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Abstract

No vaccine exists against visceral leishmaniasis. To develop effective vaccines, we have previously
reported protective role of live attenuated centrin gene—deleted L eishmania donovani (LdCen™™)
parasites through induction of Th1 type immune response in mice, hamsters, and dogs. In this
study, we specifically explored the role of Th17 cells in LdCer’~-induced host protection in mice.
Our results showed that compared with wild-type L. donovaniinfection, LdCeri'~ parasites
induce significantly higher expression of Th17 differentiation cytokines in splenic dendritic cells.
There was also induction of IL-17 and its promoting cytokines in total splenocytes and in both
CD4 and CD8 T cells following immunization with LdCer/~. Upon challenge with wild-type
parasites, IL-17 and its differentiating cytokines were significantly higher in LdCer/~-immunized
mice compared with nonimmunized mice that resulted in parasite control. Alongside IL-17
induction, we observed induction of IFN-y-producing Th1 cells as reported earlier. However,
Th17 cells are generated before Th1 cells. Neutralization of either IL-17 or IFN-y abrogated
LdCerr'~-induced host protection further confirming the essential role of Th17 along with Thl
cytokines in host protection. Treatment with recombinant IL-23, which is required for stabilization
and maintenance of IL-17, heightened Th17, and Tc17 responses in immunized mice splenocytes.
In contrast, Th17 response was absent in immunized 1L-23R ™~ mice that failed to induce
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protection upon virulent Leishmania challenge suggesting that IL-23 plays an essential role in
IL-17—-mediated protection by LdCer/~ parasites. This study unveiled the role of 1L-23—
dependent IL-17 induction in LdCen!~ parasite-induced immunity and subsequent protection
against visceral leishmaniasis.

Leishmaniasis is a spectrum of diseases caused by the protozoan intracellular Leishmania
parasites. Among them, visceral leishmaniasis (VL), caused by Leishmania donovaniand L.
infantum, is the fatal form of the leishmaniasis disease complex (1). The treatment of
leishmaniasis relies primarily on chemotherapeutic drugs that have undesired side effects
and the emergence of drug-resistant parasites makes treatment of leishmaniasis challenging
(2, 3). To date there is no licensed vaccine available against any form of leishmaniasis.

Several approaches have been taken to develop a vaccine for leishmaniasis, among them live
attenuated vaccines are very promising (4, 5). The advantage of a live attenuated vaccine is
that it provides unbiased and complete array of immune potent Ags to induce host protective
immune response. In our laboratory we have developed a genetically modified live
attenuated L. donovani parasite (centrin gene—deleted L. donovani [LdCer'~]) and tested it
as a vaccine against VL (6). Our previous studies have shown LdCer/~ parasites are capable
of protecting mice, hamsters, and dogs against different forms of leishmaniasis via induction
of a robust protective response (6-9). As the immune response in VL is orchestrated by
various cell types, a thorough understanding of vaccine-induced immunity will further reveal
the important mediators of protective response induced by a vaccine. It has been
demonstrated that both CD4 and CD8 T cells are important for host protection in VL (10).
Innate immune cells like macrophages and dendritic cells (DCs) priming the T cells toward a
Th1 type of immune response, particularly via generation of IFN-y, is known to control
Lefshmania parasite growth in a proinflammatory cytokine dominant milieu (11, 12). Apart
from Th1 cytokines, several studies have also demonstrated the role of Th17-mediated
immune response in generation of vaccine-induced protective cellular immunity against
various pathogens such as Mycobacterium tuberculosis, Helicobacter pylori, Pseudomonas
aeruginosa, amongst others. (13-15).

