the predominance of a T-helper
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ooz 0, 1OV v, 2005, 04,0002

27



L. infantum in healthy dogs and horses

M. Fernonaez-Bellon of all / Veterinary fmomprecleogy s fomnreopeiiology TOF (20050 Tod- 168 ([ih3

control. An induration diameier of >3 mm afier 72 h
was considered positive.

2.2.1. Extraction and stimulation of peripheral
bload menonuclear cells (PBMC)

PEMC extraction and stumulation were performed
for both LPA and IFNB. Ten millilitres of heparinized
blood was collected by jugular venopuncture from
cach dog and shipped at room temperature to the
laboratory. On arrival, the samples were diluted in
10 ml sterile PBS, and PBMC were collected afier
centrifugation on Histopague 1077 (Sigma-Aldrich
Chemie Gmbh, Germany } density gradient at 400 g for
il min. After one wash in PBS, the cell pellet was
resuspended for 2min in an erythrocyte lysing
solution (155 mM NHCIL 10 mM KHCO4, 0.1 mM
MNay EDTA and pH 7.4) and washed again in PBS,
Trypan blue exclusion was used to count viable
PBMC, after which the cells were resuspended
10° cells/ml in culture medium (RPMI supplemented
with 10% FCS, 2mM sodium pyruvate, 2 mM L-
glutamine, 10 mM HEPES buffer, penicillin (100 1/
mly and streptomycin (100 pgfml)).

PBMC were stimulated with either Leishmania
infantiem soluble antigen (LSA) (kindly provided by
Dr. Momserrat Gallego, Departament de Parasitolo-
pia, Universitat de Barcelona) at 10 pg/ml or
phytohemaglutinin (PHA) (Sigma-Aldrich Chemie
CGimbh, Germany ) at 5 pg/ml. Unstimulated cells were
incubated as negative controls in every case.

2.2.2. Lvmphocyte prodiferation assay

Proliferation of circulating lymphocyies to LSA
and PHA was detected by measuring the incorporation
of BrdU by replicating cells into newly synthesized
DNA. Stimulated PBMC were incubated in triplicate
in fat-bottomed 96-well polypropylene  microtiter
plates (2 x 10° cellsfwell, 200 ! total volume) for 3
days (PHA) or 6 days (LSA). Wells with 200 pl of
complete medium only were included in cach plate to
mieasure background. Twenty-Tour hours prior 1o the
end of incubation, BedL (10 pM) was added 1o each
well. At the end of incubation, plates were centrifuged
(300 = g, 10min), the supernatants were then
discarded, and the plates were warm-air dried and
stored at 4 "C. BrdU incorporation was detected using
a commercial ELISA kit (Cell Proliferation ELISA,
BrdU, Roche Diagnostics GmbH, Germany ) within 7

days. Cell proliferation was expressed as a stimulation
index (S50 OD stmulated cells-0D background/OD
unstimulated cells-0D background: values >2 were
considered positive.

2.2.3. Interferaon-y cytopathic effect inhibition
fricissay

A modified viml cytopathic effect inhibition assay
(Pinelli et al.. 199%4b) was used 1w detect IFN-vy
produced by circulating lymphocyies in cultured
supernatants, Briefly, stimulated and unstimulated
PBMC were incubated in 12-well polypropylene
plates (10" cells/ml, total volume = | ml) for 72 h, at
which time the culture medium was removed and
centrifuged and the supernatants were then stored at
=80 °C. Two-fold dilutions of supernatant  were
incubated for 16h with 10° Madin-Darby canine
kidney cells (MDCK2) in fat-bottom 96-well poly-
propylens microtiter plates in RPMI-1640 medium
(total volume TO0 ) ae 37 °C and 3% COs. Cultuned
supernatanis were then removed, and adherent cells
wiere infected with 50 pl of vesicular stomatitis virus
at 107 pfufml. After further incubation for 24 h,
supernatants were again discarded and surviving cells
wiere stained with 50 ] 0.75% crystal violet in 0.9%
formaldehyde for 15 min. Production of IFN-y was
expressed as the ratio of the reciprocal of the
maximum dilution that protected 50% of the cell
monolayer (as estimated visually) of stimulated versus
unstimulated  cells: values =2 were considered
positive,

3. Hesults and discussion

Specific cellular immune response o Leisfmania
as detected by LPA, IFNB and LST was measured in
56 healthy dogs in an area with endemic Leishonania
infanswm on the island of Mallorca. Twenty-eight of
these dogs were Ibizan hounds, the predominant breed
in the region {Table 1).

PBMC stimulation with PHA was used as a positive
control for the LPA and IFNB assays. Briefly, all but
three dogs were positive either by proliferation or [FN-
~ production upon stimulation with PHA, 44 out of 56
were positive for both IFNB and LPA. None of the
PHA negative dogs were positive for LSA by the same
assay. However, some dogs presented an in vivo
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Table |
Results of cellular immunity assays in 56 dops
Dz Breed LPA-PHA IFMB-FHA LST LPA-LEA IFNB-L5A
| Ihizun howund + + . - *
z Ihizan hound 4+ # & - *
3 Ihizan houmd + + & ] o
4 Ibizan hound + i + - +
3 Ihizan hownd " * = = .
L Ibizan houmnd 4+ + * - -
T Saant bernand + + + + +
E Iisienn houmd + + + + +
o Ihizan hound . + * + *
(L Ibizan hound 4+ + ® * 4
I Ihizan hound + + + - +
12 Ihizan hound + & + = "
13 Border collie - + . &+ *
14 Border collic 4+ + - + *
15 Crossbred + + + 4+
3 Border collie + + - - +
17 Crosshred . + = +* +*
I8 Crosshred + + - = =
| Crosshred + + - - +
2 Ibiran hourmd + + + = 4+
21 Ibizan hound + +* . - -
] Ibizan houmd + + + i 4+
3 Ihizan howmd - + + + +
24 Ihizan houmd - - - - +
25 Ibizan hound . - - = -
26 Ihizan howmd + + - - =
27 Ibizan hound + + . = =
28 Ihizan houmd - + + #*
el ] Ibizan houmd + + + - s
£} Ihiean howmd + + + + +
il Ihizan houmnd . + ® + *
32 Ibizan houml + - + - +
i3 Ihizan houmd + + + - +
k= Ihizan houmd + - b _ .
35 Ihizan hound 4 - . - -
16 Ibizan hound + + = =
37 Bulldog + — = = £
IR PI.I'F * L -
L Pug * * . + =
A [rachshumnd + + + = =
41 Epagneul breton + - + - -
40 Pointer *
41 Portuguese warmen hound % - - - =
4 Crosshred - - . = Bt
45 Crosshred - - — - -
A Crossbred - -
47" Drachshund - * + - -
44 Drachshumd + - + + +
EL] Epagneal breton + -+ - 4 +
50 Bull masif + + + = <
5l Pug - El - + &
2 Crosshred + - - — +
53 German short haired poimer + + - + +
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Table | {Cemtimedd b
Do Breed LPA-FHA IFMNB-PHA LST LPA-LSA IFMB-LSA
54° Crosshred . - "
55 Oild Spanish poanter + + = - -
56 Epagreul breton + + - + #

Feesules of the cellular immuniny assays of the 56 dogs included i this stady. L5T, leishmanin skin test {positive resull induration =5 mmj; LPA,
lymphocyie proliferstion assay o phytohemaglotinin (LPA-PHA) or Leishmania infanmm soloble antigen (LPA-LSA), positive mesuli.
stimulation ipdex =2; IFNB, IFN-y prodaction aficr stimulation with phviohemaglutinin (IFNB-PHA) or Ledshorania dnfannm soluble antigen

(IFNB-L3A), positive result, stimulation index =2,

* LET positive dogs with undatectable [FN-y production afler PHA stimulation.
" L&T positive dogs with undetectable lvmphocyte proliferation after PHA stimulation.

specific response (o the Leishmania antigen by LST,
even in the absence of a deteciable response o PHA by
one or both in vitro assays of the 11 dogs with
undetectable [IFMN-+ production afier PHA stimulation,
4 were LST positive, and of the 4 dogs with
undetectable lymphocyie proliferation o PHA and 2
were LST positive i Table 1).

Regarding the Leistmania infantum-specific cel-
lular immunity, the LST yielded the highest number of
positives, with 37 dogs (66% ). The IFNE gave similar
results, with 32 dogs (57% ) positive. In contrast, only
17 (30%) dogs were positive for the LPA. Owverall,
most of the dogs presented specific cellular immune
response 0 Leisfmania and only 11 (200:) gave
negative results for all three tests (Table 1).

The groups of dogs positive for the three tests only
partially overlapped (Fig. 1). Twenty-nine of the 45
dogs with a detectable cellular immune response to
Leishmeania were positive for more than one assay.
Muost of these were positive either for all three assays
(12 dogs) or for LST and IFNB alone (12 more dogs).
On the other hand, 16 dogs were positive only for one
pssay: 12 were positive only for LST and 4 positive
only for IFNB. No dogs were positive for LPA only.

The accurate determination of specific cellular
immune response (o Leisfimania in dogs is a coucial
indicator of a Thl-like phenotype associated with an
effective control of host infection and survival, A
practical and standardized assay for cellular immune
response evaluation would be applicable in clinical
settings both to monitor the evolution of leishmaniosis
and response to weatment and to help establish
prognosis, More  importantly, current  efforts o
develop vaccines for canine leishmaniosis depend
greatly on the accurate and reproducible assessment of
specific cellular immunity induced by candidate
vaccines. Here, we examined three such assays under

lield  conditions 0 test
significance.

Predictably, many of the dogs studied (80%)
presented specific cellular immune response to Leigh-
muanticl. This figure is not cpidemiologically significant;
the dogs lived ouwtdoors in an area with endemic
Leishmania; they were healthy (as opposed o
leishmanmotic dogs, with an ineffective cellular imimu-
mity to the parasite), and the predominant breed was the
Ibizan hound, which shows a high prevalence of cellular
immunity to Letsbonanie (Solano-Gallego et al., 20000,

The LST yielded the highest number of positive
results, closely followed by IFNB, whereas LPA was
the least sensitive assay. In addition to the differences

their  applicability and

- awma
— — e —a

=

- * Ty
LST(37) - P *.. IFNB (32)
I 4 "" IE hY 1‘11
12 F . R
' { s :
€ .o a
3 . . 12 I 2 .;
% 2 ..'1 r‘r &
L R . S ol W
e ;H‘.ﬁ--:_ ,.1--""‘.:'
a0
LPA (17)

Fig. 1. Summary of the resulis of three assays for speciiie cellular
immunity o Leisfomania infentim for the 45 dogs thal were positive
for o least one assay. The snimals posiive for cach assay are
inclided in the respective circle, animals positive for more than one
assay arg in the arens where the cocles overlap, In parenihesés, total
number of positive results for each assay, LST, leishmanin skin test;
IFNB, IFN-y cyiopathic effect inhibition bioassay (dimulation with
Letshmunne infinium soluble antgen (LSA 1) and LPA. lvmphocyie
profiferation assay (stimukation with LSAJ,
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in prevalence, the three assays presented incongruous
results, Thus, the selection of LST as the “golden
standard™ 15 not supported by the results because eight
dogs were positive for IFNB but negative for LST, and,
in turm, 13 of the dogs were positive for LST but
negative 1o IFNB. The discrepancies between the
results of the three assays are further reflected by the
observation that anergy to PHA, as detected by one or
both in vitro assavs, did not preclude a positive
Leishmania-specific  response  with  another  assay
(Table 1). These results indicate that although the
three assays assess the cellular component of the
immune response 0 Leisfmania,  they  measure
distinct aspects of this response. These assays are
therefore complementary.

Our results also indicate that LST and IFNB can be
used for the evaluation of specific cellular immune
response o Leishmania in dogs, However, in the case
of IFNB the sensitivity is not as high as desired (the
test was negative in 11 dogs alter stimulation with
PHA.), possibly as a consequence of the bioassay used
in the present study, which probably is less sensible
than other methods of measuring IFN-vy as the ELISA,
The weak anti-viral activity of [FN-v could be part of
the explanation of the low sensitivity of this bioassay,

In all, and despite its simplicity and having been
deseribed over 75 years ago, LST is still the method of
choice, particularly when the sophisticated laboratory
equipment required for the in vitro assays is not
readily available, IFN-v production by stimulated
PBMC, although less sensitive than LST in this study,
warrants funther research. The recently marketed
assays using specific  anti-canine [FN-y mAbs
(ELISA, flow cytometry) will probably increase the
sensitivity of IFN-y detection, while elimimating the
need to work with vesicular stomatitis virus, an OIE
list A pathogen. A slight increase in sensitivity would
probably make IFN-y quantification the method of
choice for the evaluation of specific cellular immune
response in dogs,

LPA showed a lower sensitivity, which might be
partially due to the vse of a non-radioactive method
instead of |1'H+], although the method wsed in our
research has been validaed for canine PBMC {Wagner
et al, 1999), It is also plausible that lymphocyte
proliferation per se is not as sensitive as LST or IFNB
as an indicator of specific cellular immunity to
Leishmania,
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In summary, on the basis of our resulis, we
conclude that LST and IFNB are the most sensitive
assays for the detection of specific cellular immunity
to Leishmania in dogs. However, since the positive
results of these two assays partially overlap dog
populations, they must be amalyzed jointly.
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Summary

Skin lesions are the most usual manifestation of canine leishmaniosis. The aim of this sody was o
investigaite the histological pattemn and parasite load in clinically normal skin of Leshmenis-intected dogs,
T growps of Leshmandainfected dogs were studied. Group A consisted of 15 syimptomless animals which,
although seronegative or only mildly seropositive, gave a positive polimerase chain reaction (PCR) for
Letshomirnia in the skin, Group B consisted of 200clinically affecied dogs which were highly seropositive and
PCR-positive, Hiup:-il_'x of pormal skin from all dogs were F:r:u_‘u_ﬁ.xcrrl. for rowtine histology and Leishoanig
immunohistochemistry, The study demonstrated microscopical lesions and the presence of parasites in the
skin from dogs of group B, but not group A The resules cast doult on the relevance of infected bu
symptomless dogs in the epidemiology of canine leishmaniosts, In contrast, however, the climically noroal
skin of sick dogs harbours the parasite and probably plags a role in the transmission of leishmaniosis,

© 2003 Elsevier Lud. All righits reserved.

