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1. Resumo

As leishmanioses s3o um espectro de doengas causadas por parasitas do género Leishmania.
Por ser um patdgeno intracelular obrigatorio, infectando principalmente macréfagos e neutrofilos, a
produgdo de radicais de oxigé€nio e nitrogénio poderia ser importante fator na eliminacdo de
parasitas. No caso especifico da infec¢do causada por Leishmania amazonensis, uma importante
espécie causadora de leishmaniose cutanea no Brasil, ndo ha dados na literatura demonstrando o
efeito desses radicais em infecg¢des in vivo. Dados do nosso grupo confirmaram que o 6xido nitrico
possui um importante papel na eliminagdo dos parasitas em infecg¢des causadas por L. amazonensis
in vivo, porém o anion superoxido e o peroxido de hidrogénio ndo parecem estar associados com a
morte dos parasitas in vivo. Neste trabalho, n6s mostramos que animais C57BL/6 deficientes da
subunidade gp91°™* da NADPH oxidase de fagocitos (gp91°"**") infectados de forma subcutinea
com L. amazonensis desenvolvem lesdes maiores nas primeiras semanas de infecdo e lesdes
menores na fase cronica da doenca quando comparados a animais selvagens (WT). Entretanto,

ambos camundongos WT e gpglphox—/-

apresentaram a mesma carga parasitaria. Nos detectamos
altos niveis de IL-17 nos linfonodos drenantes 8 semanas pds infeccdo (p.i.) e baixos niveis de
mRNA de IL-1P no sitio da lesdo 12 e 16 semanas p.i. nos camundongos gp91°™*"". H4 dados
controversos na literatura sobre o papel dos neutréfilos nas infecgdes causadas por Leishmania
principalmente quando diferentes rotas de inoculagdo sdo usadas. Considerando a relevancia dessas
células para produ¢ao de ROS e prevendo alteragdes importantes do efeito de ROS quando a rota de
inoculagdo ¢ alterada, nds comparamos a resposta imune inata gerada nas rotas de inoculagdo mais
usadas no estudo da leishmaniose, as rotas subcutianea e intradérmica. Porém, usamos o modelo de
infec¢do por L. major por este ser mais bem estabelecido na literatura. Duas horas p.i., a infec¢ao
intradérmica com L. major apresentou massivo recrutamento de neutréfilos e maiores niveis de
expressao de mRNA de CXCL-1, seguido por um intenso recrutamento de monocitos inflamatérios
Ly6C™ 48h e 9 dias p.i. quando comparados & infecgio subcutdnea. Este mais intenso perfil
inflamatorio observado no sitio intradérmico infectado também foi acompanhado por uma mais
eficiente captura dos parasitas. Nos observamos um aumento de 10 vezes no numero de células
infectadas neste sitio nos tempos observados. Por outro lado, células dendriticas e macrofagos
representaram a maioria das células infectadas no sitio subcutaneo. Devido a essa confirmada e
importante participacdo de neutrofilos na infec¢do intradérmica, utilizamos essa rota de inoculagao

para determinar a influéncia de ROS em nosso modelo de infec¢do por L. amazonensis. Quando

infectados de forma intradérmica com formas metaciclicas de L. amazonensis, os camundongos
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gp917"*" apresentaram lesdes maiores desde 4 semanas p.i. com grande inflamagdo, densas areas
necroticas e perda de tecido, porém sem apresentar diferencas na carga parasitaria. Curiosamente,
os niveis de citocinas inflamatdérias ndo se alteraram durante o curso de infe¢do, porém nos
detectamos uma extensa acumulacdo de neutrofilos no sitio intradérmico de infec¢do. O elevado
nimero de neutr6filos em camundongos gp91ph°"'/' foi associado com alta frequéncia e nimeros de
neutr6filos necréticos em 8 semanas p.i. e isso pode ser o fator principal responsavel pelo fenotipo
inflamatorio observado nestes camundongos. Estes experimentos sugerem que radicais de oxigénio
tétm um importante papel desde estagios iniciais da infec¢do causada por L. amazonensis,
controlando o fluxo de neutréfilos para o sitio da lesdo, impedindo a necrose inflamatdria nestas
células e consequentemente a inflamagdo dos tecidos infectados. Além disso, a rota de inoculagao
influencia profundamente o efeito das espécies reativas de oxigénio (ROS) na infec¢do por L.
amazonensis, visto que as principais células produtoras de ROS, os neutrofilos, demonstram um
papel proeminente somente na infec¢do intradérmica. Este ¢ o primeiro trabalho a mostrar o efeito

do ROS em Leishmania em um modelo aproximado em relagdo a infecg¢do natural, indicando uma

via mais fisiologica para o estudo de ROS em infecgdes causadas por Leishmania.
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1. Abstract

Leishmaniasis are a wide spectrum of diseases caused by parasites of the genus Leishmania.
Because these are obligatory intracellular pathogens, infecting mainly macrophages and
neutrophils, oxygen and nitrogen radicals production could be important factors in parasite killing.
In the specific case of infection caused by Leishmania amazonensis, an important species causing
cutaneous leishmaniasis in Brazil, there is no data in the literature demonstrating the effect of these
radicals on the infection in vivo. Data from our group confirmed that nitric oxide has an important
role in parasite killing in L. amazonensis infection, but superoxide and hydrogen peroxide do not
appear to be associated with parasite killing in vivo. In this work, we showed that C57BL/6 mice
deficient in the gp91°" subunit of NADPH-dependent oxidase of phagocytes (gp917"*") infected
subcutaneously with L. amazonensis develop larger lesions in the first weeks of infection and
smaller lesions in the chronic phase of the disease when compared to wild type animals (WT).
However, both WT and gp91ph°x'/ " mice presented similar parasite loads. We detected higher levels
of IL-17 in draining lymph nodes 8 weeks post infection (p.i.) and lower mRNA levels of IL-1p in
the lesion site 12 and 16 weeks p.i. in gp91”"*” mice. There are controversial data in the literature
about the role of neutrophils in Leishmania infection, principally when different routes of
inoculation are involved. Considering the relevance of these cells to ROS production and predicting
important alterations of ROS effect when the inoculation route is changed, we compared the innate
immune response generated on the most common used routes of parasite inoculation, the
subcutaneous and the intradermal routes. However, we used the model of L. major infection, since
this model is better established in the literature. Starting at 2h p.i., intradermal infection with L.
major presented massive neutrophil recruitment and higher mRNA expression of CXCL-1 followed
by intense recruitment of Ly6C" inflammatory monocytes at 48h and 9 days p.i. compared to
subcutaneous infection. This more intense inflammatory profile observed at the infected intradermal
site also was accompanied by a more efficient parasite capture in this site. We observed a 10-fold
increase in the number of infected cells at the times measured. In contrast, dendritic cells and
macrophages represented the majority of infected cells in the subcutaneous site. Due this confirmed
and important participation of neutrophils in the intradermal infection, we utilized this route of
inoculation to determine the influence of ROS in our model of L. amazonensis infection. When
infected intradermally, gp91™™" mice presented larger lesions starting at 4 weeks p.i. and a high
degree of inflammation leading to a dense necrotic area and tissue loss without differences in

parasite loads. Surprisingly, the levels of inflammatory cytokines did not change during the course
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of infection, but we did detect a large accumulation of neutrophils at the intradermal site. Increased
neutrophil numbers in gp917"*" mice was associated with higher numbers and frequencies of
necrotic neutrophils at 8§ weeks p.i. and may be the major factor responsible for the inflammatory
phenotype observed in these mice. These experiments suggest that oxygen radicals have an
important role in L. amazonensis infection, controlling neutrophil flux to the lesion, impairing
necrotic inflammatory death in these cells and consequently the inflammation of infected tissue.
Moreover, the route of inoculation greatly influences the effect of reactive oxygen species (ROS) in
L. amazonensis infection, since the major cells producing ROS, the neutrophils, play a prominent
role only in intradermal infection. This is the first report to show the effect of ROS in Leishmania
model closest to natural infection, indicating a more physiological way to study ROS in Leishmania

infections.
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ROLE OF REACTIVE OXYGEN SPECIES (ROS) DERIVED FROM GP91"1X IN THE INFECTION
CAUSED BY L. AMAZONENSIS: IMPLICATIONS RELATIVE TO THE SITE OF INFECTION

2. INTRODUCTION
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Leishmaniasis are a spectrum of diseases caused by parasites of the genus Leishmania. They
are endemic in 88 countries in the world and about 350 million people are at risk to contracting
these diseases (WHO, 2013). Leishmaniasis are concentrated in developing countries, mainly Brazil
and India, the African continent, and the Middle East. About 12 million people suffer from these
diseases and it is estimated that 1.3 million new cases occur every year, with 20-30,000 deaths
annually (WHO, 2013). The Leishmania genus includes 30 species and about 20 are pathogenic to
humans (Cupolillo et al., 2000). The disease presents with high frequency in the visceral or
tegumentary form, this latter presentation being subdivided in cutaneous, diffuse cutaneous or
mucocutaneous leishmaniasis. There are estimated to be 0.7 to 1.3 million new cases of cutaneous
disease and 0.2-0.4 million new cases of visceral disease every year (WHO, 2013). Consequently,
leishmaniasis are considered one of the six major endemic diseases in the world.

The natural chronic persistence of leishmaniasis favors the development of a polarized
immune response. In the most well studied model of leishmaniasis, the experimental infection of
mice with Leishmania major, the immune response is polarized into Th1l or Th2 depending on the
mouse strain, and the kind of immune response developed determines the course of infection
(Heinzel et al., 1991; Reiner et al., 1994; Wilson et al., 2005). Progressive disease is observed in
BALB/c mice due to the expansion Th2 cells, which are producers of 1L-4, IL-5, IL-9, IL-10 and
IL-13 (Gessner et al., 1993; Heinzel et al., 1991; Locksley et al., 1987; Matthews et al., 2000; Scott
et al., 1988). In contrast, the expansion of Thl cells producing IL-2 and IFN-y in resistant mice,
such as C3H and C57BL/6, promotes healing of lesions and control of L. major growth (Heinzel et
al., 1991; Scott, 1993; Scott et al., 1988).

Reactive oxygen species (ROS) are a group of ions, radicals and highly reactive molecules
derived from oxygen. They participate in many biological processes, from hormonal biosynthesis,
cellular signaling, and killing of microbial pathogens. They can be generated in mitochondria as
respiratory chain by products in an unspecific way (Rada and Leto, 2008). They are also one of
major effector mechanisms against intracellular pathogens and can be induced by IFN-y or via
activation through toll like receptors (TLRs) (Calegari-Silva et al., 2009; Kavoosi et al., 2009;
Pawate et al., 2004).

NADPH oxidase is an enzyme responsible for superoxide anion production. NADPH
oxidase deficient animals develop granulomatous disease (Babior, 2004), due to an inability to
resolve microbial infections, especially those caused by fungi and bacteria (Heyworth et al., 2003).
The study of the role of ROS in Leishmania infections is not well studied since parasite control is

attributed to nitric oxide, the major effector molecule in parasite killing (Green et al., 1990; Liew et
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al., 1990). In vitro studies suggest an irrelevant role of ROS in parasite killing by L. major infected

macrophages (Assreuy et al., 1994; Blos et al., 2003). /n vivo studies also showed that ROS by
phagocyte NADPH oxidase do not play a relevant role during infection with L. major of L.
donovani (Blos et al., 2003; Carter et al., 2005; Murray and Nathan, 1999). However, Z. guyanensis
is highly susceptible to ROS (Sousa-Franco et al., 2006). This differential resistance of some
species could be explained by differential antioxidant expression systems, making the study of ROS
in infections caused by different species of Zeis/mania necessary.

Data from our group show that ROS from phagocyte NADPH-dependent oxidase did not
alter parasite loads at the site of infection and draining lymph nodes, IFN-y, IL-10 and nitric oxide
levels in animals infected with Z. amazonensis. However, an increase in lesion size was observed in
animals deficient of phagocyte NADPH-dependent oxidase, which suggested an
immunomodulatory role of ROS in disease, controlling the inflammation. Indeed, ROS have been
attributes a role in the control of inflammatory responses in several systems. They activate
transcriptional factors of inflammatory genes such as NF«xB and AP-1 (Schmidt et al., 1995;
Schreck and Baeuerle, 1991) and also contribute to induce apoptosis in neutrophils and T
lymphocytes by oxidative stress (Purushothaman and Sarin, 2009; Sanmun et al., 2009; Spinner et
al., 2010; Zhang et al., 2003). There are some controversial data in the literature about the anti-
inflammatory or inflammatory activity of ROS. While some studies defend the induction of
chemokine and cytokine production by ROS and subsequent cell recruitment (Hattori et al., 2010),
others favor ROS having an anti-inflammatory role by inducing apoptosis of inflammatory cells
such as neutrophils and macrophages (Marriott et al., 2008). Moreover, it was demonstrated that
apoptotic bodies of neutrophils downregulate the immune response against Leishmania sp. (Afonso
et al., 2008; Ribeiro-Gomes et al., 2012; Ribeiro-Gomes and Sacks, 2012). This could decrease the
number of cells at the site of infection as well the inflammatory cytokine and chemokine
production.

So, it would be important to evaluate the inflammatory role of ROS in infections caused by
Leishmania, in view of the controversial data in the literature as well the shortage of studies relating

ROS with infections caused by Zeisimania.
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3.1. Leishmania genus taxonomy

The taxonomy of the genus Leishmania (family: Trypanosomatidae, order: Kinetoplastida)
started with its discovery in 1903 by Donovan and Leishman, who independently described the
parasite isolated from the spleen of patients from India (Herwaldt, 1999). However, until today
there is not a consensus about the taxonomic division due the different criteria used for
classification (Hommel, 1999).

The classification of genus Leishmania was initially based on ecobiological criteria such as
vectors, geographic distribution, tropism, antigenic properties and clinical manifestations (Bray,
1974; Lumsden, 1974; Pratt and David, 1981). However, biochemical and molecular analysis
showed contradictory results for classifications based on geographic and pathological criteria. So,
other criteria such as polymorphism patterns exhibited by kinetoplastic DNA markers, proteins or
antigens are being used to classify the species of the genus Leishmania (Banuls et al., 2007).

The two species more frequently associated with visceral leishmaniasis are Zeishmania
donovani and Leishmania infantum. Leishmania chagasr is generally considered as synonymous of
L. mnfantum, and these two species are practically indistinguishable (Mauricio et al., 2000), but the
name Z. c¢/agasi is more commonly used in Latin American literature.

For epidemiological studies, the major tool for classification analysis is the analysis of
isoenzymes. About 12 enzymes can be used to distinguish between all species. Each species can
have a distinct zymodeme, each one characterized by a group of isoenzymes (Rioux et al., 1990).

Figure 1 illustrates a modern classification scheme for the genus Leishmania.
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Subkingdom | Protozoa |
I
Order | Kinetoplastida |
I
Family l Trypanosomatidae ‘
Genus Crithidia Leptomonas Herpetomonas Blastocrithidia  Leishmania  Sauroleishmamia  Trypanosoma  Phytomonas  Endotrypanin
Subgenus Leishmaria Viannia

I
| I | | I

Complex L. dovovani L. tropica . major L. aethiopica I. mexicana

Species L. archibaldi L. killicki [ major L. aethiopica L. amazonensis

L. braziliensis . guyanensis L. naiffi L. lainsoni

L. braziliensis L. panamensis L. naiffi L. lainsoni

L. chagasi L. fropica L. garmhami . L_peruviana 1. guyanensis PITEITAL DR i
L. infantum L. mexicana Non paihogenic for 1. shawi | No ﬁf"ﬂf .
. ¢ humans i classification H
L. donovani L. pifanoi Nd World ; L. colombiensis '
L. venezuelensis | L. arabica | i L. equatorensis
- L. gerbilli B B 3

L forattinii L. turanica i

i New World

L. aristidesi }

i L. envietti

i L. deanei f

1 L. hertigi

Figure 1: Taxonomy of Leishmania genus (Banuls et al., 2007). Underlined species have had their
taxonomic classification questioned. Twenty species of the thirty known are pathogenic for humans.

3.2. Epidemiology

The leishmaniasis are endemic in more than 88 countries in the world, including countries in
South of Europe, North of Africa, South and Central America, India and the Middle East (Murray,
2002). The areas with higher incidence of cutaneous and visceral leishmaniasis are marked in the

maps of the figures 2 and 3, respectively.
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Figure 2: World distribution of tegumentar form of leishmaniasis. The blue-dotted areas indicate
endemic zones between 2005 to 2009. WHO/CNTD. Map: Control of Neglected Tropical Diseases of the

World Health Organization, 2010.
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Figure 3: World distribution of visceral form of leishmaniasis. The blue-dotted areas indicate endemic
zones between 2005 to 2009. WHO/CNTD. Map: Control of Neglected Tropical Diseases of the World
Health Organization, 2010.

Recently, the number of cases reported and the prevalence of the disease are growing and
there is a consensus that this is due to global awareness (Desjeux, 2001).

About 350 million people, distributed in 88 countries, are at risk to contract or in treatment
for leishmaniasis (Kedzierski et al., 2006; WHO, 2013). In present, about 12 million people are
infected with Leishmania and it is estimated that 1.3 million new cases occur every year, with 20-
30,000 deaths per year (WHO, 2013). In addition, Zeis/zmania-HIV co-infection is a major problem
in affected areas (Sinha et al., 2005).

Data from the Brazilian Ministry of Health show the evolution of leishmaniasis in Brazilian
territory. More than 123,000 cases were registered from 2007 to 2012, concentrated according to
geographic region as follow: North (40.42%), Northeast (33.44%), Center-West (14.67%),
Southeast (9.37%) and South (2.1%). The state of Minas Gerais contains 71.62% of all cases in the
Southeast region. Particularly, there is a dense concentration of cases in the north of Minas Gerais,

closest to the state of Bahia, which is the second most affected state in Brazil (about 19,200 cases).
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The state of Para, in the North region, leads the total number of cases registered in Brazil, reaching
more than 19,900 people infected from 2007 to 2012.

In Brazil, two species are considered to deserve most public health attention: L. amazonensis
and L. braziliensis. These two species are spread in all regions of the Brazilian territory, being
responsible for the majority of cutaneous leishmaniasis registered cases, as shown in the map in

figure 4.

B L (v) brazitiensis

B L (v)ainsoni

B L (v)naiff

B L (v)shaw

B L (v)guyanensis

B L (L)amazonensis
B L (v)iindenberg

Figure 4: Distribution of Leishmania species causing cutaneous leishmaniasis in the Brazilian
territory. L. amazonensis and L. braziliensis are responsible for the majority of cutaneous leishmaniasis
cases in Brazil. Map: Ministry of Health of Brazil, Manual of leishmaniasis vigilance, 2007.

3.3. Disease

3.3.1. Etiological agent and clinical aspects

The leishmaniasis are traditionally divided in three major groups according to clinical
outcomes: visceral, cutaneous and mucocutaneous (Evans, 1993).

The cutaneous form of the disease causes ulcers in skin, around the sand fly bite area,
usually in exposed parts of body such as face, neck, arms and legs. The cutaneous form is caused by
many species of Zeishmania. L. major, L. tropica, L. aethiopica, L. mexicana, L. braziliensis, L.
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panamensis, L. peruviana and L. amazonensis. Sick subjects generally heal spontaneously, but the
time of healing changes according to the infecting specie and the host response. The disease can
spread to other sites of the skin, being then known as diffuse cutaneous leishmaniasis. In this
particular case, the disease might visceralize, being more aggressive, and when not properly treated
can lead to death. The diffuse form of the disease is caused by Z. aethiopica, L. mexicana and L.
amazonensis, but occurs only when the host presents with impaired immunity (Kedzierski et al.,
2006).

In mucocutaneous leishmaniasis, usually caused by Z. braziliensis, the initial skin lesion can
heal spontaneously, but over the years a lesion with partial or complete mucosal membrane
destruction can develop. If not treated, affected subjects can develop serious deformities or even
die.

The visceral leishmaniasis, also known as Kala-azar, is the most severe form of
leishmaniasis and frequently leads to death if not treated. Z donovani, L. infantum and L. chagasi
are the major species responsible for this kind of illness. The parasites migrate to internal organs,
principally liver and spleen, and can cause hepatosplenomegaly, fever, anemia and weight loss in
the host. Some individuals can develop an uncommon syndrome named post-kala-azar dermal
leishmaniasis, a few years after cure of visceral leishmaniasis. Patients committed by this syndrome
are considered the major source of parasites for new infections due to the heavy parasite loads

localized in the skin which are easily accessible to sand fly bites (Kedzierski et al., 2006).

3.3.2. Biological cycle

During its complex life cycle, parasites of the Zezis/imania genus are exposed to different
extra and intracellular environments. These organisms are digenetic with two basic stages of life
cycle: the extracellular in invertebrate host (sand fly) and the intracellular in vertebrate host
(mammals). Hence, the parasites have two major forms: promastigotes, slender and flagellate,
present in invertebrate host, and amastigotes, round and aflagellate, present in vertebrate host
(Banuls et al., 2007).

The invertebrate host or vectors are tiny insects of the order Diptera, subfamily
Phlebotominae. Two of six known geni are of medical importance: Phleboromus in the Old World
and Zuzzomya in the New World. Thirty one of more than 500 phlebotomine species were

confirmed as vectors for leishmaniasis (Killick-Kendrick, 1990 1999).
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The Zeishmania parasites are extremely efficient, and can infect several orders of mammals:
Rodentia, Carnivora, Marsupialia, Primates, Edentata and Ungulata (Banuls et al., 2007). All these
mammals are considered potential reservoirs of the disease.

The parasites are transmitted to vertebrate hosts by female sand flies, which inject a small
number of metacyclic promastigotes into the skin. These forms are efficiently opsonized by
complement components and phagocyted by neutrophils (major cells involved in the initial
Leihsmania uptake), which turn on the apoptotic program releasing the parasites to the extracellular
environment. The released Leishmania are phagocyted now by monocytes or macrophages, where
they transform into replicating amastigotes inside of phagosomes. The replication of parasites lyses
the membrane of macrophages and the infection spreads. The infected macrophages, present in the
skin of the host, are ingested by sand flies when they feed on the host’s blood and then are lysed,
releasing the amastigote form. Because of changes in pH and temperature within the sand fly, the
amastigote form rapidly transforms into replicating non-infecting promastigote forms. These
promastigotes attach to the gut wall of the vector and replicate continuously. After replication,
differentiated metacyclic promastigotes migrate to the anterior gut and are regurgitated into the host

during the next blood meal. The life cycle is common to all parasitic Leishmania species (Figure 5).
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Figure 5: Biological cycle of Leishmania major (Peters and Sacks, 2009). (A) The cycle starts with the
vector feeding on the blood from infected host. With the blood, the vector ingests amastigotes that are inside
macrophages in the skin. In the insect gut, the amastigotes are released by macrophage lysis and differentiate
into promastigote forms. They attach to the gut wall and start to replicate. (B) In the new blood meal, these
metacyclic forms are inoculated in the skin of the host and (C) they are phagocyted majorly by neutrophils.
(D) The neutrophils fail to kill phagocyted parasites, start the apoptotic process and (E) release the parasites
together with apoptotic bodies into the extracellular environment. (D) Phagocytosis by the macrophages/DCs
of these apoptotic bodies and parasites (F) induce the production of anti-inflammatory mediators such as
TGF-B, which favor the survival of the parasite in the newly infected cells. (F and G) The fusion of
phagosome membrane containing parasites with lysosomes in the host cells creates favorable environment to
differentiation of the promastigotes into amastigotes, which start cycles of replication inside of the infected
cells. (G) The amastigotes replicate indefinitely inside of macrophages until their lysis. Thus, many
amastigotes are released in the extracellular environment and then are phagocyted by others phagocytic cells,
enhancing the replication cycles. (A) Eventually, the vector might feed on contaminated host blood, re-
initiating the cycle.
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3.3.3. Immune response

Murine model studies have revealed differences in the immune response during visceral or
cutaneous leishmaniasis.

The natural chronic persistence of leishmaniasis favors the development of a polarized
immune response. In the more established model of disease, the infection caused by Zeisimania
major, there is a deep influence of Th1 and Th2 immune responses in disease course (Wilson et al.,
2005). Progressive infection by L. major is observed BALB/c mice by expansion of Th2 cells
producing IL-4, IL-10 and IL-13. In contrast, the IL-12-mediated expansion of Th1 cells in resistant
mice, eg. C3H, and subsequent production IFN-y, causes control of parasite growth (Heinzel et al.,

1991; Scott, 1993; Scott et al., 1988) (Figure 6).

i Activation of leishmaniacidal activity

IL-12
------- TNF-ot resistance vs. pathology
IFN-y
IL-10
| TNF-a
_TGF-B \ Activation of
IL-10 K. g0 + _ leishmaniacial
! activities
IL-10
- Th2 IL-4
Regulatory activities for keeping
. IL-5 X i -
v pathology in check and aiding in long
IL-13 lived immunity?

Role for Th17?

Figure 6: Models of immune responses in the infection caused by L. major (Gollob et al., 2008). CD4"™ T
lymphocytes balance the activation of macrophages for Leishmania control. Classically, CD4™ T cell
subtypes Thl and Th2 act controlling the anti-leishmanial activity in host macrophages. IL-12 and IFN-y
stimulate the differentiation of the immune response to Thl subtype, which activate anti-leishmanial
mechanisms in macrophages increasing nitric oxide ("NO) production by iNOS. IL-4, which differentiates
the response into Th2, TGF-B and IL-10 inhibit the activation of macrophage promoting worsening in the
disease.
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The murine model of leishmaniasis has been widely used to better understand the life cycle,
course of infection and parasite-host relationship. This model has the advantage of permitting a
highly controlled study, potentially clarifying important immunological aspects of the disease
(Pereira and Alves, 2008).

The course of infection caused by L. amazonensis changes remarkably in different isogenic
strains of mice. BALB/c animals are highly susceptible presenting progressive lesion growth
(Calabrese and da Costa, 1992). C57BL/10 also present with non-healing lesions and persistent
parasite loads (Afonso and Scott, 1993). C3H, C57BL/6, BDA and CBA mice are less susceptible
to infection, but they do not heal and do not decrease the parasite loads (Afonso and Scott, 1993;
Barral et al., 1983; Cortes et al., 2010; Jones et al., 2002; Neal and Bray, 1983; Soong et al., 1997).
Thus, contrary to the established model of Th1/Th2 dichotomy in infections caused by L. major,
there is not a resistant model to L. amazonensis infection. The characterization of the type of
immune response generated in this infection still presents controversial data in the literature (Pereira
and Alves, 2008). The capacity to mount a Thl response is still considered as resistance factor, but
the susceptible phenotype is remarkably variable. Many factors such as a Th2 dominant response
(Lemos de Souza et al., 2000), the absence of a Th1 response (Afonso and Scott, 1993), or a mixed
Th1/Th2 response (Ji et al., 2002; Sacks and Noben-Trauth, 2002) influences the increased
susceptibility to L. amazonensis infection.

IFN-y, cytokine associated with a Thl response, is downregulated in draining lymph nodes
of C57BL/6 mice infected with L. amazonensis, when compared to infection caused by L.
braziliensis (Maioli et al., 2004). This could suggest a regulator mechanism promoted by L.
amazonensis differing from other Leishmania species, related with the capacity of this specific
parasite to successfully infect many mouse strains. Moreover, mice lacking IFN-y present similar
lesions compared to wild type animals at the initial stages of infection, suggesting an irrelevant role
of this cytokine in the beginning of the infection. However, 2 months post infection, IFN-y deficient
mice loose control of lesion growth, increase the production of IL-4 and decrease the production of
IL-12 and TNF-a. These data suggest that production of IFN-y is crucial for the establishment of
Th1 response in the disease (Pinheiro and Rossi-Bergmann, 2007).

An ambiguous role was attributed to IFN-y during L. amazonensis infection: it was observed
that IFN-y increases the replication of L. amazonensis in infected macrophages, but also activates
the killing of promastigotes (Qi et al., 2004). On the other hand, the association of IFN-y with LPS

limits their growth and induces parasite death in infected macrophages.
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The expression of IL-12, another important inflammatory cytokine during the Th1 response,
has been shown to induce a significant reduction in parasitism during L. amazonensis infection. IL-
12 is downregulated in infected C3H mice, and its expression is associated with the presence of the
pathogen and it is independent of IL-4 expression (Jones et al., 2000). In addition to the reduction
of IL-12 expression, those animals were also irresponsive to exogenous IL-12. This characteristic
implies a deficiency in mRNA expression of IL-12b2 receptor, which is prevented somehow by the
parasite (Jones et al., 2000).

The role of IL-4 during infection with L. amazonensis is very controversial. It was
demonstrated that IL-4 deficient BALB/c mice express high levels of IFN-y and anti-Leishmania
IgG,, antibodies 2 weeks post infections when compared to wild type. However, following
infection with high dose of parasites (5 x 10° promastigotes/footpads), the lesions progress equally
in IL-4” or WT BALB/c mice with no differences in parasite loads. In contrast, IL-47" develops
smaller lesions and lower parasite loads when inoculated with 10°, 10* or 10° parasites/footpads
(Guimaraes et al., 2006). On the other hand, some studies suggest that IL-4 is not a predominant
factor of susceptibility in the infection, since its production decreases 3 weeks post infection.
Moreover, IL-4 deficient mice or C57BL/6 and BALB/c mice treated with anti-IL-4 are not capable
of healing lesions (Afonso and Scott, 1993; Ji et al., 2003; Jones et al., 2000).

The regulatory cytokine IL-10 also has an obscure role in the infection caused by L.
amazonenis. Despite its importance as a limiting factor of the Thl response during the acute phase
of the disease, this cytokine does not have a similar role in the chronic phase: both WT and IL-10
deficient C57BL/6 mice exhibit a decreased Thl response in the chronic phase. Moreover, the IL-
107 mice reduce 1-2 logs of parasite burden during the infection with parasite persistence and
similar lesion development. Therefore, IL-10 has a partial influence in the /. amazonensis infection
(Jones et al., 2002).

Experiments with IL-10 deficient BALB/c mice showed that these animals, although unable
to control the lesion progression, upregulate the production of IFN-y, nitric oxide and mRNA levels
of IL-12p40 and IL-12Rb2 when compared to wild type animals (Padigel et al., 2003). However,
after anti-IL-4 treatment, the IL-10 deficient mice can control the infection and have few parasites
in the lesion site. This shows that IL-10 together with IL-4 modulate the susceptibility impairing the
development of a protective Th1 immune response.

In case of the infection in humans, there are strong differences in the immune response and
disease behavior with two major components involved in these phenotypes: the genetic inheritance
of the individual and the specie of Leishmania causing the disease (Silveira et al., 2009). The L.
amazonensis, as demonstrated in mice models, have a remarkable capacity to escape the immune
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system and promote disease. As with other Leishmania species causing cutaneous disease, L.
amazonensis presents with three clinical manifestations varying according to the genetic
background of the patient and the efficiency of the T-cell response: localized cutaneous
leishmaniasis (LCL), anergic diffuse cutaneous leishmaniasis (ADCL), and borderline disseminated
cutaneous leishmaniasis (BDCL) (Silveira et al., 2009).

The LCL is the most common form the leishmaniasis (about 95% of the cases) caused by L.
amazonensis. This form is characterized by one or more ulcerative lesion(s) with good response to
traditional antimonial therapy (Silveira et al., 2009). More than 50% of the patients do not present
delayed type hypersensitivity (DTH) and lymphocyte proliferation reactivity (Silveira et al., 1998;
Silveira et al., 1991). Moreover, LCL patients produce higher expression of IL-4 mRNA, without a
decrease in the expression of [FN-y mRNA. Indeed, the augmented expression of IL-4 mRNA
suggests a possible mechanism of downregulation of IFN-y activity, which could explain the lack of
DTH in these patients (Silveira et al., 2004).