IL-17 is characterized as a proinflammatory cytokine capable of mediating killing of several
intra- and extracellular pathogens (16, 17). Th17 cells represent a unique helper T cell subset
characterized by their ability to produce IL-17 and RORyt transcription factor (18). Th17
cells differentiate from naive CD4 T cells in response to TGF-f and IL-6 (19), amplified by
IL-1B and stabilized and maintained by IL-23 (19). In addition to CD4 Th17 cells, CD8 T
cells (Tcl7), y8& T cells, neutrophils, and innate lymphoid cells also secrete IL-17 (18).
Recent studies have found a protective role for IL-17A, the major cytokine produced by
CD4 Th17 cells against the intracellular pathogen 7rypanosoma cruzi (16, 20). Likewise in
case of Leishmania infection, several studies have demonstrated that, apart from Thl
cytokines, IL-17 plays a crucial role in host protection against both human and canine VL
caused by L. donovaniand L infantum respectively (21, 22). Successful therapy of VL with
different immune modulatory molecules has been shown to induce Thl cytokines, along
with IL-17, 1L-22, and IL-23 (23-25). A recent report demonstrated that leishmanial Ag-
stimulated DCs exhibit a potent anti-leishmanial role by the induction of proinflammatory
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cytokines and generation of Th17 cells during experimental VL infection (26). In contrast, in
cutaneous leishmaniasis caused by L. major it has been shown that Th17 cells influence
disease progression via regulation of tissue-destructive neutrophil recruitment at the lesion
site (27).

Besides CD4 T cells, CD8 T cell responses play an important role in controlling intracellular
pathogens including Lefshmania by mechanisms that are mainly dependent on IFN-y,
granzyme, and perforin (28). Recently it has been established that a distinct subset of 1L-17-
producing CD8 T cells, termed as Tc17 cells, also play a critical role in host defense against
several infections. Tc17 cells are protective against vaccinia and influenza virus infections
(29, 30) and are indispensable for vaccine immunity against fungal pneumonia (17). Similar
to CD4 Th17 cells, Tc17 cells can also be induced from naive CD8 T cells in presence of
TGF-B and IL-6 or IL-21 (31, 32). In addition to IL-17, Tcl7 cells secrete IL-17F and 1L-22,
and express 1L-23R together with Th17 lineage-specific transcription factors ROR-y and
RORa. Like CD4 Th17 cells, differentiated Tc17 cells also require IL-23 for their
maintenance (33, 34). IL-22 is another Th17 cytokine often secreted from IL-17 producing
cells, and has been shown to be involved with the protection against VL in humans (21).

Although several studies demonstrated live attenuated Leishmania parasites inducing robust
and durable protection against reinfection, none of them explored the role of IL-17/IL-23
immune axis in protective immune response. Hence, in the current study we studied the role
of Th17 cells in LdCer!~ immunization-induced protective immunity. We showed that
LdCer'~-infected DCs produce IL-1p, IL-6, and TGF-B to establish the Th17 lineage, and
upon challenge both CD4 and CD8 T cells produce IL-17 resulting in the protection against
wild-type L. donovani (LdWT) infection. The direct role of LdCen'~-induced IL-17 in
protection was demonstrated either by using anti-IL-17 Abs to neutralize the IL-17 effect or
by using IL-23 receptor gene-deleted mice. Further, we demonstrate that both Th17 and Thl
arms of protective immunity are induced by the £dCer'~ parasite immunization and
importantly CD8 T cells have a major role in both arms of protective immunity.

Materials and Methods

Animals and parasites

Five- to six-week-old female C57BL/6 mice were obtained from the National Cancer
Institute, National Institutes of Health, Bethesda, MD. IL-23R~/~ mouse was a gift from Dr.
V. Kuchroo (Harvard Medical School, Boston). An IL-23R™/~ mouse breeding pair was
housed in a conventional, pathogen-free facility and maintained by in-house breeding
program at the Center for Biologics Evaluation and Research, Food and Drug
Administration. We have used 6-8-wk-old female mice for all our experiments. All mice
were maintained at the center’s American Association for the Accreditation of Laboratory
Animal Care’s accredited facility under standard environmental conditions for this species.
Both LaWT (MHOM/SD/62/1S) parasites and LdCern/~ line of L. donovani (Ld1S2D) used
in our experiments were maintained in golden Syrian hamsters to maintain the infectivity.
The parasites were cultured according to the procedure previously described (6, 7). Red
fluorescent protein (RFP)-expressing LdWT parasites were developed using the pA2RFPhyg
plasmid for integration of a RFP/Hygromycin B resistance gene expression cassette into the
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parasite 18S rRNA gene locus as described previously (35). mCherry expressing LdCer’~
parasites were generated using the pLEXSY-cherry-sat2 plasmid as per the company’s
protocols (Jena Bioscience). The parasites were cultured according to the procedure
previously described (36).