Aeyoonide: dog; Lewhmana ifanine; beshmanial imnsmssion; parsiiic miection

Introduction

Canine leishmaniosis is endemic in the Mediterra-
nean basin and, in most cases, is caused by the
parasite  Leishmania infantum The main clinical
findings are skin lesions, local or generalized
Ivmphadenopathy, loss of body weight, glomerilo-
pathy, ocular lesions, epistaxis and lameness. Non-
pruritic skin lesions are the usual manifestation,
andl several forms have been described, such as
exloliative dermatitis and alopecia, and uleerative,
nodular and pustular dermatitis, The histopatho-
logical picture of such skin lesions commonly
consisis of a dilluse granulomatous inflammatory
reaction with variable numbers of plasma cells and

Comespondence oo A Famis
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parasites in the dermis (Slappendel and Fener,
1998, Recently, several repons described a high
prevalence ol infection by Leshmania in dogs
throughout the Meditermnean basing, as demon-
strated by a varviety of methods such as the
determination of specific humoral and  cellular
immunity and the presence of leishmanial DNA
These investigations demonstrated that in an
endemic region there is a large population of
Leshmanisinfected but clinically healthy dogs and
a smaller proportion of dogs with clinically patent
leishmamosis {Bermbhal of af, 19%9%6; Cabral of al,
19498; Solano-Gallego o al, 2000; Solano-Gallego
et al, 20001 ), Many different research groups are
currently investigating the role plaved by these
infected but sympiomless dogs in the epidemiology

© M08 Elsenier Ll All rights resemvesl
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B

which s considered an
important tissue reservolr of parasites in healthy
anel sick Leishmanie-infected (‘Ingﬁ {Abranches e al.,
1991; Solano-Gallego o al, 2001), is clearly of
epidemiological imporance. Despite this, however,
the parasitic load and the microscopical changes in
clinically normal skin of Leshmanieinfected dogs
have not been investigated. The aim of the present
stuely was to make good this deficiency.

of leishmaniosis, The skin,

Materials and Methods
Animeals

The study was carried on the island of Mallorea, an
endemic area of canine leishmaniosis, The subjects
wiere 35 dogs of various breeds and ages which were
to be humanely destroved at the animal pound of
Palma de Mallorca for reasons relating to the city
sanitation policy. The samples from these animals
were selected from a pool of -zamp]f_-a collected in
Mallorea by our research group in recent vears, The
skin of all 35 dogs studied was polvmerase chain
reaction (PCR)-positive for Leishmanie. The ani-
mals were, however, divided into two groups, A
(symptomless) and B {clinically affected). Group A
consisted of 15 dlinically healthy dogs, with “hack-
ground”, low or medinm concentrations of anti-
Leishmania 1gG amibodies; and group B consisted
of 20 dogs with patent leishmaniosis and high
concentrations ol anti-Leishmania 1gG antibodies,
Before sampling and euthanasia, all dogs were
examined for clinical signs compatible with leish-
maniosis (skin lesions, local or generalized Iym-
|J-|1:qr|r1|up;|l.ll:l.', lows of hml:l.' u‘cj;_;hl'h, TI1|:':|.' W
then premedicated with acepromazine maleate and
anaesthetized intravenously with sodium thiopen-
tal. After the collection of samples (see below) the
animals were killed by an overdose of sodium
thiopental.

Collection and Examination of Serum Samples

Blood was collected by venipuncture to supply
serum samples; these were stored at = 20°C for
examination later by an ELISA (with Leisfnanie
iufantum antigen and Protein A peroxidase con-
jugate; Riera of al, 1999) to detect and quanrifly
leishmanial specific antibodies,

Collection and Fxamination of Skin Samples

[}uplifalr Clutaneons !"-H.I!I]I'.I]l':‘i were collected by 5-
mm punch biopsy from the upper part of the
muzele, as this is the area where sandilies prefer-
entiallv feed (Killick-Kendrick and Killick-Ken-
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drick, 199497, The skin of the area from which the
biopsies were aken was always macroscopically
pormal. One of each p;!ir of skin :c;l:nljlrﬁ wars hixed
in 0% neutral bullered lormalin for routine
histological and immunohistochemical examin-
ation (Ferrer of af, 1988), and the other was stored
at =20 °C for DNA extraction and PCR (Solano-
Gallego of af, 2001), with primers originally
desceribed by Rodgers ef af (19590),

The dermal inflammatory pattern and the cell
population were evaluated histologically on haema-
toxvlin and eosin (HEjstained sections, The
inflammatory infiltrate was graded as [ollows; —,
no inflammatory infilate: 4+, isolated foci of
inflammatory cells: 4+, isolated o nJil]mﬂ:illg
areas of inflammatory infilimate; +4+, dilluse
areas of inflammatory infiltrate.

The parasite load was determined in immunola-
belled sections as the average number of micro-
organisms counted in five X 400 fields of areas with
inflammatory infilrate (Ridley and Ridley, 1983):

, No micro-organisms; +, 1=10; ++, 11=-5;
+ 44, =30,

Resulis

The skin biopsics from the symptomless group A
antmals had negligible iF any lesions, and imomu-
nochistochemical examination filed o reveal Leish-
maria amastipotes. By contrast, 17 out of 20
clinically affected group B dogs had significant
microscopical lesions, and 14 of these animals were
shown immunohistochemically to have Leishmania
amastigotes in the skin (Table 1),

In the 17 group B cases with microscopical
lesions, the most common histopathological pat-
LTI Wik ||:_':rifn|'|ir.u|:|r dermatitis, mainly arownd
the sthmus (Fig. 1), The inflammatory infiltrate
generally extended o encompass the sebaccous
glands, even obliterating them in some cases. A
perivascular o diffuse dermmal inbBluae usually
accompanied the perifollicular inflammation. The
intensity of the inflammatory inlilirate is shown in
Table 1. Macrophages were predominant, with
seattered Iy mf:]mt vies sl |:II.|L"5-|:I'I.-J. cells, Isolated
neutraphils could alsoe he seen in some sections
(Fig. 2). In three cases, the dermatits extended o
alfect the whole hair Tollicle. Sebaceous adenitis

as seen in six cases (data not shown in Table 1),
The parasite load within the lesions, evaluated on
immunolabelled sections, was extremely variable,
ranging from 1 or 2 w over 100 amastigotes per
high power field (Table 1, Fig. 3). Both the
microsconical lesions and the parasite load were
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Table 1
Inflammastory nfilirate (graded histologically) and parasite
load (graded immunashistochemicallyh in apparently normal
skin from 20 dogs with clinical signs of leishmaniosis (group Bj

Loy fnflammatory infiltrnde® Pavasise foaed'
i = -

g B ok
5 3 3

4 o ok
5 ++ ++
6 + i

7 + +

8 + +
a + =
10 + + 4
1 ++ + =+
12 + 4 +
13 ++ + =+
14 + 4+
15 + o
16 + ++
17 . =
i8 +++4+ =+
1 + +
20 a v

*For methad of grading, see Maenals and Methods,
"For methad of grading, see Materials and Methods,

more severe in the mid-dermis than in the
mp-.-rlirinl or tIL--_-p dlermis.

Discussion

Apparently normal areas of skin in the majority of
clinically affected dogs showed microscopical
lesions and large numbers of amastgotes. The
most severe lesions and the greatest parasite loads
were located around the hair follicles, mainly
around the isthmus, associated with the middle
viscular plexus of the dermis. This finding was
suggestive of haematogenous dissemination of the
parasite and tropism lor the skin,

Muzele skin ol symptomless dogs had no
demonstrable microscopical lesions or amastigotes,
This, together with the positive PCR results for
Leishwania, indicates that the number of parasitic
elements in the skin samples from the muzzle must
have been very low. Little is known of the
pathogenesis of natwral infection by Leishmania in
the dog. However, studies of experimental Leishma-
i mager infection in mice have re-examined the
basic relationship between parasite growth, persist-
ence, dissemination, lesion formation and imimu-
nity (Belkaid of al, 2000 Kamhawi of al, 2000,
Nicolas of al, 20000, According to these studies, iwo
possible scenarios might account for the positive

Fig, 1. Penifolliculsr dermatitis centred around the isthiros
affecring the sebaceous gland. A mild superficisl
prerivascudar devmaditis i also preseni, HE. Bar, 4040 jam.

PCR resulis in the apparently healthy skin of
!‘i'_l.".l'll'i',llt}nill.'.!iji dogs. The first scenano s based on
the notion that parasites detected by the PCR were
the result of recent inoculation by sandilies. This
would correspond o the silent phase of infection
described by Belkaid of af (2000) in experimental
L. omapor infections o mice; in this silent phase,
which lasts 4-6 weeks, parasites muliply in the
dermis without the formation of macroscopical or
microscopical lesions, The second scenario is based
on the notion that the skin is a reservoir of
amastigotes, when the host is immunocompetent,
in a host=parasite equilibrium similar to that of the
final phase of infection in the L. omajor mouse
meslel. In the mouse model, the final phase is
characterized by the persistence of  T00= 10 000
parasites, primarily within macrophages, a the
cutaneous site of inoculation [or up w one vear
following resolution of the skin lesions (Belkaid
et al, 20000},

In this second scenario, the persistence of such a
parasite load might account for the constant
stimulation of memory T cells, thus providing
protection {rom the reinfection that can occur
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Fig. 2. Peradnexal inflanmatory infiliree composed of macrophages with seatered vmphoovies, plsma cells and neatrophils.

HE. Bar, 540 .

vearly in dogs living in endemic areas (Achischer
el al, 1993}, Teeell memory would be shori-lived in
the absence of antigen stimulation (Gray and
Matzinger, 1991). This would be a situation similar
tr that seen in human beings (Schubach & al,
1998a.b) and mice (Achischer o al, 1995; Belkaid
el al, 2000; de Rossell o al, 1992; Nicolas o al,
20000}, which remain infected bt clinically healthy
for extended periods of time. In any case, the
possible infectivity Lor samdflies of symptomless but
PCR-positive dogs is a question of major epidemio-
logical relevance, to which histological or immu-
nohistochemical techniques cannot  give a
definitive answer. Attempts should be made 1o
resolve this ssue by xenodiagnosis, Le., by evaluat-
ing the infectiveness of such dogs for phleboto-
mine vectors feeding on them (Molina of of, 1994).

Our hypothesis is that ssmptomless dogs found
positive 1o Levshmania by the PCR technioue do not
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|1|:|3.r asignificant role in infection of I:lh'lf.'lmtumim.'
sandilies. Several studies on Leishmanicanfected
dogs support this hypothesis. Thus, Molina (1997)
reported that the proportion of infected sandilies
increased with the appearance and severity of the
clinical signs. Moreover, a recent study {Courtenay
ef al, 2002) in Brazilian dogs indicated that the best
predicior of infectiveness was antibody titre and
clinical disease, no dogs having been found o be
infective before the detection of anu-Leshmania
s antibaodlies,

In conclusion, the resulis of the present study
cast doubt on the relevance of infected but
symptomless dogs in the epidemiology of canine
leishmaniosis. In econtrast, however, they demon-
strate that most of the skin of sick dogs—not merely
the skin with macroscopically patent lesions—
harbours parasites and probably plays a role in
the transmission of infection,
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Ahstract

Letshrrania infansm, the etiological agent of canine leishmaniosis in the Mediterranean region, is vectored by Phleberomies spp
sandfies, which are active during the warmer months of the vear, In order to determine whether seasonality in transmission induces
seasonal changes in the prevalence of infection by L infannen and of pamsite-specific immune response, two groups of dogs, one in
February {n = 37) and another in October (n = 42), were studied. Clinical signs compatible with leishmaniosis, as well as presence
of microscopic skin lesions in the muzzle were recorded for all dogs, Assays were also performed for detection of L. ifasenn
pirasites in muzzle skin samples (PCR. immunohistochemistry and culture), specific serum antibodies (ELISA), and specific
lymphocyte proliferation and interferon-y production. Although prevatence of non-specific clinical signs increased significantly
after the sandfly season, this was not the case for Leishmonia-specific markers: positivity by PCR (24% wvs. 21%) or
immunochistochemistry (3% vs, 2%) of muzzle skin samples, as well as lymphocyie proliferation (39% vs. 50¢%) or inter-
feron-y production (21% vs. 27%) were similar in February and in October. Only prevalence of positive specific antibody titers
increased noticeably in October (8% vs, 20% ), although this was not statistically significant, Overall, the sandfly season did not have
a marked impact on the prevalence L. infanfiern infection or parasite-specific immune responses analyzed in this siudy.

i 2008 Elsevier BV, All nghts reserved.

Kevwernds: Dog; Epidemiology: Immune response; Ledshmoana infaruer; Seasonal dynamics: Spain

1. Introduction infantum (Gallego, 2004). In Spain, Cal. is vectored by
two sandflies species belonging to the subgenus

Canine leishmaniosis (Cal.) in the Mediterranean Larroussing, Phieboromus arigsi and P permiciosns
basin is a severe chronic disease caused by Lefsfimania (Guilvard et al., 1996), which are active during the

warmer months of the vear, generally from May o

October (Lucientes-Curdi et al., 1991). Dogs exposed to

e s e ) sandfly bites can therefore become infected only over a

m""_':'“_ M AUROT VopRrigman ¢ Sl 1 Aol discrete number of months every year. Canine
Animals, Universatal Aatomoma de Barcelona, 05193 Bellaterra, R oo, .

Barcelona, Spain. Tel.: +34 U358 13144: fax: +34 9358 13142, leishmaniosis 5huuld. therefore cum?l'.lahl}' Pm&em a

E-mail address: antonio. ramis@uab.cat (A. Ramis). seasonal pattern. with onset of clinical signs and

O3 E-400 TS — see fromt matter ¢ 2008 Elsevier B, All rights reserved.
oz O 0] 6. vedpar. 00E. 0 009
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development of disease taking place towards late
summer and early autumn, However, 1o the authors’
knowledge there is consensus among clinicians that
seasonality in the presentation of clinical Cal is not
observed in held setings, where case presentation s
scattered  throughouwt the year. Despite  abundant
scientific literature on various aspects of epidemiology
of canine leishmaniosis worldwide, there is litle
information on the phenology of infection and immune
response, and its putative seasonality. This study
explores the possible seasonal differences i the
prevalence of infection by L. infardum and in immune
response against the parasite in dogs,

2. Materials and methods
2.1, Dogs and samples

Seventy-ning dogs cuthanized at the dog pound in
Mallorca (MW Mediterrancan Sea), an area endemic for
Cal, were included in this study. Upon capture, the
dogs were housed for 2 weeks at the pound, after which
they were euthanized following city sanitary policy.
Physical examination was performed on all dogs, which
were classified as symplomatic (presenting al least one
sign compatible with Cal) (Baneth, 2006) or non-
symptomatic. All dogs were premedicated 1-2 h prior
to euthanasia with acepromazine maleate (0.5 mg/kg
estimated body weight). Ten mL whole blood was
collected by jugular venepuncture before euthanasia
was performed by intravenous thiopental overdose
(200 mg/kg estimated body weight). Blood was stored
in lithium heparin sterile wbes (8 mL) and serum whbes
(2 mL) at room temperature, and shipped overnight to
the laboratory. In addition, three & mm diameter skin
punch biopsies were obtained from the muzzle area of
each dog: one was preserved in 10% neutral bulTered
formalin, another in sterile saline solution (.9% with
penicillin overnight at +4 "C, and the third frozen at
—20 °C.