In contrast to LCL, patients with ADCL present with more than one non-ulcerative
cutaneous lesions containing heavily parasitized macrophages (Soong et al., 2012). All ADCL
patients present as DTH negative. This suggests a strong inhibition of T-cell response, which could
contribute with disease dissemination (Barral et al., 1995; Petersen et al., 1982). Moreover, there
are low numbers of CD4" and CD8" T cells in the lesions as well as very low IFN-y mRNA
expression and very high IL-4 mRNA expression, which characterize this form of disease as a well
defined Th2 immune response inducer. Because of this well-defined Th2 response in ADCL,
frequent recrudescence of the disease is observed after antimonial therapy (Bomfim et al., 1996;
Silveira et al., 2004).

The BDCL is an intermediary form of the disease between LCL and ADCL. BDCL patients
affected by L. amazonensis infection present very slow dissemination of the disease, taking 1-2
years to develop about 5-10 infiltrated lesions in the skin (Silveira et al., 2009). Patients present
incomplete T-cell immune suppression by the parasite, and while they are DTH negative their T-
cell response is enough to avoid recrudesce of the disease after antimonial therapy (Carvalho et al.,
1994; Costa et al., 1986; Turetz et al., 2002). Therefore, this capacity of the patients to recover after
antimonial therapy imply a dominance of Thl over Th2 response albeit it slight, contrary what

happens in ADCL (Silveira et al., 2005).
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3.3.4. Evasion of immune response by the parasite

Because of the lack of the necessary machinery to invade actively the host, the Leishmania
are confined mostly to professional phagocytes. Although these parasites achieve invasion of many
phagocytic cellular types, there is no evidence that the parasite can replicate in cells other than
macrophages. These cells have primary defenses, including the activation of oxidative metabolism,
by NADPH oxidase, iNOS, and synthesis and liberation of metabolites of arachidonic acid, which
are induced by attachment and phagocytosis of microbial agents (Peters and Sacks, 2006). The
microorganisms are endocyted through the plasma membrane of the phagocytic cells forming a
vesicle in the cytoplasm called the phagosome. However, the phagosome does not have the
machinery to digest and destroy the phagocyted intruder. So, there is a fusion of phagosome with
lysosomes, a vesicle containing proteases, acid pH and ROS, capable to destroy and digest the
microorganism.

The promastigote forms of Leishmania are covered by lipophosphoglycan (LPG) and a
family of glycolipids named glycoinositolphospholipids (GIPs) (Naderer et al., 2004). LPG has a
critical role in the infection of macrophages, protecting the promastigotes from reactive oxygen
species (ROS) generated during the infection (Spath et al., 2003). Some studies showed that LPG
could inhibit the fusion of the phagosome with the lysosome (Tuon et al., 2008), act as a ROS
scavenger or inhibit the recruitment of NADPH oxidase to the phagosome membrane preventing
damage to the parasite (Lodge et al., 2006). Another protein present on the surface of
promastigotes, the gp63 protease, can inhibit the action of phagolysosome enzymes, favoring the
persistence of the parasite inside the cell (Sorensen et al., 1994).

Complement receptors (CRs) also have a crucial role in the phagocytosis of promastigote
forms by macrophages. The interaction of parasites with CRs occurs in three different ways: in the
presence of the complement protein C3, present in serum, the iC3b fragment binds to complement
receptor 3 (CR3/CDI11b/Mac-1) on macrophage; by direct interaction between gp63 and CR3,
independently of complement; and by the interaction of LPG interacting with lectin-like regions in
CR3 and CR1 (Handman, 1999). The binding of parasite to these receptors does not trigger
microbicidal mechanisms and increases the survival chances of the parasite in the host (Mosser and
Edelson, 1987; Mosser et al., 1987). The phagocytic cells recognize microorganisms opsonized by
the molecule C3b of the complement. The C3 molecule is abundant in the blood and is
spontaneously hydrolyzed in bloodstream. This hydrolysis generates the C3b molecule that
opsonizes the microorganisms and then can be phagocytosed more efficiently by the phagocytic

cells.
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Amastigotes do not express LPG and gp63, however, they also have evasion mechanisms to
avoid the host immune response. The membrane of amastigotes has high numbers of
phosphatidylserine on the external portion, which permits an entrance mechanism into macrophages
that is similar to that of apoptotic cells. This strategy avoids microbicidal processes and
inflammatory responses (Wanderley et al., 2006). Furthermore, the opsonization of amastigotes by
IgG antibodies from the host promotes the uptake of amastigotes via FC receptors, which induces
the release of IL-10 (Kane and Mosser, 2001).

Figure 7 illustrates the major ways that Leishmania enter macrophages without triggering

inflammatory and microbicidal mechanisms.
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Figure 7: Many ways of inhibition of microbicidal activities used by Leishmania spp. to immune
response evasion. Adapted (Peters and Sacks, 2006). Leishmania evade the microbicidal activities of
macrophages in many ways. The phagocytosis of Leishmania by specific CR1 and CR3, manose receptors
and phosphatidylserine receptors promotes, among other responses, release of IL-10. The uptake by these
receptors and IL-10 production induce downregulation of oxidative defenses by macrophages. Inside of
macrophages, the Leishmania also inhibit the fusion with lysosomes with phagosomes via LPG and
eventually gp63.

3.4. NADPH oxidases, production of ROS and inflammation

The NADPH oxidases are a group of membrane-associated and cytoplasm proteins

expressed by many cell types of mesodermic origin. The oxidases are enzymes involved in redox
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reactions where the molecular oxygen (O;) is the final acceptor of electrons. However, the majority
of the studies about the NADPH oxidases are concentrated on B lymphocytes. They catalyze
superoxide anion (0,*") production by reducing oxygen using NADPH as an electron donor in the
following reaction: NADPH + 20, = NADP" + 20,” + H" (Babior, 1999).

The superoxide generated by these enzymes is used as the initial molecule for the
production of many ROS, including, free radicals and oxygen singlets, hydrogen peroxide, hydroxyl
radicals and oxidized halogens. These oxidants generated are used by phagocytes to destroy invader
microorganisms, but can also cause much tissue damage to the host. The damage caused by ROS is
due to the spontaneous chemical reaction between ROS and cell components. There are oxidations
by ROS of important proteins or even DNA, which promotes cell collapse and death. Because of
this, the action of NADPH oxidase is highly regulated e activated just under certain stimuli (Babior,
1999).

The structure of the NADPH-dependent oxidase of phagocytes (also called Nox2 or
gp91™™™) is composed by two transmembrane subunits (gp91P"™ and p22°"*), three cytosolic
components (p67°", p47°"* and p40™"*) and a small G protein (racl or rac2). The rac proteins are
kept inactivated by interaction with an inhibitor of guanine nucleotide dissociation, which impairs
the exchanges of guanine nucleotides (GDP by GTP) by racs. The activation of NADPH oxidase is

associated to attachment of cytoplasmatic components to transmembrane subunits (Babior, 2004).
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Figure 8: Activation states of NADPH oxidase (Babior, 1999). On the left the inactivate state of the
enzyme is represented, where the multimeric complexes are separated. Under appropriated signaling, there is
a phosphorylation of p47, permitting the association of cytoplasmic complexes with transmembrane subunits
to activate the enzyme, as represented on the right side.
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The superoxide anion is the product of the multimeric NADPH oxidase enzyme complex.
The NADPH complex contains the membrane-bound cytochrome bssg, which two polypeptide
chains (gp91™ and p22°"**) and two non-identical heme groups (associated to gp91™*) are part of
the membrane-linked complex (DeLeo et al., 2000; Nauseef, 2004). The gp91 subunit is expressed
as a polypeptide of 58-kDa and after glycosylation in the endoplasmic reticulum becomes a 65-kDa
subunit (Yu et al., 1999). After this subunit leaves the endoplasmic reticulum, it traffic trough the
trans-Golgi network, where it is additionally glycosylated, acquiring also the heme group, which
increases the mass of the molecule to the final 91-kDa (DeLeo et al., 2000; Nauseef, 2004; Yu et

al., 1999). The process of maturation of gp91P"™

increases the affinity for the p22, the other
membrane-linked subunit and both are anchored to the membrane. The other subunits of NADPH
oxidase, p40, p47, p67, and Rac2 are located in the cell cytoplasm and associate with the
membrane-bound components upon activation (Nauseef, 2004). The assembly of the subunits to
active the enzyme on the target membrane is crucial for the local release of optimal amounts of
superoxide, since this molecule is unable to transpose cellular membranes.

In the presence of appropriated stimuli such as phagocytosis triggered by pathogen-
associated molecular patterns (PAMPs) binding to toll receptors, there is activation of p38 MAPK
via MyD88. It was demonstrated that Myd88™" peritoneal macrophages are inefficient in eliminating
Gram-negative bacteria such as Escherichia coli or Salmonella typhimurium. This deficiency was
correlated with decreased production of superoxide anion mediated by NADPH oxidase. Moreover,
these Myd88™" peritoneal macrophages have defective NADPH oxidase assembly due to impaired
p38 MAPK activation and consequent p47"™* phosphorylation (Laroux et al., 2005). Therefore,
after p38 MAPK, p47™™ is phosphorylated, which exposes the binding site to p22°™* assembly
(Laroux et al., 2005). The assembly of the three subunits (p22°"*, p47°™* and gp9™™*) permits the

7phox

recruitment of p6 (Leto et al., 1994), which after interaction with rac, exposes the binding site

1 phox Ophox

to gp9 , activating the superoxide production (Mizrahi et al., 2006). The subunit p4 seems
to be an obligatory binding partner of p67°", but its role in the activation of NADPH oxidase is
still unclear. However, animal models deficient to subunit p40P™* (Ellson et al., 2006) and
granulomatous disease patients presenting mutations in the PX domain of p40thOX (Matute et al.,
2009) established the importance of this subunit in the activity of the NADPH oxidase. The
phosphorylation of the PX domain of p40™™*

oxidase (Chessa et al., 2010).

is an important signal to activation of NADPH

The gp91°™* subunit is essential for NADPH oxidase function. This subunit is responsible
for oxygen reduction by donation of electrons provided from NADPH (Shatwell and Segal, 1996).

Gp91™™*_deficient mice or humans with mutations in this gene present X-linked chronic
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granulomatous disease (CGD) (Pollock et al., 1995). Patients with CGD have early recurrent
infections that can lead to death as early as childhood. Although they show normal chemotaxis,
degranulation and phagocytosis, the patients show deficiency in destruction of phagocyted
microorganisms because of the lack of metabolites generated by superoxide anion. In addition to the
symptoms found in humans, mice with CGD also show higher numbers of neutrophils after
peritonitis caused by chemical components (Pollock et al., 1995) and an increase in polymorph
nuclear cells, chemokines and inflammatory cytokines as well the global lung inflammation caused
by experimental infection with Pneumococcal pneumonia (Marriott et al., 2008).

At the moment, there are seven isoforms of NADPH oxidase identified in mammals, the
isoforms Nox-1 to 5, and Duox-1 and 2. Others variations in subunits of the complex, the p47°"*
isoform (Noxo1) and p67°" isoform (Noxal) also were identified in mammalian cells (Banfi et al.,
2003; Banfi et al., 2001; Cheng et al., 2001; De Deken et al., 2000; Dupuy et al., 1999; Geiszt et al.,
2000; Suh et al., 1999). However, except for gp91°™* the others isoforms do not seem to be
involved in phagocytes defense.

Superoxide may associate with other ions to generate even more toxic products such as O3,
HOCI, HOBr, ONOO’, NO,’, CO;3", H,O,, ‘OH, etc. (Halliwell, 2006). However, because of its
negative charge, superoxide is unable to transpose biological membranes. Among the cited
molecules, hydrogen peroxide (H,0,) stands out as being formed by action of superoxide dismutase
(SOD) on O,” and H,O. SOD is an antioxidant enzyme present in many organisms and is a
hallmark of antioxidant defense in many systems. It catalyzes the formation of H,O, by
combination of O,” and 2H" ions. The SOD transforms the highly reactive superoxide anion in a
lesser reactive hydrogen peroxide, which protect partially the proteins of the organism from
oxidation. There are three isoforms of SOD presented in mammals: SOD1, localized in cytoplasm
and dependent of Cu/Zn metals; SOD2, presented in mitochondrial matrix and dependent of Mn
metal; and SOD3, a secreted isoform also dependent of Cu/Zn (Fukai and Ushio-Fukai, 2011). Mice
deficient in SOD2, have uncontrolled oxidative stress and die a few days after the birth (Li et al.,
1995), which illustrates the importance of SOD to protect the organism of superoxide action.

Differently from superoxide, hydrogen peroxide can easily transpose membranes and
participate on killing, generating hydroxyl anion (OH) by the Fenton reaction (Gutteridge and
Halliwell, 1992; Repine et al., 1981). The Fenton reaction is the name given for the spontaneous
oxidation of Fe’" to Fe’" through H,0,, represented by the equation: Fe*" + H,O, 2 Fe’" + 'OH +
OH" (Fenton, 1894). So, Fe-S centers are a target for H,O,. On the other hand, the death of
microorganisms by conversion of H,O, in "OH inside of the phagosome (outside of the pathogen’s

membrane) is improbable. Peroxide is extremely reactive. Inside the phagosome, it can react with a

46



LITERATURE REVIEW

variety of compounds, and even if a few H,O, molecules reach the pathogen’s cell wall, for
example, they will cause irrelevant damages. In neutrophils, lactoferrin, a Fe*" binding protein,
reduces the self-damage caused by ‘OH avoiding the generation of ‘OH by the Fenton reaction
(Gutteridge and Halliwell, 1992; Segal, 2005).

Other remarkable process is the reaction between “NO and O,", forming ONOO", which in
physiological pH and high concentration of CO», as in tissues, can form, among others, the radicals
'NO; and CO;™ with high potential to cause damage in microorganism and host cells (Alvarez and
Radi, 2003). However, the mammal cells seem to be prepared for such aggression with several
antioxidant strategies (Evans and Halliwell, 2001). Although peroxynitrite can cause damage to
host cells, the benefits for the host are irrefutable. The importance of both nitric oxide and
superoxide, and subsequent formation of peroxynitrite is underscored by the fact that double
knockouts for iNOS and NADPH oxidase are just viable in germ free conditions (Gyurko et al.,
2003) or in specials cases (constant administration of antibiotics cocktail) (Murray et al., 2006).

In case of neutrophils, an important microbicidal mechanism is the formation hypochlorous
acid (HOCI) by myeloperoxidase. This enzyme comprises 2 to 5% of all proteins of this cell and by
the fusion of cytoplasmatic granules with phagosomes can promote the death of microorganisms
(Winterbourn, 2002). The enzyme generates HOCI from H,O, and CI’, therefore limitations in the
capacity of superoxide production possibly lead to less activity of MPO.

Patients with CGD present high quantities of granulomas formed in many parts of the body,
which indicate an exuberant inflammatory process in progression. So, as cited before, animals
deficient in ROS production present high neutrophilia in some experimental infections and
persistent inflammation. These data could indicate a role of ROS controlling the inflammation.

One of the mechanisms proposed for the hyperinflammation seen in phagocyte NADPH
oxidase deficient animals would be a decrease in the degradation of phagocyted material by the
cells. This material could accumulate in ROS deficient phagocytes leading to a persistent cellular
activation (Schappi et al., 2008).

The attenuation of Ca’"dependent signaling could be impaired in CGD, which would
contribute to an increase of inflammation. This could happen by regulation of membrane potential
in CGD granulocytes, which present a more negative membrane potential, and consequently an
increase in Ca”" influx. This higher intracellular Ca®" concentration would promote a longer period
of cell activation and increase in inflammatory response (Geiszt et al., 1997; Rada et al., 2003).

Recent discoveries have implicated ROS in intracellular signaling by oxidation of cysteine
residues in phosphatases and transcriptional factors (Bedard and Krause, 2007). Therewith, it is

possible that the absence of NADPH oxidase could create alterations in cellular signaling favoring

47



LITERATURE REVIEW

the inflammatory responses. Moreover, there are many data in the literature showing increased
production of TNF-a and IL-8 (Geiszt et al., 1997; Hatanaka et al., 2004; Lekstrom-Himes et al.,
2005; Rada et al., 2003) and decreased production of TGF-f3 and prostaglandin 2 (Brown et al.,
2003) in neutrophils of patients with CGD.

There are solid evidences suggesting that ROS can induce apoptosis in neutrophils (Coxon
et al., 1996; Gamberale et al., 1998; Hiraoka et al., 1998; Kasahara et al., 1997; Kobayashi et al.,
2004; Ottonello et al., 2002; Yamamoto et al., 2002). Consequently, it was suggested that a
decrease in the apoptosis of neutrophils would be the reason for the hyperinflammation seen in
CGD (Brown et al., 2003; Hampton et al., 1998; Hampton et al., 2002; Kasahara et al., 1997; van de
Loo et al., 2003).

3.5. ROS and Leishmania

3.5.1. Production of ROS by host cells in Leishmania infections

There are few papers in the literature addressing the direct role of ROS in infections caused
by Leishmania sp. and the majority of them address their functions in in vitro systems.

In vitro studies show that neutrophils and macrophages produce ROS in response to
Leishmania. However, the killing of L. major by IFN-y-activated macrophages is dependent on "NO
production, but not on the production of superoxide or peroxynitrite (Assreuy et al., 1994). The
lesions developed in mice deficient in NADPH-dependent oxidase of phagocytes (Nox2 or
gp91°"%) infected with L. major are similar when compared to C57BL/6 mice. Gp91™™* knockout
mice control L. major at the site of infection at early time points, but display an unexpected
reactivation of L. major infection after long periods of observation (more than 200 days of
infection). Further, they show deficient control of parasite replication in draining lymph nodes and
spleens, suggesting that gp91ph°X is important for the control of L. major in vivo at later times of
infection by preventing visceralization of the disease (Blos et al., 2003).

The role of ROS in different models of infection with Leishmania changes according to the
species. L. guyanensis (Sousa-Franco et al., 2006) and L. braziliensis (Scott and Sher, 1986) fail to
establish infection and do not survive within non-activated peritoneal macrophages in vitro. In in
vitro infection of BALB/c macrophages, L. guyanensis does not activate the production of ‘NO,
however, the infection activates a respiratory burst markedly higher than that promoted by infection

with L. amazonensis. The production of ROS is responsible for the elimination of L. guyanensis by
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macrophages and L. guyanensis amastigotes die inside BALB/c macrophages through an apoptosis-
like process mediated by parasite-induced ROS (Sousa-Franco et al., 2006). These findings
demonstrate an important killing mechanism of L. guyanensis amastigotes. ROS are probably
involved in resistance to infection in this species because mice that are unable to activate the
respiratory burst by the regular administration of apocynin, an inhibitor of NADPH oxidase, do not
control the infection as in untreated animals (Horta et al., 2012).

The participation of ROS in killing of L. amazonensis by mouse or human macrophages and
their importance to parasite killing has been reported. The augmented SOD expression induced by
IFN-B decreases the superoxide release interfering with killing of L. amazonensis and L.
braziliensis (Khouri et al., 2009). Moreover, it has been shown that both superoxide and nitric oxide
are required to parasite killing, in vitro, of L. amazonensis amastigotes within LPS/IFN-y-activated
bone marrow-derived macrophages generated from C3H mice (Mukbel et al., 2007).

Mouse peritoneal macrophages or J774 cell lineage treated with N-acetylcysteine (NAC)
inhibits the leishmanicidal effect under hypoxia (Degrossoli et al., 2011). It is generally assumed
that the action of NAC results from its antioxidative or free radical scavenging property (Sun,
2010). So NAC acts decreasing the concentrations of ROS making it possible to observe the
behaviour of infected macrophages in the absence of ROS.

IFN-B dose-dependently increases parasite burden in L. amazonensis as well as L.
braziliensis in infected human macrophages, independently of endogenous or exogenous “NO. In
addition, IFN-B significantly reduces superoxide release in Leishmania-infected as well as
uninfected human macrophages (Khouri et al., 2009), implying a possible involvement of
Leishmania killing independent of nitric oxide, but dependent of superoxide anion.

The superoxide anion may combine with nitric oxide generating ONOO and there are
evidences in the literature that ONOO is not involved in the killing of L. major (Assreuy et al.,
1994; Blos et al., 2003). However, the specific role of this important oxidant has not been
thoroughly explored. In contrast, the production of nitric oxide and ONOO has been shown during
infection with L. amazonensis in BALB/c (more susceptible to infection) and C57BL/6 mice (less
susceptible to infection). The production of nitric oxide in vivo was detected as the nitrosyl
hemoglobin complex in blood of infected mice. In parallel, infected footpads from mice, at several
time points, present ONOO formation detected as nitrotyrosine (Giorgio et al., 1996; Linares et al.,
2001). C57BL/6 mice presented higher levels of nitrosyl complexes when compared to BALB/c
mice at 6 weeks of infection. This coincides with the time where the lesions become chronic in
C57BL/6 mice. Nitrosyl complexes also increase in BALB/c mice, but this effect is correlated with
the lesion size. iNOS and nitrotyrosine-containing complexes co-localize in macrophages present in
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the lesions from both mouse strains, and the most probable agent of protein nitration is ONOO
(Linares et al., 2001). Peroxynitrite kills L. amazonensis axenic amastigotes in vitro more efficiently
than nitric oxide and it is proposed that, in BALB/c mice, ONOO is involved in tissue damage
(Linares et al., 2001). Since BALB/c is more susceptible despite the production of ‘NO, it is
suggested that the delayed production of ONOO impairs the capacity of these mice to control L.
amazonensis. In addition, the treatment of C57BL/6 mice with Tempol, a stable cyclic nitroxide
radical that protects cells from damage due to oxidative stress, promotes larger lesions, parasite
growth, and lower levels of nitric oxide products and nitrotyrosine (Linares et al., 2008). Although
transient, the effect of Tempol provides further evidence that ONOO is involved in the control of

L. amazonensis in vivo.

3.5.2. Importance of ROS in the direct Killing of Leishmania

Several anti-leishmanial drugs have been tested and many of them exploit the redox system
showing the importance of the oxidants agents derived from superoxide to eliminate the parasites.

Geranylgeraniol, a compound obtained from B. orellana seeds, increase ROS quantities in
parasite membranes leading to permeabilization of these membranes followed by mitochondrial
depolarization and increased mitochondrial ROS production. It was shown that this oxidative
imbalance causes destructive effects on L. amazonensis DNA and that the promastigotes
subsequently undergoes to apoptosis-like cell death (Lopes et al., 2012). Also, expanded porphyrins
might generate oxygen singlets by light reaction promoting death of axenic amastigotes of L.
panamensis in vitro by the same apoptosis-like cell death as described before (Hooker et al., 2012).

Another chemical reagent, the superoxide dismutase inhibitor diethyldithiocarbamate
(DETC), induces L. amazonensis killing in human macrophages in vitro. Further, DETC induces
superoxide production and the parasite killing. The effects of DETC are reverted by the addition of
NAC, indicating that DETC-induced killing occurs through oxidative damage. In addition, DETC
significantly induces parasite killing in Leishmania promastigotes in axenic cultures, increasing the
production of ROS and killing of L. braziliensis in murine macrophages. The treatment with DETC
also decreases the lesion size and parasite loads in BALB/c mice infected with L. braziliensis
(Khouri et al., 2010).

Indeed, many papers in the literature show the direct effect of ROS, derived by chemical

agents, in killing of Leishmania axenic cultures. The majority of those chemicals act in same way as
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described as follows: chemicals stimulate ROS production by the parasites promoting lesions on

DNA and consequently apoptosis.

3.5.3. Subversive mechanisms used by Leishmania to avoid damage by ROS

As mentioned before, ROS are important for parasite killing by causing severe lesions in
DNA and promoting apoptosis of the parasite. So, Leishmania developed mechanisms to avoid the
effects of ROS. These mechanisms mainly avoid ROS production by the host cells or promote the
overexpression of antioxidant systems to neutralize the reactive ions.

SOD produced by L. tropica is a key enzyme that appears to act as first line defense against
ROS generated by host cells. High levels of SOD are expressed in amastigote and promastigote
forms of L. tropica suggesting a clear mechanism to decrease the ROS effects (Bahrami et al.,
2011). In addition, SOD-deficient L. tropica are more sensitive to menadione (a ROS inducer) and
hydrogen peroxide in axenic culture, and survive less in peritoneal BALB/c macrophages (Ghosh et
al., 2003). These reports indicate that SOD is a major determinant of intracellular survival of L.
tropica.

Fe-SOD from L. chagasi is expressed in high levels in the stationary promastigote and
amastigote stages of infection. Parasites deficient in Fe-SOD have impaired growth in macrophages
treated with paraquat (a ROS inducer) as the levels of intracellular O," increases Moreover, in vitro
studies show decreased survival of these deficient parasites within the U937 human macrophage
cell line, suggesting that Fe-SOD is important for the growth and survival of L. chagasi (Plewes et
al., 2003).

Trypanothione reductase (TR) is the enzyme responsible for maintaining trypanothione in its
reduced form and probably has a central role in the redox defense systems of trypanosomatids.
Mutants of L. donovani and L. major possessing only one functional TR allele express less TR
mRNA and have lower TR activity. Thus, these mutants present reduced infectivity and markedly
less resistance to survive within macrophages stimulated to produce ROS (Dumas et al., 1997).

Besides the mechanisms cited, Leishmania can directly modify the ROS production of the
host cells. Generally, these mechanisms involve the impairment of the NADPH oxidase complex
assembly by amastigotes or promastigotes, the overexpression of antioxidant systems by host
among others as described below.

The infection of macrophages with amastigote forms of L. donovani induce almost
undetectable levels of superoxide release during phagocytosis, suggesting that the parasite

influences the ability of the macrophages in produce ROS during phagocytosis. Indeed, L. donovani
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amastigotes impair the phosphorylation of the NADPH oxidase component p47°"**, culminating on
an ineffective assembly of the NADPH oxidase complex specifically in the recruitment of p67°"*
and p47™™ (Lodge et al., 2006).

Immunoblots of subcellular fractions enriched with parasitophorous vacuoles (PVs) from L.

lphox

pifanoi amastigote-infected cells reveal only a premature form of gp9 in these compartments,

the 65-kDa form of gp91P"** (Pham et al., 2005). Therefore, it has been suggested that only the non-

lphox

active form of gp9 is recruited to vacuoles containing amastigotes forms of L. pifanoi. In

addition, since gp91°"*

maturation is dependent on a heme group, infections by Leishmania induce
an increase in heme oxygenase 1 (HO-1) expression, which decreases the viability of heme for
NADPH oxidase assembly. On the other hand, infection using L. pifanoi amastigotes plus
metalloporphyrins (inhibitors of HO-1) increases superoxide release by the infected macrophages
(Pham et al., 2005). Therefore, it is has been suggest that L. pifanoi amastigotes avoid superoxide
production by increasing the expression of HO-1 and consequently heme degradation. Thus, there is

a blockage of the maturation of gp91°"*

and interruption in the assembly of the NADPH oxidase
enzyme complex (Pham et al., 2005).

L. donovani interferes with the expression of SOD in infected macrophages through the
upregulation of this gene. This increase in SOD expression levels by the infected macrophages
might be due the attachment of the parasite to the macrophage membrane. Thus, there is a NADPH
oxidase activation culminating in respiratory burst, which promotes a considerable increased level
of SOD in the infected cells (Mukherjee et al., 1988). This increase in SOD levels by the host cell
might promote a reduction in the availability of the superoxide.

L. donovani infection is upregulates uncoupling protein 2 (UCP2), which is a negative
regulator of mitochondrial ROS generation located at the inner membrane of mitochondria. The
silencing of macrophage UCP2 by small interfering RNA is associated with increased ROS
production in mitochondria, lower parasite survival, and induction of marked pro-inflammatory
cytokine response (Basu Ball et al., 2011). So, the induction UCP2 expression during Leishmania

infection downregulate mitochondrial ROS generation in the host, and consequently decreases the

parasite damage.

3.6. Relevance of the work and explanation of thesis structure

As shown above, a number of studies on the role of ROS on the control of infection with
Leishmania exist, but few reports really address the importance of ROS produced by phagocytes in

Leishmania killing. Moreover, ROS play an important role in the immune response regulation in
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several bacterial infections, but this role was not explored in the parasitic infections field until now.
In face of the scarcity of studies on the link between ROS and Leishmania genus and the important
role that ROS have in inflammation control, we set up to study these points. Therewith, we hope to
have elucidated ROS importance in the control of infection caused by L. amazonensis and their role
in immune regulation in parasitic infections.

The results presented in this thesis will be separated in three parts: in part one I will show
the results on the role of ROS in subcutaneous infection with L. amazonensis in mice; in the second
part I will compare intradermal and subcutaneous murine infections with L. major and in the third
part I will show the effect of ROS in intradermal infection with L. amazonensis.

In the first part, we focused on the influence of ROS during subcutaneous L. amazonensis
infection of the footpad. There studies should be highly informative as there are no reports in the
literature demonstrating the effects of ROS in this important disease in Brazil. We employed
subcutaneous infection of the mouse footpad as previous studies involving ROS and Leishmania, or
infection by L. amazonensis, have employed this site.

There are some controversial results in the literature about the influence of innate immune
cells such as neutrophils on Leishmania infection. Our data suggests that different routes of
infection could play a role in these contradictory results. Therefore, in the secondary part of these
studies, we investigated, at the cellular and molecular levels, the differences in the two main routes
of infection used in leishmaniasis study: the subcutaneous infection of the footpad and intradermal
infection of the ear, which is thought to more closely reproduce natural infection. For these studies
we employed a more established model of Leishmania infection, the infection caused by L. major in
mice.

We identified interesting differences in the infection course comparing intradermal and
subcutaneous routes of inoculation. We observed a massive accumulation of inflammatory cells,
especially neutrophils, and a more efficient capture of Leishmania by these cells at the intradermal
site, promoting a much higher inflammation and parasite loads during early infection versus mice
infected by the subcutaneous route. Because the massive neutrophils infiltration post infection
observed at intradermal site and the low frequency of these cells after subcutaneous infection, we
predicted this phenomenon could also be true in our L. amazonensis/ROS model. Moreover,
neutrophils are the most important cells involved in oxidative stress induction through ROS
production. These cells are the major ROS producers during the innate immune response and are a
major source of these radicals. The exacerbated production of ROS by these cells during the
immune response promotes damage and triggers apoptosis. Apoptosis contributes to the resolution

of inflammation, since apoptotic bodies have anti-inflammatory actions (Haanen and Vermes,

53



LITERATURE REVIEW

1995). Therefore, there is a close relation between neutrophils and ROS. Because this relation and
the massive accumulation of these cells at intradermal site of L. major infection, we decided, in the
third part of this thesis, to determine the participation of ROS following intradermal infection with
special attention to neutrophil behavior. We speculate that neutrophils could demonstrate some
impairment in apoptotic/anti-inflammatory cell death, which could culminate in an uncontrolled
inflammation in gp91°™* deficient mice. Moreover, since we demonstrated that neutrophils have
much more influence in the intradermal route of infection (and consequently higher ROS
participation), and this site is closest to natural infection, we speculated that intradermal infection
would be a better model to study the influence of ROS in Leishmania infection.

The first part of this work was performed at the Laboratory of Gnotobiology and
Immunology of ICB/UFMG - Brazil, under the supervision of Dr. Leda Quercia Vieira. The second
part was performed in collaboration with Dr. Flavia Ribeiro Gomes of the Laboratory of Parasitic
diseases, NIAID/NIH - USA, under the supervision of Dr. David Sacks and Dr. Nathan Peters. The
third part was developed at the Laboratory of Parasitic diseases under the supervision of Dr. Leda
Quercia Vieira and Dr. Nathan Peters.

The aims, material and methods and results will be presented separately in each section. At

the end a discussion will be made grouping all results as well as the conclusions.
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4.1. Objectives

4.1.1. General objective

To evaluate the role of ROS in the inflammatory response and parasite control of C57BL/6

mice infected subcutaneously with Zeis/mania amazonensis.