Ethics statement

The animal protocol for this study has been approved by the Institutional Animal Care and
Use Committee at the Center for Biologics Evaluation and Research, Food and Drug
Administration (ASP 1995#26). Further, the animal protocol is in full accordance with the
“Guide for the Care and Use of Laboratory Animals” as described in the U.S. Public Health
Service Policy on Humane Care and Use of Laboratory Animals 2015 (http://grants.nih.gov/
grants/olaw/references/phspolicylabanimals.pdf).

Infection of mice and isolation of parasitized splenic DCs

The mice were infected through tail vein with 3 x 108 stationary phase red fluorescent
LdWT-RFP or LdCer'~ mCherry promastigotes. In each study, at least six mice were used
per group. Age-matched naive mice were used as a control. At 1 and 2 wk postinfection,
mice were sacrificed and infected splenic DCs (Cd11~Cd11c*) from different groups of
mice were sort selected by high-speed FACS cell sorter system (BD FACS Aria-11TM).
Single-cell suspensions were prepared from spleens, and RBCs were lysed using
ammonium-chloride-potassium lysing buffer. Splenocytes were then labeled with APC-
tagged anti-TCR-p, anti-NK1.1, anti-Cd19, anti-Ly6G, and anti-Cd11b Abs using anti-APC
magnetic beads, and passed through LS columns to select out these cell types. Flow through
enriched DC population was collected and stained with Cd11c-FITC Ab and further sort
selected. In some experiments, we have isolated conventional Cd11b*Cd11c* DCs. Two
weeks postimmunization mice spleens were collected and digested with collagenase (1
mg/ml) and DNase I (20 pg/ml) to make single-cell suspension (37). Splenocytes were
labeled with APC-tagged anti-TCR-p, anti-NK1.1, anti-Cd19, and anti-Ly6G Abs. Anti-
APC magnetic beads were used and passed through the LS columns to select out specific
cell types. Flow through enriched DC population was collected and stained with Cd11b*,
F4/80, and Cd11c*-FITC Ab and further sort selected.

Immunization and challenge studies

The mice were immunized via tail vein with 3 x 108 stationary phase LdCer/~
promastigotes; 2 or 5 wk postimmunization mice were then challenged via tail vein with 10°
virulent L. donovani (LdWT) metacyclic parasites. Infective-stage metacyclic promastigotes
of L. donovaniwere isolated from stationary cultures by density gradient centrifugation as
described previously (38). In each study, at least four mice were used per group. Age-
matched naive mice used as controls were also similarly challenged with 105 virulent L.
donovani metacyclic parasites. At 2, 6, and 12 wk of postchallenge period, parasite load was
measured from spleens of challenged mice by culturing the separated host cell preparations
by limiting dilutions as previously described (6). In a separate experiment, IL-23R~/~ mice
were immunized with LdCerr’~ and then challenged with LdWT parasites as described
above. At 10 wk of postchallenge, parasite load was measured from spleens of challenged
mice by serial dilution.
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Ex vivo treatment with recombinant IL-23

Mice were immunized via tail vein with 3 x 108 stationary phase LdCer™/~ promastigotes.
At 12 wk postimmunization mice were sacrificed and splenocytes were isolated and cultured
in the presence of exogenously added recombinant IL-23 (20 ng/ml) for 24 h. Flow
cytometry analysis of IL-17 producing CD4 and CD8 effector memory cells were
performed.

In vivo IL-17 and IFN-y neutralization

Lyophilized rat anti-mouse IL-17 (Amgen) and IFN-y mAbs (eBioscience) and control rat
IgG (R&D Systems) were resuspended in PBS and injected i.p. (200 pg per mouse) at 0, 3,
6,9, 12, 19, 26, and 33 d after LdCerr/~ immunization. Proinflammatory cytokines were
measured from the Lefishmania Ag—stimulated splenocyte culture supernatants 5 wk
postimmunization. Immunized mice (after IL-17/IFN-y neutralization) were challenged via
tail vein with 10° virulent L. donovani (LdWT) metacyclic parasites. Mice were then
euthanized at 10 wk postchallenge and spleens were collected for assessing the parasite
burden.