Sampling was performed before the sandfly season
{late February, n=37) and at the end of Cctober
(=421, The age (estimated), sex and breed distribu-
tions were similar in both  groups. Males were
predominant (67% in both samples), as were 10-
20 kg crossbreds (estimated body weight).

2.2, L infantum sevology
An engyme-linked immunosorbent assay (ELISA) as

described elsewhere (Solano-Gallego ¢t al., 2005) was
used 1o detect amibodies o Lo fnfanen in the serum

samples. Briefly, polystyrene microtiter plates, sensi-
tized with somicated L. infanrem (MHOM/S FRTE/LEM
73), were incubated with the sample sera and then
with Protein A  horseradish  peroxidase conjugate
(Sigma-Aldrich Chemie, Germany), and developed
with a-phenylenediamine. Optical densities were read
in an automated ELISA reader, and corrected against a
reference sample (included in each plate). The cutoff
was established wsing sera from negative dogs from a
non-endemic area.

2.3, Peripheral blowd mononuelear cells (PBMC)

extraction amd Dvmphooyte stinnelation assayvs

Extraction and stimulation of PBMC, as well as
subsequent lyvmphocyte proliferation assay (LPA) and
interferon-y detection (IFN) were performed as
described elsewhere (Ferniandez-Bellon et al., 2005).
Briefly, heparinized blood samples were subjected o
Histopaque 1077 (Sigma-Aldrich Chemie, Germany)
density gradient extraction to obtain PBMC upon arrival
at the laboratory, PBMC were washed down, counted
and resuspended in an enriched culure medium at
10" cells/mL. PBMC were then stimulated with L.
infantum soluble antigen (LSA)} at 10 mg/mL., aml
culred in parallel with unstimulated cells (negative
controls). PBMC yield varied between dogs, and in
some cases not enough cells were obtained 1o perform
all the lymphocyte stimulation tests.

Lymphocyte proliferation was measured with a
commercial kit (Cell Proliferation ELISA, Brdl, Roche
Diagnostics GmbH, Germany ). Stimulated PBMTC were
incubated for 6 days (LSA). at the end of which BrdU
incorporation was measured following manufacturer’s
instructions. Cell proliferation was expressed as a
stimulation index (S8I). values >2 were considered
positive,

Interferon-y production was measured in PBMC
supernatants after 72 h of stimulation using a wviral
cytopathic effect inhibittion assay, Briefly, MDCK-2
adherent cells were incubated with the supernatants and
then infected with vesicular stomatitis virus. Results
were expressed as the ratio of the reciprocal of the
maximum dilution that protected 50% of the cell
monolaver (as estimated visually) of stimulated versus
unstimulated cells, values =2 were considered positive.

24, Hisrological and fmmunohistochemical (1HC)
evahiation of skin biopsies

Skin biopsies fixed in 10% neutral buffered formalin
were  subjected o routing  histological and  THC
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Table 1

Test resubts before and ot the end of the sandily season

Tesi Februnry Ciciober p-Naluee”
Clinical signs B% (W3T7) T (120423 0024
Microscopic skin lesions 5% (23T 0% (4/42) 06T
L dnfererur skin THC 3% (13T X (1642) 1

L. infmnmn skin PCR 4% (W3AT) 2% (W4l I
Letshmamia skin culture (e (V3T ) % (42} I
IF™ 21% (T/34) IT% (10V3T) 0586
LPA 50% (22537) S ( 200600) 0454
Detectble anti-Leisfmamio A 89 (37) 20% (841) 0.9
Posative by af least ome Leishmanin-specific assay Ti% (273T) B4 (270420 0472

Resulis of tesis performed on two groaps of dogs before (February ) and at the end of the samdfly season (Ociober). Diata in parembesis ore number of
dogs positivefe. THC: L. infavtnr immunohistochemical labeling: [FN: interferon-y bioassay, LPA: lvmphocyie proliferation assay,
" Fisher's Exact Test for Count Data (two sided, confidence anterval = 95%),

examination. The dermal inflammatory pattern and
the cell population were evaluated histologically on
hematoxylin and eosin-stained sections, and classified
based on the presence or absence of dermal
granulomatous or pyogranulomatous  inflammatory
infiltrates. Presence of L infanium amastigotes was
detected by immunohistochemical labeling (Ferrer
et al., 1988).

2.5 Cultwre of Leishmania strains

Skin samples were cultured in Schnewder’s insect
medium supplemented with 20% heat-inactivated fetal
calf serum and gentamicine (25 pg/mL) and/ or in
Movy-McNeal-Micolle’s mediom. Cultures were incu-
bated at 24-26 "C, examined twice a week and
subcullured and maintained for 2-6 months before
considered negative (Gallego et al, 2002). Liquid
phases of both culture media were supplemented with
1% sterile human urine as described elsewhere (Rioux
et al., 1990),

26, Detection of L. infanton DNA in skin samples

Frozen skin biopsies were digested in | mL TE
buffer (50mM Tris [pH B.0], 20 mM EDTA) with
sodium dodecyl sulfate (2%) and proteinase K (0.2 mg/
mL) overnight at 56 "C. DNA was then obtained from
the lIysates by phenol-chloroform  extraction  and
resuspended in 100 pL TE buffer. PCR was performed
using primers for a 120-bp fragment of Leishmania
kinetoplast minicircle DNA as described elsewhere
(Solano-Gallego et al., 20001). Amplified fragments
were analyzed by clectrophoresis in a [%  high
resolution agarose gel contaiming ethadivm  bromide
(L5 mz/mL).
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2.7. Swatistical analysis

Seasonal differences in prevalence of positivity
the assays were tested with Fisher's Exact Test for
Count Data (two sided. confidence interval = 95%)
using B statistical software 2.4.1 (R Development Core
Team, 2006). A pevalug <005 was considered
statistically significant.

1. Results

The results of the clinical examination and of the
assays performed on each group of dogs, as well as the
statistical significance of the differences are displayed
on Table 1. Although differences between both groups
were observed in several cases (clinical signs, micro-
scopic skin lesions, serology), these were statistically
significant only for clinical signs, and not for any
Leishmania-specific immunologic assavs or markers of
infection.

Physical examination revealed non-specific clinical
signs compatible with leishmaniosis, such as exfoliative
dermatitis, lymphadenopathy, skeletal muscle atrophy,
and papular dermatitis of the cars, in 8% dogs studied
before the sandfly season, rising up 1o 29% dogs after
the sandfly season ( p = 0L024). Although prevalence of
microscopic skin lesions compatible with leishmaniosis
in muzzle skin biopsies was lower than that of clinical
signs in both groups, they were again more frequent
after the sandfly season (5% dogs and 10% dogs,
respectively), but this difference was not significant
(p= nﬁ?‘?;.

Demonstration of the parasite, either by immuno-
histochemistry or PCR. vielded similar prevalences
before and afier the sandfly season, Only one dog in
each group (3% and 2%, respectively) was positive by
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immunohistochemistry, and parsite DNA was detected
by PCR in skin of the muzzle in 24% dogs and 21%
dogs in enther group, respectively. Leishmania culture of
muzzle skin samples from all dogs was negative.

As with parasite detection, specific cellular immune
response o L infamieen was observed in similar
proportions of dogs in both seasons. Prevalence of
positivity by IFN remained at around one founth of the
population in either season (21% and 27%). whereas
that of LPA was about one half of the population in
either season (59% and 50%). By contrast, prevalence
of detectable anti-Ledshmania antibody titers rose from
8% before the sandfly season o 20% after the sandfly
season, although this difference was not statistically
significant { p = 0.199).

Finally. over two thirds of dogs in either group (73%
before the sandfly season and 64% after it) were positive
for at least one Leishmania-specific assay (PCR, [HC,
IFM, LPA or serology).

4. Discussion

The results of this study show no evidence of
strong seasonal changes in parasitological (parasite
detection  in skin  sapmples) and  immunological
thumoral and cellular responses) markers of infection
by L infannem in dogs, remaining grossly stable
throughout the yvear. While clinical manifestations,
mainly gross skin lesions, compatible with leishma-
niosis detected during physical examination were
significantly more frequent in those dogs studied in
October, microscopic skin lesions suggestive of
leishmaniosis were scarce in both groups of dogs.
In the absence of a significant increase in the number
of dogs positive for Leisfmania-specific assays, the
higher prevalence in non-specific signs might be due
to other etiological agents, infections or otherwise, 1o
which dogs are also more exposed during the warmer
months of the year.

Levels of specific cellular and humoral immune
responses 1o Leishmiania were not statistically different
between both seasons. However, whereas prevalence of
specific cellular immune response was high and similar
for both seasons, humoral immune response was
observed in much fewer dogs, and increased more than
two-fold after the sandfly season. Although not
significant statistically, the increase in antibody titers
observed in early October is in accordance with reports
of similar trends (Acedo-Sianchez et al., 1998; Paradies
el al, 2006). An increase in frequency of positive
antibody Tevels in face of a stable, hghly prevalent,
cellular immune response is suggestive of a higher

sensitivity of the humoral immune response 1o re-
exposure o Lefshmania, Absence of a similar trend in
cellular immune response might be due to a greater
inertia of this component of immunity, Another possible
explanation is that the subjects of this study make up a
largely resistant population of infected dogs, which
mount a sustained protective cellular immune response
(only one dog negative for both IFN and LPA had
positive antibody levels, data not shown), in which
antibody response is scarce, and is elicited only after
massive re-exposure o Leisfmania through infected
sundfly bites. Negative skin culture, particularly in the
two dogs showing amastigotes by THQ), might be due 1o
zymodemes present in Majorca which are difficult to
cultare, such as MON-24 and MON-108 (Chicharro
el al., 2002).

Although it might be expected that dogs exposed 1o
infection or superinfection by L infantmem will show
increased  prevalence of infection  andfor  immune
response 1o the parasite after the sandfly season, the
results of this study show little evidence of this. Direct
impact of the sandfly season on parameters of Cal. is
probably undermined by prolonged course of infection
and immune response, which can span up to several
vears { Baneth, 2006), Furthermore, incidence of primao-
infection during individual sandfly seasons should be
relatively low compared to superinfection, due to the
high prevalence of asymptomatic L. infantemn infection
in dogs living in endemic areas, as observed in this study
and elsewhere (Cabral et al., 1998; Quinnell et al., 2001;
Solano-Gallego et al., 2001; Leontides et al,, 2002),
Thus, the mild seasonal variations observed in this study
would be more likely due 1w superinfection rather than
to primo-infection by L. infantum.

The sensitivity of this study for changes in the
parameters evaluated can be improved by following a
closed set aof subjects, as well as including further
sample points throughout the year and including more
than one transmission season. Nonetheless, the data
presented herein suggest that the prevalences of the
immunological and parasitological parameters studied
remain largely stable throughout the vear. This inertia
against exposure o Lo dnfannen infection through
sandfly bites is probably a consequence of elevated
prevalence of chronic infection by L infanten in
healthy dogs. together with a prolonged incubation
period of Cal. Whether or not the non-significant
difference in humoral immunity observed in this study
is indicative of an actual increase after the sandfly
season would require much broader studies, as well as
longitudinal follow up studies of dogs through one or
more sandfly seasons.
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5. Conclusion

Infection or superinfection by L. infantum during the
sandfly season does not seem 1o have a strong direct
impact on the differemt epidemiological or immunolo-
gical markers of infection by L. infannam in dogs. We
have identified a putative transient mild increase in
antibody levels in dogs presenting cellular immunity
which warrants further research. Lastly, our resulis
suggest that the time of year in which epidemiological
studies on Cal. are performed does not significantly
impact their results,
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Introcuction

Leishmaniosis is a disease caused by protoroan parasites of the
genus  Ledshingria, Their life cycle includes the presence of
sandilies (Diptera, Plieboromidae), that act as vectors Iransmitiing
ihe parasites o different species of mammals suffering the diseasc
CAnon 19907, Canids, rodents and man are the main species aflected
{Lainson and Shaw 1987). although the infection has been
described in many other animals iru,"llu,ling cals (Chmon ef ol 1903,
sheep (van der Lugt er al. 1992), goas (Williams er el 1991 ) and
horses (Aguilar ef ol 1986). Mazea (1927} described the fimst
reported case of culaneous lesions in a horse, In Argenting, caused
by Leishmuria parasites, Since then, cutaneous leishmoniosis in
horses, mules and donkeys has been dingnosed i both South
America (CAguilar er ol 1987 Falqueto er af. 1987 Barbosa-Sanios
af el 19040 nnd Central America (Romos-%oara eral, 1996), In those
cases where biochemical characterization of the parasite was
performed, Lefsheania brazifiensis was always the species
idemtified (Falqueto er el 1987 Oliveira-MNeto of ol 1985; Barbosa-
Sanios e al. 19940, In southemn European countries, leishmaniosis
15 s by Leisfonania dnfanion, where dogs and man are the
meost affecied hosts CAnon 19900, In dogs, leishmaniosis is a severe
systemic disease where nonpruntic skin lesions such as exfolintive
clermatitis md wleerations, ymphadenopathiy and loss of weight ane
the main clinical signs (Slappendel and Fermer 1998 ), A review of
the literature failed o sdenify o confirmed case of equine
leishmaniosis in the Meditermncan basin (Gallego er af. 2001).
Here, we report the first cases of equine cutaneous leishmaniosis
described in Europe.