4.1.2. Specific objectives
> To determine the production or ROS by peritoneal macrophages infected with L.
amazonensis,

> To follow the development of dermal lesions in gp91°"*"" and C57BL/6 mice (WT) infected

with Zeishmania amazonesis until 16 weeks post-infection;

> To compare the parasite loads found in gp91°"**”" and WT mice at 4, 8, 12 and 16 weeks of

infection;

> To analyze the phenotype of immune cells at several time points post-infection at the site of

infection, the draining lymph node, and the spleen;

> To analyze the expression of inflammatory and anti-inflammatory cytokines, as well as

chemokines (in protein or mRNA levels) at the site of infection and draining lymph nodes;

> To analyze the humoral response against L. amazonensis by anti-Leishmania antibodies

(total IgG, IgG, and IgG,,) present in serum;

> To compare the neutrophil migration profile to the lesion site from 6h to 72h post-infection

with L. amazonensis in gp91°"*" and WT mice;

> To evaluate separately the contribution of superoxide anion, hydrogen peroxide and nitric

oxide in parasite killing;

> To measure the production of inflammatory cytokines, chemokines and nitrite in peritoneal

macrophages (stimulated or not with IFN-y/LPS) infected with L. amazonensis in vitro;
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4.2. Material and Methods

4.2.1. Parasites

We utilized the PHS strain of Zeishmania amazonensis (IFLA/BR/1967/PH8). The
promastigote forms were cultivated in BOD incubator at 25°C in Grace's insect medium (Gibco,
Invitrogen do Brasil S.A., Sdo Paulo, SP, Brazil) diluted in bi-distilled water, plus 20% of fetal
bovine serum (FBS, Cultilab, Campinas, SP, Brazil), 10,000U/ml of penicillin (Gibco) and 2mM of
glutamine (Gibco). Parasites with less than 10 passages in culture were used for all experiments and

new isolates were obtained form BALB/c mice lesions.

4.2.2. Mice

1P"% chain of

Mice (n=6 for all experiments for each repetition) which genes for the gp9
NADPH oxidase were deleted by homologous recombination (C57BL/6.129S6-Cybb™P™/J, here
named gp91°"**") were obtained from Jackson Farms (Glensville, NJ, USA) (Pollock et al., 1995).
The control mice used in the experiments were C57BL/6 strain. BALB/c mice were periodically
infected for the maintenance of L. amazonensis. These animals were supplied by the Center of
Bioterism (CEBIO - ICB, UFMG, Belo Horizonte, MG, Brazil). Four to twelve-week-old animals
were used in the experiments and kept in conventional animal facility with barriers, controlled 12h

dark-light cycles and without food and water restrictions. The experimental protocol was approved

by ethical committee of the UFMG (Protocol 031/09).

4.2.3. Luminometry assay

Mice were injected intraperitoneally with 2ml of thioglycolate 4% (BD Falcon, Franklin
Lakes, NJ USA) in PBS. After 72h, the mice were euthanized and the peritoneum cells were
harvested by repeated cycles of aspiration and re-injection with 10ml of cold PBS in 10ml syringe
with 24G needle. After harvested, more than 80% of the cells of peritoneum are macrophages. The
cells were centrifuged at 4°C, 1,500 x g for 10 minutes. The cells were counted in a hemocytometer
and the concentration was set up to 1x10° cells/100ul of supplemented with 10% heat-inactivated

fetal bovine serum (FBS) (Cultilab, Campinas, SP - Brazil), 100U/mL penicillin, 100pug/ml
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streptomycin and 2mM L-Gglutamine (GIBCO BRL) (complete RPMI) without phenol red. The
cells (1 x 10° cells/well) were plated in a 96 well opaque plates (NUNC, Rochester, NY, USA)
together with 0.05mM of luminol (5-Amino-2,3-dihydro-1,4-phthalazinedione) (Sigma-Aldrich,
Inc, St. Louis, MO, USA). Immediately before the measurement, metacyclic promastigote forms of
L. amazonensis were added in the proportion of 10 parasites to 1 macrophage. The measurement
was followed by 90 minutes with 1 minute interval between the measurements. The production of
ROS was calculated by the light intensity generated by reaction between ROS and luminol and
expressed as relative light units (Allen and Loose, 1976).

4.2.4. Infection with L. amazonensis

Mice were infected with 1 x 10° metacyclic promastigote forms of L. amazonensis diluted in
40ul of PBS in the hind right footpad. Metacyclic promastigote forms obtained by centrifugation in
Ficoll gradient (Spath and Beverley, 2001). The course of infection was followed weekly for 16
weeks by measurements of the thickness of the footpads swelling using a digital micrometre

(Starrett 727, Itu, SP, Brazil).

4.2.5. Euthanasia, collection of blood and organs

Mice were anesthetized intraperitoneally with a solution made with ketamine 130mg/kg and
xylazine 0.3mg/kg of corporal weight diluted in PBS. After certification of unconsciousness, the
blood was collected from the cutaneous plexus in the inguinal region. Subsequently, animals were
euthanized by exsanguination and the death was confirmed by cervical dislocation. Blood was
collected with Pasteur pipettes and the serum was separated by centrifugation at 3000 x ¢ for 15
minutes. The serum samples were kept at -20°C for the analysis. The draining lymph nodes, spleens

and footpads were also removed and used for additional experiments.

4.2.6. Parasite load quantification

The quantification of the parasites was made by limiting dilution. After the euthanasia, the

footpads were removed and washed in detergent and ethanol 70%. The tissues were triturated in
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0,01M sodium phosphate buffered saline, pH 7.2 (PBS) containing 200ug/ml streptomycin and
200U/ml penicillin (Gibco). The suspension was centrifuged at 1000 x g for parasite sedimentation
and the pellet was resuspended in 0.5ml of Grace's insect medium containing 20% FBS, 200ug/ml
of streptomycin, 200U/ml of penicillin and 2mM of L-Glutamine (complete Grace's medium). Two
hundred ul of parasite suspensions were added to 96-well sterile assay microplates, in duplicates.
These samples were diluted 1:4 successively in complete Grace's medium. The draining lymph
nodes were removed, triturated in 0.5ml of complete Grace's medium and plated as were the
footpads. After 10 days of incubation at 25°C in BOD incubator, the cultures were examined for
parasite detection. The same procedure was performed for parasite determination in spleens, except
that just one fragment (around 0.1g) was used for quantification. The results were expressed as

titers as described (Santiago, Oliveira ef al., 2004).

4.2.7. Real time PCR

Total RNA, obtained from lesions at 4, 8, 12 and 16 weeks post-infection, was extracted using
Trizol Reagent (Invitrogen, Carlsbad, CA, USA) according to the manufacturer’s instructions. Next,
1 pg of total RNA obtained from the lesions or lymph nodes was reverse transcribed using Reverse
Transcriptase (Promega, Southampton, UK) and oligo (dT) 15 nucleotide primers (Promega,
Southampton, UK). PCR amplification was performed with a programmable thermal cycler
(Perkin—Elmer 2400, USA) and the cDNA amplification protocol was as follows: 2 minutes at
50°C, activation of AmpliTaq at 95°C for 10 minutes, melting at 95°C for 15 seconds. For the
annealing and final extension, the samples were heated at 60°C for 1 minute for 45 cycles. For
dissociation curve, the samples were heated at 95°C for 15 seconds, following by cooling at 60°C
for 5 seconds. Finally, the samples were cooled for 1 minute at 4°C.

The amplification of cDNA was made using specific primers as represented in the table 1:
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Table 1. Primers used in qPCR to quantify the expression of mRNA from footpads in the infection.

Gene Primer Sequence
[FN-y Forward 5'-TCAAGTGGCATAGATGTGGAAGAA- 3'
Reverse 5'-TGGCTCTGCAGGATTTTCATG- 3'
IL-4 Forward 5'-ACAGGAGAAGGGACGCCA- 3'
Reverse 5'-GAAGCCCTACAGACGAGCTCA- 3'
IL-10 Forward 5'-GGTTGCCAATTATCGGA- 3'
Reverse 5'-ACCTGCTCCACTGCCTTGCT- 3'
TNF-a Forward 5'-TTCTGTCTACTGAACTTCGGGGTGATCGGTCC- 3'
Reverse 5'-GTATGAGATAGCAAATCGGCTGACGGTGTGGG- 3
IL1-B Forward 5'-CAACCAACAAGTGATATTCTCCAT- 3'
Reverse 5'-GATCCACACTCTCCAGCTGCA- 3
IL-6 Forward 5'-CAGAATTGCCATCGTACAACTCTTTTCTCA- 3'
Reverse 5'-AAGTGCATCATCGTTGTTCATACA- 3'
IL-17 Forward 5'-ATCCCTCAAAGCTCAGCGTGTC- 3'
Reverse 5'-GGGTCTTCATTGCGGTGGAGAG- 3'
CXCLI (KC)  Forward 5'-TGTCCCCAAGTAACGGAGAAA- 3'
Reverse 5'-TGTCAGAAGCCAGCGTTCAC- 3'
iNOS Forward 5'-CCCTTCCGAAGTTTCTGGCAGCAGC- 3'
Reverse 5'- GGCTGTCAGAGCCTCGTGGCTTTGG- 3'
18S rRNA Forward 5'-TACCACATCCAAGAAGGCAG- 3'
Reverse 5'-TGCCCTCCAATGGATCCTC- 3'

The reactions were developed in the ABI PRISM®7900HT (Applied Biosystems, Foster
City, CA, USA) using 20% of reaction in cDNA volume and 15ul of total PCR mixture. All

reactions were made in duplicates using SYBR Green Master Mix (Applied Biosystems) according

manufacturer instructions. Finally, the samples were cooled by 1 minute at 4°C. The specific

cDNAs were normalized according the expression of ribosomal 18S gene based in ACT calculation.
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4.2.8. Generation of L. amazonensis antigen of (LALa)

Antigens were prepared from log phase promastigotes, washed in PBS and submitted to
seven cycles of freezing in liquid nitrogen and thawing in water bath (37°C). Suspensions were
adjusted to a final concentration of 1 mg of protein/ml and kept at -70°C until use. Protein

concentration was assessed by the Lowry method (Lowry et al., 1951).

4.2.9. ELISA for cytokine measurements

The draining lymph nodes (dLNs) of mice 8, 12 and 16 weeks post infection were
macerated and resuspended in complete RPMI. Five million cells were plated in 24 well plates
(NUNC) and stimulated or not with L. amazonensis antigen (LALa) (50pg/ml) for 48h at 37°C and
5% CO,. Concanavalin A (Sigma-Aldrich, Inc, St. Louis, MO, USA) was used as positive control
(10pg/ml) of cytokine production. The levels of IFN-y, IL-10, IL-6 and IL-17 were measured in
supernatants using appropriated cytokine assay kits BD OptEIAmv following manufacturer
instructions. The detection levels were 15.625 picograms for IFN-y, IL-10, IL-6 and 7.8125
picograms for IL-17.

4.2.10. ELISA for anti-Leishmania 1g¢G,, 1gG;, and total IgG

Mouse sera were collected as described in item 4.2.4. at 4, 8, 12 and 16 weeks post
infection.

Nunc Maxisorp” 96-well plates (ThermoFisher Scientific Rochester, NY - USA) were
coated with 5ug/ml of LALa (100ul of final volume) for 16h at 4°C in 0.02M sodium bicarbonate,
pH 9.6 (coating buffer). After incubation, the coating buffer was discarded and the plates were
blocked with casein 2% in PBS (200ul of final volume) for 1h at 37°C and then washed three times
with PBS containing 0.05% Tween 20 (PBS-Tween). Following the blocking, the serum was placed
in the plates in 1:2, serial dilution ranging from 1:50 to 1:400 (100l of final volume). Sera were
diluted in PBS containing 0.25% casein and 0.05% of tween 20 (incubator buffer) and incubated for
1h at 37°C. The plates were washed five times with PBS-Tween and the respective secondary

antibody (anti-total mouse IgG, anti- mouse IgG; or anti- mouse 1gG,,) conjugated to peroxidase
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(Sigma-Aldrich, Inc.) were plated diluted in PBS containing 0.25% casein and 0.05% Tween 20 in
their respective dilutions for 1h at 37°C. After incubation time, the plates were washed seven times
with PBS-Tween and the next step was the colorimetric reaction.

The binding of specific antibodies to Leishmania antigens present in the serum of mice is
indirectly revealed by the secondary antibody conjugated to horseradish peroxidase. For the
colorimetric step, 100ul of o-phenylenediamine (OPD) solution (0.33mg/ml of OPD plus H,O;
0.04% in 0.1M citrate buffer pH 5.0) was added to plates for 15-20 min at room temperature in dark
environment. The OPD is oxidized by horseradish peroxidase donating electrons to H,O, and
forming 2,3-diaminophenazine plus H>O. The product formed, 2,3-diaminophenazine, is orange-
brown in color and can be read spectrophotometrically at 450 nm (Bovaird et al., 1982). The OPD
reaction was stopped with 2N H,SOy solution, and read at 492 nm in an ELISA microplate reader
TITERTEK multiscan (Rockville, Maryland, USA). The intensity of the color is correlated with the
quantity of specific anti-Leishmania antibodies presented in the assay. The results were expressed

as the absorbance value given in the reader.

4.2.11. Flow cytometry

The footpads were cut into small parts and placed in RPMI (GIBCO BRL) containing
100U/ml penicillin, 100pg/mL streptomycin (GIBCO BRL) and 125U/mL collagenase A (Sigma-
Aldrich, Inc) for 2h at 37°C in a humidified atmosphere containing 5% CO,. After incubation the
pieces of footpads were filtered with 40um cell strainer filter (BD Falcon, USA) and washed with
10ml of RPMI containing 0.05% DNAse (Sigma-Aldrich, Inc). The homogenates were centrifuged
at 50 x g for 4 min. to remove large tissue debris and the supernatants were collected and
centrifuged at 1,500 x g for 15 min. The sediment was resuspended in 1ml of complete RPMI.

The draining lymph nodes were excised from the animals, smashed in 40pm cell strainer filter
(BD Falcon, USA) and washed by 10ml of RPMI 0.05% DNAse (Sigma-Aldrich, Inc, St. Louis,
MO, USA). The homogenates were centrifuged at 1,500 x g for 15 min. and the pellet was
resuspended in 1ml of complete RPMI. The spleens had the same procedure as the lymph nodes to
cell collection. However, some extra steps to lysate red blood cells were performed. After the organ
smashing, the suspension was washed with PBS and then centrifuged at 1,500 x g for 15 min. The
pellet was resuspended in 4ml of ACK Lysing Buffer (Life Technologies, Grand Island, NY - USA)

for 4 min. at room temperature. The reaction was stopped adding 10ml of PBS and the suspension
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was centrifuged at 1,500 x g for 15 min. Finally the pellet was resuspended in 1ml of complete
RPMI and counted in a hemocytometer.

The phenotypic analysis of cell by flow cytometry was made according as follow: the cells,
after of isolation, were resuspended in 100ul of PBS pH 7.4 containing 0.2% bovine serum albumin
(BSA) and 0.1% de NaNj3, incubated for 30 min. at 4°C with anti-phenotypic markers monoclonal
antibodies conjugated with fluorescein isothiocyanate (FITC), phycoerythrin (PE) or PerCP-Cy5.5
in v-bottom plates. Plates were centrifuged at 1,500 x g for 15 min, 4°C, washed with PBS-BSA-
NaN; and re-centrifuged at 800 x g for 2 min, 4°C. The supernatant was discarded and the cells
were resuspended in 100ul of PBS-BSA-NaNj buffer. The acquisition of the samples was made in a
three colors FACScan cytometer (Becton Dickinson, Mountain View, California, USA) using the
software CellQuest (Becton Dickinson, Mountain View, California, USA). The percentage of
positive cells and the median of fluorescence intensity were analyzed with the software FlowJo
(Tree Star, Ashland, Oregon, USA).

The antibodies used were organized and described as follow: tube 1 (anti-CD4 PerCP-cy5.5,
anti-CD8 FITC, anti-CD44 PE) and tube 2 (anti-F4/80 PE-CyS5, anti-Ly6G PE, anti-CD80 FITC),

all acquired from Pharmingen (Becton Dickinson, Mountain View, California, USA).

4.2.12. Mieloperoxidase assay for neutrophil numbers inference

The neutrophil accumulation in the infected footpads at acute phase (6h and 72h) was
measured by assaying myeloperoxidase activity (MPO). Briefly, the footpads were infected as
described in item 4.2.4. Six and 72 h post infection, the mice were euthanized, the footpads were
removed and snap-frozen in liquid nitrogen. On thawing, the tissue (100mg of tissue per 1.9ml of
buffer) was homogenized in pH 4.7 buffer (0.1mol/L NaCl, 0.02mol/L NaH,PO4, 0.015mol/L
sodium ethylenediaminetetraacetic acid), centrifuged at 260 x g for 10 minutes and the pellet
subjected to hypotonic lyses (15ml of 0.2% NaCl solution followed 30 seconds later by the addition
of an equal volume of a solution containing NaCl 1.6% and glucose 5%). After a further
centrifugation, the pellet was resuspended in 0.05M NaH,PO, buffer (pH 5.4) containing 0.5%
hexadecyltrimethylammonium bromide (HTAB) and re-homogenized. One-milliliter aliquots of the
suspension were transferred into 1.5ml tubes followed by three freeze-thaw cycles using liquid
nitrogen. The aliquots were then centrifuged for 15 minutes at 10,000 x g, the pellet was

resuspended to 1ml. Myeloperoxidase activity in the resuspended pellet was assayed by measuring
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the change in optical density (OD) at 450nm using tetramethylbenzidine (1.6mM) and H,O;

(0.5mM) as substrates. Results were expressed as OD.

4.2.13. Phagocytic and microbicidal activity of macrophages in infections in vitro

Two hundred thousand peritoneal macrophages were collected as described in item 4.2.3 and
placed in 8-well Lab-Tek® chamber slides for 16h. After incubation, the cells were washed to
remove the non-adherent cells and infected with 1 x 10° metacyclic promastigote forms of L.
amazonensis for 4h at 34°C in 5% of CO, atmosphere. The cultures were washed three times with
RPMI to remove non-phagocytized parasites and then the cultures were incubated for 72h at 34°C
in 5% of CO, atmosphere. Cells were treated with inhibitors of ROS and nitric oxide production
throughout the incubation period as follow: 300uM of apocynin, ImM of L-NG-monomethyl
arginine citrate (L-NMMA), 1000U/ml of polyethylene glycol conjugated catalase (PEG-catalase)
and 100U/ml of polyethylene glycol conjugated superoxide dismutase (PEG-SOD) (all purchased
from Sigma-Aldrich, Inc.). These inhibitors were used in combination to isolate specifically
superoxide anion, peroxide of hydrogen and nitric oxide. So, we could verify the specific
importance of these reactives in parasite killing.

After 72h the cells were washed and stained with Panotico (Pandtico Rapido, Center Kit,
Ribeirdo Preto, SP - Brazil) according to manufacturer instructions. Following the staining, 100

cells were counted in three different spots for each sample, performed in triplicates.

4.2.14. Cytokine and chemokine production and nitrite measurements from peritoneal

macrophages cultures

Two million peritoneal macrophages were placed in 24-well plates (TPP, Trasadingen,
Switzerland) for 16h in complete RPMI at 37°C, 5% of CO, atmosphere and then washed three
times to remove non-adherent cells. The infection and wash of non-internalized parasites was
performed as described in item 4.2.13, but in this particular case we used L. amazonensis stationary
phase promastigotes respecting the proportion of 10 parasites per 1 macrophage.

After 4h of infection, the cells were activated with LPS (100ng/ml) and IFN-y (100U/ml). In

these experiments, we utilized macrophages in culture media (basal), stimulated with LPS/IFN-y,
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infected with L. amazonensis or infected and stimulated with LPS/IFN-y. After 48h, part of the
supernatant was collected for nitrite measurement by Griess method (Green et al., 1982) and 72h
post infection the supernatant was used the measure the cytokines and chemokines. Due the stability

and peak of production, the TNF-a was collected 24h post infection.

4.2.15. Statistical analysis

The statistical analysis was performed by with two-tailed Student’s t-test, Mann-Withney
nonparametric test or two-way ANOVA with Bonferroni post-test depending on the experiment.
The software GraphPad Prism 5.0 (GraphPad, La Jolla, CA, USA) was utilized for the analysis.
Differences were considered significant if p<0.05, data are expressed as mean and standard

deviation.

4.3. Results

4.3.1. L. amazonensis induces respiratory burst in macrophages from C57BL/6 mice

Because ROS are very important for the elimination of a variety of intracellular parasites,
we first investigated if L. amazonensis was capable of triggering respiratory burst in macrophages
from C57BL/6 mice. We followed ROS production for 90 minutes using the luminometry technique
(Allen and Loose, 1976). ROS produced by macrophages in phagolysosomes acts as an oxidizing
agent to luminol releasing light and N,. The chemiluminescent reaction is detected by a
luminometer, which quantifies the light in arbitrary light units.

One million peritoneal macrophages from C57BL/6 wild-type (WT) mice were infected
with promastigote forms of L. amazonensis in stationary phase of growth (10 parasites per
macrophage) and were immediately placed in the luminometer. Even after a few minutes, the
macrophages produced ROS reaching the peak of production between 15 and 30 minutes post
infection (Figure 9). Since L. amazonensis could stimulate ROS production by macrophages, we

asked if this could have an effect in the infection development.
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Figure 9. Production of reactive oxygen species by macrophages stimulated with L. amazonensis.
Thioglycolate-elicited macrophages were harvested from the peritoneum of C57BL/6 mice in 3 days after
stimulation. The macrophages were placed with luminol reagent and L. amazonensis metacyclic
promastigotes (10 parasites per macrophage). The production of ROS was measured as relative light units
generated by luminol oxidation, for 90 minutes. The basal production of ROS was obtained by incubating
macrophages in medium. Data are from one representative experiment of 4, n=5 mice for each experiment.

4.3.2. Gp91°"*" mice show different lesion development, but present similar parasite

loads in footpads and dLNs to those of WT mice.

To address the importance of ROS in L. amazonensis infection, we used mice deficient in

the subunit gp91°"** of NADPH-dependent oxidase of phagocytes enzyme (gp91°™*"). This subunit

phox

is responsible for transferring electrons from NADPH to oxygen in gp91”™", generating the

superoxide anion (Pollock et al., 1995). So, these mice cannot produce ROS dependent of gp91™™.

WT and gp91™™" mice were infected with 1 x 10° metacyclic promastigote forms of L.
amazonensis in the right hind footpad and the lesions were followed weekly by paw swelling
measurements with a paquimeter until 16 weeks. In intervals of 4, 8, 12 and 16 weeks (5 animals
per time point), the mice were euthanized and we used the footpad, draining lymph nodes and
spleens to quantify the parasite loads by limiting dilution.

We observed larger lesions in gp91P"" mice five to seven weeks post infection. However,
at 10 weeks, the lesions in gp91ph°x'/ " started to decline, in contrast to WT animals. The WT mice
still presented lesion growth after 10 weeks, lesions started to decline one week later. WT mice

presented larger lesions compared to gp91™™*” at weeks 11 to 14. The lesions in both groups
group
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stabilized 13 weeks post infection and we could not detect differences in lesion sizes at weeks 15
and 16 post infection (Figure 10A).

Regardless of the observed differences in lesion size, we did not detect differences in
parasite loads at the site of infection 4, 8, 12 and 16 weeks post infection (Figure 10B). The same
was observed in draining lymph nodes (dLNs) (Figure 10C). Despite heavy parasite loads found in
the footpads and draining lymph nodes, we could not find parasites in the spleens of either group

(not shown).
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Figure 10. Lesion size and parasite loads in mice infected with L. amazonensis. Mice were infected with
1 x 10° metacyclic promastigote forms of L. amazonensis in the hind right footpad and followed for 16
weeks. (A) Footpad thickness measured weekly by, **p<0.01. (B) Parasite loads found in the footpads of
infected mice 4, 8, 12 and 16 weeks post infection. (C) Parasite loads found in draining lymph nodes of
infected mice 4, 8, 12 and 16 weeks post infection. Data are shown as mean plus/minus standard deviation (+
SD) from one representative experiment of 3, n=5 for each experiment.
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4.3.3 WT mice express IL-1B in footpads at chronic phase of L. amazonensis infection

when compared to gp91°"**",

Since IFN-y and TNF-a are crucial to eliminate Leishmania in infected macrophages
(Bogdan et al., 1990), we speculated a possible compensatory mechanism of cytokine production in
gp91P"*" So, we extracted mRNA 4, 8, 12 and 16 weeks post infection in footpad and performed a
real time PCR to verify possible changes in mRNA levels of inflammatory cytokines and
chemokines. We could not observe changes in mRNA levels of IFN-y or TNF-a in footpads (Figure
11A and 11B). However, we found higher expression of IL-18 mRNA in WT in the chronic phase
of the infection, as seen in 12 and 16 weeks post infection (Figure 11E) which agrees with higher
swelling of footpads in these mice observed at 11 weeks after infection (Figure 10A). Moreover, the
mRNA levels of IL-4 were higher in gp91°™*"" in the last time point measured (Figure 11C), which
could indicate a signalling of anti-inflammatory response. Despite the unbalanced inflammatory
response observed in WT mice, no changes in IL-10 mRNA levels were observed in either group
until 16 weeks post infection (Figure 11D).

IL-17 is an important cytokine related to neutrophilic response to infection (Hoshino et al.,
2000) and we decided to verify the expression levels of this cytokine during L. amazonensis

infection in gp91°P"**"

mice. However, we could not find differences in IL-17 mRNA expression at
the time points analysed (Figure 11G).

IL-6 is produced by immune innate cells, especially neutrophils, and it is considered a
hallmark of inflammation (Rose-John et al., 2007). So we also decided to analyse possible changes
in the expression of this cytokine due to alterations observed in the footpad swelling in gp91°"*"
mice infected with L. amazonensis. However, we could not find differences in IL-6 mRNA levels 4,
8, 12 and 16 weeks post infection (Figure 11F).

In addition, CXCLI1, one of the major chemokines, together with CXCL2, involved

neutrophil recruitment (Kobayashi, 2006) was analysed based on mRNA expression. We could not

observe alterations in CXCL1 mRNA expression in any of the times measured (Figure 11H).
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Figure 11. mRNA expression levels of cytokines in L. Amazonensis-infected footpads measured by

gPCR. Mice were infected with 1 x 10° L. amazonensis metacyclic promastigotes in the right hind footpad
and followed until 16 weeks. A, B, C, D, E, F, G and H represent the mRNA expression of IFN-y, TNF-a,
IL-4, IL-10, IL-1B, IL-6, IL-17 and CXCLI1 respectively, normalized by 18S mRNA expression 4, 8, 12 and
16 weeks post infection. The results were expressed by mean = SD, n=3-5, *p<0.05.
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4.3.4. Mice lacking gp91°"* induces a higher Th17 response in acute phase of L.

amazonensis infection

The Thl response is necessary to eliminate Leishmania and the major sources of production
of these types of cytokines are CD4" T lymphocytes (Scott et al., 1988). We measured the
production of cytokines in dLNs of mice infected with L. amazonensis 8, 12 and 16 weeks post

infection to verify the type of response triggered in gp91ph°x‘/‘

mice in the course of infection by L.
amazonensis.

We collected the draining lymph nodes from mice 8, 12 and 16 weeks post infection and
stimulated with LALa. The mitogen concanavalin-A was used as a positive control for cells
stimulation and cells without stimulation were used as negative control (data not shown). The
secreted [FN-y, IL-12p70, IL-17, IL-10 and IL-6 were measured and presented in the Figure 12.

We did not observe differences in IFN-y or IL-12p70 production by draining lymph nodes 8§,
12 and 16 weeks post infection (Figure 12A and B). As observed in figures 12A and 12B, the same
kinetics patterns were found for the cytokine secretion. There is a peak of IFN-y secretion by dLNs
at 8 weeks and a strong drop in its levels 12 and even more at 16 weeks post infection, p<0.0001
(Figure 12A). Curiously, the IL12p70 secretion did not follow the IFN-y production reaching a peak
at 16 weeks of infection, p=0.0014 (Figure 12B).

We found no differences in the amount of IL-10 at 8 and 12 weeks, but at 16 weeks post
infection, lymph node cells from WT mice secreted more IL-10 than gp91°"*" (figure 12B). In
addition, no differences in secreted IL-6 were found (Figure 12D).

Gp917"*" mice presented with higher IL-17 production in draining lymph nodes 8 weeks
post infection. However, at 12 and 16 weeks p.i. we cannot detect differences between the two
groups (Figure 12E).

Interestingly, almost all inflammatory cytokines (figure 12A, D and E, p<0.01) presented
peaks of production at 8 weeks and those cytokines were practically suppressed at 12 and 16 weeks

post infection, except for IL-12p70, which reach a peak of secretion at 16 weeks.
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Figure 12. Cytokine production by re-stimulated dLNs of L. amazonensis infected mice performed by
ELISA. The dLNs of infected mice were culture and re-stimulated with 50ug/ml of L. amazonensis antigen.
After 72h, the supernatants were harvested and used to quantify cytokines by ELISA. A, B, C, D and E
represent the IFN-y, IL-12p70, IL-10, IL-6 and IL-17 secretion by dLNs of infected mice, respectively. The
results were expressed by mean + SD, n=>5, *p<0.05 between WT and gp91™"**",
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4.3.5. Deficiency in ROS production is not compensated by increase in iNOS

expression

ROS and reactive nitrogen species (RNS) are involved in killing various intracellular
parasites (Ferrari et al., 2011). Since phagocytes from gp91ph°"'/ " mice do not produce ROS after
phagocytosis, we asked if these mice could compensate this lack of ROS by producing higher
amounts of RNS. So we decided to assess mRNA expression of inducible nitric oxide synthase
(INOS) at the lesion site and the production of nitric oxide ("NO) by peritoneal macrophages in
gp91P"*" mice infected with L. amazonensis.

The mRNA levels of nitric oxide in lesions did not change between groups at the times
measured (Figure 13A). So, the deficiency in ROS production does not increase the translation of
iINOS gene.

After finding the same mRNA levels of iNOS in gp91”™*” and WT mice during L.

1 phox-/-

amazonensis infection in lesions, we asked if iNOS would be more active in gp9 mice and

therefore produced more nitric oxide, in an attempt to compensate for the lack of ROS. To address
this issue we infected 2 x 10° peritoneal macrophages in vitro with L. amazonensis at 10 parasites
per macrophage and after 48h the nitrite production was measured in the supernatant by Griess

reaction. When stimulated with IFN-y, both groups of mice produced the same amount of nitrite,

1 phox-/-

indicating normal production of nitric oxide in gp9 mice. (Figure 13B). The L. amazonensis

itself was not capable of inducing nitric oxide production by macrophages
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Figure 13. iINOS mRNA expression levels in footpad and nitrite production by infected thioglycolate-
elicited macrophages. (A) Mice were infected with 1 x 10° metacyclic promastigotes forms of L.
amazonensis in the right hind footpad and followed for 16 weeks. iNOS mRNA levels were normalized by
18S mRNA expression 4, 8, 12 and 16 weeks post infection. (B) Thioglycolate-elicited macrophages were
harvested from WT or gp91™*” mice peritoneum 3 days after stimulation. Macrophages were infected with
L. amazonensis metacyclic promastigotes at 10:1 for 4 hours, in the presence or absence of IFN-y. After 48h
of infection, the supernatants were collected and used to measure nitrite levels by Griess reaction. Data are
shown as mean + SD from one representative experiment of 4, n=5 for each experiment.
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4.3.6. ROS alter the influx of innate and adaptive immune cells to the site of infection
and the dynamics of dLNS expansion in mice subcutaneously infected with L.

amazonensis

We saw clear differences in lesion sizes between WT and gp917"*" mice infected with L.
amazonensis. Since no differences were found in parasite numbers, we investigated the cell
population in these lesions. We collected footpad and dLLNs from infected mice and performed flow
cytometry of the cells stained them for innate and adaptive cell markers.

hox-/- - .. . .
1P mice presented a significant increase in the percentage of granulocytes

Lesions in gp9
(here denominated by Ly6G F4/80) 8 weeks post infection (Figure 14A and B). However, 12
weeks post infection there is a shift in this granulocyte accumulation: WT mice presented more
granulocytes at the site of infection. This phenomenon could be correlated with the dynamics of the
lesion size (Figure 10A), where we observed a higher footpad swelling in gp91°"*”" mice in the

first weeks post infection and a lesser inflammation observed in these mice at later times of

infection.
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Figure 14. Flow cytometry of granulocytes present at the site of infection with L. amazonensis. (A)
representative dot plots of the cell frequencies 4, 8, 12 and 16 weeks post infection. The figures represent the
dot plots of events inside granulocyte and monocyte gate set by size and granularity of the cells. (B) graphic
representation of the relative numbers of Ly6G F4/80 cells (mean + SD, n=6 for each time point). * p<0.05
and ** p<0.01.
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We also evaluated lymphoid cells at the site of infection during to try to establish possible
connections between the inflammation observed and lymphoid cell numbers in the lesions.