RT-PCR for cytokines

Total RNA was extracted from the parasitized splenic DCs by using an RNAqueous-Micro
kit (AM1931; Ambion) and RNA was extracted from total mouse splenocytes using
PureLink RNA Mini kit (Ambion). Aliquots (400 ng) of total RNA were reverse transcribed
into cDNA by using random hexamers from a high-capacity cDNA reverse transcription kit
(Applied Biosystems). Cytokine gene expression levels were determined using the TagMan
gene expression master mix and premade TagMan gene expression assays (Applied
Biosystems) using a CFX96 Touch Real-Time System (Bio-Rad, Hercules, CA). The data
were analyzed with CFX Manager Software. Expression of the following genes was
determined using TagMan gene expression assays (Applied Biosystems) in the CFX96
Touch Real-Time System: TGF-f1 (Mm01178819_m1); IL-10 (Mm00439614_m1); IL-6
(MmO00446190_m1); IL-18 (MmO00434228 m1); IFN-y (Mm01168134_m1); IL-23
(Mm00518984_m1); IL-27 (MmO00461164_m1); GAPDH (Mm99999915 g1). Expression
values were determined by the 222Ct method; samples were normalized to GAPDH
expression and determined relative to expression values from naive mice.

Multiplex cytokine ELISA

Splenocytes from different groups of mice were plated in 24-well culture plates and
stimulated with L. donovani freeze-thaw Ag (FTAQ) (80 pug/ml) in complete RPMI 1640
medium and cells were incubated at 37°C in 5% CO,, with 95% humidity. After 72 h of
culture, cell supernatants were collected and stored at —80°C until cytokines were analyzed
using two multiplex custom-built kits: IL-17A, IL-1B, IL-6, IL-10, IFN-y (Bio-Plex EXP
Mo Cyto Grpl 5-plex, Cat No. Y6000007KB); and IL-17F, I1L-21, IL-22 and IL-23p19
(Mouse Cytokine Th17 Group Ill, 4-plex, Cat No. YJOO00000U). The plate was read in a
Luminex-100 (Luminex) system using Bio-Plex Manager software 5.0. The cytokine
analysis procedure has been performed according to the manufacturer’s instructions, and the
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level of cytokine concentration was measured using a standard curve of each specific
cytokine.

Cytokine ELISA

Splenocytes obtained from different groups of treated mice were cultured in complete RPMI
1640 medium in the presence of FTAg (80 ug/ml) for 24 h at 37°C and were assayed for
mouse cytokines (IL-27, IL-17A, IL-17F, IL-6, IFN-y) with use of the sandwich ELISA kit
(eBioscience). The assay was performed according to the manufacturer’s instructions.

Intracellular staining and flow cytometry

Splenocytes isolated from different groups of mice were cultured in 24-well plates in
complete RPMI 1640 medium at 37°C and stimulated with Leishmania FTAgs isolated from
purified metacyclics (80 pg/ml). After 24 h cells were treated with protein transport inhibitor
(BD GolgiStop; BD Pharmingen) and the plate was incubated at 37°C for 6 h. In some
experiments after 24 h stimulation with FTAg, cells were restimulated with PMA (10 ng/ml)
and ionomyecin (1 pug/ml) for 4 h along with protein transport inhibitor (BD GolgiStop; BD
Pharmingen). Cells were then blocked at 4°C with rat anti-mouse CD16/32 (5 pg/ml) from
BD Pharmingen for 20 min. For surface staining, cells were then stained with anti-mouse
CD3 APC-Cy7, anti-mouse CD4 eFluor-450 and anti-mouse CD8 eFluor-605NC or anti-
mouse CD3 Alexa Fluor-700, anti-mouse CD4 FITC, anti-mouse CD25 PerCP Cy5.5 or
anti-mouse CD3 APC-eFluor@780, anti-mouse CD4 eFluor@450, anti-mouse CD8a
eFluor@605NC, anti-mouse CD44 FITC, and anti-mouse CD62L PE-Cy5 for 30 min (each
with 1/300 dilution; 4°C). The cells were then stained with LIVE/DEAD fixable aqua
(Invitrogen/Molecular Probes) to stain dead cells. Cells were washed with wash buffer and
fixed with the Cytofix/Cytoperm Kit (BD Biosciences) for 20 min (room temperature).
Intracellular staining was done with anti-mouse IL-17A PE, anti-mouse IFN-y FITC, anti-
mouse IL-10 APC, and anti-mouse Foxp3 PE for 30 min (each with 1:300 dilution; 4°C). In
some experiments isotype controls for Abs used under similar conditions indicated specific
binding of the test Abs. Cells were acquired on an LSRII (BD Biosciences) equipped with
405, 488, 532, and 638 laser lines using DIVA 6.1.2 software. Data were analyzed with
FlowJo software version 9.1.5 (Tree Star). For analysis, first doublets were removed using
the width parameter; dead cells were excluded based on staining with the LIVE/DEAD aqua
dye. Lymphocytes were identified according to their light-scattering properties. CD4 and
CD8 T cells were identified as CD3* lymphocytes uniquely expressing either CD4 or CDS8.
Upon further gating, intracellular cytokines were measured in CD4 and CD8 cells.
Fluorescence minus one controls were used for proper gating of positive events for
designated cytokines.