Came details
Histary aovid cfinical findings

Haorse I A J-year-0ld male Andalusian horse in Cerdanyola del
Valles (41730°N 2°09°E, Cawalonia, Spain) with a history of
facial nodules was examined by a velerinary practitioner in
1996, The horse presented several culancous papulonodular
lesions on the head that measured 5-10 mm diameter. A
thorough phy=ical examinaiion revealed no other clinical signs,

apart from the skin lesions mentioned above, The lesions healed
spantaneously after 5 months,

HMorse 2: A 1-year-old female mixed breed horse in Pamplona
(A2740° N 173850, Mavarra, Spain) with nodules over a 2 month
period on the inguinal region was examined by a velerinary
practitioner in 1999 The horse presented with several cutaneous
nodules on the inguinal area measuring 10-200 mm in diameter. A
IIIL'm:n.lF'h physical examination revealed no other clinical s.igma,
ather than the skin lesions mentioned above, The lesions healed
spontancously after 4 monihs.

HMorse 3: A B.5-year-old female Andalusion borse in Vilanowva i
la Gelrd (41713 N 1743°E, Catalonia, Spainy with a history of
papules and nodules on facial, axillary amd inguinal regions was
examined by a wvelerinary practitioner in 2000, The horse
presented papules and uleerated nodules on the head, axillze and
groin over a 2 month pericd. The papulonodular lesions
measured 5-20 mm diameter and some of them had alopecic and
crusted surfaces (Fig 1) The horse did not respond w anti-
inflammatory  therapy with a single dose (30 mg Lm.)
dexamethasone sodium  phosphate. A thorough physical
examination revealed no other clinical signs, apart from the =kin
lestons mentioned above, The lesions resolved after 3 months
without the need of antimicrobial drgs,

Hisropathedogy

Incisional biopsies of the lesions were taken from the 3 horses.
Samples of the lesions were fixed in 1095 (vw'v) neutral-buffered
formalin and embedded in paraifin, sectioned ot 5 pm, and stained
with haematoxylin and ecsin {H&E) Immunchistochemical
detection of Leishmamia was  scoomplishied u.-«in; o standard
immunochistochemical protocol (Ferrer ef al. 1988). Histopathology
im ol horses revealed o nodular to diffuse granulomatous dermutiti=
with sorme multinueleated giant cells scanered between the cellular
infiltrmtes (Figs 2. 33 An intense infiltrate of lymphocytes wis
evidlent, especially in the penphery of the granulomatous reaction.
Mozt macrophages presented amastigotes in their evioplasm as
revenled by immunohistochemical siuning for Leisfrrania,

*Author to whom conrespondence should be addressed.
{Paper recetved for publcation 02, 10.01; Accopted 02 07.02]
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Fig 1 Cuteneons leistomaniosis in Horse 3. Nodiele with an alopectc amd
cresned surface on the facial region,

Intinodogy

ELISA: In Horse 3, an ELISA 1o detect specific antibodies for
Letshrania was performed as described previously (Riera er all
1994, The working dilwtions of horse sera and Protein A (Proa A)
conjugated o horseradish peroxidase! were 1:50 and 13 1000,
n:!.pc:,:li\'uly. Sera from 16 |'b|,'.iL|||'l:|' horses I:ivinr_ n rl.-"_iun wilsere
leishmaniosis is nonendemic were tested 0 set o cut-off for the
ELISA. The cut-off absorbance was established as the mean plus
3 sad. resulting in o optical density (0D of 0.307 for Proi A
(g £ s, O, 127 & 00060, All determumabions ineluded the serum
from a sick dog with confirmed infection as a positive contral.
Heorse 3 was considered serologically positive. with low levels af
wnti=Laeistmania antibodies (OD at 4940 mm: 0L325)

Lyvmphacvie prodiferation acay (LA An LPA was also perdonmed
in fHorse 3. Penpheral blood mononuclkear cells (PBMC) were
isolated from heparinised venows blocd samples of the homse by
stancdard  Neoll-hypague (Histopsque 1077 density  gradient
centrifugation, as describad {Boyum 1968 PEMC were culiured in
o flm-boitomed S6-well-microditer plate, ot a density of 1 x 107 cells
per well in supplemented REMI, The cells were incubated (3770, 5%
COs with either 5 pg'mi phytohsemagglutinin (PFHA) for 3 days, or
10 pgfml leishmanial soluble antigen (LSA) for 5 days amd pulsed
during the last 24 h with 10 pmold S-bromo-deoxyuridine {(Brdl).
Unstimmlafed PEMO were ueed ax controls for bogh PHA el L5 A
culres, Cell proliferation was determined using a nonmdioactive
ELIS A technique sccording o the manufacturer’s instnections (Cell
prodiferation ELISA, BrdU [Colorimetric] . The stimulation index
(%0 was determined as the ratio of the mean of 00D
(450 num ) of wiplcate colwres stimulated with LEA or PHA 1o the
mean of O of culees with RPMI alose. A stimulation index
greater than 2 was indicative of a positive response. Horge 3 had a
strong Iymphocyle proliferative response o phytohasemagluttinin
(51 200 and 1o belshmanial soluble antigen (51 15)

Parasite culinre and biochenical claracterizaion

Cubture and identilication of the parasite was atbempied in Morse 3,
The skin biopsy was maintained 24 h at 4°C in a 9% (w/v) saline
solution contwiming 25,0000 wu penicillinml,. Subsequently, the
biopsy was cultured w 259 in Schoeider medium! supplemientied
with 20¢% (viv) fetal call serum (FCSY and 1% (wv) sterile

3z

human wrine, The parasite growih was obinined after 5 days
of sample inoculation i culture and the strain named as
MEQU/ES 2001/BCN-304, according [T the WHO
recommendmions (Anon 1994, Mass rearing culiure, 1w obaain
sulficient parasites for the bochemcal study, was done in Schnewder
medium { 10% FCS)L The ochemical charsctensiion of the strain
wis carmied out by isoeneyme clectrophoretic analysis in starch gel
||.l.'ir'.|g 15 oson: muslante i,ll.:h:,rdn:gcniua: (MIDH: EC. 1.1.1.37), mulic
eneyme (ME: EC. 111400, isocitnne dehydrogenase (NADP)
(ICD: EC. 1.1.1.42), G-phosphogluconate  dehydrogenase
{decorboxylating) (6PGLE: EC. L1144}, glocose-6-phosphate
I -dehydrogenase (GOPD: EOC. 1.1.1.49), glutamate delwdmgenase
[MAD(P*] (GLUD: EXC. 1.4.1.3). diaphorase nicotamide adenine
dinuclentide (DLA: EC. 1.6.2.2), nucleoside purine phosphorylase
I mPy: EC 2420 and 2 (MNP EC, 24.2%), glutamate-
oxalacetae transaminase | amd 2 (GOT, and GOTy EXC. 246000100,
phospho-glucomutase (PGM: EC. 54.2.2). fumarate hvdratase
(FH: E.C. 4.2.1.2), mannose-Ge-phosphate isomerase (MPLI2 EC.
5.3, 1L.8) glucose-G-phosphate isomerase (GPLE EC. 53019 (Rioux
et al. ¥R, Finally, the strain was identified as Leisfnario
infermirin symodeme MOMN-1.

Discussion

The prevalence of Leishimoeia infection in dogs is high, but varies
with geographical arca and type of diagnostic test performed. In
Spain, seroprevalence was 10-30% (Fisa er af. 1999%) but with other
technigues i.e. leishmanin skin test amnd serology, rates of exposure
1o the parasite were as high as 309% { Solano-Gallego er af. 2000). To
the authors" Enowledge. ihere are few siuwdies describing  the
epidemiology of Leishramie infection in other domestic animals
(Omon er al. 19981 In this reporn., we document the first cases of
equine leishmaniosis caused by L. fnfanrue in a2 Buropean couniry.

Clinical and histopathological features of our cases of equine
cutaneous leishmaniosis in Spain are the same as descrbed by
other authors in horses in South America (Barbosa-Santos er al.
195945 and Central America (Ramos-Varg ef af. 1996G) and, 1o an
extent, are similar o those described in human cutanesus
leishmaniosiz in the Mediterrancan basin (Giudice er all 1998).

The disense in horses has remained undiagnosed in southem
European countres, where leishmaniosis in man and l,Iupa 13
endemic. probably due w the mild clinical piciure and benign
evolution of the lesions, even without treatment. Mevertheless, in
thee future, leishmaniosis should be included in the differential
diagnosis of papulonodular dermatoses of horses, wogether with
other infections diseases (boirvomycosis, sporotrichosis,
pythiosis, histoplasmosis, phacohypomycosis, habronemimsis
and hypodermiasis), swerile non-neoplastic nodular dermatpses
{inscct bites hypersensitivity, cosinophilic nodular disorders),
pozing papular wrticaria, and neoplasia (nodular  sarcoid,
Iymphosarcoma, culaneous mastocyloma) (Fadok 1995, Pascos
and K nottenbelt 19949),

The immunoprofile of Horse 3 was similar to that found in
human cutancous leishmaniosis; low anti-Leisfomania antibody
levels and siromg specific- Leisfinanio cellular immuninty (Giudice
et al. 1998). As ocours in man (Giedice ef al. 1998), cutaneous
leishmaniosis in horses appear (0 heal spontaneously after a short
period, probably due w a srong specilic-fefshemonio cellular
immunity. Furihermore, it could be commoen thai horses have also
subclinical infections as it has been deseribed in man Moty of af.
1994y and dogs (Cabral er ol 1995).
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Fig 2: Nodwlar te diffuse dermuaritis { HYEL Soale bar SO0 e,

In our cases, the lesions resolved withowl any antimicrobial
therapy. However, if reatmem were needed, we would have
recommended a regime dose of conventional chemotherapy for
leishmaniosis. such as pentavalent antimony as described
previously in the reatment of horses affected by leishmaniosis
{Barbosa-Santos er al. 1994; Ramos-Vara e al. 1996). In dogs, the
combination of pentavalent antimony and allopunnol seems (o be
more  efficocious  than  either drug  alone (Denerolle  and
Bourdoiseau 19997 even though both drugs alone are capable of
reducing clinical signs (Riera er al. 1999 Koutinas er o, 2001,
Howewer, there are no studies about the efficacy of allopuring]
ireatment in equine leishmaniosis.

In southern European countries, the main species affecied by
L infantem are dogs and man, although the infection has been
described on a smaller scale in other animals including cats (Oeon
eral. 1998), rats (Morillas Mirquez er al. 1985) and foxes (Marin
Iniestm et al. 1982). The identification of L. fifanium in Horse 3in
Catalonia is the first finding of this apecies affecting the hofse, as
L. brazilfensis s the specics isolated from horses in South
Amenica {Aguilar ef al. 1987, Falgueto ef of, 1987, Barboso-
Santos ef af, 1994 ) and Central America {(Ramaos-Vara ef al, 1996),
The finding of 2 species of Leishmanio parasitising the same
mammalisn species has been descnbed for L. defawien and
L braziliensis in dogs (Anon 1990 and, now, in borses, The Girst
species is present in both the Old and New Waorld while the second
species 1= present only in the New World (Anon 19900, We suspect
the species infecting Morses Fand 2 would have been Lo infanfam,
the only species of Leishrria Tound in Spain, even though
culiures from lesional skin were not performed and the dingnosis
of leishmaniosis was assessed only by immunchistochemistry.,

The biochemical chameterisation of the strain was carried out by
isoenzyme  clectrophoretic analysis. The wse of isoenzyme
electropharetic typing i an extremely laboriows and slow method of
characterisation of organisms. However, al the moment, this is

Cutaneous leishmaniosis in three horses in Spain

Fig A Grovnlomafous wfilteode with gioand colis farrmws ), sacroplanges,
Tyerprlioncyites avnd plasma cells (HYE) Scale bar 50 jon,

currenily the stundard method o wdentily stmins of Ledsfunanio and
therefore extensively used in wxonomic amd epideminlogical studies
on ithis protoeoa (Gdllego ey al. 2002 This echnique has revealed a
considerable variation within the majority of Leisfmmla species,
expressed by the stable and relatively specific electiromorphs leading
1o the differemiation berween Leislwnevea species (Pratlong and
Lomeotte 19990, Polvmorphic DINA sequences from Leisfunaria have
been amplified w=ing different PCR-based technigques and used for
species dlentification, srain discrimination with the exception of
L. iwfanmen and population genetic stedies, Cultivation of  the
wrnsites is, however, mandatory (Schonian e af, 2000). For this
meason, the isocngyme electrophoretic analysis is the only method
that permits o identify sirains of L dgfeanen from mommalian
populations {Schonumn o of, 2001} L gt MON-1 was
icbemtified fromm a lesional skin sample of Aorse 3. Thix evmaodens is
the most commonly found in the Old Word, whene it has been
identitied in 66.5% of the cases between 38 mymodemes, mostly in
dogs and man (Gallego e ol 20010

The prevention of sequisition of the disease for horsces
truvelling or living m endemic ancas i difficult and cumenily
depends muinly on control of the msect vector, because of the luck
of effective prophylactic dregs and vaccines (Gradoni 20015,
Messures o protect the imdividual moammalion host include
keeping the animal indoors from 1 b before sunset to 1 h after dawn
during the vector season and the wse of repellents and insccticides
for sand flies (Slappende] and Ferrer 1998), Deliamethrin collars
are used o protect dogs from bites of sond Mies (Killick-Kendrick
ef af. 19971 and decrease the incidence of seropositive dogs in
endemic areps (Moroli e @l 2000), Deltmmethrin is an insect
repellent and antiparasitic drug commonly used i large animals
{Parashar er af. 1991: Mestres and Mestres 19923, Thereflore, it
could be helpful to topically treai horses wiith deliamethrin o
prevent infection, However, there are no studies of the protection
against sandiies by using deltamethrn collars in horses.
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The dotn obtuined suggest thot horses living in areas of
leishmaniosis endemicity in the Meditermanean basin con be
infected by Lo fmfannen, develop clinical signs of leishmaniosis
and, possibly, play a role in the epidemiclogical cyele of this
species of Leishmania, In southem Buropean countries, dogs and
man are the main source of infection Tor the female sand My
vector. Mevertheless, Plileboromus perniciosus. one of the
two vector species of Lefshnronia in Spain, has shown an
opporunistic behoviour, feeding on those animals that are
available, including horses (Colmenares er al, 1995), According o
these findings, borses could be involved in the tmnsmission of
Leishmonia  infection,  Extensive  epidemiological  and
immunological studies shouwld be undertaken to investigaie
Leislmraria infection in horses living in endemic areas in Europe,
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Ahsiract

Leistumania infantn nfection has recently been described in horses in Europe. We repont the resulis of a study on the
immune response o L infanien in horses living in an area endemic for leishmaniosis in NE Spain. Two ELISAs using protein A
and anti-horse 1gG conjugates were adapted to measure specific antibodies o L infanfem in horse sem. A lymphocyle
proliferation assuy (LPA) of peripheral blood mononuclear cells to L. infanfum antigen was also performed o detect specific
cellular immune response o Ledshmanio, Anti-L. infarrans antibodies were detected in the semum of 16 of the horses studied
{n= 112) using the protein A assay bul not in the assay using the anti-horse 1pG conjugate. Specific lvmphocyte proliferation
was observed in 20 out of 55 horses. This study shows that horses in the area studied mount specific immune responses to L
irfarnten, and must therefore be considered among the species exposed to the parasite in this region. The infrequency of
leishmamniosis in horses suggesis that the immune response in this species 15 effective in controlling the infection.