Differently than what was observed for granulocytic cells, CD4" cells present in lesions did
not seem to correlate directly with lesion sizes. At 8 and 12 weeks post infection gp91°™*"" mice
presented smaller percentage of CD4 " cells. (Figure 15A and B).

In contrast the data for CD4 " cells, CD8" cells did not show alterations during all throughout
the experiment, ranging from 20 to 50% of gated lymphoid gated events (Figure 15A and C). No
differences were found between groups.
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Figure 15. Flow cytometry of lymphoid cells present at the site of infection with L. amazonensis. (A)
representative dot plots of the cell frequencies 4, 8, 12 and 16 weeks post infection. The figures represent the
dot plots of events inside the lymphoid gate set by size and granularity of the cells. (B) and (C) graphic
representation of the relative numbers of Ly6G F4/80 cells (mean + SD, n=6 for each time point). ***
p<0.001.
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The draining lymph nodes are very important secondary lymphoid organs for the priming of
immune responses to infections in peripheral sites (Sojka et al., 2009). Moreover, in Leishmania
infections, they are a site for parasite growth and a location from which parasites can disseminate
(Sojka et al., 2009). So, we analysed the expansion of dLNs in the mice subcutaneously infected
with L. amazonensis.

Despite the fact that both mouse strains had the same parasite loads in dLNs at all time
points (Figure 10C), WT and gp91°™*"" mice presented differences in dLNs cell expansion. At 12
weeks post infection, the gp91°"**” mice presented half the cell number found in WT dLNs (5 x 10’
cells in gp91™” and 1 x 10® cells in WT (Figure 16). This datum agrees with the peak of CD4"
cells found in the footpads 12 weeks post infection (Figure 15B). Hence, lymph node expansion
was similar between groups at 4 and 8 weeks, after this time point WT dLNs continued expanding

1 phox-/-

while cell numbers in dLNs from gp9 mice started to drop. At sixteen weeks post infection,

dLNs cell numbers are again similar in both groups.
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Figure 16. Total dLNs cell count during L. amazonensis infection. After 4, 8, 12 and 16 weeks of
infection, dLNs were removed, macerated and the cells were resuspended in 1ml of complete RPMI medium
and counted. The results are expressed as mean + SD. *** p<(0.001 (n=6 for each time point).

We analysed the proportion of CD4" and CD8" presented in this lymphoid organ. Despite
alterations of cells number at 12 weeks post infection, we cannot observe changes in proportion of

CD4" or CD8" cells during all times measured (Figure 17).
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Figure 17. Flow cytometry of CD4" and CD8" cells in dLNs from mice during the L. amazonensis
infection. After 4, 8, 12 and 16 weeks of infection, dLNs were removed, macerated and the cells were
resuspended in 1ml of complete RPMI medium and counted. The cells were stained for CD4 and CD8 and
read by flow cytometry. The figures represent the dot plots of events inside of lymphoid gate set by size and
granularity (n=6 for each time point).

The spleen has central role in visceral forms of leishmaniasis (Goto and Prianti, 2009). In
contrast, splenectomy does not change the course of L. major infection (Maioli et al., 2007). The
role of the spleen in L. amazonensis infection is unknown. Therefore, we decided analyze the
immune responses generated in the spleen of the animals.

Despite the fact that we did not find parasites in spleens from either group, we could detect

important differences in cell numbers in this organ during the infection. We found higher numbers

1 phox-/- 1 phox-/-

of cells 4 weeks post infection in the spleen of gp9 mice (Figure 18). In addition, gp9
mice had a decrease in cell number at later times of infection (12 and 16 weeks post infection,
p<0.0001). Both groups reached the peak of cell expansion in the spleen at 8 weeks post infection
followed by a drop in cell numbers by 16 weeks, p<0.0001. These data suggest a strong correlation
between footpad swelling (Figure 10A) and the number of cells in the spleen. During the
development of the infection, the gp917"™*"~ mice had higher inflammation in footpads and higher
total cell numbers in spleen at early stages of the infection and lesser inflammation and number of

immune cells at later stages of the infection in the footpad and spleen, respectively.
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Figure 18. Number of cells in white pulp of spleens during L. amazonensis infection. After 4, 8, 12 and
16 weeks of infection, the spleen from mice was removed, macerated with red blood cell lysis treatment and
the immune cells were resuspended in 1ml of RPMI complete medium and counted. The results are
expressed in average = SD. *p<0.05 and **p<0.01 (n=6 for each time point).

The analysis of CD4" and CD8" populations showed the same behaviour as seen in dLNs of
infected mice (Figure 17 and 19). We did not observe differences between gp91°"** and WT mice
as to CD4" or CDS8" populations at all times analysed (Figure 19). Therefore, despite the increase in

the number of cells in the spleens, there were no alterations in the percentage of CD4" or CD8"

cells.
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Figure 19. Flow cytometry of CD4" and CDS8" cells in spleen from mice during the L. amazonensis
infection. After 4, 8, 12 and 16 weeks of infection, the spleen from mice was removed, macerated with red
blood cell lysis buffer, the remaining cells were resuspended in 1ml of RPMI complete medium and counted.
Cells were stained for CD4 and CD8 molecules and read in flow cytometry. The figures represent the dot
plots of events inside of lymphoid gate set by size and granularity (n=6 for each time point).

4.3.7. ROS increased the migration and decreased clearance of neutrophils

immediately after infection with L. amazonensis

Neutrophils are important to eliminate invading microorganisms, especially by ROS
production (Decoursey and Ligeti, 2005). Due this importance of neutrophils, we decided to
investigate the behaviour of neutrophils deficient of ROS production.

Firstly, we infected mice with L. amazonensis (PHS strain) in the footpads and analysed the
accumulation of neutrophils indirectly by mieloperoxidase (MPO) 6h and 72h after infection. MPO
is an abundant enzyme, especially found in granulocytic cells lines. Due the higher expression of
MPO in granulocytes is possible to estimate the quantity of neutrophils presented in the tissue by
assaying MPO activity.

Six hours post infection, there is a peak of neutrophil accumulation in footpads and a drop
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after 72h of infection in the WT group (Figure 20). In gp91°"*" mice, this first accumulation at 6h
is higher compared to WT. Differently from what was observed in WT mice, gp91™" did not
display a drop in MPO activity after 72h of infection (Figure 20), suggesting a more sustained

neutrophil accumulation in gp91™" mice.
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Figure 20. MPO activity in mice infected with L. amazonensis. Mice were infected with 1 x 10°
metacyclic promastigotes forms of L. amazonensis in the right hind footpad. After 6h or 72h of infection,
mice were euthanized, the footpads were removed and used to perform MPO activity assay to estimate the
neutrophil numbers. Data are shown as mean + SD from one representative experiment of 2, n=5 for each
experiment, *p<0.05.

4.3.8. ROS influence anti-Leishmania I1gG antibodies secretion during L. amazonensis

infection

The humoral response is essential for many infectious diseases, especially those by
extracellular pathogens. The humoral response is also important to eliminate intracellular pathogens
promoting opsonization via antibodies and facilitating the phagocytosis of these pathogens by
innate immune cells during extracellular stages (Joller et al., 2011). Moreover, the type of antibody
secreted in the infection might indicate the type of T cell response (Thl or Th2) developed by the
host (Joller et al., 2011).

At present, it is not known if the absence of ROS could interfere with antibody secretion
during infection with L. amazonensis. So, we decided to analyze possible changes in anti-L.
amazonensis 1gG sub-types during the 16 weeks of infection. We collected blood, separated the

serum, and performed ELISAs to verify the IgG response against the L. amazonensis. During this
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time, we performed ELISAs to determine the optimal sera dilution to use in the experiments using
serial 1:2 dilutions ranging from 1:100 until 1:800 (data not shown). The dilution of 1:200 was used
as the best dilution for antibody detection since it presented the largest difference between infected
versus non-infected serum.

Four weeks post infection, WT mice started the production of IgG antibodies against L.

amazonensis and even in low levels this production was higher compared to gp91P"**"

mice (Figure
21A). The concentration of anti-Leishmania 1gG increased throughout the time of infection
reaching the peak of concentration in 16 weeks in WT group (p<0.0001). In contrast, we did not
observe an increase in secretion of total IgG during infection in the gp91°™*” group. At all times
measured (except 8 weeks), the gp91™"™”" mice produced lower levels of anti-L. amazonensis total
IgG. Indeed, we detected around half of IgG ABS signal in gp91°"** compared to WT at 12 and 16
weeks post infection.

IgGy, is an important antibody involved in the protective Thl response to Leishmania
parasites (Chu et al., 2010). We detected higher levels of 1gG, anti-L. amazonensis in gp91™™"
mice at 4 and 8 weeks post-infection (Figure 21B). This was especially true at 4 weeks post-
infection when WT mice did not produce any anti-Leishmania 1gG,, In WT mice, the production of
anti-L. amazonensis 1gG, was first detected at 8 weeks post infection. At this time point, gp9 17"
mice sera had a two-fold increase in anti-L. amazonensis 1gG,, signal compared to WT. At 12 and
16 weeks levels of antibodies were similar in WT and gp91°"**”" mice, and dropped in both groups
at 16 weeks.

Contrary to IgG,,, IgG; antibodies are related to a worsening of infection caused by L.
mexicana (Chu et al., 2010). Interestingly, the levels of anti-L. amazonensis 1gG; followed the same
patterns observed for the lesion sizes in WT and gp91™"™”" mice (Figure 10A and 21C). Gp91™™"
mice produced higher levels of IgG; 4 and 8 weeks post infection and at these times WT did not

produce considerable levels of this antibody. However, by 12 weeks post infection WT mice had a

remarkable increase in IgG; anti-L. amazonensis levels contrasting with the accentuated drop in

phox-/- phox-/-

mice IgG; such that levels of IgG; in WT mice was two-fold greater than gp91 mice.

gp91
Between 12 and 16 weeks post infection, the gp91P"™” mice maintained lower levels of IgG;

despite the considerable drop in the levels of this antibody seen in the WT mice.
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Figure 21. Production of anti-Leishmania 1gG in NADPH oxidase deficient mice infected with L.
amazonensis. Mice were infected with 1 x 10° metacyclic promastigote forms of L. amazonensis in the right
hind footpad and followed until 16 weeks. After 4, 8, 12 and 16 weeks of infection, the serum was collected
and ELISA to detect anti-Leishmania 1gG was performed. A, B and C represent the absorbance found for
anti-Leishmania 1gG, 1gG; and 1gG,,, respectively. The dotted lines represent the absorbance of serum of
non-infected mice in dilution of 1:200, the same dilution used for the serum of the infected mice. Data are
shown as mean + SD from one representative experiment of 2, n=6 for each experiment.

4.3.9. Activated gp91°"™" macrophages secrete higher levels of inflammatory

cytokines in L. amazonensis infection in vitro

Macrophages are pivotal cells during Leishmania infection, being both the primary long-
term host cell and the most important cell for parasite elimination. Due the importance of

macrophages in the infection, we examined the interaction of macrophages from WT or gp917"*"

mice with parasites in vitro.

We infected peritoneal macrophages with stationary-phase L. amazonensis promastigotes at
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10 parasites per 1 macrophage. The macrophages were activated with IFN-y plus LPS and after 72h
of infection the supernatants were collected and ELISAs were performed to quantify cytokines and
chemokines. IFN-y and LPS were added to cultures because L. amazonensis itself is not a good
macrophages activator in isolated in vitro systems. The LPS acts as a primary signal binding TLRs
(specifically TLR-4) initiating the activation signal cascade. The IFN-y acts as a second signal
synergizing with LPS to induce the production of inflammatory cytokines as well as ROS and RNS
in macrophages. So, we could analyze probable differences linked to ROS in activated infected
macrophages. Despite the lack of macrophages activation by L. amazonensis in in vitro conditions,
we added the group of cells not stimulated with IFN-y plus LPS to observe possible changes in
cytokines production influenced just by L. amazonensis infection.

Gp91™" macrophages produce higher levels of the inflammatory cytokines IL-6 and TNF-
a versus WT mice when infected with L. amazonensis and stimulated with IFN-y plus LPS (Figure
22A and B). In contrast to WT mice, gp91™** deficiency also resulted in enhanced IL-6 production
by infected macrophages versus IFN-y plus LPS stimulated controls (Figure 22A). Interestingly,
TNF-a production by IFN-y plus LPS activated WT macrophages dropped when infected with L.

lphox—/—

amazonensis (p<0.0079), this was not observed in gp9 mice.

Since we detected a larger neutrophil accumulation at the site of infection in in gp91™™"
mice during the acute phase of infection, we decided to verify if infected macrophages could
contribute to this increase in neutrophil numbers producing cytokines or chemokines neutrophils
attractants. Indeed, we observed a larger secretion of IL-17 in activated macrophages infected with
L. amazonensis (Figure 22C). Curiously, Leishmania itself induced IL-17 production (p<0.05),
contrary to IFN-y/LPS, however there is a synergism between these stimuli in gp91°™*"" mice
(p<0.05).

We also analyzed the production of CXCL-1, one of the most important chemoattractants
for neutrophils (Lira et al., 1994). Leishmania itself was not able to induce secretion of CXCL-1 in
either group, being secreted only in response to macrophage activation (Figure 22D). Activated
macrophages from both mouse strains presented similar secretion of CXCL-1, regardless of
infection.

MCP-1 is involved in monocyte recruitment to the site of infection (Kunkel et al., 1991).
Surprisingly, the levels of MCP-1 secreted by gp91""*” stimulated macrophages was lower
compared to WT cells (Figure 22E). Infection by L. amazonensis itself had no influence in MCP-1
secretion, since we did not detect differences between basal levels and L. amazonensis infected

cells. Moreover, we could not observe differences in activated versus infected and activated
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macrophages between groups.
Inflammation triggers IL-10 secretion in order to control the inflammatory response and
protect the inflamed tissues from damage (Cassatella et al., 1993). We detected higher levels of IL-

10 secreted by gpglphox-/-

macrophages stimulated with IFN-y/LPS versus WT macrophages (Figure
22F). Moreover, there was a synergism between the stimuli and infection promoting an increase in
IL-10 secretion in both groups. This effect was more evident in gp91ph°"'/ " macrophages. IL-10 is

not induced by L. amazonensis itself.
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Figure 22. Production of cytokines and chemokines in gp91°"™"" macrophages infected with L.
amazonensis. Thioglycolate-elicited macrophages were infected with stationary-phase L. amazonensis
promastigotes at 10 parasites per macrophage. Macrophages were activated 50U/ml of IFN-y plus 100ng/ml
of LPS. After 72h of infection with L. amazonensis or activation the supernatants were collected and
ELISAs were performed to quantify cytokines and chemokines. For TNF-a assays, aliquots from cell
cultures were collected at 24h of infection. Controls without stimuli and infection were used to quantify the
basal levels of cytokines. A, B, C, D, E and F represent the concentration showed in pg/ml of the IL-6, TNF-
a, IL-17, CXCL-1, MCP-1 and IL-10 respectively. Data are shown as mean + SD from one representative

experiment of 2, n=6 for each experiment.
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4.3.10. ROS promotes increased parasite loads in macrophages infected with L.

amazonensis in vitro

Gp917"*" macrophages produced higher levels of inflammatory cytokines, as well as the
anti-inflammatory cytokine IL-10. We investigated if ROS deficiency interfered with the ability of
macrophages to kill L. amazonensis parasites. We infected thioglycolate-elicited macrophages with
L. amazonensis at 10 parasites per macrophage and treated the cells with inhibitors of pathways of
ROS and nitric oxide production.

L-NMMA is an analog of the amino acid L-arginine and is a pan-blocker of nitric oxide
synthase activity (all isoforms) (Palmer et al., 1988). Treatment with L-NMMA impairs nitric oxide
production and the effect of ROS alone would be isolated.

Apocynin (Apo) is an inhibitor of NADPH oxidase of phagocytes, acting by impairing the
assembly of its cytosolic components p47°" and p67°™* to the membrane fraction of the enzyme
(Stolk et al., 1994). Therefore, the treatment with apocynin impairs the activity of the NADPH
oxidase, consequently ROS production and promotes a phenotype similar to that of gp91ph°"'/'
macrophages.

The treatment with L-NMMA plus apocynin abrogates the production of ROS and nitric
oxide allowing verification of the total effect of these reactive species in Leishmania infection.
Analogous to this treatment, we added L-NMMA to gp91""*" macrophages expecting similar
results.

The treatment of WT macrophages with L-NMMA plus superoxide dismutase (SOD) allows
the impairment of peroxide and nitric oxide production, and accumulation of superoxide. Therefore,
we can analyze, by accumulation of superoxide, what is the role of this reactive species in the
infection. On the other hand, the treatment of WT macrophages with L-NMMA plus catalase allows
us to address what the impact of the absence of nitric oxide and hydrogen peroxide is on
macrophage infection.

Treatment with L-NMMA increases the number of parasites/macrophage in WT animals
(Figure 23). Addition of SOD or catalase did not affect this increase, but inhibition of NADPH
oxidase with apocynin in L-NMMA-treated macrophages decreased infection to control levels.
Interestingly, the L-NMMA did not affect gp91°"™” macrophages. However, gp91P"*"
macrophages were less susceptible to infection with L. amazonensis than wild-type macrophages.
In addition, WT macrophages treated with apocynin presented similar parasite numbers to gp91°"**

" macrophages. These data suggest that ROS play important role in parasite survival. It seems that
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the ROS influenced positively the parasite growth, since all treatments to inhibit gp91°™* promotes
decrease in parasite loads. However, we could not discard a more efficient unknown compensatory
mechanism in parasite killing due to the absence of ROS. In addition, it is evident that some nitric
oxide is produced at very low, undetectable levels by WT macrophages and that this "NO could play

a role in partial resistance to infection.
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Figure 23. Quantification of parasite loads in macrophages treated with ROS and nitric oxide
inhibitors in infection caused by L. amazonensis in vitro. Peritoneal macrophages were infected with
metacyclic promastigote forms of L. amazonensis in proportion 10 parasites per macrophage for 4h. During
the infection, the cells were treated with several inhibitors (WT macrophages treated with L-NMMA alone;
apocynin alone; L-NMMA plus apocynin; L-NMMA plus SOD; L-NMMA plus catalase; WT infection
without treatment; and gp91”"* macrophages treated or not with L-NMMA. After 72h of infection the cells
were stained counted under light microscope.
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5. PART TWO:
SITE OF L. MAJOR INFECTION
DETERMINES DOMINANT HOST
CELL PHENOTYPE
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5.1. Objectives

5.1.1. General objective

To analyze alterations in immune response at early times of infection of resistant mice with

L. major by two different routes of parasite inoculation.

5.1.2. Specific objectives

> To determine the innate immune cells recruited to the site of infection at early time points;

> To verify the major cells involved in the initial uptake of Leishmania at intradermal and

subcutaneous sites of infection;

> To analyze the adaptive immune responses developed by injection of parasites by different

routes in dLNs of infected mice in acute phase of infection;

5.2. Material and Methods (the following text is taken from a manuscript in
preparation)

5.2.1. Mice

This study was carried out in strict accordance with the recommendations in the Guide for
the Care and Use of Laboratory Animals of the National Institutes of Health. The protocol was
approved by the Animal Care and Use Committee of the NIAID, NIH (protocol number LPD 68E).
Female C57BL/6 mice were purchased from Taconic Laboratories and all animals were maintained
at the NIAID animal care facility under specific pathogen-free conditions without restrictions of

water or food.

5.2.2. Parasites

Infection experiments were performed employing two strains of Leishmania: the L. major

Friedlin strain from the Jordan Valley, National Institutes of Health (NIH)/FV1 (MHOM/IL/80/FN)
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and L. major FV1-RFP, the FV1 strain transfected with a plasmid containing a red fluorescent
protein (RFP) gene, generated by the dr. Alain Debrabant of the Division of Emerging and
Transfusion Transmitted Diseases, OBRR, CBER, U.S. Food and Drug Administration (FDA,
Bethesda USA) as follows: the DsRed gene was amplified by PCR using the pCMV-DsRed-
Express plasmid (BD Biosciences/Clontech) as template and the forward primer 5'-TGG ACT AGT
ATG GCC TCC TCC GAG GAC GTC-3’ and reverse primer 5'-CCA ACT AGT CTA CAG GAA
CAG GTG GTG GCG-3". The PCR product was first cloned into the pCR2.1 plasmid (Invitrogen)
and the sequence verified by nucleotide sequencing. The Spel insert from a selected clone was
subsequently ligated into the Spel site of the pKSNEO Leishmania expression plasmid (Zhang et
al., 1996). FV1 promastigotes were transfected with the resulting expression plasmid construct
pKSNEO-DsRed described as follow: the cells were resuspended in electroporation buffer (Hepes
(ICN Biomedicals Inc., Aurora, OH), 137mM NaCl, SmM KCI, 0.7mM Na,HPO,, 6mM glucose,
pH 7.0) to 10® cells/ml. Five hundred microliters of cell suspension were added to 2mm gap
electroporation cuvettes (BTX Inc., San Diego, CA) to which 20ul of purified plasmid DNA
(1mg/ml in sterile 10mM Tris, 2mM Ethylenediamine tetraacetic acid (EDTA) (Quality Biological,
Inc., Gaithersburg, MD), pH 8.0) was added. Cells were electroporated using a BTX ECM-600
electroporation system (BTX) and the conditions for electroporation were: 475V, 800 microfarads,
13ohms, single pulse. Electroporated cells were incubated on ice for 10 min and then transferred
into Sml of culture medium (medium 199 supplemented with 20% heat-inactivated FCS (Gemini
Bio-Products), 100U/ml penicillin, 100pg/ml streptomycin, 2mM L-Glutamine, 40mM 4-(2-
hydroxyethyl)-1-piperazineethanesulfonic acid (Hepes) and incubated at 26°C for 24h.
Subsequently, the cells were harvested by centrifugation 2100 x g for 10 min at 4°C and
resuspended in fresh culture medium containing 15ug/ml of Geneticin (G418, Life Technologies,
Inc.). These cells were selected for growth in increasing concentrations of G418 over a period of
several weeks and then maintained at 250pg/ml drug. These drug-resistant cells were used in all
subsequent experiments. For the experiments the parasites were growth in the presence of 50ug/ml

Geneticin (G418) (Sigma).

5.2.3. Parasite preparation and inoculations

Parasites were grown at 26°C in medium 199 supplemented with 20% heat-inactivated FCS
(Gemini Bio-Products), 100U/ml penicillin, 100pg/ml streptomycin, 2mM L-Glutamine and 40mM
Hepes. For the L. major RFP parasite growth, we added 50ug/ml of Geneticin (Gibco) in the
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medium. Infective-stage, metacyclic promastigotes of L. major were isolated from stationary
cultures (4-5 days old) by negative selection using peanut agglutinin (PNA, Vector Laboratories
Inc). The cells in the culture were washed, centrifuged at 2600 x g for 15 min, resuspended in 2ml
of DMEM containing 100pg/ml peanut agglutinin (Vector Laboratories), incubated for 5 min, then
spun for 5 min at 80 x g to remove the agglutinated, non-metacyclic forms. The metacyclic cells in
the supernatant were washed, counted, and volumes adjusted for 10ul to intradermal ears and 40ul

to subcutaneous hind footpad injections into mice.

5.2.4. Processing of tissues

Briefly, the two sheets of infected ear dermis were separated, deposited in DMEM
containing 100U/ml penicillin, 100pug/ml streptomycin, and 0.2mg/ml Liberase CI purified enzyme
blend (Roche Diagnostics Corp.), and incubated for 1 h and 30 min at 37°C. Digested tissue was
placed in a grinder and processed in a tissue homogenizer (Medimachine; Becton Dickenson).
Then, the tissue washed with 10ml of RPMI 0.05% DNAse (Sigma-Aldrich, Inc, St. Louis, MO,
USA), centrifuged at 1,500 x g for 15 min and resuspended in 1ml complete RPMI.

The footpads were cut in small parts and placed in DMEM containing 100U/ml penicillin,
100pg/ml streptomycin, and 0.2 mg/ml Liberase CI purified enzyme blend (Roche Diagnostics
Corp.), and incubated for 2h at 37°C. The digested tissue was mechanically disrupted in 70um cell
strainer filter (BD Falcon, USA) with a plunger and washed with 10ml of RPMI 0.05% DNAse
(Sigma-Aldrich, Inc, St. Louis, MO, USA). The homogenates were centrifuged at 50 x g for 4 min
to remove large tissue debris and the supernatants were collected and centrifuged at 1,500 x g for 15
min. The sediment was resuspended in ImL of RPMI (GIBCO, Grand Island, NY, USA)
supplemented with 10% heat-inactivated fetal bovine serum (FBS) (Gemini Bio-Products,
Sacramento, CA, USA), 100U/mL penicillin, 100pg/mL streptomycin and 2mM L-Glutamine
(GIBCO, USA).

5.2.5. Immunolabeling and flow cytometry

Single-cell suspensions were incubated with an anti-Fc-y III/IT (CD16/32) receptor antibody
(2.4G2, BD Biosciences) in RPMI without phenol red (Gibco) containing 1% FCS and stained with
fluorochrome-conjugated antibodies. The following antibodies were used: APC anti-mouse CD11c
(HL3, BD Biosciences); PE-Cy7 anti-mouse CD11b (M1/70, eBioscience); PerCP-Cy5.5 anti-

90



SITE OF L. MAJOR DETERMINES DOMINANT HOST CELL PHENOTYPE

mouse Ly6C (HK1.4, eBioscience); FITC anti-mouse Ly6G (1A8, eBioscience); eFluor 450 anti-
mouse F4/80 (BMS, eBioscience); Alexafluor-700 anti-mouse MHC II (M5/114.15.2, eBioscience);

The acquisition of the samples was made in an eight colors FACS CANTO II cytometer
(Becton Dickinson, Mountain View, California, USA) using the software Diva (Becton Dickinson,
Mountain View, California, USA).

The percentage of positive cells and the median of fluorescence intensity were analyzed
with the software FlowJo (Tree Star, Ashland, Oregon, USA).

The immunolabeling was organized and described: APC anti-mouse CD11¢, PE-Cy7 anti-
mouse CD11b, PerCP-Cy5.5 anti-mouse Ly6C, FITC anti-mouse Ly6G eFluor 450 anti-mouse
F4/80; Alexafluor-700 anti-mouse MHC II.

5.2.6. Statistical analysis

The statistical analysis between the experimental groups was realized with student z-test,
nonparametric test with Mann-Withney test and the software GraphPad Prism 5.0 (GraphPad, La
Jolla, CA, USA) was utilized for the analysis. To reach significance, we considered p<0.05 and the

data are expressed as mean and standard deviation.

5.3. Results

5.3.1. The patterns of cell migration changes according to the site of L. major infection

In this part of the work, we analysed the cell parameters to identify possible changes in L.
major infection cell recruitment depending of inoculation site. As mentioned before, the route of
inoculation of Leishmania can generate different infection outcomes. Therefore, it would be
important to analyse the possible differences in the immune response according to the site of
parasite inoculation. Moreover, these experiments could give us more rationale to determine the
influence of ROS in a more physiological infection site when compared to subcutaneous challenge.
So, we infected the resistant C57BL/6 mice intradermally in pinna ear or subcutaneously in
footpads with 5 x 10° metacyclic promastigote forms of L. major transfected with red fluorescent
protein (rfp) and followed the infection at 2h, 48h and 9 days after inoculation.

We performed flow cytometry to identify recruited cells in the first hours post infection. The
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gating strategy for all times and tissues are represented in Figure 24.
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Figure 24. Flow cytometry gate strategy adopted to analyse the recruited cells after L. major infection.
Mice ears or footpads were infected with 5 x 10° promastigote forms of L. major and 2h, 48h and 9 days post
infection the tissues were processed and stained to surface markers. The same gate strategy was used in both
tissues and all times. The red arrows indicate the pathways to split populations and identify subsequent sub-
populations. The gates represent one sample of ears 48h post infection. A population that was
CD11b'Ly6G Ly6C CDI11¢"MHCII” was suggested to be an immature dendritic cell population.

Briefly, we gated cells according their granularity and size. We excluded duplets or triplets
by selection with side scatter areas versus forward scatter weight and proceeded to cell marker
identification. We analysed the phagocytic cells using the CDI11b marker, also known as
complement receptor 3 (CR3), present on phagocytic cells. After identification of phagocytic cells,
we split the population according to Ly6G and Ly6C expression to identify neutrophils and
inflammatory monocytes. We considered the neutrophils as CDI11b'Ly6G'Ly6C™ and
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inflammatory monocytes as CD11b'Ly6GLy6C" (Ribeiro-Gomes et al., 2012). The double
negative population to Ly6G and Ly6C (CD11b'Ly6GLy6C") was split to identify macrophages
and dendritic cells. The dendritic cells were identified based on CD11c and MHCII expression and
were considered as CD11b'Ly6G Ly6C CD11¢"MHCII" cells (Ribeiro-Gomes et al., 2012). The
population CD11b Ly6GLy6C CD11¢"MHCII" was observed, but was hard to identify because
immature DCs or even some populations of macrophages express the same markers. Indeed, some
macrophages can be detected expressing CD11c depending the clone used for the stain (Ghosn et
al., 2010). Within the CD11b'Ly6G Ly6C CD11c¢” population, we identified cells expressing F4/80
and considered them as CD11b'Ly6GLy6C CD11c’F4/80" macrophages (Ribeiro-Gomes et al.,
2012). Those macrophages expressing MHCII were also identified as being CD11b'Ly6G Ly6C”
CD11c’F4/80 MHCII .

After identification of the cells, we compared intradermal (ears) versus subcutaneous
(footpad) infections and analysed the patterns of cell migration according to the inoculation site.

Analysing the subpopulations of CD11b" cells, we observed a robust increase in neutrophil
percentage as early as 2h after the challenge in the intradermal infected mice. The percentage of this
subpopulation was about five times more pronounced at the dermal site of infection after 2h of
infection than in footpads. However, 48h post infection neutrophil percentage dropped and 9 days
post infection the percentage of neutrophils the intradermally infected mice was comparable to non-
infected mice, p<0.05 (Figure 25A). Curiously, the percentage of neutrophils at the subcutaneous
site of infection did not change during the infection, suggesting that neutrophils are poorly recruited
to the subcutaneous site.

Following the drop in neutrophils, we found an increase of the inflammatory monocyte
population at the dermal site of infection. However, this phenomenon was not observed in the
infected footpads. As observed for neutrophils, the inflammatory monocytes seemed to be not
recruited to site of infection (Figure 25B).

The percentage of resident macrophages in the footpad was higher compared to ears in non-
infected tissues (Figure 25C). After the infections this population remained at a low proportion. In
contrast, the percentage of DCs in the ear was much higher compared to footpads in non-infected
tissues (Figure 25D). Despite this robust difference, the percentage of DCs dropped dramatically in
ears over the time of infection, contrary to the behaviour of this cell population in the footpad,
p<0.001. This drop in DCs percentage is related to the massive increase in inflammatory monocytes
over the time. Between 48h and 9 days, we observed an increase in DCs percentages in footpads.
When we analysed the activated macrophages, it was possible to observe that this population of
cells is more frequent in the uninfected ear than in the footpad (Figure 25E). However, we do not
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know if this small difference could interfere with the infection, since 2h after infection we had not
observed a significant difference anymore. Nevertheless, 9 days after infection we could detect an
increase of these activated macrophages percentage in the ear-infected group. Moreover, we did
not detect any alterations in percentage of this population in footpads.