Statistical analysis

Statistical analysis of differences between means of groups was determined by unpaired
two-tailed Student ftest, using GraphPad Prism 5.0 software. A pvalue < 0.05 was
considered significant, and a p value < 0.005 was considered highly significant.
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Results

LdCen™~ immunization induced the expression of cytokines promoting Th17 cells and
inhibits Th2 cytokines in splenic DCs isolated from infected C57BL/6 mice

We have previously shown that bone marrow-derived macrophage cells infected with live
attenuated LdCer/~ parasites were capable of inducing a strong proinflammatory response
in vitro and in vivo leading to the proliferation of Th1 cells (39). In this study, we
investigated whether LdCeri’~ parasites induced DC-mediated Th17 polarization in spleen
in vivo. We infected mice intravenously with red fluorescent LdW7-RFP, or LdCer!~
mCherry parasites. One and two weeks postinfection, we enriched parasitized DCs from
spleen by gating live single cells for (lineage [T cells, B cells, NK cells, and macrophages]™
RFP/mCherry*Cd11c*) populations (Fig. 1A) and assessed the expression of Th17 cell
differentiation cytokines (IL-1p, IL-6, and TGF-B1), stabilizing cytokine (I1L-23) and
suppressing cytokines (IL-27 and IL-10) in these cells. RT-PCR analysis showed that three
major Th17-inducing cytokines, IL-1B, IL-6, and TGF-B1, were significantly elevated in
parasitized splenic DCs isolated from LdCer/~-immunized mice compared with LaWT-
infected mice, both at 1 and 2 wk postimmunization (Fig. 1B-D). Although, a similar level
of 1L-23 was observed in LdWT-and LdCen'~-infected DCs at 1 wk postinfection, IL-23
mRNA expression was significantly increased in LdCer/~-infected DCs compared with
LadWT-infected DCs at 2 wk postinfection (Fig. 1E). In contrast, IL-27 and IL-10, the major
Th17-suppressing and anti-inflammatory cytokines respectively, were significantly reduced
in parasitized splenic DCs isolated from LdCer/~-immunized mice compared with LdWT-
infected mice (Fig. 1F, 1G). Of note, conventional Cd11ci DCs in the spleen are mostly
Cd11b* (80-90%). Hence, we have further characterized the splenic DCs which are not only
Cd11ic* but also Cd11b* (Supplemental Fig. 1A). Two weeks postimmunization, we
enriched parasitized DCs from the spleen by gating live single cells for (lineage [T cell, B
cell, NK cell, Ly6G]~ Cd11b*F4/80~Cd11lc* RFP/mCherry*) and assessed the expression of
Th17 cell differentiation cytokines. RT-PCR analysis showed that Th17-inducing cytokines
IL-1pB and IL-6 were significantly elevated along with significant abrogation of anti-
inflammatory cytokine 1L-10 in parasitized splenic DCs isolated from LdCer/~-infected
mice compared with LdWT-infected mice at 2 wk postimmunization (Supplemental Fig.
1B-D). Thus, from the in vivo gene expression profiling it is evident that LdCer/~ parasite
immunization induced a strong splenic DC-mediated Th17 polarization.