0 2005 Elsevier B.Y. All rights reserved.
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1. Introduction highly susceptible of developing the disease (Slap-
pendel and Ferrer, 1998). Interestingly. in both species

In the Mediteranean basin, human leishmaniosis there is a significant proportion of healthy individuals

due to Leishwania infantan is infrequent among
nonimmunocompromised subjects ( Ashford, 20040). In
contrast, the dog, the main reservoir of L. infantum, is

* Comesponding author. Tel: 34 93 581 3144;
fax: +34 93 58] 3142
Evmaeil aedefreas: antonto.ramis@uabes (A, Ramish

from endemic areas which are parasitemic, but remain
free of clinical signs. In fact, it has been shown that the
previalence of infection is much greater than the
prevalence of overt leishmaniosis in humans and dogs
living in endemic areas {Solano-Gallego et al., 2001;
Riera et al., 2004), This raises the possibility that in
other mammal species in which the disease is rarely

Q-4 T1S — see frond matter © 2003 Elsevier BV, All righis reserved.
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manifested there may also be a percentage of healthy
infected individuals, However, although animals other
than dogs have for some tme been identified as hosts
of L infamwm (European fox, black rat, cat), no
evidence has been found to indicate that any of these is
a putative reservoir of the disease (Abranches et al.,
1982; Gradoni et al., 1983; Fisa et al., 1999; Mancianti
et al., 1994; Poli et al., 2002).

Recently, several cases of equine culancous
leishmaniosis caused by L infantem hove been
described in Europe (Koehler et al., 2002; Solano-
Gallego et al., 2003; Rolio et al,, 2005). Previous case
descriptions  of equine leishmaniosis had  been
restricted to America, with only L. braziliensis having
been identified as the etiologic agent. Indeed. clinical
equing leishmaniosis is so abundant in South America
that the horse has been proposed as o reservolr of
human cutancous leishmaniosis caused by Lo brazi-
liensis (Tolezano, 1994), However, no studies (o assess
the exposure of healthy horses o L. braziliensis have
been reporied. The only evidence of exposure to
Leishmania in healthy  equines was  reported by
Mukhtar et al. (2000), who stated that 69% (i = 96)
of the donkeys studied presented antibodies to L
demevani, in a serological survey covening different
domestic animal species in Sudan.

Our interest was generated by the identification of
equine leishmaniosis due o L. infaniem, We proposed
to determine whether otherwise healthy horses living
in an endemic arca develop an immune response to L
infaneem, Here, we report the study of specific
humoral and ecellular immunity o L infantun in
horses living in an area endemic for the parasite in NE

Spain,

2. Materials and methods

This study was performed on sera and whole blood
samples obtained from 111 healthy Andalusian and
mixed breed horses of both sexes and different ages
(1-25 years) belonging to five different herds in the
province of Barcelona (NE Spain), an endemic area
for leishmaniosis. Serological ELISA tests werne
performed on all 111 horses, A lymphoeyte prolifera-
tion assay (LPA) te L. infannem antigen was performed
on 54 of these horses from which whole blood could
be collected. A horse with papular dermattis which

58

M. Ferindez-Bellon e ol S Veferimary Porasitelogy T35 (206) 18- 155

was parasilologically confirmed as cawsed by L
infanium (Solano-Gallego et al,, 2003) was also
included in the study and tested for ELISA and LPA.

Sera were obtained by centrifugation of whole
blood samples extracted from the jugular vein, and
frozen until use, An enzyme-linked immunosorbent
assay (ELISA) used to detect canine antibodies 1o L
infanrum (Riera et al., 1999) was adapted for its use on
horse samples. Briefly, polystyrene 9%-well microtitre
plates sensitized with sonicated L. fnfanses (MHOMS
FRTS/LEM 75) antigen were used. Two ELISAs were
performed, using either Protein A (Sigma-Aldrich
Chemie, Germany ) ( Protein A ELISA) or rabbit anti-
horse 1gG (Sigma-Aldrich Chemie, Germany) (IgG
ELISA) horsersdish peroxidase conjugates. Optimal
concentrations of the sample sera and conjugate were
established at 1:100 (serum} and | pg/mL (Protein A
conjugate) for the Protein A ELISA; and 1:200
(serurm) and 14000 (anti-horse 1gG conjugate) for the
Igl ELISA respectively. A calibrator serum was
included in all ELISA plates to standardize the results
against variations belween assays.

Heparinized blood samples (8-10 mL) obtained by
venepuncture of the jugular vein were processed
within 24 h of extraction for LPA. To detect specific
cellular immune response to Lo infontem, a lympho-
cyle proliferation assay used in dogs (Fernandez-
Bellon et al., 2005) was adapted for use on horse
samples. Briefly, peripheral blood mononuclear cells
(PBMC) were extracted from whole blood by density-
gradient centrifugation on Fycoll-Hypague (Sigma-
Aldrich Chemie, Germany). Live PBMC were then
counted by Trypan Blue exclusion in a Neubawer
chamber. The cells were incubated in culture medium
(EPMI 1640 supplemented with 10% (viv) heat-
inactivated fetal calf serum, 2 mM sodium pyruvate,
2 mM c-glutamine, 10 mM HEPES buffer, 100 U/mL
penicillin and 100 pgfml streptomycind, Stimulation
was performed in 96-well flat bottomed microtitre
plates at 2 x 107 cells per well (1 x 10 cells/mL)
with either phytohemaglutinin (PHA) (5 pgfmlL)
(Sigma—Aldrich Chemie, Germany) as a stimulation
control, or L infannens soluble antigen MHOM/FR/TE/
LEM 75 (10 pgfmL). Cell proliferation was measured
using a nonradicactive 5"-bromo-deoxyuridine (BrdU)
incorporation assay (Roche Molecular Biochemicals,
Germany)y, At 24 h before the end of stimulation,
BrdU was added at 10 mM final concentration. On day
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3 (PHA) or five (LSA) after the start of incubation, the
culture plates were spun down, the supematants
removed, and the plates were air dried and stored m
4 °C. The BrdU ELISA was performed following the
manufacturer’s instructions to quantify the incorpora-
tion of BrdLl! into cells,

The results of the serological tests were expressed
in optical density (OD), as the OD reading for each
sample minus the background level and comected for
interplate variation using the calibrator seram {Kur-
stak, 1985). LPA results were expressed in OD, as the
mean values of the wells with stimulated cells minus
those of the unsiimulaied cells,

Cutoffs for the ELISA serologies and the LPA,
were determined wsing sera (ELISA, m=33) and
blood samples (LPA, n = 15) of adult horses from an
area not endemic for leishmaniosis (Utrechl, The
Metherlands). Cutoffs were established at the mean
vialue plus four standard deviations (0 + 4e) of the
results for the nonendemic area horses, Values below
it + 4o were considered negative, and those greater
were considered positive. Protein A ELISA results for
the 33 nonendemic area horses wsed as controls
averaged 0.114 OD, with 0.097 OD standard devia-
tion. This yielded a cutofT value of 0,501 OD (Graph
1). IgG ELISA results for the same 33 horses were
similar, with 0,180 OD mean, and 0.084 standard
deviation, setting the cutoff at 0,514 OD (Graph 2),
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Whole blood samples from 15 of these horses were
also wsed to set the LPA cutoff (0,571 OD): 0,103 OD
mean and 0.117 OD standard deviation (Graph 3).

3. Results and discussion

One hundred and twelve horses (including one
parasitologically confirmed as L. infantum infected)
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Graph 3. Boxplot results of the LPA of the endemic (n = 55) and
nopcndemic area horses (0= 13), Resulis are expressod as OD
Dhatied bime: cutall,
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Tabde 1

Cutoffs and resulis of assays for hamoral immune response (protein
A ELISA, TpG ELISA) and cellular immune response (LPA) o L
infantinn in endemic area horses

Assay it Cunpd Mumber of
{00 positive hirses (%)
Protein A ELISA 112 50 16 i 14, 3)
lglG EL1SA 112 514 0.0
LPA 55 571 200 1 36.4)

living in L infantem endemic areas were tested for
antibasdies to the parsite using two ELISA assavs,
Sixteen horses were positive by protein A ELISA, with
OD values greater than (L5010 (Table 1, Graph 1). In
contrast, no differences were observed between resulis
for the 1gG ELISA of the nonendemic and of the
endemic area horses: all 112 endemic area horses had
1gG ELISA results below 0.514 OD (Table 1, Graph
21, Cellular immunity to L. infentam was tested in 55
horses using a lymphocyte proliferation assay. Non-
specific proliferation to PHA was strong (0.5 OD) in
all the horses on which LPA was performed. Twenty of
these horses presented proliferation to LSA above the
cutoff (Table 1, Graph 3). Of the 55 horses for which
protein A ELISA and LPA were performed, 4 were
positive to both assays. It is important to point out that
the horse with papular leishmaniosis due 1o L
fnfanten as confirmed by immunohistochemistry
and culture (Soclano-Gallego et al., 2003) included
in the study showed negative resulis for both ELISA
tests (protein A ELISA; 0.232 0D, 1gG ELISA: 0.314
0D}, but was positive for LPA (0,571 OD).

Leishmanioses are caused by several species of
Leishmania parasites in a wide range of hosts
throughout the world. In all species investigated, the
host's immune response plays a determinant role in the
outcome of infection. For instance, in the case of
canine leishmaniosis, hosts which mount an effective
cellular immune response are protected from devel-
oping clinical signs, whereas the humoral immune
respanse is ineffective in controlling infection and can
be pathologic (Slappendel and Ferrer, 1998).

In the Mediterranean basin, leishmaniosis due 1o L
infantum 1s mantained by domestic dogs, which act as
reservoir for humans and present an elevated prevalence
of both infection and disease (Ashford, 2000). Disease
in humans is not of concern in the non-immunocom-
promised population, even though prevalence of
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infection by the parasite has been found. as in dogs,
tobe over 5005 (Solano-Gallego et al,, 2001 ; Riera et al.,
200 ). In both species, most infected individuals mount
an effective cellular immune response which controls
infection and prevents discase progression (Cabral
et al, 1993: Ashford, 2000; Riera et al., 2004).

Sporadic repons indicate that leishmaniosis affects
domestic mammals other than dogs in the Mediterra-
nean basin, namely cats (Poli et al., 2002) and horses,
The first reponts of equine leishmaniosis due w L
infernon in Europe have been published recemtly
(Kochler et al, 2002; Solano-Gallego et al., 2003;
Rolio et al., 2005). These cases raise the possibility that
the horse is frequently exposed to infection by L
imfantrom in endemic areas. Although direct evidence of
transmission of Lefsfumaria by the phlchotomine vector
toequine hosts is lacking, studies suggest that the vector
is not species specific (Bongiomo et al., 2003). Under
these conditions, dog and horse cohabitation inendemic
areas will plausibly resultin frequent ex posure of horses
to L infantum. The results presented herein bear out this
hypothesis: the horses in this study present both
hurmoral and cellular immune responses (o L fafantnt,
indicating that exposure and development of an
immune response 1o the parasile occur in the absence
of clinical manifestations.

Protein A ELISA yielded positive resultsin 16 out of
112 endemic area horses studied versus 20 out of 55 for
LPA. This difference is greater taking into account that,
compared o the same ELISA used for routine
serological diagnosis of canine leishmaniosis at our
laboratory, the protein A ELISA was performed ai
higher serum and conjugate concenirations (Solano-
Gallego e al., 2001 ). The lack of positive resulis for the
second serological assay (1gG ELISA) further backs the
hypothesis that the humoral response to L. infantion in
the horses studied 15 weak in comparison o that
abserved in the dog. In contrast, more than one third of
the horses on which LPA was performed presented
cellular immune response W L. infartm, and the assay
was not significantly modified from that used in dogs
(Femandez-Bellon et al., 2005). Although previous
studies have already detected immune response 1o L
infarrm in horses with leishmaniosis ( Solano-Gallego
et al., 2003; Rolao et al., 2005). this is the first time
specific humoral and cellular immune responses to the
parasite have been detected in healthy horses. These
results resemble what 15 observed in many healthy dogs
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and humans infected by L. infanrwm, which mount
specific cellular immune responses to the parasite
without developing clinical symptoms (Cabral et al.,
1993: Ashford, 2000).

As a conclusion we can state that a percentage of
horses living in L infanton endemic areas present
specific humoral and cellular immune responses,
suggesting that exposure to the parasite is common.
Cases of equine leishmaniosis ane very rare, however,
indicating that the immune response mounted by
horses is generally effective in preventing the
development of disease. Further studies are warranted
o investigate whether, as our results suggest, horses
living in endemic areas can be inapparently infected
by L. infansem, as well as (o further characterize the
immune response detected in this study,
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CHAPTER 7
DISCUSSION

“all science would be superfluous if the outward appearance and the essence of things
directly coincided.”

Karl Marx, Capital, volume 111






Chapter 7: Discussion

In Chapters 2 through 6, we presented the results of investigations into natural infection by L.
infantum in healthy mammalian hosts (dogs and horses) from endemic areas in SW Europe.
Although they do not pretend to be an exhaustive study of all aspects of infection and host response,
they address key outstanding issues on response to natural infection in healthy mammals, and yield

insights into cross-species homologies of L. infantum immunology and epidemiology.

Chapter 2 is a methodological study, comparing assays of canine CMI, a key determinant of L.
infantum pathogenesis and immunology. Chapters 3 and 4 go on to characterize L. infantum
infection in macroscopically normal skin of infected dogs, and parasitological and immunological
markers of infection in healthy dogs before and after the transmission season. Finally, Chapters 5

and 6 explore infection and immunity to L. infantum in horses living in an endemic area.