We identified interesting differences in the CDI11b'Ly6GLy6C CD11¢c MHCII™ cell
populations, however we could not characterize these cells based just on surface markers because
macrophages and immature DCs express this combination of markers. Curiously, this population is
the most frequent CD11b" population in the footpads and did not change at 2h and 48h post
infection (Figure 25F). In all times analysed, this cell population was higher in the footpad
compared to ears (Figure 25D). This fact suggests that CD11b Ly6G Ly6C CD11¢"MHCII™ cells
could be immature dendritic cells becoming mature during the infection.

In addition to the percentage analysis, we also counted the total cell populations and
compared the effect of intradermal or subcutaneous infection in total cell recruitment to the site of
inoculation.

The numbers of CD11b" were the same in both groups before infection. The numbers of this
cell type increased at the same rate in both groups until 48h post infection (Figure 26A). At 9 days
after infection CD11b" population numbers were over three-fold higher in the ears than in footpads.
At the same time point, this population had increased 12-fold compared to naive ears. Since both
groups had the same numbers of CD11b" cells before infection, we can conclude that intradermal
site had a higher inflammatory state caused by intradermal infection.

Based on the differences found in phagocytic cell recruitment, we decided to analyse which
cell type was involved in this higher inflammatory state in ears. We identified a rapid influx of
neutrophils just 2h after infection in ears of mice and these levels were kept high after 48h post
infection (Figure 26B). At 9 days, the number of neutrophils was even higher reaching about 8,000
cells in the ears, which could contribute to recruitment of more inflammatory cells. In contrast, we
could not observe increase in neutrophils numbers in footpads in any of the times measured,
suggesting that this cell type is not involved in response to subcutaneous infection with L. major.

We also noticed an increase of inflammatory monocytes at the site of infection. The influx
of these cells was observed in both groups until 9 days post infection, but was much more intense at
the intradermal site (Figure 26C). Both groups of mice non-infected mice presented the same
numbers of these cells and 2h post infection. However, 48h and 9 days post infection the
recruitment of these cells increase dramatically at the intradermal site. At day 9 post infection, the
inflammatory monocytes were increased more than 15-fold at the intradermal site, compared to the
subcutaneous site. Indeed, these inflammatory monocytes were responsible for the majority of cells
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recruited to the intradermal site of infection.

When we analysed the DC population, we identified the same patterns of cell migration
between both routes of infection. At 9 days post infection, the numbers of cells had a considerable
increase in both groups, but was higher in the ears (Figure 26D). Indeed, in all time points analysed
the cell numbers were slightly higher in ear even in non-infected mice.

The number of macrophages in both groups slightly increased after the first hours post
infection as observed 2h and 48h were the cell numbers increased three-fold compared to non-
infected tissues (Figure 26F). However, 9 days post infection the number of macrophages found in
the ear was substantially higher reaching around 15,000 cells at this time while in the footpads

around 4,000 cells were detected.
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Figure 25. Percentage of subpopulations gated on CD11b" cells recruited to the inoculation site
following L. major infection. Mouse ears or footpads were infected with 5 x 10° promastigote forms of L.
major and 2h, 48h and 9 days post infection and the Oh time point represents the non-infected controls. The
tissues were processed and stained to surface markers. A, B, C, D, E and F represent the kinetics of
recruitment of neutrophils, inflammatory monocytes, macrophages, dendritic cells (DCs), activated
macrophages and CD11¢"MHCII™ cells, respectively. The data are represented as mean =SD of one
experiment representative of two performed, n=5 for each group. *=p<0.05, **=p<0.01 and ***=p<(.001.
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Despite the fact that we did not observe significant differences 2h and 48h post infection on
the total macrophage numbers (Figure 26F), the infection caused more activation of these cells at
the intradermal site (Figure 26E). Before infection, footpads and ears presented the same number of
MHCII" macrophages. However, 2h post infection these levels increased significantly in ears
compared to footpads. Indeed, the number of these cells in footpads did not alter at 2h post
infection, increased at 48h reaching the highest level 9 days post infection. At the same times
analysed (48h and 9 days post infection), the macrophages in ears had same pattern of activation,
but were in higher numbers.

We identified the non-characterized cell type (CD11b'Ly6G Ly6C CD11"MHCII') in both
sites. The observation of the kinetics of DC appearing at the site of infection, as mentioned before,
these cells probably are immature DCs that became mature DCs as infection progressed (Figures
25D and F). Despite the fact that the percentage of these cells was very different between ears and
footpads, we did not detect differences in total cell numbers, except at 48h post infection, when we
detect more of these cells present in footpads (Figure 26G). There is a shift in the kinetics of
differentiation in this population. While we observed a rapid increase in footpads 2h to 48h post
infection, in the ears this behaviour was just observed between 48h to 9 days post infection. At the

end of 9 days, both groups of mice showed the same numbers of this specific cell sub-type.
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Figure 26. Total cell numbers of subpopulations gated on CD11b" recruited to the inoculation site
after L. major infection. Mouse ears or footpads were infected with 5 x 10° promastigote forms of L. major
and 2h, 48h and 9 days post infection and the Oh time point represents the non-infected controls. The tissues
were processed and stained to surface markers. A, B, C, D, E and F represent the kinetics of cell recruitment
of neutrophils, inflammatory monocytes, macrophages, DCs, activated macrophages and CD11¢ MHCII"
cells, respectively. The data are represented as mean £SD of one experiment representative of two, n=5 for

each group. *=p<0.05, **=p<0.01 and ***=p<0.001.
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5.3.2. The site of inoculation determines the cells involved in the initial uptake of L.

major

As demonstrated in the past section, the site of inoculation changed the migration patterns of
cells during the infection. So, it was important to verify if the cells which uptook Leishmania would
be different. We inoculated, at intradermal and subcutaneous site, 5 x 10° metacyclic promastigote
forms of L. major transfected with the rfp gene. This way, we could follow the parasites by flow
cytometry during the infection.

The gate strategy was designed in same way described before (Figure 24) except for the
CD11b" cells that were gated first in the rfp” subpopulation. Figure 25 demonstrates the new gate

strategy for the identification of infected cells.
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Figure 27. Flow cytometry gate strategy adopted to analyse the infected cells after L. major
inoculation. Mouse ears or footpads were infected with 5 x 10° promastigote forms of L. major transfected
with rfp gene and 2h, 48h and 9 days post infection the tissues were processed and stained for surface
markers. The same gate strategy was used in both tissues and all times. The red arrows indicate the pathways
to split populations and identify subsequent sub-populations. The gates represent one sample of ears 48h post
infection.
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After selection of the CD11b'rfp cells, we analysed the subpopulations generated by this
gating to observe which phagocytic cell subtypes was responsible for the uptake of Leishmania.

We identified a higher percentage of CD11b" infected cells in the intradermal site than in
the subcutaneous site, at all times measured. Indeed, the footpads presented low percentage of
infected cells, about 5% at 48h and 9 days post infection and around 2% 2 h post infection (Figure
28A). We could not identify rfp" cells outside of the CD11b gate. At 48h post infection, we
observed a peak in the percentage of infected CD11b" cells, reaching 30% of the phagocytic cells
population in the intradermal site, p<0.0001. There is a subsequent drop in the percentage of
CD11b" infected cells, probably caused by the influx of these cells to the site of infection (Figure
28A).

At 2h after intradermal infection, we found that Leishmania were taken up mainly by
neutrophils: around 50% of infected CD11b" cells were neutrophils (Figure 28B). However, this
percentage dropped dramatically to 25% at 48h and less than 10% after 9 days. In contrast, a low
percentage of infected CD11b" cells were neutrophils 2h after the infection at the subcutaneous site.
Indeed, the percentage of infected cell in the neutrophil gate was substantially low in all times
measured.

While neutrophils are the most important cell involved in the uptake of Leishmania at 2 h
hours of infection at the intradermal site, the inflammatory monocytes takes their neutrophils from
48h post infection. As infected neutrophil percentages drop (Figure 28B), there is an increase in
CD11b'rfp" cells that are inflammatory monocytes from 2h to 9 days. Despite the low percentage of
inflammatory monocytes 2h post infection, we observed an important increase in the subsequent
time points (Figure 28C). After 9 days, the inflammatory monocytes were the majority of CD11b"
cells infected with L. major, reaching 50% of this population. In contrast, we observed a slight
increase of CD11b'tfp” inflammatory monocytes as the infection at subcutaneous site progressed.
As found in ears, the footpad also practically did not presented infected inflammatory monocytes at
2h post infection. However, there was a discrete increase in this specific subpopulation 48h and
even 9 days post infection reaching around 10% of infected cells at these times measured.

When we analysed the contribution of resident phagocytic cells, we observed the major
contribution of these cell populations to subcutaneous infection. After 2h of infection, the resident
macrophages in ears or footpads presented the same percentage of CD11b'rfp” cells (Figure 28D).
However, the percentage of these cells in footpads increased significantly compared to ears 48h and

9 days post infection.
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The percentage of infected DCs was lower at subcutaneous site 2h and 48h post infection,
but after 9 days this percentage was substantially higher in footpads compared to ears (Figure 28E).
At this point of 9 days, resident macrophages and DCs are the major cells involved in the infection
of L. major at the subcutaneous site.

Interestingly, the non-characterized CD11¢"MHCII” population was the most important cell
population involved in Leishmania uptake at subcutaneous site of infection. At 2h post infection,
this population was responsible for 60% of all CD11b'rfp" cells at the subcutaneous site. This high
percentage persisted after 48h and dropped considerably after 9 days of infection. In contrast, this
CD11b'rfp population was present at a significantly lower percentage in ears at 2h and 48h post
infection compared to footpads. Indeed, this CD11b'rfp” population presented lower percentage of
at all times measured.

The remarkable point observed when comparing these two kinds of inoculations was: the
predominance of inflammatory cells from blood being responsible for the Leishmania uptake the at
intradermal site in the ear and the predominance of resident phagocytic cells (CD11b Ly6G Ly6C”
cell populations) responsible for this uptake at the subcutaneous site of inoculation.

The analysis of the absolute numbers of the different cell populations in infected ears and
footpads showed significant differences between the sites of inoculation.

At all times analysed, the number of CD11b'tfp" cells was higher in the intradermal site of
infection (Figure 29A). Since 2h post infection the number of phagocytic cells infected was about
2,000 against the approximate 200 cells found in the footpads at same time. This remarkable
difference was also found at 48h and 9 days post infection, when we detect (as observed at 2h post
infection) 10 times more parasites in cells of the ears compared to footpads. Therefore, cells at the
intradermal site were much more efficient in uptaking parasite compared to subcutaneous site of
inoculation in the acute phase of the infection caused by L. major.

Analysing the numbers of CD11b'tfp" cell subpopulations we could conclude the non-
involvement of neutrophils the in acute phase Leishmania infection at the subcutaneous site. In all
times analysed, the number of infected neutrophils was lesser than 50, evidencing the irrelevant role
of this cell type in the subcutaneous infection (Figure 29B). Indeed, the total number of neutrophils
migrating to the inoculation site was substantially lower (Figure 26B), which could contribute to
irrelevance of this cell in Leishmania uptake. In contrast, we found a higher number of neutrophils
infected in the intradermal site of inoculation in all times measured. We observed around 1,000
cells infected, corresponding to 50% of all cells infected 2h hours post infection (Figures 28B, 29A
and B). Despite the decrease in the percentage of neutrophils gated on CD11b'rfp’ during the
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infection (Figure 28B), the total number of these cells sustained considerable rates of infection until

9 days post-infection.
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Figure 28. Percentage of subpopulations gated on infected CD11b'rfp” cells recruited to the L. major
inoculation site. Mouse ears or footpads were infected with 5 x 10° L. major promastigote forms and 2h,
48h and 9 days post infection the tissues were processed and stained to surface markers. A, B, C, D, E and F
represent the kinetics of phagocytic cells, neutrophils, inflammatory monocytes, macrophages, DCs and
CD11¢"MHCII cells, respectively. The data are represented as mean £SD of 1 experiment representative of
2, n=5 for each group. *=p<0.05, **=p<0.01 and ***=p<0.001.
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Following the observation of an elevated number of inflammatory monocytes at the
intradermal site of infection, we observed a significant increase in inflammatory monocytes infected
over the time at this particular site of inoculation (Figure 29C). As noted before, 2h after the
infection we did not detect significant numbers of inflammatory monocytes at the site of lesion
(Figure 26C). Consequently, the number of infected cells at the same time was almost zero. At 48h,
the inflammatory monocytes increased in a high ratio where they start to be the most important cell
at the intradermal site of infection. Finally, 9 days post infection the number of inflammatory
monocytes infected was so high compared to footpads at the same time that the ratio ear/footpad
was around 10,000x.

Despite the fact that parasites infected preferentially tissue resident cells observed in
footpads, we found more macrophages infected in the ears (Figure 29D) in all times measured. This
fact could be related to few phagocytic cells infected in footpads, which would contribute for this
observation. Indeed, there is a substantial increase in these macrophage numbers over time, when
compared with infected neutrophils or inflammatory monocytes in footpads during the infection.
Moreover, the inclination of the curve representing the course of infection in the ears was higher,
showing higher efficiency in parasites uptake by ears macrophages.

Similar results were obtained related to Leishmania phagocytosis by DCs. Both routes of
inoculation promote the same pattern of Leishmania uptake by DCs, we could detect relative
increase in DCs infected 9 days post infection in both groups (Figure 29E). Since 2h, the ears
presented more infected DCs compared to footpads and this pattern was not changed until 48h post
infection. However, there is a large increase in the number of infected DCs between 48h and 9 days
post infection in the ears and a slight increase in footpads of subcutaneously infected mice.

Despite the higher percentage of infected CD11b"'CD11¢"MHCII cells in the footpads 2h
and 48h post infection (Figure 28F), we did not detect differences in total number of this specific
cell type between intradermal or subcutaneous infection at same time (Figure 29F). At 9 days post
inoculation, the infection in this population increased, being significantly different from that in the
footpad, which did not change throughout infection.

Practically in all times measured, the number of infected cells were higher in the ears
demonstrating a more efficient phagocytosis of Leishmania when the parasite is inoculated by

intradermal route.
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Figure 29. Total numbers of infected CD11b" cells recruited to the L. major inoculation site. Mouse ears
or footpads were infected with 5 x 10° promastigote forms of L. major and 2h, 48h and 9 days post infection
the tissues were processed and stained for surface markers. A, B, C, D, E and F represent phagocytic cells,
neutrophils, inflammatory monocytes, macrophages, DCs and CD11¢"MHCII" cells, respectively. The data
are represented as mean £SD of 1 experiment representative of 2, n=5 for each group. *=p<0.05, **=p<0.01
and ***=p<(.001.
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5.3.3. Infection at the intradermal site elicited higher cell activation and inflammatory

response in the acute phase of L. major infection

Since we detected a higher influx of the phagocytic cells to the intradermal site of
inoculation, we decided to analyse the activation status of APCs in the tissues by assessing the
expression of MHCII on the cell surface.

We analysed the expression of MHCII on macrophages and DCs 2h, 48h and 9 days post
infection on the total population or just on infected cells and we observed a more robust expression
of MHCII on cells from ears.

There are no differences in the activation state as measured by MHCII expression before
infection between the two tissues. Both tissues expressed similar levels of this molecule before the
infection (Figure 30A). However, just 2h post infection the MHCII" macrophages in the ears
expressed almost 2 times more MHCII compared those from footpads. This significant difference in
the MHCII expression persisted at 48h and 9 days post infection. Indeed, the expression of MHCII
did not changed in footpads during infection, being comparable to non-infected counterparts. In
contrast to what we observed in MHCII" macrophages, non-infected ears presented higher levels of
MHCII expression in DCs (Figure 30B). Moreover, 2h after infection, DCs increased the expression
of MHCII, while in the footpads the expression of this activation marker was not altered. After 9
days of infection, MHCII expression fell slightly, indicating a possible downregulation of this
marker in DCs from footpads or migration of these cells to dLNs. In the ears, this fall in the
expression of MHCII was more accentuated and started at 48h and dropped even more 9 days post
infection.

When we analysed MHC expression on infected cells we also noted a higher expression of
this molecule on macrophages as well DCs at 2h and 48h post infection (Figure 30C and D). Both
infected cell types expressed similar levels of MHCII at 2h and 48h post infection in both groups.
While the levels of MHCII did not change in macrophages and DCs from footpads in all times
measured, there is a strong reduction of this marker 9 days post infection in cells from ears
(p=0.0079 for macrophages and DCs). At this time, both cells types and tissues presented with the
same levels of MHCII.

The higher number of inflammatory cells and the higher activation state of macrophages and
DCs found in the ears of mice are signals indicating that infection with L. major causes strong
inflammation when inoculated in the dermis. To better characterize this inflammation, we analysed

the mRNA levels of inflammatory cytokines, IL-10 and CXCL1 at the different sites of infection.
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The levels of IL-1p mRNA at 2h and 48h post infection of the ear increased when compared
to the naive controls. However, the mRNA levels of this cytokine in ears 9 days post infection
presented a 15-fold increase relative to naive control (Figure 31A). On the other hand, when we
looked at footpads, no changes in this IL-13 mRNA were detected compared to naive controls. IL-
1B is a known inflammatory cytokine involved in the recruitment of inflammatory monocytes and
the increase in IL-1p mRNA 9 days post infection is in accordance with the larger number of

inflammatory monocytes at intradermal site at same time (Figure 26C).
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Figure 30. Mean fluorescence intensity (MFI) of MHCII on macrophages or DCs infected with L.
major. Mouse ears or footpads were infected with 5 x 10° promastigote forms of L. major and 2h, 48h and 9
days post infection and the Oh time point represents the non-infected controls. The tissues were processed
and stained for surface markers. A, B, C and D represent the MFI of MHCII™ macrophages, DCs, infected
macrophages and infected DCs, respectively. The data are represented as mean £SD of 1 experiment
representative of 2, n=5 for each group. **=p<0.01 and ***=p<0.001.
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We also analysed the mRNA levels of CXCL1, an important chemokine involved in
neutrophil recruitment in response to several pathogens. We observed a 5-fold increase in mRNA
levels of CXCL1 in the ears from 2h post infection and no changes in footpads were detected at this
time point (Figure 31B). The levels of CXCL1 mRNA were significant higher in the ears compared
to footpads at 2h post infection. At 48h post infection, there was no difference between groups at
this time. At 9 days post infection, the levels of this cytokine dropped in the ears, reaching almost
the levels found in non-infected mice. The higher levels of CXCL1 mRNA at 2h post infection
correlates with the peak of neutrophil percentage found in the ears of infected mice (Figure 25A).
We also could correlate the lower levels of CXCL1 mRNA found 2h post infection in the footpads
with the low percentage of neutrophils found in this tissue at the same time (Figure 25A).
Moreover, the drop in mRNA CXCL1 levels after 9 days of infection in ears followed the low
percentage of this cell type found at the same time in this tissue.

We also analysed the mRNA levels of IL-6, a cytokine involved in the production of
neutrophils by the bone marrow. Despite the significant differences in neutrophil recruitment to the
inoculation site (Figures 25A and 26B), we did not detect differences in IL-6 mRNA expression
between groups at any time measured (Figure 31C).

IL-10 is one of most important anti-inflammatory cytokines and its expression is increased
in inflammatory conditions, to regulate inflammation. We detected higher levels of IL-10 mRNA
levels in the ears in all times measured (Figure 31D). Especially at 9 days post infection, the levels
of IL-10 mRNA were about 20-fold increased in the ears compared to naive counterparts. In
contrast, we could not detect alterations in IL-10 mRNA expression during the infection at
subcutaneous site. The higher levels of mRNA IL-10 found since the first hours post infection in the
ears correlates with higher inflammatory cell infiltrate 2h and 48h hours post infection (Figure 26B
and C). Moreover, the significant increase in the IL-10 mRNA levels at the intradermal site of
inoculation is in agreement with cell influx, especially inflammatory monocytes, observed in the
ears at same time (Figure 26A and C).

Since we observed a high inflammatory response at the intradermal site and the Thl
response is deeply linked to inflammation, we analysed Thl cytokine mRNA levels expressed in
both tissues during the acute phase of infection.

Both tissues presented the same kinetics of TNF-oo mRNA expression during the infection.
The levels of TNF-a detected at 2h, 48h and 9 days post infection did not change between the
groups and during the time (Figure 31E).

We performed a RT-PCR in naive ears and footpads to normalize the mRNA expression in
these tissues, however we could not detect any amplification of IFN-y mRNA in either naive
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tissues. Because IFN-y is an inducible gene in infections, the naive ears and footpads probably
express few copies of this mRNA and consequently not enough for RT-PCR amplification. So, we
normalized the IFN-y expression using -ACT method to relative quantification based in the
expression of the constitutive gene ribosomal 18S. We detected an increase in the expression of
IFN-y mRNA over time in both groups measured (Figure 31F). However, the expression of this
cytokine was higher in the ears 9 days after the infection when compared with footpads at same
time.

IL-17 is an important cytokine related to neutrophilic response. We asked if IL-17 could be
altered in ears due the high numbers of neutrophils detected in the acute phase of the infection. We
could not detect expression of IL-17 mRNA in footpads or ears from naive mice, so we also used
the -ACT method to quantify the relative mRNA expression of IL-17. We detected higher
expression of IL-17 in the ears 2h and 9 days after infection (Figure 31G). Moreover, no mRNA
levels of IL-17 were detected 48h post infection in the footpads implying very low IL-17 production
at this time. This higher expression of IL-17 together with CXCL1 augmented levels (Figure 31B)
could contribute to increased numbers of neutrophils found in the ears during the infection (Figure

26B).
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Figure 31. qRT-PCR of cytokines and chemokines expressed during acute phase of L. major infection.
Mouse ears or footpads were infected with 5 x 10° promastigote forms of L. major and 2h, 48h and 9 days
post infection the tissues were processed and a qRT-PCR was performed to verify the mRNA levels of
cytokines and chemokines. A, B, C, D and D represent the mRNA expression 2h, 48h and 9 days post
infection of IL-1p, CXCL-1, IL-6, IL-10 and TNF-a, respectively and normalized by mRNA expression of
the cytokines in naive tissues. E and F represent the mRNA expression 2h, 48h and 9 days post infection of
IFN-y and IL-17, respectively and normalized by constitutive expression of 18S mRNA. N.D. indicates not
determined. The data are represented as mean =SD, n=5 for each group. *=p<0.05 and ***=p<(.001.
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ROLE OF REACTIVE OXYGEN SPECIES (ROS) IN THE INFECTION CAUSED BY L.
AMAZONENSIS: IMPLICATIONS RELATIVE TO THE SITE OF INFECTION

6. PART THREL:
REACTIVE OXYGEN SPECIES (ROS)
CONTROL THE INFLAMMATION IN

L. AMAZONENSIS INTRADERMAL
INFECTION IMPAIRING
NEUTROPHIL NECROSIS
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REACTIVE OXYGEN SPECIES (ROS) CONTROL THE INFLAMMATION IN L. AMAZONENSIS
INTRADERMAL INFECTION IMPAIRING NEUTROPHIL NECROSIS

6.1. Objectives

6.1.1. General objective

To verify the role of ROS in the control of inflammation caused by L. amazonensis infection

employing the intradermal route of infection.

6.1.2. Specific objectives

> To follow the development of lesions in gp91?"*” and C57BL/6 mice (WT) intradermally

infected with Zezs/hmania amazonesis until 16 weeks post-infection;

> To compare the parasite loads found in gp917""~ and WT after 4, 8, 12 and 16 weeks at the

site of infection and dLNs;

> To analyze the innate and adaptive immune cellular population phenotypes in several times

of the infection at the lesion site as well draining lymph nodes;

> To analyze the expression of inflammatory and anti-inflammatory cytokines as well
chemokines (as protein or mRNA levels) at the site of infection and draining lymph nodes during

the infection development;

> To verify the major cells involved in the initial uptake of Leishmania at intradermal site of

infection;

> To compare the neutrophil migration profile to the lesion site 10h, 36h and 60h in gp91°"*"

and WT infected with L. amazonensis;

> To analyze the apoptotic profile of the cells in gp91”"™" and WT mice infected with L.

amazonensis,

111



REACTIVE OXYGEN SPECIES (ROS) CONTROL THE INFLAMMATION IN L. AMAZONENSIS
INTRADERMAL INFECTION IMPAIRING NEUTROPHIL NECROSIS

6.2. Material and Methods

6.2.1. Mice

1P"% chain of

Mice (n=5 for all experiments for each repetition) which genes for the gp9
NADPH oxidase were deleted by homologous recombination (C57BL/6.129S6-Cybb™P™/J, here
named gp91™™"") (Pollock et al., 1995) were purchased from Jackson Farms and bred in NIAID
animal care facility. The control mice used in the experiments were C57BL/6 also purchased from
Jackson Farms. All animals were maintained at the NIAID animal care facility under specific
pathogen-free conditions, controlled 12h dark-light cycles and without restrictions of water or food.
The animals used in this study had four to twelve weeks old.

This study was carried out in strict accordance with the recommendations in the Guide for
the Care and Use of Laboratory Animals of the National Institutes of Health. The protocol was
approved by the Animal Care and Use Committee of the NIAID, NIH (protocol number LPD 68E).
BALB/c mice were purchased from Taconic Laboratories and all animals were maintained at the

NIAID animal care facility under specific pathogen-free conditions without restrictions of water or

food.

6.2.2. Parasites

We utilized the PHS strain of Zeisimania amazonensis (IFLA/BR/1967/PHS). Parasites
were grown at 26°C in 199 medium supplemented with 20% heat-inactivated FCS (Gemini Bio-
Products, Sacramento, CA, USA), 100U/ml penicillin, 100png/ml streptomycin, 2mM L-Glutamine
and 40mM Hepes. Parasites with less than 10 passages in culture were used for all experiments and
new isolates were obtained form BALB/c mice lesions.

Alternatively, we used PHS8 strain of Z. amazonensis IFLA/BR/1967/PH8) transfected with
a plasmid containing a red fluorescent protein (RFP) gene, generated as follows. The DsRed gene
was amplified by PCR using the pCMV-DsRed-Express plasmid (BD Biosciences/Clontech) as
template and the forward primer 5-TGG ACT AGT ATG GCC TCC TCC GAG GAC GTC-3' and
reverse primer 5-CCA ACT AGT CTA CAG GAA CAG GTG GTG GCG-3'. The PCR product

was first cloned into the pCR2.1 plasmid (Invitrogen) and the sequence verified by nucleotide
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sequencing. The Spel insert from a selected clone was subsequently ligated into the Spel site of the
pKSNEO Leishmania expression plasmid (Zhang et al., 1996). PH8 promastigotes were transfected
with the resulting expression plasmid construct pPKSNEO-DsRed described as follow: the cells were
resuspended in electroporation buffer Hepes (ICN Biomedicals Inc., Aurora, OH), 137mM NaCl,
5mM KCI, 0.7mM Na,HPO,, 6mM glucose, pH 7.0) to 10® cells/ml. Five hundred microliters of
cell suspension were added to 2mm gap electroporation cuvettes (BTX Inc., San Diego, CA) to
which 20ul of purified plasmid DNA (Img/ml in sterile 10mM Tris, 2mM Ethylenediamine
tetraacetic acid (EDTA) (Quality Biological, Inc., Gaithersburg, MD, USA), pH 8.0) was added.
Cells were electroporated using a BTX ECM-600 electroporation system (BTX) and the conditions
for electroporation were: 475V, 800 microfarads, 13ohms, single pulse. Electroporated cells were
incubated on ice for 10 min and then transferred into 5ml of culture medium (medium 199
supplemented with 20% heat-inactivated FCS (Gemini Bio-Products), 100U/ml penicillin,
100pg/ml streptomycin, 2mM L-Glutamine, 40mM 4-(2-hydroxyethyl)-1-piperazineethanesulfonic
acid (Hepes) and incubated at 26 °C for 24h. Subsequently, the cells were harvested by
centrifugation 2100 x g for 10 min at 4°C and resuspended in fresh culture medium containing
15pg/ml of Geneticin (G418, Life Technologies, Inc.). These cells were selected for growth in
increasing concentrations of G418 over a period of several weeks and then maintained at 250pg/ml
drug. These drug-resistant cells were used in all subsequent experiments. For the experiments the

parasites were growth in the presence of 15ug/ml Geneticin (G418, Life Technologies, Inc).

6.2.3. Infection with L. amazonensis

Mice were infected with 5 x 10° metacyclic promastigote forms of L. amazonensis diluted in
10ul of DMEM in the pinna ears. For the mice infection, metacyclic promastigote forms were used
and obtained by centrifugation in Ficoll gradient (Spath et al., 2003). The course of the infection
was followed for 16 weeks with weekly ears measurements of the lesions diameter using a digital
calliper. We also determined tissue loss due advanced inflammation caused by infection. The
frequency of ears with tissue loss was expressed as a percentage of the total number of infected
ears.

For short-term experiments, we infected mice intradermally in pinna ear with 5 x 10’
metacyclic promastigote forms of L. amazonensis transfected with rfp gene (La-rfp) diluted in 10pl

of DMEM and follow the infection until 60h after the challenge.
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6.2.4. Euthanasia and tissue processing

Mice of each group were euthanized in CO, gas chamber 4, 8, 12 and 16 weeks post
infection. Then, the ears and draining lymph nodes were removed and processed as follows: the two
sheets of infected ear dermis were separated, deposited in DMEM containing 100U/ml penicillin,
100pg/ml streptomycin, and 0.2mg/ml Liberase CI purified enzyme blend (Roche Diagnostics
Corp.), and incubated for 1 h and 30 min at 37°C. Digested tissue was placed in a grinder and
processed in a tissue homogenizer (Medimachine; Becton Dickenson). Then, the tissue washed with
10ml of RPMI 0,05% DNAse (Sigma-Aldrich, Inc, St. Louis, MO, USA), centrifuged at 1,500 x g
for 15 min and resuspended in Iml complete RPMI. Retromaxillary lymph nodes were removed,
and mechanically dissociated using tweezers and a syringe plunger and resuspended in 1ml of
complete RPMI.

The draining lymph nodes were excised from the animals, smashed in 40pm cell strainer filter
(BD Falcon, USA) and washed by 10ml of RPMI 0,05% DNAse (Sigma-Aldrich, Inc). The
homogenates were centrifuged at 1,500 x g for 15 min. and the pellet was resuspended in ImL of
RPMI (GIBCO USA) supplemented with 10% heat-inactivated fetal bovine serum (FBS) (Gemini
Bio-Products), 100U/mL penicillin, 100pg/mL streptomycin and 2mM L-Glutamine (GIBCO USA)

and counted in a hemocytometer.

6.2.5. Parasite load quantification

Parasite load was quantified by limiting dilution assay. After euthanasia, the ears were
removed and washed in ethanol 70%. The ears and dLNs were disrupted as described in item 6.2.4
and an aliquot of 50ul was used for parasite quantification. These samples were diluted 1:2
successively in medium 199 supplemented with 20% heat-inactivated FCS (Gemini Bio-Products),
100U/ml penicillin, 100png/ml streptomycin, 2mM L-Glutamine and 40mM Hepes in 96-well blood
agar plates for each ear and draining lymph node. After 10 days of incubation at 25°C, the cultures
were examined for parasite detection. The results were expressed as described (Santiago et al.,

2004).
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6.2.6. Quantitative Real time PCR

Total RNA, obtained from lesions at 4, 8, 12 and 16 weeks post-infection, was extracted using
RNeasy Mini Kit (Qiagen Dusseldorf, Germany) according to the manufacturer’s instructions.
Next, 1 ug of total RNA obtained from the lesions or lymph nodes was reverse transcribed using
Reverse Transcriptase (Promega, Southampton, UK) and oligo (dT) 15 primers (Promega). PCR
amplification was performed with a programmable thermal cycler (Perkin—Elmer 2400, USA). The
cDNA amplification protocol was as follows: 2 minutes at 50°C, activation of AmpliTaq at 95°C for
10 minutes, melting at 95°C for 15 seconds. For the annealing and final extension, the samples were
heated at 60°C for 1 minute for 45 cycles. For dissociation curve, the samples were heated at 95°C
for 15 seconds, following cooling at 60°C for 5 seconds. Finally, the samples were cooled for 1
minute at 4°C.