LdCen™~ immunization induced Th17 cytokines concomitant with the inhibition of anti-
inflammatory cytokines compared with LAWT infection in splenocytes

Because significant induction of Th17-stimulating cytokine expression like IL-1p, IL-6, and
TGF-B1 was observed in splenic DCs isolated from LdCer/~-immunized mice, we
evaluated the cytokine production in splenocytes of LdCern~-immunized or LaWT-infected
mice restimulated with L. donovani Ag. Multiplex cytokine ELISA analysis showed LdCen
I~ immunization caused significant induction of IL-17 (IL-17A and IL-17F) as early as at 2
wk with a less pronounced increase at 5 wk compared with LdWT-infected mice (Fig. 2A,
2B). Interestingly, LdCer'~-immunized mice showed significant increase in the Th17-
inducing cytokine level such as IL-6 at 2 and 5 wk as well as IL-1 at 2 wk compared with
LdWT-infected mice (Fig. 2C, 2D). Even though we could detect significant TGF-
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expression at RNA level (Fig. 1D), we were not able to detect appreciable production of
TGF-B in the splenocyte cultures (data not shown). Apart from IL-17, the levels of 1L-22
and IL-23 were significantly high along with a concomitant suppression of 1L-27 and anti-
inflammatory cytokine IL-10 in LdCer/~-immunized mice compared with LdWT-infected
mice at both time points (Fig. 2E-H). Thus, LdCer™/~ immunization significantly induced
Th17 cytokine secretion along with concomitant suppression of anti-inflammatory cytokines
in the splenocytes compared with LdWT infection.

LdCen™~ immunization induced secretion of IL-17 and from both CD4 and CD8 T cells

T cell-mediated immune response plays an important role in VL (10). To further
characterize the cellular sources of IL-17, we determined the frequency of 1L-17—producing
CD4 and CD8 T cells in Ag-stimulated splenocytes by flow cytometry. CD4 and CD8 T
cells were gated and further separated into distinct subpopulation based on their production
of IL-17 (Fig. 3A). The results showed at both 2 and 5 wk postimmunization a significantly
higher frequency of IL-17-producing CD4 and CD8 T cells in LdCerr/~-immunized mice
compared with LdWT-infected mice (Fig. 3B, 3C). We have also observed that the overall
expression of IL-17 in CD8 T cells is less compared with IL-17 expression in CD4 T cells,
presumably due to MHC | activation-induced endocytosis of CD8 receptors in activated cells
(40).

Because our results showed that LdCer/~ immunization significantly inhibited the IL-10
induction compared with LdWT infection in mice (Fig. 2H) and as it has been reported
earlier that IL-10 acts as a negative regulator of Th17 cells (41), we further characterized
frequency of IL-10—producing CD4 T cells. We observed a significantly lower frequency of
IL-10—producing CD4 T cells in LdCer~-immunized mice compared with LdWT-infected
mice (Supplemental Fig. 2A, 2B). A recent study indicates a crucial role of 1L-10-producing
Th1 cells in mediating disease progression during VL (42). Hence, we also looked at 1L-10*
CDA4 T cells that coproduce IFN-y cytokine after immunization with LdCerr/~ parasites.
The results showed a significantly higher percentage of CD4* T cells positive for both IFN-
v and 1L-10 in LdWT-infected mice compared with LdCer~-immunized mice
(Supplemental Fig. 2C). We further delineate the phenotype and frequency of 1L-10-
producing CD4 T cells based on their expression of CD25 and Foxp3 (Supplemental Fig.
2D). IL-10-producing CD4*CD25*Foxp3* cells are classified as naturally occurring
regulatory T (nTreg) cells and CD4*CD25 Foxp3~ as Trl cells (43). Although we did
observe expansion of IL-10—producing CD4* T cells in LdWT-infected mice (Supplemental
Fig. 2B), the frequency of nTreg cells significantly decreased in LdWT-infected and LdCen
~/~-immunized mice compared with naive mice (Supplemental Fig. 2E), which is in
accordance with previous reports (42, 44). Additionally, we observed an appreciably lower
frequency of IL-10-producing nTreg and Tr1 cells in LdCer/~-immunized mice compared
with LdWT-infected mice (Supplemental Fig. 2F, 2G) at 5 wk postimmunization. Further,
we did not observe any marked difference in the frequency of IFN-vy, IL-10 double
producing nTreg cells between LdW7-and LdCer/~-immunized mice (Supplemental Fig.
2H); however, the frequency of IFN-y* IL-10" Tr1 cells are comparatively lower although
not statistically significant in LdCer/~-immunized mice compared with LdWT-immunized
mice (Supplemental Fig. 21).
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LdCen™~ immunization induced Th17 cytokines following virulent Leishmania challenge