In this chapter, we review the results of these studies, and their implications, as well as

considerations on general issues regarding Leishmania infections

EVALUATING THE CELLULAR IMMUNE RESPONSE TO L.
INFANTUM IN DOGS

Acquired cell mediated immunity (CMI) is a hallmark of infection by Leishmania in mammals.
Although this has been recognized for decades (WHO 1969), research into visceral Leishmania
infections have for years relied on measuring specific antibodies and parasite culture. For lack of
better assays, serology was used mainly as indicator of exposure to L. infantum, and secondarily as
an indicator of host immune status, while demonstration of infection relied chiefly on microscopical
identification or parasite culture (Svappenper & Greene, 1990; Acua & Szyrres, 2003). High anti-
Leishmania antibody levels and parasite identification matched up nicely and appeared to fully
account for infection and disease (Starpenper. & Greene, 1990). Where serological assays can be
simple and inexpensive, cellular immunity assays lack the convenience of serological assays, can be
more costly, and perhaps for these reasons were historically shunned in leishmaniosis research,
particularly in field settings. Indeed they are still ignored as relevant in some cases (Gowmes et al.,
2006; Miro et al., 2008). However, the first studies that evaluated specific CMI to L. infantum in
dogs unmasked an unexpectedly large population of infected but healthy dogs (Casrar et al., 1992,
1998; Ovriveira et al., 1993; Carposo et al., 1998). These results were initially interpreted as
evidence for prepatent infection (CasraL et al., 1998), or a unique “resistant” phenotype (PiNELLI et
al., 1994).
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Despite the renewed interest in CMI since the aforementioned studies, the drawbacks to the assays
for evaluating specific cellular immunity to Leishmania infection still remain. Unlike humoral
immunity, defined by circulating specific antibody levels, CMI lacks a stable, easy to quantify
indicator. In fact, most CMI assays available for research in veterinary leishmaniosis target
responses of cells or tissues, either in vivo (LST) or in vitro (LPA, cytokine assays) (PineLLI et al.,
1994; Sorano Garreco et al., 2001). This difficulty is increased by the lack of molecular tools
(mainly antibodies against cytokines) for some mammalian host species of interest in Leishmania

research.

Delayed skin hypersensitivity to Leishmania antigen (LST) was the first assay of CMI available for
CaL. It requires use of a standardized antigen preparation (available from WHO reference
laboratories), but is otherwise easy to perform in field settings, and requires almost no
infrastructure. Its main drawback is subjectivity of readings, as well as putative false positive results
caused by repeated testing. Also, the test lacks proper standardization, and the thresholds used are
therefore arbitrary. The assay is nonetheless perhaps the most used CMI assay in Leishmania

infection research (Maia & Cawmpino, 2008).

In vitro assays are the main alternative to LST for evaluation of CMI in CaL. They measure
different variables in the response of circulating lymphocytes to stimulation with Leishmania
antigens. These assays are labor intensive and require cell culture infrastructure. However, they
allow better assay standardization and objectivity of the readings than LST. Also, they do not
require visiting the study subject twice, but only once for drawing blood, a significant advantage in
the case of field research. The simplest in vitro CMI assay, LPA, consists in measuring proliferation
of circulating lymphocytes upon stimulation with Leishmania antigen, and has been used
extensively as an assay of CMI in CaL. (PineLLi et al., 1994; Marrinez-Moreno et al., 1995; CapraL et
al., 1998; Quinnere et al.,, 2001). Molecules involved in lymphocyte responses to Leishmania

antigens, mostly cytokines, have also been studied extensively in leishmaniosis research. One such
cytokine, IFN-y is central to CMI and is routinely evaluated in experimental murine leishmaniosis

(Sacks & Nosen-Trauth, 2002). However, until specific antibodies against canine IFN-y became
available (R&D Systewms), the choice of tests in dogs was restricted to bioassays or mRNA reverse-

transcriptase PCR.

We performed a comparison of LST, LPA and IFNB on a healthy dog population in Mallorca
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(Chapter 2) in an attempt to gain knowledge on the significance of the three assays of CMI
available at our laboratory. Fifty-six dogs with outdoor lifestyles (mainly hunting dogs), including

28 Ibizan hounds, were tested by LST, LPA, and IFNB.

As could be expected in a study population with a high percentage of Ibizan hounds (Sorano-
GaLLeco et al., 2000), a vast majority (80%) of dogs studied presented specific CMI to L. infantum.
However, the results of the three assays differed substantially. No one assay emerged as clearly
better than the other ones, although LPA displayed the least sensitivity and was only positive for
dogs also positive for another assay. LST yielded the highest number of positive results (37/56),
followed by IFNB (32/56). Twenty four of these dogs were positive by both assays, including 12
which were positive for all three tests. On the other hand, there was a higher coincidence between
LPA and IFNB than LPA and LST. Discrepancies among assays of CMI to L. infantum have been
noted elsewhere (Marrinez-Moreno et al., 1995). Their significance, however, is uncertain. Analysis
of circulating anti-L. infantum IgG in these dogs not shown in Chapter 2 (Figure 1), shows no clear
relation between humoral immunity and either CMI assay. In fact, specific antibodies were detected
only in dogs showing CMI, and were well spread out among the different subsets of CMI results.

This homogeneity in the humoral response suggests the differences in results of CMI assays are not
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Figure 1: Venn diagram as published in Chapter 2, with serological results added: in
brackets, number of dogs within each subset which were seropositive by ELISA. n =56.
LST: Leishmanin Skin Test, IFNB: Interferon-y cytopathic effect-inhibition bioassay,
LPA: Lymphocyte Proliferation Assay, ELISA: protein-A conjugate assay for specific
antibodies.
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necessarily a reflection of different immunological status among the subjects. Evaluation of CMI
(LPA, IFNB) vs humoral immunity in a population of stray dogs from the same geographical area

studied in Chapter 4 shows a similar pattern (Figure 2).
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Figure 2: Venn diagram of cellular and humoral immune responses to L. infantum in
dogs tested at a dog pound in Mallorca (Chapter 4). n = 70. IFNB: Interferon-y

cytopathic effect-inhibition bioassay, LPA: Lymphocyte Proliferation Assay, ELISA:
ELISA: protein-A conjugate assay for specific antibodies.

As a whole, our results suggest that none of the CMI assays evaluated can be considered a gold
standard of specific cellular immune response to L. infantum in dogs. On the contrary, they are
complementary, each detecting CMI in partially overlapping subsets of dogs. These discrepancies
are not specific of CMI to Leishmania. In a study comparing CMI assays for human tuberculosis

(TavaTi et al., 2009), tuberculin skin test and two IFN-y assays only yielded coinciding results in 3

out of 27 positive subjects. The remaining 24 subjects were each only positive by one IFN-y assay.

Other studies have found similarly incongruent results (Apetira et al., 2007).

Putative causes of these incongruent results among CMI assays include methodological causes, as
well as factors intrinsic to CMI itself. Performance of CMI assays depends on many variables,
including tempo, measurement systems, molecule concentrations, and cell culture conditions. These

make for extreme variability in how the assays are performed. It may be possible that the discordant
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results of the CMI assays evaluated are in fact due to suboptimal assay standardization. However,
arbitrary modifications of cutoff values in our studies did not increase congruence among results
(data not shown), in line with other reports (Tarat et al., 2009). On the other hand, the lack of a
specific measurable target for evaluation of CMI, may underly discrepancies among CMI assays, as
each assay targets subtly different aspects of CMI. For instance, the cell populations involved in
delayed hypersensitivity tests are distinct from circulating lymphocytes assessed in in vitro assays
(Vukmanovic-Steiic et al., 2006). Given this, it is possible that a “gold standard” for evaluation of

CMI is intrinsically unattainable.

Finally, although this study did not include parasitological assays (culture, PCR), and thus only
provides indirect evidence for infection rates, if specific CMI is taken as an indicator of current
infection, i.e. with viable parasites (Sacks & NoBen-Trauth, 2002), the dogs studied showed highly
prevalent infection by Leishmania in absence of disease. This is in agreement with the current
understanding that a majority of infected dogs in endemic areas mount effective CMI to L. infantum

(BanetH & Sorano-GALLEGO, 2012).
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NATURAL L. INFANTUM INFECTION IN HEALTHY DOGS

CaL is highly prevalent in domestic dogs living in endemic areas. Disease is, however, “the tip of
the iceberg” as regards infection (Banetn et al., 2008). Over the past fifteen years, many
epidemiological studies have demonstrated massive prevalence of infection and specific immune
responses in domestic dogs. This was partly brought about by the use of tests other than serological
assays in epidemiological studies on L. infantum in dogs, namely CMI assays and molecular
biology tools (PmveLL et al., 1994; BerranaL et al., 1996). Although these results were originally
attributed to prolonged prepatence or to the fact that some dogs may be clinically cured but still
infected (BerraHAL et al., 1996; CasraL et al., 1998), it has become evident that disease is the

anomalous outcome of infection, with unapparent infection being the norm.

This paradigm shift provides a novel perspective on the epidemiological dynamics of Leishmania
infection. For instance, it helps account for the clamorous failure of dog culling programs to control

HVL in Brazil (QuinneLL & Courtenay, 2009; Costa, 2011).

Research on natural Leishmania infection has consequently shifted its attention away from disease
and pathogeny to encompass (latent) infection and mechanisms involved in a sustained stable host-
parasite equilibrium. This new scenario raises questions about the characteristics and significance of
chronic infection in healthy dogs. Although much work has been performed on Leishmania
pathogenesis, absence of disease has received comparatively little attention. The evolution of
infection and host responses over time is key to an adequate model of leishmaniosis. In Chapters 3
and 4 we investigated some aspects of infection in heatlhy naturally infected dogs living in
Mallorca. Chapter 3 is a pioneering study that investigates parasite loads and microscopical lesions
in the grossly healthy skin of infected dogs. Chapter 4 explores the variations in markers of

infection and disease before and after the sandfly season in healthy dogs.

L. infantum in grossly normal skin

Following studies by (BerraHAL et al., 1996), who using PCR demonstrated widespread presence of
L. infantum in the skin of dogs living in an endemic zone (Southern France), our research group
confirmed the skin of infected dogs as a putative significant reservoir of amastigotes in healthy dogs
(Sorano-GarLeGo et al., 2001). In this study, prevalence of PCR detection of L. infantum DNA in the

skin was three-fold that of the bone marrow, classically considered a reservoir tissue. These results
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opened the possibility that healthy infected dogs may be infective to sandflies, which in turn may

prove to be a determinant factor in the transmission and epidemiology of CaL.

As an initial study into the epidemiological relevance of normal dog skin (without macroscopic
lesions) in CaL, we analyzed skin biopsies from healthy and diseased dogs infected by L. infantum
(Chapter 3). We studied skin biopsies which were positive for L. infantum by PCR from 35 dogs
from an endemic area (Mallorca), diagnosed as healthy (symptomless, seronegative) or diseased
(with symptoms, strongly seropositive). Histopathological and immunohistochemical studies
revealed stark differences between the skins of healthy and diseased dogs. Healthy dogs, positive by
PCR of the skin, but with low or undetectable antibody levels and no clinical signs, had
microscopically normal skin, which was negative for L. infantum immunohistochemical staining.
By contrast, most diseased dogs (presenting elevated antibody levels and clinical signs) harboured
large numbers of L. infantum amastigotes in moderate to severe microscopical lesions of

macroscopically normal skin.

Dogs with CaL therefore appear to harbor large numbers of L. infantum amastigotes even in
macroscopically normal skin. Our results were subsequently confirmed by Giunchetti et al. (2006),
who linked parasite load in the skin with severity of CaL, and Saridomichelakis et al. (2007), who
found similar amounts of parasites in the skin at different sites in diseased dogs. This high density
of parasites, specific of dogs with overt disease explains results of xenodiagnosis, by which only
sick or highly seropositive dogs were found to be infectious to vector sandflies (Movina et al., 1994;

Travi et al., 2001; Courtenay et al., 2002).

Significantly, we showed that L. infantum amastigotes persist in very small numbers (detectable by
PCR but not IHC) in the skin of healthy dogs, in absence of significant inflammatory infiltrates.
These results are in accordance with findings in other instances of Leishmania infection. In an
experimental model emulating natural infection of laboratory mouse strains with L. major, (BeLkaiD
et al., 2001) found persistence of unapparent infection at the site of inoculation up to a year after
infection, in a dynamic equilibrium between parasite and host immunity. Similarly, a study on
clinically cured HuCL patients in Brazil, (Menpbonca et al., 2004) detected L. braziliensis DNA in
lesion scars in the absence of microscopical lesions. As mentioned previously, however,
xenodiagnosis studies of healthy dogs and humans harbouring L. infantum (Costa et al., 2000; Travr
et al., 2001; Courtenay et al., 2002), suggest that infectivity of these hosts to sandfly vectors is far

lower (if any) than that of diseased hosts. Nonetheless, participation of healthy infected hosts in the
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epidemiology of L. infantum cannot be completely ruled out. Even a minimal rate of infectivity to
sandflies in such hosts may be by a large enough proportion of such hosts. Furthermore, host-
parasite equilibrium may go through transient periods of enhanced infectivity in healthy hosts as a

result of dynamic interactions between infection, host immune response and environmental factors.

Effect of seasonality of the sandfly vector on L. infantum infection in
dogs

The sandfly vectors of L. infantum in the ecoregions around the Mediterranean basinare seasonal,
with activity, and transmission, of the parasite limited to the warmer months of the year (Rossi et al.,
2007). In a classical model of disease, each transmission season would be responsible for a cohort
of CaL cases in the domestic dog population, albeit with variable, and in some cases protracted,
incubation periods. However, widespread chronic infection by L. infantum in healthy dogs implies a
different role and consequences of vector seasonality on the rates of infection and on the course of

novel and ongoing infections.

The elevated prevalences of infection by L. infantum demonstrated over the past 15 years in dogs
living in endemic areas (Baneru et al., 2008) imply that perhaps a majority of infected sandflies
actually feed on dogs that are already infected. Therefore, L. infantum will in most cases be
inoculated into infected dogs which have already developed an immune response to the parasite
(SarmowmicueLakis, 2009). Instances of novel infections in unexposed hosts will be comparatively
rare. Consequently, the actual impact of the sandfly season on L. infantum infection in dogs is

therefore not easily deducible.

In order to advance knowledge on the impact of the sandfly season on infection and disease, we
evaluated parasitological and immunological markers of L. infantum infection and disease in dogs

culled at a dog pound in Mallorca before and after the sandfly season (Chapter 4).