The amplification of cDNA was made using specific primers as represented in the table 1:

Table 2. Primers used in qPCR to quantify the expression of mRNA from ears in the infection

Gene Primer Sequence
[FN-y Forward 5'-TCAAGTGGCATAGATGTGGAAGAA- 3'
Reverse 5'-TGGCTCTGCAGGATTTTCATG- 3'
IL-10 Forward 5'-GGTTGCCAATTATCGGA- 3'
Reverse 5'-ACCTGCTCCACTGCCTTGCT- 3'
TNF-a Forward 5'-TTCTGTCTACTGAACTTCGGGGTGATCGGTCC- 3'
Reverse 5'-GTATGAGATAGCAAATCGGCTGACGGTGTGGG- 3
IL1-B Forward 5'-CAACCAACAAGTGATATTCTCCAT- 3'
Reverse 5'-GATCCACACTCTCCAGCTGCA- 3
CXCL2 Forward 5'-TGACTTCAAGAACATCCAGAGCTT- 3'
Reverse 5'-CTTGAGAGTGGCTATGACTTCTGTCT- 3
IL-17 Forward 5'-ATCCCTCAAAGCTCAGCGTGTC- 3'
Reverse 5'-GGGTCTTCATTGCGGTGGAGAG- 3'
CXCL1 Forward 5'-TGTCCCCAAGTAACGGAGAAA- 3'

Reverse 5'-TGTCAGAAGCCAGCGTTCAC- 3'
18S rRNA Forward 5'-TACCACATCCAAGAAGGCAG- 3
Reverse 5'-TGCCCTCCAATGGATCCTC- 3'
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The reactions were developed in the ABI PRISM®7900HT (Applied Biosystems, Foster
City, CA, USA) using 20% of reaction in cDNA volume and 15ul of total PCR mixture. All
reactions were made in duplicates using TagMan® system (Applied Biosystems) according
manufacturer instructions. Finally, the samples were cooled by 1 minute at 4°C. The specific

cDNAs were normalized according the expression of ribosomal 18S gene based in ACT calculation.

6.2.6. Generation of L. amazonensis antigen (LALa)

Antigens were prepared from log phase promastigotes, washed in PBS and submitted to
seven cycles of freezing in liquid nitrogen and thawing in water bath (37°C). Suspensions were
adjusted to a final concentration of 1 mg of protein/ml and kept at -70°C until use. Protein

concentration was assessed by the Lowry assay (Lowry et al., 1951).

6.2.8. Flow cytometry

Single-cell suspensions were incubated with an anti-Fc-y III/IT (CD16/32) receptor antibody
(2.4G2, BD Biosciences) in RPMI without phenol red (Gibco) containing 1% FCS and stained with
fluorochrome-conjugated antibodies. The following antibodies were used: APC anti-mouse CD11c
(HL3, BD Biosciences); PE-Cy7 anti-mouse CD11b (M1/70, eBioscience); PerCP-Cy5.5 anti-
mouse Ly6C (HK1.4, eBioscience); FITC anti-mouse Ly6G (1A8, eBioscience); eFluor 450 anti-
mouse F4/80 (BMS, eBioscience); Alexafluor-700 anti-mouse MHC II (M5/114.15.2, eBioscience);
PE-cy7 anti-mouse CD4 (L3T4, eBioscience); pacific blue anti-mouse TCRP (H57-597,
eBioscience); FITC anti-human ki67 (B56, BD Pharmigen), APC anti-mouse IFN-y (XMG1.2,
eBioscience); PE anti-mouse IL-10 (JES5-16E3, eBioscience); PerCP-Cy5.5 anti-mouse IL-17
(eBiol17B7, eBioscience); efluor 660 anti-mouse TNF-a (TN3-19, eBioscience) and acqua live dead
probe (Invitrogen). The isotype controls used (all obtained from BD Biosciences) were rat IgG1
(R3-34) and rat IgG2b (A95-1). For intracellular detection of cytokines, cells were first stimulated
with LALm for 6h at 37°C 5% CO, and them incubated with 1ug/ml brefeldin (BFA) (Sigma-
Aldrich) for 4 h at 37°C 5% CO,. Following surface staining and permeabilization, cells were then

stained with a combination of anti-mouse antibodies for cytokines and the transcriptional factor ki-
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67 in foxp3 permeabilization buffer (BD Bioscience). Intracellular staining was carried out for 60
minutes on ice.

The acquisition of the samples was made in an eight colors FACS CANTO II cytometer
(Becton Dickinson, Mountain View, California, USA) using the software Diva (Becton Dickinson,
Mountain View, California, USA).

The percentage of positive cells and the mean fluorescence intensity were analyzed with the
software FlowJo (Tree Star, Ashland, Oregon, USA).

The immunolabeling was organized and described as follow: tube 1 (APC anti-mouse
CDll1c, PE-Cy7 anti-mouse CDI11b, PerCP-Cy5.5 anti-mouse Ly6C, FITC anti-mouse Ly6G
eFluor 450 anti-mouse F4/80; Alexafluor-700 anti-mouse MHCII); tube 2 (PE-cy7 anti-mouse
CD4, pacific blue anti-mouse TCRp, FITC anti-human ki67, APC anti-mouse IFN-y, PE anti-mouse
IL-10, PerCP-Cy5.5 anti-mouse IL-17, efluor 660 anti-mouse TNF-a and acqua live dead probe).

6.2.9. Apoptosis assessment

We assessed the apoptosis in neutrophils in acute and chronic phase of infection by flow
cytometry as described as follow. After infection with La-rfp, the cells from ears were processed as
described in item 6.2.4. Single-cell suspensions were incubated with an anti-Fc-y III/II (CD16/32)
receptor antibody (2.4G2, BD Biosciences) in RPMI without phenol red (Gibco) containing 1%
FCS and stained with fluorochrome-conjugated antibodies. The following antibodies were used:
PE-Cy7 anti-mouse CDI11b (M1/70, eBioscience); APC-Cy7 anti-mouse Ly6C (HK1.4,
eBioscience) and FITC anti-mouse Ly6G (1AS8, eBioscience). After the surface stain, the cells were
stained with Annexin-V-APC and 7-AAD (BD Biosciences) as recommended by the manufacturer.

The acquisition of the samples was made in an eight colors FACS CANTO II cytometer
(Becton Dickinson, Mountain View, California, USA) using the software Diva (Becton Dickinson,

Mountain View, California, USA).
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6.2.10. Statistical analysis

The statistical analysis was performed by with two-tailed Student’s t-test, Mann-Withney
nonparametric test or two-way ANOVA with Bonferroni post-test depending on the experiment.
The software GraphPad Prism 5.0 (GraphPad, La Jolla, CA, USA) was utilized for the analysis.
Differences were considered significant if p<0.05, data are expressed as mean and standard

deviation.

6.3. Results

phox-/-

6.3.1. Intradermally inoculated gp91 mice exhibit higher inflammation in L.

amazonensis infection

All in vivo studies in the literature addressing the role of ROS in Leishmania infections were
made utilizing subcutaneous challenge. However, as shown in section 5, subcutaneous infection
differs from intradermal infection mainly due to the accumulation of neutrophils observed in the
latter. So, we thought it would be important to determine the influence of ROS during intradermal
infection, since neutrophils might be the major cells involved in oxidative stress. Moreover, ROS
have a direct influence in neutrophil death through apoptotic mechanisms. The intradermal model is
also more representative of natural infection.

We infected WT and gp91P"" mice intradermally in ear pinna with 5 x 10° promastigote
forms of L. amazonensis and followed the infection for 16 weeks measuring the diameter of lesions
weekly.

Lesions in both groups of mice increased in size over the course of infection, demonstrating
the susceptibility of both WT and gp91°™*"" mice to L. amazonensis. After 3 weeks of infection we
observed lesions in gp91°"*" mice, and one week later lesions appeared in the WT group (Figure
32A). While we observed a concurrent increase in lesion size in WT mice (Figure 32A), lesions
were significantly smaller and with greatly reduced early necrosis. Starting at 5 weeks post

infection, lesions in gp91P"*"

group became significantly larger compared to WT mice.
Remarkably, the site of infection influenced disease outcome. Infection in the footpad resulted in

non-healing but stable lesions whereas infection in the ear led to progressive lesion growth and
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eventual necrosis (Figure 10A and 32, A-C). We followed the lesions until 16 weeks p.i.. However,

1 phox-/-

starting at 10 weeks post infection the ears from gp9 mice started to become heavily necrotic

and a considerable percentage of the mice eventually lost portions of their ears. Therefore, for the
purposes of comparing lesions sizes we disregarded all time points after 11 weeks, at which time a
comparison of the frequency of ears with tissue loss was a better measure of disease progression.

phox-/-

Twelve weeks post infection, the ears of gp91 mice were in advanced necrotic state, while the

WT ears presented consistent lesions with a discrete tissue loss (Figure 32C). At 16 weeks, the

1 phox-/-

gp9 group had extended tissue loss. In contrast, the WT ears had only just started to present

with tissue loss, although in a less extended way. Because of the extended necrosis found in
gp91™" " we disregarded all data from 16 weeks post infection in the ears of mice because a
reduction in the total amount of ear tissue is likely to influence our analysis. We followed this tissue
loss and converted it to a percentage of mice that had some part of ear eroded by the infection. The

1P oroup starting at 7 weeks, reaching

percentage of ears with necrotic areas was higher in gp9
90% of ears with tissue loss at 14 weeks post infection (Figure 32B). In contrast, the WT mice
reached 50% of tissue loss at same time suggesting an advanced necrotic state in gp91ph°"'/ " mice
during L. amazonensis infection. The percentage of ears with tissue loss represented in Figure 32B
does not consider the extension of this tissue loss. Therefore, we photographed ears from each
group to depict the severe extend of tissue destruction in gp91ph°x'/ “mice at 16 weeks p.i., as seen in

Figure 32C.
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Figure 32. Lesion size of mice infected with L. amazonensis. Mice were infected with 5 x 10° L.
amazonensis metacyclic promastigotes in pinna ears and followed until 16 weeks. (A) The lesion diameter
was measured week by week with a calliper, *p<0.05, **p<0.01 and ***p<0.001 Data are shown as mean +
standard deviation (£ SD). (B) Percentage of mice that had some tissue loss from 7 to 16 weeks post
infection. (C) Representative pictures of ears from mice infected with L. amazonesis 4, 8, 12 and 16 weeks
post infection. The figure represents one representative experiment of 2, n=5 for each experiment.

6.3.2. ROS do not influence the Killing of L. amazonensis in vivo at the site of infection,

but is required to control parasite loads in dLNs

ROS have a strong influence in the control of inflammation generated by L. amazonensis
intradermal infection (Figure 32). So, it was important to verify if this higher inflammatory state
could be explained by possible alterations in parasite loads in gp91°"**",

As observed for subcutaneous infection (Figure 10B), we could not detect differences in the

phox-/-

parasite loads at the site of infection WT versus gp91 mice (Figure 33A) and the parasite loads
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increased over the course of infection. Since we did not observe differences in parasite loads
between groups, we cannot attribute the higher inflammatory response seen in gp91ph°x'/ " mice
(Figure 32) to parasite growth at the site of infection.

Despite the equal numbers of parasites at the lesion site in gp91”"*” and WT mice (Figure
33A), we detected small but significant differences in dLNs at 4, 12, and 16 weeks post-infection
(Figure 33B). Because the dLN did not suffer from the same loss of tissue that we experienced in
the ear we were able to include the 16 week data. The observed difference in dLN parasite loads
was in contrast to dLNs after subcutaneous infection, which were the same (Figure 10C). Eight
weeks post infection, we found equal parasite numbers, but at 12 and 16 weeks post infection the
gp91Phox-

are important for parasite control in dLNs.

mice had significantly increased parasite loads in dLNs. These results suggest that ROS
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Figure 33. Parasite loads found in L. Amazonensis-infected mice 4, 8, 12 and 16 weeks post infection.
Mice were infected with 5 x 10° L. amazonensis metacyclic promastigotes in pinna ears and followed for 16
weeks. (A) Parasite loads found in ears of infected mice 4, 8, 12 and 16 weeks post infection. (B) Parasite
loads found in draining lymph nodes of infected mice 4, 8, 12 and 16 weeks post infection. Data are shown
as mean = SD from one representative experiment of 2, n=5 for each experiment.

6.3.3. ROS impairs neutrophil accumulation at the site of inoculation with L.

amazonensis

Since ROS is principally involved in innate cellular immunity, we analysed innate cells by
flow cytometry 4, 8, and 12 weeks post infection. The strategy to define the cell populations was

the same as shown in the Figure 24. The total number of CD11b" cells increased in both groups
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over time. However, at 8 and 12 weeks post infection, the numbers of CD11b" cells per ear was
significantly higher in gp91™™*" mice (Figure 34). The higher number of CDI11b" cells
accumulation corroborates the increase in lesion size (Figure 32A) seen in both groups during the

infection.
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Figure 34. Number of CD11b" cells recruited to the site of inoculation with L. amazonensis 4, 8 and 12
weeks post infection. Mice were infected with 5 x 10° L. amazonensis metacyclic promastigotes in pinna
ears and followed for 16 weeks. The data represents the total numbers of CD11b+ cells in ears 4, 8 and 12
weeks post infection. Data are shown as mean + SD from one representative experiment of 2, n=5 for each
experiment.

We also analysed CD11b" subpopulations to determine if the overall increase in CD11b"
cells was attributed to a specific population. Interestingly, we observed a remarkable increase in the
neutrophil population at 8 and 12 weeks post infection in gp91™™" mice (Figure 35A). The
increase in this population was three times more pronounced compared to WT mice at 12 weeks
post infection. This higher population of neutrophils coincides with an advanced necrotic state seen
in gp91°"*" mice (Figure 32C). Despite the significant differences in neutrophil numbers between
the groups, we could not detect differences in other CD11b" populations. Inflammatory monocytes,
macrophages and dendritic cells found at the lesion in the same numbers in both groups (Figure 35
B, C and D). Therefore, the increase in CD11b" total cells in gp91”"*”" mice (Figure 34) is

attributable to increased numbers of neutrophils at the site of inoculation.
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Figure 35. CD11b" subpopulations recruited to the site of inoculation with L. amazonensis 4, 8 and 12
weeks post infection. The mice were infected with 5 x 10’ of L. amazonensis metacyclic promastigotes in
pinna ears and followed for 16 weeks. A, B C and D represent the total numbers of neutrophils,
inflammatory monocytes, macrophages and dendritic cells in ears 4, 8 and 12 weeks post infection,
respectively. Data are shown as mean + SD from one representative experiment of 2, n=5 for each

experiment.

We also analysed the percentage of CD11b" subpopulations to determine which populations
predominated at the site of infection. The percentage of neutrophils increased over time in both
groups, but at 8 and 12 weeks post infection this percentage was higher in gp91°"*" mice (Figure
36A and B). Indeed, at all times analysed, the majority of CD11b" found in gp91°™*"" mice were
neutrophils, which represented 30, 40 and 55% of migrating cells to site of lesion at 4, 8 and 12
weeks post infection, respectively. In contrast, the majority of cells found in the infection site in
WT mice were dendritic cells, which reached almost 40% of CD11b" cell population at 8 and 12

weeks post infection (Figure 36E). The high percentage of neutrophils present during infection
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resulted in a corresponding drop in the frequency of other CD11b" populations. We observed a
decrease of inflammatory monocytes and dendritic cells percentage at 8 and 12 weeks post infection
in gp91""*" mice (Figure 36C and E), suggesting a deficiency in ROS production during L.
amazonensis the infection alters the composition of CD11b" cells at the site of infection. Despite
the alterations observed in CD11b" subpopulations, we could not detect differences between the
groups in the percentage of macrophages (Figure 36D) although the overall percentage of
macrophages decreased substantially after infection and was maintained at low levels at 4, 8 and 12

weeks post infection.
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Figure 36. Percentage of CD11b" subpopulations recruited to the site of inoculation with L.
amazonensis 4, 8 and 12 weeks post infection. Mice were infected with 5 x 10° L. amazonensis metacyclic
promastigotes in pinna ears and followed for 16 weeks. A represents the dot plots of the subpopulations
gated on Ly6G and Ly6C markers. B C, D and E represent the percentage of neutrophils, inflammatory
monocytes, macrophages and dendritic cells in ears 4, 8 and 12 weeks post infection, respectively. Data are
shown as mean + SD from one representative experiment of 2, n=5 for each experiment.
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6.3.4. Gp91°"**”" mice do not presented with alterations in T lymphocytes during L.

amazonensis infection

We found that ROS deficiency influences the dynamics of innate immune cell accumulation
in the site of infection (Figure 36). We wished to analyse whether this resulted in an alteration in the
adaptive immune response.

We analysed the total number of CD4" and CD8" T lymphocytes recruited to the ears over
the course of infection. Regard we observed a tendency in higher number of CD4" T cells we did
not find statistical differences in the number of CD4" or CD8" T cells (this last one presenting a
significant increase at 8 weeks p.i. in gp9lph°x'/ " group) at any of the time points analysed (Figure
37A and E). Both groups had the same response profile, with increasing numbers of cells recruited
to the site of infection up to12 weeks p.i., the last time before which necrosis began to compromise
the interpretation of the data.

We analysed numerous markers related to T cell function CD44 is a receptor for hyaluronic
acid involved in cell migration and adhesion to inflamed tissues and the expression of this marker
indicates cell activation (Huet et al., 1989). We did not detect alterations in CD44" cell numbers in
the CD4" T lymphocyte population indicating that the recruitment of highly activated CD4" T cells
was similar between groups (Figure 37B).

We also analysed the transcriptional factor foxp3, which is expressed by regulatory CD4" T
cells (Trees) and is responsible for the activation of regulatory genes in T cells and subsequent
control of the inflammatory response (Schubert et al., 2001). Despite the larger cellular infiltrate in
gp9 1P mice (Figure 32), the numbers of T cells did not change between the groups. The
number of Ty recruited to lesions in WT and gp91™*”" mice was low at 4 and 8 weeks post
infection (Figure 37C). However, likely due to the intense inflammation observed in both groups at
12 weeks post infection, we observed a significant increase of Tegs number at this time.

Ki67 is a transcription factor involved in cell proliferation. The fact that the Ki67 protein is
present during all active phases of the cell cycle (Gi, S, Gz, and mitosis), but is absent from resting
cells (Go), makes it an excellent marker for determining the proliferating fraction of a given cell
population (Gerdes et al., 1984). So, we analyzed ki67 ' CD4" T cells to evaluate the proliferation of
these cells at the site of infection. We observed a gradual increase of ki67 CD4" T cells over the

time of infection (Figure 37D). Both groups seemed to reach a peak of T cell proliferation at 12
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weeks post infection, however, at all times analyzed, we could not detect significant differences

between groups related to the ki67 marker.
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Figure 37. Total number of CD4" T cell sub-populations recruited to site of inoculation with L.
amazonensis 4, 8 and 12 weeks post infection. Mice were infected with 5 x 10° L. amazonensis metacyclic
promastigotes in pinna ears and followed for 16 weeks. A, B C, D and E represent the total numbers of CD4"
T cells, activated CD4" T cells, regulatory CD4" T cells, proliferating CD4" T cells and CD8" T cells in ears,
respectively. T cell populations were analysed 4, 8 and 12 weeks post infection. Data are shown as mean +
SD from one representative experiment of 2, n=5 for each experiment.
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6.3.5. Gp91*"™" and WT mice produce similar levels of cytokines by T lymphocytes

during L. amazonensis infection

Despite no differences found in the activation state of T cells during the infection between
the groups, it would be important verify if these cells had differences in cytokine production. So, 4,
8 and 12 weeks post infection we performed flow cytometry to evaluate the production of cytokines
by T cells.

We re-stimulated the ear cells with LALa for 6h and stained for intracellular cytokines
following treatment with brefeldin. At the times post infection analysed, we did not observe
differences in cytokine production by T lymphocytes from the WT or KO group. We observed a
slight, but non-significant increase in the number of cells producing IFN-y (Figure 38A), TNF-a
(Figure 38B), IL-2 (Figure 38D), IL-10 (Figure 38F) and IL-17 (Figure 38G) from 4 to 8 weeks p.i.
in both groups. Twelve weeks p.i. there are a significant increase in the production of these

hox-/- -
Phox- hice,

cytokines, when compared to 4 weeks p.i., p<0.05. Despite the absence of ROS in gp91
both groups showed a similar profile in cytokine production. Therefore, ROS production by
gp91‘°h°x does not seem to affect cytokine production by T lymphocytes during the infection. One
exception was IL-10 production, which was higher in the WT group at 12 weeks post infection
(Figure 38F). This higher production of IL-10 could contribute to the smaller cellular infiltrate seen
in WT mice during the infection.

Despite the elevated number of neutrophils migrating to ears in gp91°"*"" mice during the
infection (Figure 35A), there was no correlation with IL-17 production (Figure 38G). We did not
observe differences in the production of this cytokine during infection between the two groups.

We also analysed T cells double positive for IFN-y and TNF-a (Figure 38C) or triple
positive for IFN-y, TNF-a and IL-2 (Figure 38E). These cells are very important for the control of
parasites in infections caused by Leishmania, since they help in macrophage activation and
consequent killing of the parasite. More than single IFN-y producers, the IFN-y, TNF-a and IL-2
triple producers are the required T cells involved in the protection against Leishmania. They can
synergize the effects of IFN-y with TNF-a to increase the intensity and efficacy of anti-leishmanial
response. Moreover, the IL-2 secreted enhances the expansion of these cells promoting a better

immune response (Darrah et al., 2007). We detected low numbers of these cell types in both groups

(Figure 38 C and E), suggesting an irrelevant role of ROS in functionality of these cells.
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Figure 38. Production of cytokines by CD4" T cells at the site of L. amazonensis inoculation 4, 8 and 12
weeks post infection. Mice were infected with 5 x 10° L. amazonensis metacyclic promastigotes in pinna
ears and followed for 16 weeks. A represents CD4" T cells producing IFN-y, B represents CD4" T cells
producing TNF-a, C represents CD4" T cells producing IFN-y and TNF-a, D represents CD4™ T cells
producing IL-2, E represents CD4" T cells producing IFN-y, TNF-a and IL-2, F represents CD4" T cells
producing IL-10 and G represents CD4" T cells producing 1L-17 in ears 4, 8 and 12 weeks post infection.
Data are shown as mean = SD from one representative experiment of 2, n=>5 for each experiment.
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6.3.6. ROS influence expansion of dLN cells during L. amazonensis infection

The gp91°"*”" mice presented with a higher inflammatory response in the skin compared to
WT mice during L. amazonensis (Figure 32). Because of this remarkable characteristic we also
analysed dLN cells in in detail.

We observed a significant cell expansion in dLNs from gp91ph°x'/ .

mice until 16 weeks post
infection (Figure 39). In contrast, WT mice just presented an initial expansion of dLNs cells at 4
weeks post infection. Subsequently, cell numbers were stable until the end of the experiment.
Indeed, 12 and 16 weeks post infection the number of cells found in dLNs of gp91”™*"" mice was
almost three times higher than WT mice. This augmented cell number in gp91°"*"~ mice 12 and 16
weeks post infection can be correlated with higher dLN parasite loads in these mice at same time

(Figure 33B), which suggests an important role of ROS in control of parasite growth in the dLN.
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Figure 39. Total number of cells in draining lymph nodes in L. amazonensis infected mice 4, 8, 12 and
16 weeks post infection. Mice were infected with 5 x 10° L. amazonensis metacyclic promastigotes in pinna
ears and followed for 16 weeks. At 4, 8, 12 and 16 the dLNs were harvested and cells counted. Data are
shown as mean + SD from one representative experiment of two, n=5 for each experiment.

We analysed the major subpopulations in dLNs. Despite the significant difference in dLN
total cell numbers between the groups (Figure 39), we did not find differences in the cell
composition between groups. They presented the same percentage of CD11b" cells in all times
analysed (Figure 40A), with a significant increase of this population percentage at 12 weeks post
infection. Indeed, the CD11b" population did not alter even after 8 weeks post infection compared

to naive mice. We also analysed the T lymphocyte population and we could not observe differences
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between groups. Indeed, the percentage of CD4" and CD8" T cells in dLNs slightly decreased with
the infection, p<0.0001 (Figure 40B and 40C). Together, these results indicate general proliferation

of T cells in dLNs.
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Figure 40. Percentage phagocytic and T cells in draining lymph nodes in L. amazonensis infected mice
4, 8, 12 and 16 weeks post infection. Mice were infected with 5 x 10° L. amazonensis metacyclic
promastigotes forms of in pinna ears and followed for 16 weeks. At 4, 8, 12 and 16 the dLNs were disrupted
and the total cells counted. A, B and C represent the percentage of phagocytic, CD4" and CD8" T cells
ranging from non-infected mice (week 0) until 16 weeks post infection. Data are shown as mean + SD from
one representative experiment of 2, n=>5 for each experiment.
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When we analysed the subpopulations of CD11b" cells we also did not detect differences in
the dLLN between WT and KO groups. Even the proportion of neutrophils did not change with the
infection (Figure 41A). The percentage of neutrophils was maintained at the same levels as naive
mice, suggesting that these cells do not migrate to dLNs during the infection. In contrast, we
observed an important migration of inflammatory monocytes to dLNs (Figure 41B). After 4 weeks
post infection, a significant increase in inflammatory monocyte percentage was detected in dLNs

and these levels were maintained during all period of infection.
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Figure 41. Percentage phagocytic subpopulations in draining lymph nodes in L. amazonensis infected
mice 4, 8, 12 and 16 weeks post infection. Mice were infected with 5 x 10° L. amazonensis metacyclic
promastigotes in pinna ears and followed for 16 weeks. At 4, 8, 12 and 16 the dLNs were harvested,
disrupted and the total cells counted. A and B represent the percentage of neutrophils and inflammatory
monocytes in lymph nodes from non-infected mice (week 0) until 16 weeks post infection. Data are shown
as mean = SD from one representative experiment of 2, n=5 for each experiment.

To analyse possible changes in CD4" T cell subpopulations, we stained the cells for intra-
nuclear markers of T cell differentiation in dLNs during infection with L. amazonensis in gp91°"*"
mice. As mentioned before, CD44 is an activation marker highly expressed during inflammatory
processes. We identified an increase in the percentage of CD4" activated T cells from 8 weeks post
infection that was maintained until 16 weeks post infection, this increase was seen in both groups
(Figure 42A).

We could not detect differences in percentages of regulatory T cells in dLNs, as determined
by the foxp3 marker, during the infection, or when compared to non-infected controls (Figure 42B).
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As mentioned before, ki67 is an important marker of recent cell proliferation. So, we
analysed possible alterations in this marker, since we found higher numbers of CD4" T cells in
gp91™"*" mice during the infection (Figure 39). Indeed, we observed a slight increase in the
percentage of recently proliferated cells in the dLNs of infected mice for up to 8 weeks of infection
in both groups, p=0.0002 (Figure 42C).

T-bet is a transcriptional factor involved in Th cell differentiation into the Thl subtype
during infections. This transcriptional factor regulates the expression of inflammatory cytokines
such as IFN-y (Szabo et al., 2002), therefore promoting the required immune response to eliminate
Leishmania. The percentages of T-bet” CD4" T cells were the same in both groups, decreasing at
the initial stages of infection (until 8 weeks post infection) and increasing at final stages (until 16

weeks post infection) (Figure 42D).
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Figure 42. Percentage CD4" T cell subpopulations in draining lymph nodes in L. amazonensis infected
mice 4, 8, 12 and 16 weeks post infection. Mice were infected with 5 x L. amazonensis 10> metacyclic
promastigotes in pinna ears and followed until 16 weeks. At 4, 8, 12 and 16 the dLNs were harvested,
disrupted and the total cells counted. A, B, C and D represent the percentage of activated, regulatory,
proliferated and Th1 differentiated CD4" T cells, respectively, in DLNs from non-infected mice (week 0)
until 16 weeks post infection. Data are shown as mean £ SD from one representative experiment of 2, n=5
for each experiment.

We analysed possible changes in cytokine production in gp91™™"" mice. We re-stimulated
dLNs cells with LALa for 6h to identify possible differences in the cytokine production by infected
mice.

We observed low percentages of CD4" T cells producing cytokines in dLNs of mice

infected with L. amazonensis suggesting a strong immune regulation by this parasite. Indeed, we
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detected a peak of cytokine production 4 weeks post infection, however the percentage of cells
producing cytokines dropped almost to naive levels from 8 to 16 weeks post infection (Figure 43).
The percentage of CD4" T cells producing IFN-y (Figure 43A), TNF-a (Figure 43B), IFN-y
and TNF-a (Figure 43C), IL-2 (Figure 43D), IFN-y, TNF-a and IL-2 (Figure 43E), IL-10 (Figure
43F) and IL-17 (Figure 43G) followed the same pattern during the infection, and no differences

between the groups were observed.
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Figure 43. Percentage of CD4" T cells producing cytokines in draining lymph nodes in L. amazonensis-
infected mice 4, 8, 12 and 16 weeks post infection. Mice were infected with 5 x 10° metacyclic
promastigotes forms of L. amazonensis in pinna ears and followed until 16 weeks. 4, 8, 12 and 16 the dLNs
were disrupted and the total cells counted. A, B, C, D, E, F and G represent the percentage of IFN-y, TNF-a,
double (IFN-y and TNF-a), IL-2, triple (IFN-y, TNF-a and IL-2), IL-10 and IL-17 CD4" T producing cells,
respectively, ranging from non-infected mice (week 0) until 16 weeks post infection. Data are shown as
mean = SD from one representative experiment of 2, n=>5 for each experiment.
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6.3.7. Gp91°"™*" mice L. amazonensis induces higher expression of CXCL2 at initial

lphox-/-

stages of infection in gp9 mice

We identified very significant differences in neutrophil infiltration in gp91P"**"

mice during
infection with L. amazonensis, however we could not detect any differences in other cell
populations in the ear that could explain the larger lesions observed in these mice. So, we
hypothesised that neutrophils would be the major factor that led to larger lesions seen in gp91™"
mice. Therefore, we looked for differences in chemokines that attract neutrophils between the two
groups.

We analysed the mRNA expression of chemokines (CXCL1 and CXCL2) and inflammatory
cytokines (IL-1B) involved in the recruitment of neutrophils. We measured the mRNA expression
levels of CXCLI1, CXCL2 and IL-1p at early stages of infection (4 and 8 weeks post infection)
since we identify these points as the beginning of the inflammatory process (Figure 32).

As mentioned before, CXCL1 is one of most important chemokines involved in neutrophil
recruitment to sites of infection (Kobayashi, 2008). However, we could not detect differences in
CXCL1 mRNA expression 4 and 8 weeks post infection in the skin (Figure 44A). Moreover, the
levels of mRNA of this chemokine was just about 8 fold higher compared to naive mice in both
groups at 4 weeks post infection, suggesting a small participation of this chemokine in the ongoing
recruitment of neutrophils. We could not detect differences in CXCL1 expression compared to

hox-/- - . .
1P"%"* mice even at 8 weeks of infection.

gp9

There is a redundancy in the chemokines involved in neutrophil recruitment (Kobayashi,
2008). CXCL2 is also involved in neutrophil recruitment and may bind to the same receptor on
neutrophils (CXCR-1/2) as CXCL1 (Dunstan et al., 1996). We observed a significant increase of
CXCL2 mRNA expression in gp91°"*" mice 4 weeks post infection (Figure 44B). Ears from
gp917"*" mice had a more than 200-fold increase in CXCL2 mRNA over non-infected controls,
while WT mice had a 50-fold increase at the same time point, when compared to their naive
counterparts. Eight weeks post infection there was a drop in the mRNA levels of this chemokine.
IL-1pB is involved in recruitment of inflammatory cells to site of infections, including neutrophils
and inflammatory monocytes (Patton et al., 1995; Wang et al., 1995). However, we did not observe
changes in IL-1B mRNA levels between the groups (Figure 44C). We observed a significant fold
increase in IL-1p mRNA levels compared to naive mice 4 weeks post infection, suggesting a

participation of this cytokine in the recruitment of inflammatory cells at this time point.
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Figure 44. mRNA expression levels of CXCL1, CXCL2 and IL-1p from L. amazonensis infected ears
measured by gPCR. Mice were infected with 5 x 10° metacyclic promastigotes forms of L. amazonensis in
pinna ears and followed until 16 weeks. A, B and C represent the mRNA expression of CXCL1, CXCL2 and
IL-1B, respectively, normalized to mRNA expression in naive mice 4 and 8 weeks post infection. Data are
shown as mean + SD from one representative experiment of 2, n=5 for each experiment.