Having established that LdCer’~ immunization induced a cytokine response characterized
by IL-17—producing CD4 and CD8 T cells, we characterized the immune response in mice
upon virulent challenge. At 5 wk postimmunization, mice were challenged with LdWT
parasites, and Ag-specific cytokine secretion from splenocytes was analyzed at 2 and 6 wk
postchallenge by multiplex cytokine ELISA. The results showed that LdCer’~-immunized-
challenged mice had a significantly higher level of IL-17 (IL-17A and IL-17F) compared
with naive-challenged mice at both time points (Fig. 4A, 4B). Additionally, immunized mice
showed an appreciable increase in IL-6 at 6 wk postchallenge along with IL-1p at 2 wk
postchallenge compared with nonimmunized-challenged mice (Fig. 4C, 4D). Furthermore,
following challenge with LdWT parasites, immunized mice showed a substantially enhanced
secretion of IL-22 and IL-23 (Fig. 4E, 4F) along with an appreciable decrease in 1L-27 and
IL-10 levels compared with naive-challenged mice at both time points (Fig. 4G, 4H).
Finally, the effect of IL-17 induction upon immunization on parasite control was analyzed in
animals at various times after L. donovani infection. The result showed that immunized mice
tended to control the parasite burden as early as 2 wk postchallenge that finally resulted in
>2 log-fold reduction in spleen compared with nonimmunized-challenged mice at 12 wk
postchallenge (Fig. 41). We further investigated whether LdCer/~ immunization at earlier (2
wk) and later (5 wk) time points could induce both CD4 and CD8 T cells to secrete IL-17
following challenge with virulent LdWT parasites (Fig. 5A). Flow cytometry analysis
showed that 2-wk-postimmunized mice at 2 wk postchallenge had a significantly higher
frequency of IL-17—producing CD4 (Th17) and CD8 T (Tc17) cells compared with naive-
challenged mice. Thus, induction of IL-17 ensued as early as 2 wk postimmunization.
Additionally, 5-wk-postimmunized mice at 2 and 6 wk postchallenge had a considerably
higher frequency of IL-17—producing CD4 and CD8 T cells compared with naive-challenged
mice (Fig. 5B, 5C).

LdCen~~ immunization induced synergism between Th17 and Th1 axis

We have previously shown that immunization with LdCeri’~ in animal models induces an
IFN-y-predominant Th1 response (6-9). To test whether LdCer/~ immunization resulted in
synergism between Thl and Th17 axis, we further analyzed Th1 response in this study along
with Th17. We specifically evaluated the signature Th1 cytokine, IFN-y production in
splenocytes of immunized mice before and after challenge. We found that LdCen™/~-
immunized mice showed significant induction of Thl cytokine IFN-y in the splenocytes at 2
and 5 wk compared with LdWT-infected mice (Supplemental Fig. 3A). Furthermore,
immunized mice showed an increased level of IFN-y in the splenocytes at 2 and 6 wk
postchallenge compared with naive-challenged mice (Supplemental Fig. 3B).

We also determined the frequency of IFN-y—producing CD4 and CD8 T cells in Ag-
stimulated splenocytes by flow cytometry. CD4 and CD8 T cells were gated, further
separated into distinct subpopulations based on their production of IFN-y or IL-17 and
generated a comparative plot (Supplemental Fig. 3C, 3D). We found that although the
frequency of IFN-y—producing CD4 and CD8 T cells increased significantly in LdCern'~-
immunized mice compared with LdWT7-infected mice at 5 wk postimmunization, IL-17-
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producing CD4 and CD8 T cells generated as early as 2 wk postimmunization with LdCen
/= (Supplemental Fig. 3C, 3D).