Analysis of specific immune response to L. infantum, and parasite detection in the muzzle skin were
performed on 37 dogs in late February, and 42 in late October. Remarkably, prevalence of almost all
specific markers included in this study were roughly similar for both groups of dogs. Overall,
prevalence of infection by L. infantum was greater than 60%, in agreement with a previous study on
dogs at the same location (Sorano-GaLLiGo et al., 2001). Also, as was to be expected in healthy
dogs, CMI, evaluated by LPA and IFNB, was the predominant form of specific immunity, being

over three times more prevalent than humoral immunity, and almost fully overlapping it (Figure 2).
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The only noticeable difference between results before and after the sandfly season was in
prevalence of detectable serum antibodies against L. infantum, which were observed in twice as
many dogs sampled in October vs. February. However, this difference was not statistically
significant and did not correlate with an increase of clinical leishmaniosis. Such absence of
subtstantial changes in prevalence of infection have also been observed by other researchers
(Gramiccia et al., 2010). If real, the increase we observed in specific antibody levels may be a
response of healthy chronically infected dogs to superinfection. Such reexposure may trigger a mild
transient increase in memory T cell activity, more easily evidenced in humoral immunity because of
its lower baseline levels (about 15%) compared to CMI (about 50%). As with the results presented
in Chapter 2, this study underscores the need for comprehensive evaluation of host immunity in

CaL studies, including both the humoral and cellular components of specific immunity.

The results of the studies presented in Chapters 3 and 4 contribute to the new epidemiological
scenario for CaL in which cases of disease constitute a minor proportion of infected dogs (BanetH et
al., 2008). Our results also point to a reformed model of dynamics of infection and disease in which
host-pathogen interaction constitute a complex dynamic system, and disease is not a necessary
outcome (Incris, 2007). As previously reported (BerranaL et al., 1996; CagraL et al., 1998; Sorano-
GaLLEco et al., 2001), we have found that infection by L. infantum is generalized among domestic
dogs living in endemic areas. However, high prevalence of infection is countered by widespread
protective CMI, and maintained in a dynamic equilibrium in which infection normally remains
latent and does not induce disease. Although unproven in dogs, it is probable that persistent
infection is necessary for sustained specific protective immunity (Berkam et al., 2000), in a process
which should perhaps be equated to concomitant immunity in nematode immunology (CHarEL,

2006).

In this setting, healthy dogs are a major epidemiological factor in the L. infantum cycle. Our
findings (Chapter 3), together with other studies in dogs and humans (Costa et al., 2000; Travr et
al., 2001; Courtenay et al., 2002; QuinneLr. & Courtenay, 2009), indicate healthy infected dogs do
not readily transmit the parasite to sandflies. Nonetheless, the large number of healthy infected dogs
(Chapter 4, (BanetH et al., 2008) may compensate their low infectivity to the point that they become
a relevant reservoir of disease. Much more significantly, however, infected healthy dogs appear to

be a pool from which Cal. emerges. Disrregulation or shifts in the host immune status or balance
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can be brought about by numerous intrinsec and extrinsec factors (nutrition, concurrent infections,
environmental stress) (Serarmv et al., 2010) and upset the host-Leishmania equilibrium leading to
overt disease (Ferrer et al., 2002; Arvar et al., 2004).Disease would hence be the outcome of a
complex interactions at molecular, cellular, organism and ecological level. Therefore, efforts to
control CaL and zoonotic HVL must inevitably fail if they only target disease in dogs (Courtenay et
al., 2002; Morkra et al., 2004; QuinneLL & Courtenay, 2009; Costa, 2011). By contrast, integrative
approaches, such as curtailing transmission through the widespread use of insecticides (Miro et al.,

2008) or vaccines (Dantas-Torres, 2006) is a much more promising road.

Susceptibility of dogs to CaL is frequently referred to as an example of lack of coadaptation
between dogs and L. infantum, and attributed to relatively recent infection of domestic dogs by L.
infantum (Asurorp, 2000; AcHa & Szyrres, 2003). However, accumulating data suggests that in
many instances, host and parasite have indeed coadapted into a largely non-pathogenic relation.
Latent non-pathogenic chronic infection has been shown, in our studies and others, to be the normal
outcome of infection by L. infantum in dogs. Furthermore, at least one dog breed (Sorano-GALLEGO
et al., 2000) (and perhaps others) living in endemic areas has developed efficient CMI responses
that protects it from disease. Even the wolf, the sylvatic ancestor of domestic dogs, also seems to
have adapted to L. infantum. A study demonstrated L. infantum infection in 8/39 wild Iberian
wolves (Canis lupus signatus), as well as in other wild carnivores (Soerino et al., 2008). It is
possible that coadaptation with L. infantum has indeed taken place in wolves and some dog breeds,
but not in others, which would have been exposed more recently to L. infantum. Many new dog
breeds were created in recent centuries (Parker et al., 2004; Larson et al., 2012), and it is also
probable that this was accompanied with arrival of genotypes which had not previously been

exposed to L. infantum to endemic areas.
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INFECTION BY, AND IMMUNE RESPONSE TO, L. INFANTUM IN
OTHER SPECIES: HORSES, HUMANS, CATS

The accepted epidemiological cycle of L. infantum in SW Europe implicates domestic dogs as
reservoir hosts, and human beings as occasionally suffering disease (Asurorp, 2000; Bern et al.,
2008). Human infection, now mainly affecting immunocompromised persons, has become one of
the main opportunistic infections in HIV positive patients and a worldwide health concern (Arvar et
al., 2008) Besides the zoonotic importance in the recent re-emergence of HuVL due to the AIDS
epidemic, canine leishmaniosis is relevant in veterinary practice, as it is highly prevalent, and can
pose a diagnostic and therapeutic challenge. By contrast, veterinary significance of L. infantum
infection in other animal species is minor. Some studies have evaluated other putative reservoirs of
L. infantum in Spain and other Mediterranean countries, but although infection has been often
demonstrated in rodents and carnivores, they have been generally considered accidental hosts

(ALvAR et al., 2004; GALLEGO, 2004; MILLAN et al., 2011).

Horses cohabit extensively in with dogs in L. infantum-endemic areas, and are also fed upon by the
sandfly vectors of L. infantum (Bonciorno et al., 2003), many of which are opportunistic in their
host preferences (GALLeco, 2004). Despite a high probability of inoculation of L. infantum by
sandflies, however, horses appear to be remarkably free of disease. In fact, there are few reports of
equine leishmaniosis in the Mediterranean region (KoenLer et al., 2002; RorAo et al., 2005). Over a
five year period, three horse skin biopsies were submitted for histopathological diagnosis to the
Servei de Diagnostic de Patologia Veterinaria (UAB) and diagnosed as equine cutaneous
leishmaniosis (Chaper 5). Prompted by this trickle of cases, we undertook a preliminary
investigation into the immune response to L. infantum in healthy horses living in an endemic area

(Chapter 6).

Our pathological findings (Chapter 5) were similar to those described in the bibliography. All three
horses presented a similar gross lesional pattern, with multiple small nodular lesions especially
evident on thinly haired parts of the body (head or inner thighs). Histologically, the three cases were
showed a similar picture, consisting of an intense and diffuse histiocytic infiltrate in the dermis,
with associated multinucleated cells. Immunohistochemical staining for Leishmania demonstrated
large numbers of intracytoplasmatic amastigotes in macrophages within the granulomatous

infiltrate. Also, a mild to intense lymphocytic infiltrate was observed in the periphery of the
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granulomatous lesions. In all three cases, the skin lesions regressed spontaneously in a few months,

and no other clinical signs were observed.

A preliminary analysis of the specific immune response to L. infantum performed on the most recent
case demonstrated specific antibodies, as well as specific lyphoproliferative response. This
prompted us to develop a more in depth survey, aimed at estimating exposure to L. infantum
infection in horses, as well as to evaluate the humoral and cellular immune response to L. infantum

in healthy horses living in an endemic area (Chapter 6).

Canine assays in use at our laboratoy were adapted for their use on horse samples. Cutoffs to
determine positivity were set using horse samples from Utrecht, the Netherlands, considered not
endemic for L. infantum. Specificity was prioritized over sensitivity, and cutoffs therefore set at

highly stringent thresholds (Kurstak, 1985).

Specific anti-L. infantum antibodies were evaluated in horse sera using modified ELISAs. Several
variations were tested in order to increase the sensitivity of the assays, including reagent
concentrations and different conjugates. Specific antibodies were detected in 16 out of 112 horses
using a protein A conjugate, using higher concentrations of serum and conjugate than those for the
canine assay. Even so, the tested sera did not yield OD values beyond 1.5. Moreover, no horses
were positive by the IgG assay. Although these results are hardly quantifiable, they suggest much
lower circulating anti-Leishmania antibody levels in the horses studied than observed in dogs. This
is in accordance with findings from a study in Greece (Kouawm et al., 2010). By contrast, adaptation
of a canine LPA for use on horse PBMC required very few adjustments. Moreover, the response
signal was strong, comparable to results for Ibizan hounds at our laboratory (data not shown), and
despite the stringent cutoffs, nearly half the horses tested had positive results. These results suggest
generalized infection of horses by L. infantum in endemic areas, with a marked predominance of

protective CMI.

Although equines have received scarce attention as putative Leishmania hosts in the Palearctic, this
is not so the Neotropic ecozone, where equine cutaneous leishmaniosis by. L. braziliensis is a well
defined entity (Asurorp, 2000; Vepoverro Fino et al., 2008) Equine leishmaniosis is usually
reported within wider outbreaks, also involving humans and dogs. Indeed, horses and donkeys have
been studied as possible reservoir host of L. braziliensis in peridomestic settings (VepoverLo FiLxo

et al., 2008).
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Clinically, horses and donkeys with cutaneous leishmaniosis by L. braziliensis present single or
multiple large, ulcerating nodules usually at exposed body parts, which tend to heal spontaneously.
L. braziliensis is readily detected and cultured from such sites. Studies in horses living in areas with
active HuCL foci have shown moderate prevalences of positive antibody titers, as well as infection

demonstrated by PCR (Branbio-Firno et al., 2003; Veboverro Fino et al., 2008).

By contrast, equine involvement in Leishmania epidemiology in the Palearctic ecozonehas received
little attention. Mukhtar et al.(2000) analyzed donkeys as putative L. donovani reservoirs in an
outbreak in Sudan. They found over two thirds of the donkeys studied were positive by DAT for L.
donovani. However, no clinical symptoms are reported. Donkeys have also been investigated as
putative reservoir host for L. infantum in Brazil with negative results (Cerqueira et al., 2003). Other
reports of equine L. infantum infection in Europe been published have only been published since the
turn of the century (KoreHLer et al., 2002; RorAo et al., 2005) As with our own findings (Chapter 5),
these consisted of isolated cases of self-limiting benign nodular skin lesions. In the Portuguese case,
specific antibodies were also detected (Rorio et al.,, 2005), and the authors considered these

suggestive of a visceral involvement.

The paucity of reports of equine leishmaniosis by L. infantum is in consonance with the mild nature
of disease observed in horses (Chapter 5, Koenrer et al., 2002). It is plausible that the disease is
more frequent than what existing reports might suggest, but being mild and self-limiting is largely
ignored and is therefore underdiagnosed. In any case, our results suggest that although infection

may be commonplace in horses, the parasite does not induce a severe pathological process.

Our results suggest sandfly vectors readily feed on horses and inoculate them with L. infantum
promastigotes. This is in accordance with entomological data, which show a marked lack of host
preference by sandflies (GALLeco, 2004) However, instead of being a dead end for Leishmania, our
data suggest that infection can progress in horses, at least enough to induce and maintain strong
protective cellular immunity. In this scenario, clinical symptoms in horses would not be the result of

chance infection, but rather the infrequent outcome of highly prevalent infection.

The clinical presentation of equine leishmaniosis by L. infantum is similar to papular dermatitis by
L. infantum at sandfly bite sites in resistant dogs. Dogs are frequently presented with benign papular
lesions on the head, consisting of granulomatous inflammation, which are thought to be elicited by

innoculation of Leishmania by sandflies at these sites. Affected dogs have been shown to mount

77



L. infantum in healthy dogs and horses

specific cellular immune response, and can be therefore considered resistant to disease (OrbEix et
al., 2005) In the case of horses, the pattern of specific immune response against L. infantum we
observed is also indicative of a potent CMI response which confers protection against disease.
Specific antibodies were detected in only 14% of the horses studied, despite having increased
reagent concentrations to maximize sensitivity. The assay for cellular immunity, LPA, showed
strong responses, and was positive in over 40% of horses studied. Thus, we believe that this pattern
of immune response is also similar to that of Ibizan hounds, a breed considered resistant to
leishmaniosis (SorLano-GaLreco et al., 2000). Ibizan hounds are not the only L. infantum host with
an immune response similar to what we observed in horses. Although L. infantum is classified as
causing visceral leishmaniosis in humans, clinical disease in non-immunocompromised persons in
South Western Europe is very rare. When it does occur, moreover, it usually is in the form of single,
self-limiting skin nodules in young or aged patients (Asurorp, 2000; Reapy, 2010). In fact,
unapparent infection by L. infantum in humans has also become recognized, not as a freak
occurrence, but as common (Le FicHoux et al., 1999; Riera et al., 2008). Healthy humans have been
shown to develop specific immune responses in the absence of disease, not surprisingly displaying
predominance of cellular over humoral immunity: a study of blood donors in Eivissa (Riera et al.,
2004), found a 22% prevalence of positivity to LST compated to 5% to 11% seropositivity with
either ELISA or WB. More interestingly, this study identified high prevalence (22%, 27/122) of
parasitemia (nested PCR performed on PBMC), which persisted in half of the subjects (9/18) that
could be followed up to a year later. Subsequent studies obtained similar results regarding positivity

to the different assays (Riera et al., 2008).

Another L. infantum host with an apparently similar immune response is the domestic cat. It was
generally accepted that cats were resistant to leishmaniosis, based both on experimental data
(Kirkpatrick et al., 1984), and on an empirical absence of clinical cases. However, as with horses,
and perhaps also due to increased veterinary surveillance, reports of feline leishmaniosis in South
West Europe have accumulated (Baners, 2006) to the point of triggering epidemiological studies in
healthy cats and reapparaisal of their role (Marot et al., 2007; Maia & Cawmpivo, 2011). Surveys of
serological evidence of infection and parasitemia (PCR) have yielded varying prevalences of
infection and exposure (Sorano-Garreco et al., 2007; Maia et al., 2008; Aviron et al., 2008),
although they do not observe association among infections by L. infantum and FeLV or FIV
described in clinical cases (Marorr et al., 2007). This incongruence may suggest that feline

leishmaniosis is a secondary consequence of a failure of the immune system to check infection by
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L. infantum, and healthy cats tend to remain non-symptomatic. It is possible that healthy infected

cats mount strong CMI to L. infantum, as do horses, dogs and humans.