6.3.8. In the absence of ROS neutrophils die by necrosis at the site of infection with L.

amazonensis

Despite the important role of ROS in many infections, acting as oxidizer molecules to cause
damage to microbes, these ions also are involved in cell signalling and other processes like

apoptosis under stress conditions.
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To try to understand if the accumulation of neutrophils seen in the gp91™"" mice could be
related to a deficiency in neutrophil programmed cell death, we performed an assay for neutrophil
apoptosis and necrosis. We infected mice with 5 x 10° L. amazonensis metacyclic promastigotes
transfected with RFP gene and followed the infection for 8 weeks, time before the ears start necrotic
process. We infected the mice with an RFP expressing parasite so that we could track the infected
cells and observe any influence of the parasite on neutrophil programed cell death.

We used the nuclear dye 7-aminoactinomycin D (7-AAD) and annexin V to identify
apoptotic or necrotic neutrophils. 7-AAD has strong affinity for DNA molecules, but does not have
the capacity to transpose intact and functional cell membranes (Lecoeur et al., 1997). Thus, it will
stain DNA when the cell is dying and the cellular membrane is compromised. Annexin V binds to
phosphatidylserine molecules presented on cell membranes in the early stages of apoptosis.
Generally, the membrane phospholipids containing phosphatidylserine are present in the
cytoplasmatic side of the cell. One of the initial signs of apoptosis is the presence of these
phospholipids to the exterior side of the membrane (Lecoeur et al., 1997). At this point the cellular
membrane is still selective and prevents the incorporation of 7-AAD by the cells. Therefore, in flow
cytometry, annexin V' 7-AAD™ cells are considered apoptotic and 7-AAD" cells are considered
necrotic even if positive for annexin V, since necrotic cells loose membrane integrity.

We first confirmed the high percentage of neutrophils observed in gp91°"*” mice during
the infection. As observed before (Figure 36), we found a high percentage and number of
neutrophils migrating to ears (Figure 45B and C) 8 weeks post infection in gp91ph°"'/ " mice.

Since we infected the mice with rfp-transfected parasites, it was possible to follow the
parasites and determine the role of Leishmania in neutrophil death process. We first analysed the
percentage of infected neutrophils to determine if there were differences between the groups of
mice. We observed a higher percentage of infected neutrophils in WT mice (Figure 46B) possibly

because of excess neutrophils in gp91ph°"‘/'

mice (Figure 45B). Indeed, we found similar number of
neutrophils infected in both groups (Figure 46C) confirming that the percentage of infected
neutrophils was influenced by the high number of these cells present in gp917"**" mice.

We did not detect differences in the percentage of apoptotic cells 8 weeks post infection
(Figure 47B) between the groups. Both groups presented around 15% of neutrophils in apoptotic
process and the infection did not change the apoptosis ratio in these cells (Figure 47B, right panel).
Indeed, since the percentage of infected neutrophils was quite low (Figure 46B), the number of

infected cells did not seem to be relevant in the context of the total number of apoptotic neutrophils
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(Figure 47D). Interestingly, we found a higher number of apoptotic cells in gp91°"*" mice, but
since we could not detect differences in the percentage of this population (Figure 47B), this increase
likely reflects the high number of neutrophils found at 8 weeks post infection at the site of

inoculation.
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Figure 45. Percentage and total number of neutrophils recruited to the site of inoculation in L.
amazonensis 8 weeks post infection. Mice were infected with 5 x 10° L. amazonensis metacyclic
promastigotes transfected with rfp gene in pinna ears and followed for 8 weeks. A represents the dot plots of
subpopulations gated on Ly6G and Ly6C markers. B and C represent the percentage and total numbers of
neutrophils, respectively. Data are shown as mean + SD from one experiment, n=13.

Gp91ph°x'/ " mice presented higher frequency of necrotic neutrophils 8 weeks post infection

1Ph% mice

(Figure 47C). At this time, the percentage of necrotic neutrophils was doubled in gp9
when compared to WT group. If we consider the increased absolute number of neutrophils in

gp91P"*" mice, there are four times more necrotic neutrophils in gp917"*”" mice (Figure 47E). As
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noted for apoptotic cells, we could not detect an influence on necrosis by L. amazonensis infection

(Figure 47E).
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Figure 46. Percentage and total number of infected neutrophils at site of L. amazonensis inoculation 8
weeks post infection. Mice were infected with 5 x 10° L. amazonensis metacyclic promastigotes transfected
with rfp gene in pinna ears and followed for 8 weeks. A represents the dot plots of the percentage of
neutrophils gated on RFP. B and C represent the percentage and total numbers of infected neutrophils,
respectively. Data are shown as mean £+ SD from one experiment, n=13.

Taken together, these results strongly suggest an alteration in programmed cell death or
clearance of dead and dying cells in gp91°"*" mice resulting in the accumulation of necrotic cells

during L. amazonensis infection. The exaggerated neutrophil death by necrosis strongly correlated

phox-/-

with the increase in inflammatory cell number seen in gp9l mice and proceeded visible
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destruction of the tissue. These observations suggest neutrophil necrosis may be involved in the

accelerated destruction of skin tissue observed in gp917"*" mice.
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Figure 47. Percentage and total number of dying neutrophils at the site of inoculation with L.
amazonensis 8 weeks post infection. Mice were infected with 5 x 10° L. amazonensis metacyclic
promastigotes transfected with rfp gene in pinna ears and followed for 8 weeks. A represents the dot plots of
the percentage of neutrophils in necrotic or apoptotic death process. B and C represent the percentage of
apoptotic or necrotic cells, respectively, in total or infected neutrophils. D and E represent the total number

of apoptotic or necrotic cells, respectively, in total or infected neutrophils. Data are shown as mean £ SD
from one experiment, n=13.
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6.3.9. Enhanced migration of inflammatory cells to the site of inoculation in gp91°"**"

during acute infection

Since we observed significant differences in gp91ph°"'/ " mice related to inflammation and
tissue necrosis at 4 weeks post infection (Figure 32C), we decided to analyse cell migration within
the first hours of infection to determine if increased neutrophil recruitment preceded tissue damage.
We infected mice with a high dose (5 x 10° parasites) of metacyclic promastigote forms of L.
amazonensis-RFP and followed the initial recruitment of cells to the site of inoculation and the
phenotype of infected cells.

We identified a higher number of phagocytic cells (CD11b") at 10h and 36h post infection
in gp91P™*" mice (Figure 48A). However, 60h after the challenge the numbers of these cells
equalled that of WT mice. The numbers of neutrophils dropped from 10 to 36h and 60h after
challenge in both groups (Figure 48B). Despite the drop seen in both groups, at all times the
gp91P"*" mice presented higher numbers of neutrophils compared to WT. We also observed a high
number of migrating inflammatory monocytes to ears 10h and 36h hours post infection in the

1P mice (Figure 48C). However, contrasting with neutrophil behaviour, the number of

gp9
inflammatory monocytes increased over time during the infection. We could not detect differences
in resident macrophages (Figure 48D) or dendritic cells during acute infection in either group. Thus,
the increase in CD11b" cells numbers can be attributed to inflammatory cells migration. Therefore,
from the first hours post infection there is a higher inflammatory infiltrate present in gp91ph°x'/ “mice
that could contribute to the enhanced necrotic phenotype observed weeks after challenge (Figure
32).

Assessment of the frequency of CD11b" subpopulations revealed that there was a higher
percentage of neutrophils in gp91™™"~ mice at 10h and 36h post infection (Figure 49B) while the
frequency of inflammatory monocytes was the same (Figure 49C). Because of the high percentage

of neutrophils observed in gp917">*”

mice, there was corresponding drop in the percentage of
resident macrophages at 10h p.i. (Figure 49D) and resident DCs at 10h and 36h post infection
(Figure 49E). It is important to mention that at these time points, the Ly6C denotes recruited

(Ly6C™ cells) and resident (Ly6C") cells.
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Figure 48. Total number of recruited phagocytic CD11b" cells at site of inoculation of L. amazonensis
10h, 36h and 60h post infection. Mice were infected with 5 x 10° L. amazonensis metacyclic promastigotes
transfected with rfp gene in pinna ears. A, B, C, D and E represent the total number of phagocytic cells,
neutrophils, inflammatory monocytes, macrophages and DCs, respectively, recruited to ears 10h, 36h and
60h post infection. Data are shown as mean = SD from one representative experiment of 3, n=5 for each

experiment.
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Figure 49. Percentage CD11b" subpopulations at site of inoculation of L. amazonensis 10h, 36h and
60h post infection. Mice were infected with 5 x 10° L. amazonensis metacyclic promastigotes transfected
with rfp gene in pinna ears. A represents the dot plots of the percentage of CD11b" cells subpopulations
during first hours of infection. B, C D and E represent the percentage of neutrophils, inflammatory

monocytes, macrophages and DCs present in ears 10h, 36h and 60h post infection. Data are shown as mean
+ SD from one representative experiment of 3, n=5 for each experiment.
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6.3.10. The absence of gp91°"* changes the dynamics of L. amazonensis infected cells

early during infection

We analysed possible alterations in infected cells in gp91”"” mice. Indeed, the
inflammatory cells that migrated from blood are the major cells involved in L. amazonensis uptake
(Figure 50). We observed a shift in infected cells: first, the neutrophils are responsible for
Leishmania uptake, however, at later time points, inflammatory monocytes represent a large
proportion of infected cells (Figures 49B, C, 50B and C). This transition likely occurs via the
release of live parasite by apoptosing or dying neutrophils and subsequent uptake by inflammatory
monocytes (Peters et al., 2008). At 10h post infection, about 60 to 80% of infected CD11b" cells
were neutrophils (Figure 50B), however this percentage was even higher in gp91?"*” mice. This
difference persisted at 36h, but values were similar between the groups at 60h.

Resident macrophages and DCs are present in the Ly6G Ly6C™ subpopulations of CD11b"
cells. Due to the higher percentage of infected phagocytic cells expressing neutrophil markers at

lphox—/—

10h and 36h post infection seen in gp9 mice, there was a decrease in the percentage of

infected resident cells infected in these mice at 10h and 36h (Figure 50D and E). The increased

lphox—/—

frequency of infected neutrophils observed in gp9 mice could contribute to the higher

phox-/-

inflammatory state in gp91 mice.
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Figure 50. Percentage of infected CD11b"'RFP" subpopulations at the site of inoculation with L.
amazonensis 10h, 36h and 60h post infection. Mice were infected with 5 x 10° metacyclic promastigotes
forms of L. amazonensis transfected with rfp gene in pinna ears and followed since 10h to 60h post infection.
A represents the dot plots of the percentage of infected CD11b" cells subpopulations. B, C D and E represent
the percentage of neutrophils, inflammatory monocytes, macrophages and DCs presented in ears. Data are
shown as mean + SD from one representative experiment of 3, n=5 for each experiment.
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6.3.11. Gp91°"™" mice have deficiency in apoptotic neutrophil death at early stages of

L. amazonensis infection

1P" mice at the early stages of L.

We found a higher number of neutrophils in gp9
amazonensis infection (Figure 48B). Neutrophils are largely damaged during the oxidative burst
promoted by themselves in the infection, and because of this process, they start apoptotic programs.
Due to the absence of ROS to contribute to apoptosis in gp917"*”" neutrophils, we speculate that
these cells could have problems with ROS-dependent apoptosis and eventually dye by
inflammatory mechanisms such as necrosis. So, we analysed the neutrophils for apoptotic and
necrotic markers to observe possible differences in the mechanism of cell death during acute
infection.

At 36h and 60h post infection, we identified a lower percentage of apoptotic neutrophils in
gp91ph°x'/' mice (Figure 51B). The percentage of apoptotic neutrophils found in WT mice was
almost 3 times higher at 36h post infection when compared to gp91™™*” mice. This higher
frequency of apoptotic neutrophils was maintained in WT mice even after 60h post infection. This

1P mice during the

could suggest impairment in the apoptosis program of neutrophils in gp9
early stages of infection caused by L. amazonensis.

Despite the fact that we observed these changes in neutrophil apoptosis at early stages, we
could not detect differences in necrotic cells (Figure 51C) as found at 8 weeks post infection
(Figure 47). However, when we analysed the infected cells, we detected differences in neutrophil
necrosis 36h post infection (Figure 51E). We found around 40% of infected neutrophils dying due
to necrosis, while about 20% of neutrophils from WT died of necrosis. As we did not find
differences in total neutrophil necrosis (Figure 51C), we do not know the importance of these
infected necrotic neutrophils in inflammation development. In the same way, the percentage of
apoptotic infected neutrophils was similar in both groups at all times measured (Figure 51D),
contrasting with what we had observed in total neutrophils apoptosis (Figure 51B). Despite the fact
that we have not seen differences in infected cells, the total cells revealed a clear alteration in

1 phox-/-

apoptosis in gp9 mice.

Taken together, these results demonstrate impairment in neutrophil apoptosis at early time

1 phox-/-

points that could contribute to the higher initial inflammatory response seen in gp9 mice.
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Figure 51. Percentage of dying neutrophils at the site of inoculation with L. amazonensis 36h and 60h
post infection. Mice were infected with 5 x 10° metacyclic promastigotes forms of L. amazonensis
transfected with rfp gene in pinna ears and followed until 60h post infection. A represents the dot plots of the
percentage of neutrophils in necrotic or apoptotic death process 36h and 60h post infection. B and C
represent the percentage of apoptotic or necrotic cells, respectively, in total recruited neutrophils 36h or 60h
post infection. D and E represent the percentage of apoptotic or necrotic cells, respectively, in infected
neutrophils 36h or 60h post infection. Data are shown as mean + SD from one representative experiment of
2, n=5 for each experiment.
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In this work, we analysed the role of ROS during L. amazonensis infection and the
implications of the site of infection in disease. We used the two most common sites of Leishmania
infection, the subcutaneous infection of the footpad and intradermal infection of the ears. We found
substantial differences in the effect of ROS depending of the inoculation site involved. While
C57BL/6 mice are susceptible to L. amazonensis infection at either site, the intradermal site led to
more severe disease. This site presented progressive lesions development (Figure 32) and increasing
parasite loads overtime in both WT and gp91ph°X'/ ~ groups (Figure 33A). In contrast, inoculation at
the subcutaneous site promotes a limited lesion growth with stabilization of these lesions sizes at
late times p.i. (Figure 10A). Moreover, the mice of both groups do not present with increasing
parasite loads, rather they maintain similar numbers of parasites during all times measured (Figure
10B), and even showing a tendency to decrease parasite numbers at late stages of infection. One of
the possible explanations for these differences is neutrophil recruitment. We found a massive and
progressive recruitment of neutrophils to the ear dermis with increased tissue destruction (Figure
32) and these events were much more intense in gp91°™*” mice. ROS plays an important role in
neutrophil biology, with ROS being one the major factors responsible for neutrophils apoptosis. We

observed that neutrophils from gp91°™*"

mice had impaired apoptosis (Figure 51) and a significant
higher necrosis (Figure 47), suggesting that ROS could control inflammation in L. amazonensis
infection via its role in neutrophil apoptosis. There are many controversial data sets in the literature
(also in our ROS models of infection) about the role of different cell types, especially neutrophils,
and molecules in Leishmania infection. We suggested that these controversial results could be
related to different sites of inoculation used in these studies. Therefore we compared the differences
between subcutaneous and intradermal infections with special emphasis on the recruitment of innate
immune cells in the early stages of infection using a more established model of Leishmania
infection, the infection caused by L. major. We found substantial differences in cell recruitment
(Figures 25 and 26) and the cells involved in Leishmania uptake (Figure 28). The intradermal site of
infection is markedly characterized by the recruitment of inflammatory cells such as neutrophils
followed by inflammatory monocytes. This high inflammatory environment culminates in a more
efficient uptake of Leishmania (Figure 29), with neutrophils being the most important cells
involved in this initial uptake. The intradermal site of infection is a more physiological site of
inoculation since it better approximates the natural mode of infection by infected sand fly bite both
in terms of the intradermal localization of parasites and the recruitment of inflammatory cells. As

neutrophils are a major cell population involved in oxidative burst thereby generating ROS to
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combat pathogens and since these cells are massively recruited to the intradermal site in contrast to
the subcutaneous site, it would be beneficial to use the intradermal route of inoculation to study the
effect of the NADPH-dependent oxidase of phagocytes, through ROS production, following
intradermal Leishmania infection.

In general, we observed similar cell recruitment kinetics in mice infected intradermally with
L. major (Figure 25) or L. amazonensis (Figure 49) at early stages of infection. Although we did not
use the exact same time points in all of the studies reported here, those experiments where the time
points employed were the same revealed similar results. Therefore we inferred from our L. major
studies employing direct comparisons of different sites of infection to help explain the differences
in the effect of ROS at intradermal and subcutaneous site of infection.

The complex of NADPH-dependent oxidase (Nox2 or gp91P") is a multimeric protein
responsible for generation of ROS in phagocytes and has been well characterized (Nauseef, 2004).
The genetic deficiency of specific NADPH subunits promotes enhanced susceptibility to infection,
a condition known as chronic granulomatous disease (CGD). In CGD patients it was possible to
demonstrate the importance of ROS production in host defense (Dinauer, 2005). Individuals with
CGD show elevated susceptibility to opportunistic pathogens such as Salmonella enterica,
Staphylococcus aureus, Serratia marcescens, and Aspergillus spp. (Chang et al., 1998; van den
Berg et al., 2009; Winkelstein et al., 2000). In addition, mouse models with disruption of gp91°™*
components present impaired host resistance comparable to humans with CGD (Pollock et al.,
1995). These mice present with difficulties in controlling bacterial and fungal infections as well as
increased neutrophil migration in peritonitis.

Despite the importance of ROS to kill intracellular pathogens, some species of the genus
Leishmania developed strategies to avoid the damage induced by ROS. The "NO and ROS are
recognized molecules with microbicidal activities against Leishmania (Liew et al., 1990; Murray,
1982). *NO is critical for parasite killing, since mice lacking inducible nitric oxide synthase (iNOS™
or NOS2™") present uncontrolled infection and increasing parasite replication. Moreover, iNOS™
macrophages are incapable of eliminating amastigotes in culture (Wei et al., 1995). Infected
macrophages or macrophages incubated with purified Leishmania surface molecules LPG or GIPL
lose their ability to express iNOS or to generate "NO in response to IFN-y and lipopolysaccharide
(LPS) (Proudfoot et al., 1996; Proudfoot et al., 1995). On the other hand, IFN-y and LPG can
synergize to generate "NO when given simultaneously to naive macrophages (Proudfoot et al.,
1996; Proudfoot et al., 1995) suggesting that previous contact between parasites and macrophages

prevents the macrophage response when subsequently exposed to IFN-y produced by lymphoid
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cells. In contrast to iNOS™ mice, gpglphOX—/-

mice can normally control infection with L. donovani
after an initial period of increased susceptibility (Murray and Nathan, 1999), indicating that ROS
plays a less important role in the parasite clearance. In addition, Blos et al. (2003) showed that

Phox-- mice control infection with L. major similarly to wild-type mice, however, prompt

gp9l
control of spleen parasitism and draining lymph nodes were dependent of gp91°™*. In that work, the
authors also demonstrated that ROS is essential to impair the relapse of the disease after long
periods post infection.

ROS generation by macrophages is inhibited by L. donovani infection (Buchmuller-Rouiller
and Mauel, 1987; Olivier et al., 1992a; Olivier et al., 1992b). This inhibition seems to be caused by
the molecules LPG and gp63, present on the surface of the parasite (Descoteaux and Turco, 1999;
Sorensen et al., 1994) and this interaction would be correlated with abnormal PKC activity (Olivier
et al., 1992b). In contrast, we were able to detect production of ROS by macrophages stimulated
with L. amazonensis promastigotes by luminometry assay (Figure 9), which agrees with data
published by Reybier et al. (2010), who also demonstrated intracellular ROS produced by L.
amazonensis-infected cells. Data from our group shows that the degree of ROS production by
infected cells varies with the Leishmania species, suggesting specific mechanisms of ROS release
impairment by each species. Indeed, our group has shown that L. amazonensis-infected
macrophages produce less ROS in response to zymosan than non-infected macrophages, suggesting
that infection partially impairs the respiratory burst in these cells.

Holzmuller et al. (2002) demonstrated "NO-dependent killing of L. amazonensis in
peritoneal activated macrophages as measured by enhanced parasite DNA fragmentation. However,
Mukbel et al. (2007) showed that bone marrow macrophages infected with L. amazonensis require
both nitric oxide and superoxide production to kill intracellular parasites. The relative resistance of
L. amazonensis amastigotes to IFN-y and LPS—mediated macrophage activation would not be due
to the suppression of "NO production or of iNOS expression by the parasite. In this specific case,
the superoxide anion combines with nitric oxide to generate peroxynitrite, which would be the
potent killer of L. amazonensis amastigotes in vitro, contrary to ‘NO alone that would have just a
cytostatic effect in the parasite (Bogdan et al., 2000; Linares et al., 2001). Khouri et al. (2009)
demonstrated dependency of superoxide generation for L. amazonensis or L. braziliensis killing in
human cases of chronic disease. These authors demonstrated that IFN-f impairs the superoxide
action by increasing the SOD intracellular levels, thus increasing the parasite burden independently
of "NO production.

Despite this attribution of a significant importance of ROS in L. amazonensis killing, our
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results in the experimental model indicate an irrelevant role of ROS in control of parasitism in both
sites of infection used in our study, the footpad and the ear dermis (Figures 10B and 33A). The
majority of the studies addressing the role of ROS in L. amazonensis killing were done in in vitro
systems. As important as in vitro systems are for the discovery of specific pathways involved in
Leishmania infections, they fail to consider the interference of other cell types or factors during the
disease. We did not observe differences between WT and gp91P"*” mice in iNOS expression
during infection and in nitric oxide production in vitro (Figure 13A and B). Hence, the importance
of ROS determined previously in in vitro studies does not seem to hold in vivo. This discrepancy
may be due to other factors present in vivo that are not present in in vitro macrophage infections.
Indeed, immune components deeply influence the parasite loads and disease progression. According
with Stefani et al. (1994), CD8 T cells might be one source of IFN-y that activates infected
macrophages to release "NO to kill the L. major. The "NO released by macrophages during the
infection could act also in the down-regulation of the CD8 T cells, impairing their IFN-y
production. In addition, the phagocytosis of apoptotic neutrophils by L. amazonensis-infected
human macrophages increases parasite burden by promoting enhancement of TGF-f1 and
prostaglandin E2 production in the macrophages (Afonso et al., 2008). In contrast, Ribeiro-Gomes
et al. (2007) demonstrated that elastase produced by neutrophils enhances the intracellular killing of
L. major-infected macrophages by a mechanism dependent of TLR4. Even B cells have influence in
progression of the disease. C3HeB/Fel] mice co-infected with L. major and L. amazonensis heal the
disease in contrast to C57BL/6 in the same conditions. The higher production of specific antibodies
against the parasites by C3HeB/FeJ mice could indicate an important role of B cells in the healing
processes (Gibson-Corley et al., 2010). The ablation of C3 receptor ameliorates the progression on
lesions in BALB/c mice infected with L. major. The C3 molecule inhibits partially the production
of IL-12, which is essential to promote a Thl response (Carter et al., 2009). Therefore, isolated
immune components could not represent the real phenotype of the disease, although they are
important for the knowledge of how specific factors influence in the parasite killing and possibly
disease control.

In vitro data from Mukbel et al. (2007) disagree with our data, since we detected smaller

1 phox-/- 1 phox-

numbers of parasites in gp9 macrophages infected in vitro (Figure 23). Consistently, gp9
" and WT apocynin-treated macrophages bore less parasites than WT controls (Figure 23). The
inhibition of NADPH oxidase may activate other powerful mechanisms for parasite killing.
Alternatively, parasites need signals provided by the production of ROS by the host cell that allow

its successful growth as shown by Paiva et al. (2012) and our unpublished observations with 7.
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cruzi. It is possible that the differences observed between our data and those of Mukbel et al. (2007)
are due to differences in experimental design between the assays. We used peritoneal macrophages
infected for 4h with metacyclic promastigote forms of L. amazonensis in the proportion of 5
parasites to 1 macrophage. In Mukbell’s work, bone marrow macrophages were infected by
amastigote forms of L. amazonensis in the proportion of 3 parasites to 1 macrophage for 24h. These
differences could explain the discordant results found in our experiments.

Gibson-Corley et al. (2010) suggested that any effective immune response against L.
amazonensis must include specific and productive anti-Leishmania response by B cells that can
promote macrophage-mediated parasite killing at later stages of infection. Macrophages expressing
FcyR on their surface bind the Fc portion of antibodies becoming activated to produce effector
molecules including ROS, trough NADPH-oxidase via immunoreceptor tyrosine-based activation
motifs (ITAMs) (Hulett and Hogarth, 1994). In the C3H mouse model, B cells and IgG antibodies
together with CD4" T cells from an established L. major infection are necessary to provide effective
stimulation of macrophages for superoxide-dependent killing of L. amazonensis (Mukbel et al.,
2006). In this case, the binding of IgG,, in FCyRI1 triggers the production of RNS and superoxide
trough ITAMs domains. These findings indicate that antibodies might be necessary, but not
sufficient, for L. amazonensis killing and antibodies are just one of several critical immune
components required for killing. The higher production of IgG; and IgGa, seen in gp91°™*” mice
(Figure 21B and C) could be a consequence of the compensation of absence in ROS production.
Indeed, Wheeler and Defranco (2012) demonstrated an increased production of antibodies after B
cell receptor stimulation in gp91°"** deficient mice in in vivo conditions.

When infected subcutaneously, gp91°"**"

mice presented a higher inflammatory response in
the first weeks of infection and a strong decrease in footpad swelling at later times of the infection
compared to WT mice (Figure 10A). Despite this shift in lesion development, we could not detect
differences in parasites loads in between groups during the evolution of the infection. This suggests
that lesions size differences are not due to parasite growth, but rather to inflammatory response in
the site of infection. Indeed, the role of ROS in inflammation control is extensively reported in the
literature (Brown et al., 2003; Fukai and Ushio-Fukai, 2011; Gonzalez et al., 2011; Harrison et al.,
1999; Hattori et al., 2010; Hiraoka et al., 1998; Marriott et al., 2008; Purushothaman and Sarin,
2009; Schappi et al., 2008; Segal et al., 2010; Zhang et al., 2003).

Inflammation is a pathway highly regulated, being mediated by pro- and anti-inflammatory

biochemical signals. In particular, some authors demonstrated evidences that the resolution of

inflammation is an active process that requires the activation of endogenous programs (Serhan et
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al., 2007). In the various hyper-inflammatory states observed in CGD, ROS production by NADPH
oxidase seems have an active role in this resolution. One of the important roles of ROS in the
resolution of inflammation is the degradation of phagocytosed material, thereby assisting in antigen
clearance. Therefore, the proposed mechanism of CGD hyperinflammation is a decreased
degradation of phagocyted material due to deficient generation of superoxide in CGD phagocytes.
Phagocyted material could accumulate in NADPH oxidase deficient phagocytes leading to
persistent cell activation (Metcalfe et al., 1990; Schappi et al., 2008). Deficient degradation could
implicate either the remaining phagocyted microbial material (Schappi et al., 2008) or phagocyted
apoptotic neutrophils by macrophages. Harbord et al. (2002) demonstrated that eosinophilic
crystals observed in CGD patients and mice could be residues of poorly degraded apoptotic
neutrophils. In fact, the proteins within these observed crystals are, at least in part derived from
neutrophils (Harbord et al., 2002). The molecular mechanisms involved in these processes are in the
initial phase of investigation and the possibilities of knowledge remain open. Therefore, non-
degraded Leishmania could be persistent, favoring an extended time of antigen presence and
consequently the inflammation.

In addition, ROS could also contribute to the termination of inflammation suppressing pro-
inflammatory signals or impairing the survival of pro-inflammatory cells. Any defect in these
processes might aggravate the inflammation. There are increasing reports addressing ROS acting in
the regulation of intracellular signaling, particularly through the oxidation of cysteine residues in
phosphatases and in transcription factors (Bedard and Krause, 2007). Thus, the absence of gp91°™*
-derived ROS in CGD leukocytes could create alterations in cell signaling that favor pro-
inflammatory responses. Indeed, there are numerous publications suggesting that the inflammatory
response can be more pronounced in CGD phagocytes with higher release of TNF-a and IL-8
(Geiszt et al., 1997; Hatanaka et al., 2004; Lekstrom-Himes et al., 2005; Rada et al., 2003). Another
explanation for hyperinflammation observed in CGD patients or mice deficient relies in the inability
of CGD immune cells to inactivate inflammatory mediators. CGD phagocytes have an impaired
ability to produce anti-inflammatory mediators, such as TGF-p and PGE2 (Brown et al., 2003). In
the other hands, Harrison et al. (1999) suggested that impaired oxidative inactivation of pro-
inflammatory mediators may prolong the inflammatory response. In vitro oxidation and
consequently clearance of inflammatory mediators such as leukotrienes (Clark and Klebanoff,
1979; Hamasaki et al., 1989; Henderson and Klebanoff, 1983) and S100 (chemotactic stimulating
factor for the recruitment of myeloid cells to inflammatory sites) proteins (Harrison et al., 1999) has

been shown to be dependent on ROS production. Studies in vivo and in isolated macrophages have
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demonstrated that in the absence of functional NADPH oxidase, there are flaws in redox-sensitive
anti-inflammatory regulators. Consistent with these findings, zymosan-treated peripheral blood
mononuclear cells from X-linked CGD patients show impaired Nrf2 (a key redox-sensitive anti-
inflammatory regulator) activity and increased NF-«B activation (Segal et al., 2010).

The stimulus sensed by the cell is also an important factor. The fungal wall component [3-
glucan, but not bacterial cell wall components, induces hyperinflammation. So, it is possible that
ROS provide a feedback inhibition to inflammatory signaling through B-glucan receptors (Schappi
et al., 2008). In same way, human CGD leukocytes stimulated by sterile Aspergillus cell wall
extracts release either pro- or anti-inflammatory cytokines, depending on the source of the extract:
conidial stimulation tips favor the production of pro-inflammatory cytokines, such as TNF-a and
IL-6, while hyphal stimulation induces the release of higher levels of regulatory cytokines, such as
IL-10 (Warris et al., 2003).

Indeed, these results agree with our findings since we detected an increase in IL-6 and TNF-
o production by macrophages infected with L. amazonensis in vitro (Figure 22A and B). When we
compare macrophages stimulated with IFN-y/LPS and L. amazonensis to controls stimulated just
with IFN-y/LPS, we can see that there is an increased production of IL-6 by L. amazonensis-
infected gp91ph°"'/ " macrophages. This increased production can be attributed to presence of the
parasite since we did not detected differences in macrophages stimulated just with I[FN-y/LPS. We
also detected an increased release of IL-10 in gp91ph°x'/ " macrophages. This effect could be
explained by the attempt to reduce the higher inflammatory state caused by the infection in

1P macrophages. Curiously, we did not detect an increase in CXCLI expression in these

gp9
macrophages (Figure 22D). Indeed, data from our group shows that CXCL1™ mice do not present
alterations in neutrophil migration after L. major challenge in the ear, implying a possible irrelevant
function of this chemokine in the infection. This result has to be analyzed carefully since we do not
know if CXCL1"" mice could compensate for the lack of CXCL1 by a possible overexpression of
CXCL2. In contrast to other cytokines, MCP-1 was produced at lower levels by gp91P"*"
macrophages infected with L. amazonensis compared to WT cells. Kinoshita et al. (2013) showed
an inhibition of inflammatory cytokines mRNA expression, including MCP-1, in macrophages
treated with apocynin (a potent NADPH oxidase inhibitor) stimulated with oxidized LDL. So, the
absence of ROS combined with the external signals could influence the profile of inflammatory
cytokine expression.