Full understanding of L. infantum epidemiology warrants an integral approach, in which
populations of host species are considered not as isolated entities, but rather as interplaying
elements within a complex matrix of pathogeny, parasite persistence, infectivity, and vector
competence, among other factors. The epidemiology of leishmaniosis by L. infantum can grossly be
explained by a simple model in which domestic dogs are the maintainance population of the
parasite, and therefore effectively the reservoir of disease in humans (Asurorp, 1996). However,
growing data on novel or previously disregarded hosts (Chapter 6, Mancianti, 2004; Sosrino et al.,
2008; MiLLAN et al., 2011; Morina et al., 2012), and on widespread latent infections in different host
species, imply a complex epidemiological picture. Although these latent infections are not
necessarily relevant to current L. infantum epidemiology, environmental, ecological, and social
changes can conceivably change this. Improvement or degradation of living standards can, for
instance, lead to increased malnourishment in pet (e.g. horse) and feral mammal (e.g. cat)

populations, and effectively modify their relative infectivity to sandflies.

Regarding identification of competent maintainance host populations (Haypon et al., 2002) of L.
infantum in SW Europe, relevant host species include domestic and peridomestic mammals (dog,
horse, cat and rat), sylvatic mammals (wolf, fox, wild rodents) and human beings (Asurorp, 1996,
2000; MancianTi, 2004; Soerino et al., 2008; MiLLAN et al., 2011). The role of these populations in
the maintainance and transmission of L. infantum is difficult to establish. Although it is widely
accepted that domestic dogs, given the population density and prevalence of infection and disease,
make up a maintainance population for L. infantum (Asurorp, 1996), the potential role of other

species cannot be easily dismissed and warrants more research.

As with healthy infected dogs, healthy infected humans (Costa et al., 2000) and equines (CERQUEIRA
et al., 2003) do not seem to readily infecte vector sandflies. However, healthy hosts such as horses
or humans, although harboring much fewer parasites than diseased dogs, may partake in the
transmission cycle of L. infantum, albeit with a comparatively negligible impact in areas where dogs
transmit L. infantum unchecked. If, for instance, effective prophylaxis (Dantas-Torres, 2006; MirO

et al., 2008) succeeds in significantly reducing incidence of CalL, the role of such hitherto minor
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actors in maintaining and transmitting L. infantum may be amplified. It is also plausible that when a
healthy (and therefore non-infective) infected host population becomes more susceptible to disease,
i. e. through malnutrition (Desieux, 2004b; Serarmv et al., 2010), it may therefore become more

infective to sandflies.

In summary, despite a presumably high exposure to inoculation of L. infantum, leishmaniosis is a
rare occurrence in horses. The high levels of specific immunity, particularly CMI, we have observed
in horses suggest that although infection is frequent, it seldom develops into disease. Horses can
therefore be considered resistant to leishmaniosis by L. infantum, as is the case of two other L.
infantum hosts: humans and cats. Although a relevant role for horses in current maintainance of L.
infantum is highly improbable, it can not be ruled out and may become noteworthy if the traditional
reservoir (domestic dog) is controlled, or where external factors modify susceptibility to disease in

other hosts (Maia & Cawmpino, 2011; MoLina et al., 2012).
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ON LEISHMANIA

The studies presented in this Thesis (Chapters 2 through 6) focus on specific aspects of the
interaction between L. infantum and its mammalian hosts in SW Europe. However, they must be
interpreted in a broader context, including many “nosodemiological units” (Asurorp, 2000), as well
as experimental models (Garc & Dusg, 2006), with different parasite, vector and host species,
epidemiological and pathological characteristics. Attempting to place our results within the overall
knowledge on Leishmania infections brings forth some issues which are rarely addressed elsewhere:
1) terms commonly used in Leishmania research may be inadequate, 2) infection and disease by
Leishmania fall into a relatively simple pattern despite their heterogeneity, and 3) hallmark

characterisitcs of Leishmania infection are also found in other infectious diseases.

Do we mean what we say? Words and meanings

Amidst a significant shift in our understanding of leishmaniosis and infections by Leishmania in
mammals, outdated concepts still underlie the terminology used in Leishmania literature. This
hinders advancement of novel ideas and models by the use of inadequate and misleading technical
terms. A trivial, but blatant, example of this is persistent use of L. chagasi (Serarv et al., 2010;
Antivorr et al., 2012; Pmepo-Cancino et al., 2013), to designate L. infantum in South America
despite it has been proven long ago to be the same species (Mauricio et al., 2000), introduced by
Europeans into South America five centuries ago (Lukes et al., 2007). L. infantum in South America
is not an established endemism, but rather probably it is still in the process of adaptation, perhaps
even to Lutzomyia, which appears to be a less competent vector than Phlebotomus (QuinneLL &

Courtenay, 2009)

Other instances of inadequate concepts and terminology are not as clear cut, and depend heavily on
the favored interpretation of leishmaniosis and Leishmania-host interaction. However, they pose a
major stumbling block in scientific communications when attempting to advance novel and subtle
nuances in the field. A brief comment on several instances where misleading terminology and

meanings hampers scientific communication follows.

Leishmaniosis

Although classically used to define disease in susceptible species, leishmaniosis is currently also
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used to describe non-pathogenic infection (Sosrino et al., 2008). Historically, equivalence of
infection and disease allowed for the use of a single term to define both processes, although disease
was the operative target. Non-pathogenic infection was only recognized in species refractory to
disease, and was described accordingly (Asurorp, 1996). Although attempts at establishing a
differentiated nomenclature for infection and disease in parasitic diseases are not new (Kassai,
2006), this is now a necessity. We believe the most sensible approach is restricting the term
leishmaniosis to the pathological process primed by Leishmania infection, and referring to infection
(pathogenic or not) as such, as is being done with other pathogens (Corgerr et al., 2003). When
specifically describing infection that does not trigger disease, perhaps the best term is “latent

infection”, as it does not imply disease but denotes the potential for development of disease.

Infection, and reinfection, and superinfection

Elevated prevalences of infection by L. infantum in mammalian hosts detected in our research and
elsewhere imply that many, if at times not most, infected sandfly bites on host species are in fact on
an already infected host (SarmomicHeLAKts, 2009). First-time infection is probably a comparatively
rare occurrence, making immune memory both against parasite and vector antigens (RoHousova &

Vorr, 2006) key in the course and outcome of infection.

Although “reinfection” has been frequently used to describe such an “infection upon infection”
(CuareL, 2006), it does not imply the second infection is concomitant with the first.
“Superinfection”, on the other hand, implies an overlapping of infections, and is therefore more
adequate to describe inoculation of Leishmania sp into an already infected host. We must note a
drawback to this usage is that “superinfection” is frequently used to describe heterologous

infections (Dounr et al., 2012).

Concomitant immunity

Concomitant immunity, or premunition, refers to acquired immunity against a pathogen derived
from persistent infection by low numbers of the same pathogen (Cuarer, 2006, p. 51). This process
is precisely what Belkaid et al. (2000) discovered in a natural infection model of L. major in
laboratory mice, in which IL-10 downregulates parasite elimination enough to allow persistence of
low numbers of amastigotes at inoculation sites, sustained CMI, and therefore protection from
superinfection. Concomitant immunity explains how leishmanization works (Sacks & NoBen-

Trauth, 2002), and is probably common in Leishmania infections (BeLkam et al., 2002; Kave &
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Scort, 2011). High prevalence of CMlas observed in our studies (Chapters 4, 6) is probably a
product of persistence of small numbers of parasites, constantly priming CMI, an instance of
concomitant immunity. Openly acknowledging concomitant immunity as a key process in
Leishmania infections (BeLkam et al.,, 2002; Kave & Scorr, 2011) will provide an improved
theoretical background for their study, inasmuch as it is highly probable that prognosis, treatment
and prophylaxis of leishmaniosis will eventually rely heavily on assessing, stimulating and

maintaining concomitant immunity in susceptible hosts.

Prepatence and incubation period

As explained previously, Leishmania infection in mammals can no longer be understood based on a
linear conception of Koch's postulates of disease. In natural Leishmania infection, and experimental
models mimicking natural infection, disease is not a necessary (or even probable) outcome. In this
setting, when infection begins is less important than the (theoretical) moment at which the host
organism (perhaps latently infected for years (Warton et al., 1973) initiates a process leading to
clinical patence, called cummulative dissonance by Incris (2007). Prepatent or incubation periods
beginning at infection are therefore inadequate for description of leishmaniosis, as they may
encompass two consecutive but distinct, and perhaps independent, processes (non-pathogenic

latency and pathogenic cummulative dissonance leading to disease).

The Leishmania leit motiv

In spite of the great variability of factors and parameters implicated in Leishmania infections ,
infection across all groups of mammals leads to surprisingly few courses and outcomes of infection.
Despite a regular trickle of reports of new Leishmania sp. - mammalian host combinations, no truly
unique novel presentations have been described (Rosk et al., 2004; Lisert et al., 2012; Movina et al.,
2012). Furthermore, these states are not mutually exclusive, and individuals of the same species
may fall under more than one category, andeven a single individual may change from one state to
another, (i.e. through effective chemotherapy, or disease reactivation as in post-kala-azar dermal
leishmaniosis) (Suaw, 2007; Bern et al., 2008). In fact, the different states of host-pathogen
interaction can be, to a point, part of a continuum, partially addressed by some authors (Murray et
al., 2005; SaribomicueLAKs, 2009). This continuum can be expressed across multiple axis, such as
predominance of humoral vs. CMI, local vs. systemic involvement, susceptible vs. resistant hosts,

asymptomatic vs. symptomatic infection.
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Despite involving different hosts species in different settings, the results of our studies on natural

infection by L.infantum in dogs and horses also fall within these states in the host-parasite relation:

» Chronic progressive disease, potentially lethal if untreated, such as HuVL, human
mucocutaneous leishmaniosis, human diffuse leishmaniosis, and CaL, characterized by
inadequate immune response and massive parasite proliferation (ALvar et al., 2004; DEsieux,
2004b). The dogs in group B in Chapter 3 probably belong to this subset; an exacerbated humoral
response does not check parasite replication, and is accompanied by progressing disease with
high parasite loads in the skin.

* Self-limiting mild disease, (followed by chronic latent infection), such as HuCL (Desieux, 2004b).
Equine leishmaniosis by L. infantum (Chapter 5) falls into this category, with horses developing
self-healing mild cutaneous lesions in absence of other symptoms.

* Chronic latent infection with low parasite load and sustained effective immune response,
exemplified by symptomless latent infection identified in different species (Riera et al., 2004;
BanetH et al., 2008; Soerino et al., 2008). This is perhaps the most frequent form of infection, and
represents most of the subjects included in our studies; all dogs studied in Chapter 2, dogs in
Group A in Chapter 3, and almost all infected dogs studied in Chapter 4, as well as the horses in
Chapter 6.

» Abrogated infection with or without specific host immune response, is the outcome of inoculation

of Leishmania by sandflies into other, “non-competent” hosts, probably the case of artiodactyls
(Anuwr et al., 1998; Morags-Sirva et al., 2006).

Notably, the ability of a system to return a discrete number of outcomes irrespective of initial
variability is characteristic of complex systems (GriBeiN, 2004; Garcia, 2007). Although it is well
outside the scope of this thesis, research in leishmanioses would perhaps benefit significantly from

an approach based on the complex systems theory (IncLis, 2007; Kaye & Scorr, 2011).

Beyond Leishmania

As mentioned in Chapter 1, the scientific relevance of Leishmania infections in mammals is partly
due to their use as models for research in basic immunology. Therefore, the new “concepts and
insights” on Cal. (Banetu et al., 2008; Miro et al., 2008) are part of a broader reevaluation of

infection and disease by Leishmania (Tripathr et al., 2007).

Many of the novel ideas and concepts in the field of leishmaniosis have also arisen in the study of
Mpycobacterium infections (Caminero & Torres, 2004; Nicop, 2007). As with Leishmania,
Mpycobacterium are obligate intracellular pathogens infecting a wide range of mammalian hosts and
inducing several forms of disease, from leprosy through paratuberculosis to classical pulmonary
tuberculosis. The interplay of CMI vs. humoral host immune response is also a key determinant in

the development of disease. For instance, as in human diffuse cutaneous leishmaniosis, lepromatous
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leprosy results from immune anergy in patients that would otherwise develop non-lepromatous
leprosy (or HuCL in the case of leishmaniosis) (Britton & Lockwoop, 2004; Murray et al., 2005;
Kave & Scorr, 2011). Also, healthy humans infected with M. tuberculosis appear to control
infection effectively, as one third of the human population is estimated to be infected by M.
tuberculosis but clinical disease is observed in fewer than 10 million humans (Corgerr et al., 2003).
As with HuVL, a direct consequence of the high prevalence of latent infection and determining role
of CMI in controlling infection is that tuberculosis is a frequent complication in HIV-infected

patients (WorLD HeartH OrGANIZATION, 2004).

These similarities help underscore the futility of studying infection by Leishmania in mammals,
from a reductionist standpoint, limited to specific aspects of a discrete “nosodemiological unit” or
experimental model. As with our results, an integrative approach, across species, models and even
diseases, is warranted in order to develop a solid understanding of infection and disease by

Leishmania.
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CONCLUSIONS

. Taken separately, the evaluated assays of CMI are insufficient to provide a proper evaluation of

cellular immunity.

. Intradermal delayed-type hypersensitivity test is more sensitive than lymphocyte proliferation or
Interferon-y bioassay for Leishmania-specific cellular immunity. However, as concluded above,

no single test provides a full picture of CMI.

. Healthy dogs in endemic ecoregions, e.g. Mallorca, are by and large infected with Leishmania,

mount strong CMI and, weaker specific humoral immuity.

. Leishmania specific-CMI is highly prevalent in infected healthy dogs, which have low parasite

loads in the skin.

. Leishmaniotic dogs present high parasite loads associated with microscopic lesions in grossly

normal skin.

. Seasonality in the transmission of L. infantum by sandflies does not substantially impact

parasitological and immunological markers of infection.

. Horses living in endemic ecoregions may infrequently develop mild self-limiting cutaneous

leishmaniosis by L. infantum.

. As in healthy dogs and humans, horses from endemic ecoregions mount generalized strong CMI,

to L.infantum, but weak humoral responses.
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