Recently, IL-17-producing effector cells (Th17 cells and yo T cells) have been found to be

involved in chronic inflammatory processes and several autoimmune diseases, for example,
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multiple sclerosis or rheumatoid arthritis. These highly pro-inflammatory cells are essential for the
defense against pathogens (Annunziato et al., 2007; Bettelli et al., 2007) and would be controlled by
regulatory T cells (Sakaguchi et al., 2008). A fine regulation by both of these T cell subsets is
crucial for controlling infections, inflammation, autoimmunity, and malignancies (Bettelli et al.,
2006; Stevens and Bradfield, 2008). Recent work published by Romani et al. (2008) and Segal et al.
(2010) demonstrated the contribution of IL-17 in CGD hyperinflammation in an animal model.
According with Segal et al. (2010), NADPH oxidase-deficient p47°"*”" mice and gp91°"*"" mice
challenged with either intra-tracheal zymosan or LPS, presented exaggerated and progressive lung
inflammation, augmented NF-kappa B activation, and elevated production of pro-inflammatory
cytokines (TNF-a, IL-17, and G-CSF) compared to WT mice. However, the replacement of
functional NADPH oxidase in bone marrow-derived cells restores the normal lung inflammatory
response. The immune response mediated by IL-17 starts just few hours after epithelial cell injury
or activation of PAMPs, however there is not enough time for the development of Th17 cells. IL-17
produced 4-8 h after microbial infection was shown to enhance neutrophil chemotaxis promoting
the production of IL-6, G-CSF, and CXC-chemokine ligand-8 (CXCLS8 or IL-8) and to triggering
rapid, nonspecific immunity to infectious agents (Happel et al., 2005). IL-17-producing cells can
induce epithelial cells to secrete granulopoietic factors such as G-CSF, recruiting large numbers of
neutrophils that are crucial for effective and rapid control of bacterial and fungal pathogens. IL-17
also synergizes with other cytokines, such as IL-1, IL-6 and TNF-o0, promoting activation of
neutrophils to migrate to tissue and effectively eliminate extracellular pathogens, such as Klebsiella
pneumoniae (Ye et al., 2001), Staphylococcus aureus (Cho et al., 2010), and Candida albicans

(Huang et al., 2004). We found higher release of IL-17 from L. amazonensis-infected gp91°"*"

macrophages (Figure 22C) and from dLNs from gp91P""

mice 8 weeks post infection (Figure
12E). Indeed, some authors related the production of IL-17 by macrophages in special
circumstances, but the mechanisms implied in this secretion has not been elucidated at the moment
(Da Silva et al., 2008; Song et al., 2008; Zhu et al., 2008). Therefore, L. amazonensis could
stimulate the production of IL-17 especially in the absence of ROS and synergizing with additional
signals such as LPS. The presence of higher levels of IL-17 in these mice could contribute for the
initial recruitment of neutrophils to the infection site within the first hours post infection (Figure
20). This higher inflammatory environment seen in gp91™"" mice a few hours after subcutaneous
infection could persist in the first weeks post infection causing a sustained recruitment of

neutrophils to the infection site (Figure 14B) and subsequently more inflammation in these mice

during the first weeks (Figure 10).
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Oxygen, besides its role in ATP generation in aerobic cellular metabolism, is also critical in
wound-healing processes. Oxygen protects wounds from infection, induces angiogenesis, increases
keratinocyte differentiation, migration, and re-epithelialization, enhances fibroblast proliferation
and collagen synthesis, and promotes wound contraction (Bishop, 2008; Rodriguez et al., 2008).
Moreover, the increased superoxide release by PMN is dependent on suitable oxygen quantities.
Vascular rupture and the augmented consumption of oxygen by active cells in the
microenvironment of the early wound deplete oxygen and makes this environment hypoxic.
According with Tandara and Mustoe (2004), the tensions of oxygen in chronic wounds measured
transcutaneously is hypoxic and ranges between about 5 and 20 mm Hg, while in healthy tissues
these values vary from 30 to 50 mm Hg.

In regular wound healing processes, ROS such as H,O, and O, might act as cellular
messengers promoting cell motility, cytokine release (including PDGF signal transduction) and
angiogenesis, among others key processes related to wound healing. Niethammer et al. (2009)
recently demonstrated, using the zebrafish as a model, a sustained increase in H,O, production at
the margins of the wound, reaching the peak of production at 20 minutes after the wounding. Using
a reporter gene encoding H,O,-sensitive fluorescent protein as ROS indicator, it was demonstrated
that H,O, production at the wound margin occurred before the recruitment of leukocytes,
suggesting that the source of H,O, was epithelial cells and not leukocytes. This finding contrasts
with the idea that ROS found at the wound site would come principally from inflammatory
leukocytes during their oxidative bursts.

In the past decade, several isoforms of NADPH oxidase were discovered that were found to
be active independently of phagocytosis. Until now, six isoforms (Nox-1, -3, -4, -5, and Duox1, -2),
one p47° isoform (Noxol) and one p67™™* isoform (Noxal) were identified in mammalian cells
(Banfi et al., 2003; Banfi et al., 2001; Cheng et al., 2001; De Deken et al., 2000; Dupuy et al., 1999;
Geiszt et al., 2000; Suh et al., 1999). Moreover, it seems that the patterns of expression observed in

these isoforms are tissue-specific. Unlike gp91P"*™

in phagocytic cells, where the complex is
anchored to the phagocytic membrane, the subcellular localization of other Nox isoforms in non-
phagocytic cells is not restricted to the cell membrane.

Koff et al. (2006) demonstrated that artificial wounds generated by scrapping of human
airway epithelial cell monolayer cultures closed faster when the cells were treated with non toxic
concentrations of LPS. However, the effect of accelerated wound healing by LPS was inhibited by
ROS scavengers, Nox inhibitors, and siRNA against Duox1, which suggests that this specific

repairing process is dependent on NADPH oxidase redox signaling. Jiang et al. (2011) have also
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shown a positive effect of NADPH oxidase using artificial wounding of in vitro vascular

endothelial cell monolayers. In addition, it was demonstrated that Nox4, but not gp91°™*,

was
markedly upregulated and that silencing of the Nox4 gene suppressed wound healing of the cultured
cells (Datla et al., 2007; Peshavariya et al., 2009). Qian et al. (2005) also demonstrated that DPI (an
unspecific inhibitor of Nox) suppressed arsenite-induced wound healing in monolayers of an
immortal mouse endothelial cell line. In this study, the ablation of Racl was sufficient to abolish
the superoxide production induced by arsenite, which suggests a specific involvement of Nox in the
healing process. In the work by Niethammer et al. (2009) on zebrafish larvae mentioned above, the
authors demonstrated that Duox1 was the Nox isoform responsible for the early ROS generation
after tissue wounding by those epithelial cells. The authors observed that when ROS reach the peak
of production, a gradient of H,O, was identified around 100 to 200um of the wound margin. In,
addition, the ablation of Duox by knockdown of the gene reduced significantly the production of
H,0, in the wound, suppressing the consequent recruitment of leukocytes to the injured site. All
these reports together point to the possibility that ROS could act in cellular functions beyond those
single cell contexts, and could also have an important role as a paracrine signal during the wound
repair processes (Niethammer et al., 2009; Wong and Shimamoto, 2009).

Taken together, these reports show that oxygenation and ROS production are essential for
wound healing. However, the ROS produced to generate healing seem to come from other isoforms
of Nox, such as Duox1 and Nox4, which are functional in gp91°"*”" mice. As mentioned before, the
superoxide production by polymorphonuclear leukocytes is critically dependent on oxygen levels.
Therefore, gp91°"** from leukocytes consume high quantities of oxygen to produce superoxide and

consequently deplete oxygen, making the microenvironment quite hypoxic. We suggest that the

1phox lphox—/—

absence of gp9 in gp9 mice increases the availability of oxygen to other Nox isoforms

hox-/- -
1Ph" mice

and the metabolic processes important for wound healing. This could explain why gp9
presented an eventual partial resolution of the inflammation when infected subcutaneously with L.
amazonensis (Figure 10A) in the chronic phase of the infection.

There are no reports addressing cell recruitment and the immune response during the early
stages of infection at different sites of Leishmania inoculation. This is despite the fact that many
controversies exist regarding the role of different cell types and molecular components in
leishmaniasis studied employing different routes of inoculation (Lima et al., 1998; Peters et al.,
2008; Smelt et al., 2000; Tacchini-Cottier et al., 2000; Thalhofer et al., 2011). Moreover, the

majority of the studies about the immune responses developed at different sites of inoculation were

based on vaccine studies where just the secondary challenge is studied in more detail. Indeed, the
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primary site of challenge influences the secondary challenge, and the response is quite different
depending on which site was used in primary inoculation (Tabbara et al., 2005). The effect of the
route in infection on the outcome of infection has been reported for L. major (Nabors and Farrell,
1994), L. donovani (Kaur et al., 2008) and L. tropica (Mahmoudzadeh-Niknam et al., 2013).

Nabors and Farrell (1994) showed that SWR mice infected with L. major in the rump
developed rapidly progressive disease, which culminates on the death of the animals. However,
when SWR mice were inoculated in the footpad, a mild disease was observed and the mice were
able to control lesions and even progress toward healing. The authors attribute these different
outcomes to the different levels of cell activation during the early stages of the diseases. This
differential activation of the cells could involve non-immunological factors like skin temperature,
which would influence parasite growth directly. Kaur et al. (2008) demonstrated that CB6F1 mice
(C57BL/6 x BALB/c) infected with L. donovani developed progressive disease when inoculated in
the dorsal skin, but healed of the infection in the footpad. Surprisingly, the site of the inoculation
appeared to influence the immune response to the parasite, since the infection in the footpad
ultimately led to the development of a Th1 response, known to be required for healing, while a Th2
response developed in mice inoculated in the dorsal skin.

In their study on L. tropica infection in BALB/c mice, Mahmoudzadeh-Niknam et al. (2013)
demonstrated that the intradermal ear route of infection results in a non-healing outcome, while
subcutaneous footpad route of infection with the same parasite results in a self-healing outcome. In
addition, the intradermal ear route of L. fropica infection induces significantly less protective
immune responses against secondary L. major challenge in comparison to the subcutaneous footpad
route. Moreover, lower delayed-type hypersensitivity response and higher levels of IL-10 were
observed at intradermal site one week after L. major challenge (Tabbara et al., 2005).

The subcutaneous site of injection into the footpad has been frequently reported in the
literature for initiation of cutaneous lesions in mice, as reviewed by Sacks and Melby (2001). This
site is frequently used because of some advantages that include easy sequential measurement of
lesion development through footpad swelling, without euthanizing the animals, and the easy mode
of inoculation itself. However, infection of the ear dermis seems to be closer to the natural route of
infection, and consequently is a better model for leishmaniasis studies (Belkaid et al., 1998). In
addition, murine infection models have consistently inoculated 10* to 10’ parasites, which are much
higher numbers than the ones inoculated by the parasite vector (Kimblin et al., 2008).

The differences between papers that addressed experimental models using subcutaneous and

intradermal sites of inoculation start with the number of parasites that are used by the different
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groups. While at the subcutaneous sites (such as the footpads or base of the tail) the usual numbers
vary from 10* to 10" parasites (Sacks and Noben-Trauth, 2002), the numbers used for intradermal
infections in the ears range between 10%-10° parasites (Belkaid et al., 1998; Belkaid et al., 2000).
Indeed, the intradermal model of infection used by Belkaid et al. (1998) simulates better the natural
infection since low doses of parasites are inoculated by sand flies bites, around 10°-10” parasites
(Sacks and Noben-Trauth, 2002).

The inoculation of high dose of parasites by needle is associated with an increasing number
of parasites at the site of infection in early stages of lesion formation (Hill, 1984; Hill et al., 1983;
Titus et al., 1985). Belkaid et al. (2000) showed that the maximum number of parasites at
intradermal site was observed (through the quantification of L. major loads at different time points)
during the subclinical stage of infection. Therefore, the maximum number of parasites at
intradermal site seems to occur before the lesion formation. This quiescent parasite growth at the
intradermal site is supported by the unchanged number and types of leukocytes during the first 4
weeks post-infection, despite the rapid and transient increase in the influx of neutrophils
immediately after needle injection. The use of low doses of inoculation at intradermal site in the
ears induces a "silent phase" in the infection that is characterized by apparent absence of active
immune response and increase in parasite charge. On the other hand, the high dose of parasites
inoculated during the infection at the subcutaneous site in the footpads promotes the uptake of these
parasites by other cell types such as dendritic cells, which in contrast to macrophages, are
stimulated to produce IL-12 in response to Leishmania infection (Gorak et al., 1998; von Stebut et
al., 1998). Therefore, the inoculation of high numbers of parasites provides a potent source of APC
for cell activation (Moll et al., 1993; Will et al., 1992).

Similar results were observed by Cortes et al. (2010) related to low and high dose of
inoculation with L. amazonensis parasites. The authors demostrated that low doses of L.
amazonensis injected in the ears of C57BL/6 mice were followed by responsiveness of immune
cells such as macrophages and T cells and silent growth of the parasite in the first weeks post
challenge.

Our findings demonstrate clear differences in cells responsible for Leishmania uptake in the
two different inoculation sites. At the intradermal site of infection, neutrophils are the major cells
involved in phagocytosis of the parasites in the first hours of infection (Figure 28B). However,
inflammatory monocytes migrated from blood take the place of neutrophils, as neutrophils start to
die (Figure 28C). Therefore, inflammatory cells that came from the blood are responsible for the

establishment of the disease. Indeed, data from Sacks’ laboratory show that Ly6C™ inflammatory
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monocytes decrease the expression of Ly6C becoming Ly6C"" during early infection, being
indistinguishable from the resident Ly6C"" macrophages or DCs (data not published). However,
these cells continue to express CX3CR;, a hallmark of Grl™ monocytes migrated from blood
(Auffray et al., 2009). CX3CR, expression is associated with the commitment of CSF-1R" myeloid
precursors to the macrophage/dendritic cell (DC) lineage (Auffray et al., 2009). Therefore, once
these cells reach the infected tissue, they can differentiate into macrophages or DCs, contributing to
the immune response in leishmaniasis. Using the CX3CR;-GFP reporter mice, we observed that
Ly6C" inflammatory monocytes migrated from blood are the major cells infected in tissue 48h after
challenge and a considerable part of these cells decrease the expression of Ly6C (data not shown).

The subcutaneous site of infection is widely used in the studies of Leishmania infection.
However, we demonstrated that cells involved in infection are quite different from those from
intradermal infection. The cells involved in the subcutaneous site of infection are primarily non-
activated cells. The major cells responsible for Leishmania uptake are resident immature DCs and
macrophages without participation of cells migrated from blood in the uptake process. We did not
detect the infiltration of neutrophils after the challenge at subcutaneous site. Indeed, the injection at
subcutaneous site is caused by just a little puncture in footpad contrasting with the intradermal site,
which is caused by a parallel injection causing a considerable damage in the tissue.

The shift in the infected cell population (from neutrophils to inflammatory macrophages)
did not happen in the subcutaneous site of infection. Instead, resident Ly6GLy6C cells were
responsible for the initial Leishmania uptake from 2h post infection (Figure 28). Inside of resident
cells, we identified an unnamed population, CD11¢ MHCII", which are the major cells involved
Leishmania uptake from 2h to 48h post infection. We believe that these cells are DCs in an
immature stage, since this population drops coincidently with an increase in typical DC population
during the times measured (Figure 28E and F).

Indeed, the subpopulations of CD11b" cells in both sites of inoculation at steady state are
different when we compared the subcutaneous site in footpads and intradermal site in ears. DCs and
macrophages are the major CD11b" cells present in naive ears (Figure 25). However, the immature
DCs are the major cells present in the footpads. These different cell populations at the different sites
could change completely the immune response in Leishmania infection. One of most important
observations in this case was the sequential recruitment of inflammatory leukocytes that happened
only at the intradermal dermal site of infection. Indeed, we found a more activated environment in
the ears with high proportion of activated MHCII" macrophages (Figure 25E) and mature DCs

(Figure 25D). This environment could favour the recruitment of inflammatory cells to ears through
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chemoattractant release after tissue damage by needle. These chemoattractants may have caused the
initial recruitment of neutrophils to ears, and this recruitment was reinforced by augmented
expression of CXCL1 and IL-17 from 2h post infection (Figure 31B and G).

A portion of neutrophils patrol the postcapillary venules, through temporary interactions, via
rolling in endothelial cells, surveying connective tissue, mucosal membranes, skeletal muscle, and
lymphatic organs for signs of tissue damage, inflammation, or invading microorganisms (Lawrence
and Springer, 1991; Richter et al., 2004; Zarbock and Ley, 2009). These rolling marginating
neutrophils search the host looking for chemotactic signals or chemoattractants derived from the
host or pathogens. Following damage or invasion by pathogens, diverse types of host cells, which
include monocytes, macrophages, mast cells, fibroblasts, keratinocytes, endothelial and epithelial
cells start to induce the production and secretion of inflammatory mediators such as neutrophil
attractants. Among others, we can cite interleukin-8 (IL-8, CXCLS8), GROa (CXCL1), granulocyte
chemotactic protein 2 (GCP2, CXCL6), and leukotriene B4 (LTB 4). These chemokines and
chemoattractants bind in specific receptors found in neutrophils improving their adhesion capacity
and consequent migration into the tissue. These signals provided by the attractants lead the
neutrophils out of the circulation to the damage or infected sites, which promote rapid influx of
these cells and consequent accumulation in the tissue. In infection caused by Leishmania, the
damage promoted by the needle injection or even the damage induced by the sand fly bite is
sufficient to cause neutrophil migration. However, the damage induced by the sand fly bite seems to
promote a more sustained migration and accumulation of neutrophils at site of the bite (Peters et al.,
2008).

The needle injection causes considerable damage in the layers of ear skin. Consequently,
this damage causes rupture of cells and release of intracellular contents in the extracellular matrix.
These cytoplasmatic components might bind to danger associated molecular patterns (DAMPs)
localized on the surface of skin cells initiating the inflammatory response. Apart from the damage
caused by the inoculation, the injected vehicle containing the parasites increases the pressure
against the skin layers, which contribute to tissue rupture and consequent inflammation. In the case
of natural infection, the sand fly bite causes considerable wounding of the microvasculature
creating a blood pool necessary to sand fly feeding. This process initiates a strong local
inflammatory response compared to needle injection (Belkaid et al., 1998; Peters and Sacks, 2009).
Results from our group show that even if the needle damage causes considerable neutrophils
recruitment, there is a contribution of the parasite to neutrophil recruitment. The increasing doses of

parasite inoculation promote increase in number of neutrophils recruited to intradermal site of
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infection.

The puncture at the subcutaneous site by the injection does not seem to be enough to cause a
massive recruitment of neutrophils to the site of infection. Moreover, the subcutaneous space does
not seem to be damaged in the process, suggesting that the parasites would be the main factor
responsible for the inflammation. Accordingly, there is no production of inflammatory cytokines
early after the parasite inoculation (Figure 31) subcutaneously. Contrary to the pressure exerted by
intradermal inoculation, the subcutaneous space seems to permit a spread of the liquid containing
the parasite without important tissue damage. Interestingly, the number of infected cells at the
subcutaneous site is quite low compared to intradermal site (Figure 29A) even the tissues presenting
the same number of phagocytic cells during the first hours of infection (Figure 26A). Probably the
large space of the subcutaneous site compared to intradermal site makes it difficult for the
phagocytes to encounter Leishmania, consequently decreasing the phagocytosis of parasites and
lowering the effective parasite dose.

Certainly, the different immune cells involved in the subcutaneous or intradermal site L.
amazonensis infection interfere with the immune response against this parasite. An indirect
comparison shows that while the L. amazonensis infection in the footpads promotes a controlled
lesion growth with no changes in parasite loads until 16 weeks (Figure 10), the intradermal
infection in the ears cause a progressive lesion with tissue destruction (Figure 32) and increase in
parasite loads over the course of infection in both mice (Figure 33A). Moreover, the intradermal site

hox-/- - . . .
1P mice, since we detected higher parasite

of infection seems to influence even more the gp9
loads in dLNs of these mice over the course of infection (Figure 33B) and no difference was
observed in these organs after subcutaneous challenge (Figure 10C).

The gp91™™" mice seem to have difficulties in controlling parasites in dLNs since they
presented higher dLNs expansion (Figure 39) and higher parasite loads (Figure 33B) during the
infection. Indeed, the importance of ROS to control parasites at internal organs has been
documented. Blos et al. (2003) showed that the NADPH oxidase activity is most critical for the
control of L. major in the spleen, where it appears to substitute for the hardly detectable anti-
leishmanial function of iNOS in that organ. According to those authors, NADPH oxidase acts in
concert with iNOS in the skin and lymph node, but cannot replace the function of iNOS in these
compartments. These results agree with our findings and ROS could be required to control parasites
in dLNs in intradermally L. amazonensis-infected mice. Moreover, Acestor et al. (20006)

demonstrated that the resistance of the parasites to H,O, might influence the metastatic behavior of

species of Leishmania that cause the mucocutaneous disease. Therefore, ROS would be important
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to impair the parasite spread to other sites via dLNs. So, we suggest the high parasite loads in

phox-- mice dLNs could facilitate the dissemination of the disease. Indeed, data from our group

gp9l
show augmented number of L. major parasites in liver of gp91™* mice treated with
aminoguanidine ("NO production inhibitor) compared to WT with the same treatment.

The remarkable difference noted in both models of infection caused by L. amazonensis is
the sustained presence of neutrophils after intradermal injection of parasites, as observed when we
compared intradermal versus subcutaneous in L. major infection model. Moreover, the gp91ph°"'/ i
mice presented even higher levels of neutrophils over the course of the infection (Figure 35A).
Since we did not detect any difference in other immunological parameters between WT and

phox-/-

gp91 mice during the L. amazonensis infection, we could attribute the exacerbated

inflammation and tissue destruction seen in gp91”"*”" mice (Figure 32) to neutrophils. Since we
detected significant increased numbers in neutrophils recruitment to site of infection in gp91ph°x'/ i
mice, we focused in the alterations related to neutrophil function to try to explain this augmented
infiltration. We measured the mRNA levels of inflammatory chemokines and cytokines involved in
neutrophils recruitment during the first weeks post infection. We detected higher levels of CXCL2

lphox—/—

in gp9 mice 4 weeks after the infection without alteration in CXCL1 or IL-1p. Our results

suggest that CXCL2 could be involved at initial stages of neutrophil recruitment in gp91™"**"

mice
during the infection. At 8 weeks post infection, we detected a tendency of increased mRNA
expression of CXCLI and CXCL2 in gp91™*"" mice. It is possible that the combined increase of
these two chemokines could contribute for the increase in neutrophil numbers seen in gp917"*"
mice. Indeed, increase in chemokine production and neutrophil recruitment during infections was
already documented in mice deficient in ROS production, principally in bacterial infections
(Acestor et al., 2006; Boots et al., 2012; Gonzalez et al., 2011; Miyairi et al., 2007).

Despite the contribution of chemokines to neutrophil recruitment during the infection, this
factor by itself would not be sufficient to explain the heavy necrosis and tissue destruction seen in
gp91P"*" mice. Analyzing the first hours after the challenge we noticed impairment in neutrophil

1P mice (Figure 51B). This phenomenon could interfere in neutrophil death

apoptosis in gp9
culminating on the accumulation of this cell type since the beginning of the infection. Indeed,
several reports demonstrated significant influence of ROS in apoptotic processes in neutrophils. A
role for the NADPH oxidase as the principal inductor of ROS production during spontaneous
apoptosis came from observations in neutrophils derived from patients with chronic granulomatous

disease (CGD) that do not possess a functional NADPH oxidase. Several reports have shown that

CGD neutrophils possess increased survival when compared with neutrophils from healthy donors

166



DISCUSSION

(Conus et al., 2008; Fadeel et al., 1998; Kasahara et al., 1997; von Gunten et al., 2005).

Pierce et al. (1991) demonstrated that hydrogen peroxide is able to induce apoptosis, having
the effect reverted by catalase in blastocysts. Besides catalase, high levels of the intracellular
antioxidant glutathione oppose the apoptosis triggered by ROS. Moreover, many authors have
shown that ROS can induce apoptosis in many different cell systems. As described for blastocysts,
H,0, induced apoptosis in neutrophils, which also can be prevented by catalase (Kasahara et al.,
1997). Since catalase impairs the spontaneous apoptosis of neutrophils, it is suggested that H,O,
might be an important trigger mechanism of neutrophil death and, consequently, responsible for
their short life spam in the mature stage. In addition, according with Watson et al. (1997), the
augmented intracellular glutathione levels prevented Fas receptor-mediated apoptosis in
neutrophils.

Receptors of the tumor necrosis factor (TNF)/nerve growth factor (NGF) family display
multiple functions, ranging from cell growth and differentiation to cell death (Ashkenazi and Dicxit,
1998; Wallach et al., 1999). A particular subgroup of this family has been shown to induce
apoptosis in several models and they are termed death receptors. Despite the presence of cystein-
rich motifs found in the extracellular domain in all members of the TNF/NGF receptors family,
these receptors contain an additional common sequence in their cytoplasmic domain called death
domain. This death domain is required and sufficient to induce death via caspase-dependent
mechanisms (Ashkenazi and Dixit, 1998; Wallach et al., 1999). The death receptors promote cell
death by caspase-dependent mechanism, however it seem that ROS generation is equally important
in this process although the mechanism has not been fully elucidated. In addition, it has been
already described that the antioxidant N-acetylcysteine blocks TNF-induced apoptosis in human
neuronal cells (Talley et al., 1995) and U937 cell line (Cossarizza et al., 1995), which suggests a
functional participation of ROS during the apoptotic process.

Clearly, not all ROS target in cells have been identified. ROS activate acid
sphingomyelinase in neutrophils, which results in increased ceramide levels (Scheel-Toellner et al.,
2004). Ceramides contributes to apoptosis in neutrophils, since these molecules increases caspase-3/
-8, -9 activity. Moreover, ROS also induce release of cathepsin D from azurophilic granules, which
would lead to caspase-8 activation (Conus et al., 2008). Other example of ROS contribution to
apoptosis is through inhibition of class IB PI3K p110y, which results in reduced PIP; levels and Akt
phosphorylation. Therefore, ROS have important roles in neutrophils apoptosis during
inflammatory processes, since they participate and interfere in an intimately and integrated ways

with apoptotic signalling cascades.
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In order to follow the neutrophils during the chronic stages of infection, we performed an
apoptosis/necrosis assay at 8 weeks of infection to verify the functional state of these cells at this
time. We detect more than 10% of neutrophils in gp91™™*" mice in necrotic death process and just
5% in same situation in WT group (Figure 47C). Due the higher number of neutrophils in gp91°"*"
mice (Figure 45C), these mice presented about 4 times more necrotic cells at 8 weeks post infection
compared WT animals (Figure 47E). Indeed, because a problem in the apoptotic process of
neutrophils clearance, in gp917"™" mice the neutrophil migration might culminate in necrosis.

The leakage of cell contents during the necrotic processes causes the release of
cytoplasmatic proteins in the extracellular environment. In the specific case of neutrophils, the
necrotic processes releases, among others proteins, proteases that are highly harmful, destroy the
extracellular matrix and cause necrosis. The necrotic process seen in gp91ph°x'/ " mice could lead a
strong release of proteases in the extracellular matrix causing intense tissue destruction as seen in

the ears of gp91P"*"-

mice infected with L. amazonensis (Figure 32C).

Other cytoplasmatic and nuclear cell compounds are also released in the extracellular
environment. These intracellular compounds have been named alarmins and are able to activate
innate immune cells (Scaffidi et al., 2002). The nuclear high mobility group box protein 1
(HMGBI1) was one of the first alarmins identified that was related to endogenous tissue trauma
(Bianchi, 2007; Scaffidi et al., 2002). However, it is now known that a large number of other
additional cell compounds act as DAMPs, such as heat shock proteins, DNA, RNA, ATP, among
others (Bianchi, 2007). In addition, the association of HMGB1 and other DAMPs particularly cause
a strong activation of inflammatory genes (Bianchi, 2009). This specific activation of innate
immunity by DAMPs is triggered through binding of these molecules to toll-like receptors
(Schwabe et al., 2006).

Taken together, the release of proteases and alarmins in the extracellular environment could
lead to destruction of the tissue and increase in the inflammation, promoting the tissue loss (Figure
32C) and the significant accumulation of neutrophils (Figure 35A) seen in gp91°"*” mice during L.
amazonensis infection.

We observed a deficient mechanism of apoptosis in gp91P"™"

mice at early stages of
infection (Figure 51B). In addition, we noted an increase in necrosis 8 weeks post infection also in
gp91P"*" mice (Figure 47C). Neutrophils are short-lived cells, however, as mentioned above, these
cells, if deficient in ROS production, are more resistant to apoptosis. We suggest that the

impairment of neutrophil clearance via apoptosis in the acute phase of the L. amazonensis infection
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promotes inflammatory death of these cells via necrotic mechanisms in the chronic phase of

infection leading high tissue loss seen in gp91°"*""

mice (Figure 32C).

Despite the fact that we observed the same parasite loads in WT and gp91°"*" mice during
the infection, we asked if an alteration of the cell types involved in Leishmania harboring could
occur in the absence of NADPH oxidase at the intradermal site. We observed a higher percentage of

neutrophils infected 10h and 36h post-infection in gp91°"*"

mice, resulting in a decreased number
of infected resident macrophages after 10h and DCs after 36h in these mice (Figure 50). These
changes in dynamics of infected cells did not alter the late times of the infection since just 60h post-
infection, the percentage of all innate immune cells analyzed were equaled. So, the absence of ROS
could not determine alterations in the population of infected cells 60h post-infection with L.
amazonensis.

Neutrophils have been extensively studied in the context of Leishmania infection in the last
years. However, contradictory results have been found on the role of neutrophils in the disease
control (Peters and Sacks, 2009). These contradictory results can be attributed to many variables
such as the use of different mouse strains, the site of infection, the size of the parasite inoculum
among others. In the study on role of neutrophils in sand flies transmitted infections, parasites
deposited into the skin of neutrophil-depleted C57BL/6 mice were only half as successful at
establishing infection when compared to the parasites transmitted to neutrophil sufficient mice
(Peters et al., 2008). The enhanced host resistance was associated with an increase in pro-
inflammatory cytokines. There are no reports in literature about the role of neutrophils in L.
amazonensis infection. However, data from our group determined an irrelevant role of neutrophils
in intradermal infection caused by L. amazonensis in C57BL/6 mice. The depletion of neutrophils
in these mice did not have effects in the infection. Despite the irrelevant role of neutrophils in
parasite loads in C57BL/6 mice, the depletion of neutrophils in infected BALB/c mice promoted
augmented susceptibility in these animals. Our results show no differences in parasite loads of WT
and gp91°™*"" mice during the infection even with higher numbers of neutrophils seen in gp91°"*"
mice, although it is necessary to take into consideration that absence of ROS directly influences the
functions of these cells.

In conclusion, the effect of ROS in Leishmania infections could be strongly influenced by
the site of inoculation. Almost all in vivo studies about the role of ROS in Leishmania infection
employed the subcutaneous site of infection. Because neutrophils have a more limited role in
infection at this site these observations could generate inaccurate conclusions regarding the role of

ROS during infection, since neutrophils are one of most important cells involved in oxidative burst.
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Moreover, the use of models that better approximate natural infection should be prioritized since
they show more similarities with natural infection. Therefore, we hope to have elucidated the

importance of ROS in the L. amazonensis infection in a context closest to natural infection model.
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