Moreover, although IL-17-secreting CD4/CD8 T cells were significantly high in 2-wk-
immunized/2-wk-postchallenged mice and 5-wk-immunized/2-wk-postchallenged mice,
only IFN-y—secreting CD8 T cells and not IFN-y—secreting CD4 T cells were significantly
high compared with nonimmune-challenged mice (Supplemental Fig. 3E, 3F). Thus IFN-y—
producing CD8 T cells preceded IFN-y—producing CD4 T cells in immunized mice, which
is in accordance with a previous report (45). However, the percent of IFN-y—producing CD4
and CD8 T cells were simultaneously significantly increased along with IL-17—-secreting T
cells in 5-wk-immunized/6-wk-postchallenged mice (Supplemental Fig. 3E, 3F).
Noteworthy, we did not observe IL-17 and IFN-y double-producing T cells in any
experimental groups.

Neutralization of IL-17 or IFN-y abrogates the LdCen~~-induced host protective immunity

To ascertain the specific roles of Th17 along with Th1 cytokines in LdCerr/~-mediated
protection in vivo, mice were immunized with LdCer/~ plus 200 pg of either anti—IL-17 or
anti-IFN-y mAb alone, or 400 pg total combination of anti-IL-17 and anti—IFN-y mAbs.
One set of animals received control IgG (Fig. 6A) at regular intervals. We specifically
determined the level of cytokines produced by Leishmania Ag-restimulated splenocytes
derived from the LdCer'~-immunized mice after treatment with the Abs at 5 wk
postimmunization. Anti—IL-17 and anti—-IFN-y mAb treatment either alone or in
combination significantly reduced IL-17A and IL-17F in LdCer'~-immunized mice
splenocytes compared with control 1gG-treated immunized mice (Fig. 6B, 6C). Additionally,
IL-6, which is involved in the differentiation of Th17 cells from naive T cells, and the
signature proinflammatory Th1l cytokine IFN-y were also significantly reduced by both
treatments (Fig. 6D, 6E). Importantly, anti—-IL-17 and anti—-IFN-y mAb treatment either
alone or in combination significantly reduced LdCer/~-mediated protection as indicated by
significantly increased spleen parasite burden at 10 wk postchallenge (Fig. 6F). These results
suggest that similar to IFN-y, IL-17 also plays an important role in LdCer'~-induced
protective immunity.

LdCen™ -immunized IL-23R™~ mice failed to induce IL-17—-mediated host protection upon
virulent challenge with L. donovani parasites

Because IL-23 plays an essential role in the stabilization and maintenance of the Th17
response (18) and from our observation that there is a significant stimulation of IL-23 in
LdCer!~-immunized (Fig. 2F) and in immunized-challenged mice (Fig. 4F), we wanted to
determine whether IL-23 plays a direct role in LdCerr'~-induced host protection via IL-17.
We specifically determined the frequency of IL-17 and IFN-y—producing CD4 and CD8 T
cells in normal and IL-23R™/~ mice upon immunization by flow cytometry (Fig. 7A). The
results showed that at 5 wk postimmunization, the frequency of IL-17—producing CD4 and
CD8 T cells was significantly reduced in IL-23R~/~ mice compared with normal mice (Fig.
7B, 7C). LdCen~-immunized IL-23R™/~ mice also failed to induce IFN-y production from
CD8 T cells. On the contrary, immunized IL-23R™~ mice specifically exhibited a
significantly increased frequency of IFN-y-producing CD4 T cells (Fig. 7D, 7E). These data
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suggest that I1L-23 has a differential impact on IFN-y-producing CD4 Th17 and Th1l cells in
response to LdCen™!~ immunization after challenge.

Previously, it was reported that IL-23 was required for enhanced recall response of Th17
cells (46). Therefore, to test whether 1L-23 plays a role in LdCern'~-mediated activation of
effector memory Th17 and Tc17 cells, we performed an ex vivo study in which recombinant
IL-23 (rIL-23) was added exogenously to the splenocytes isolated from 12-wk-
postimmunized mice. Results showed that the percentage of 1L-17-producing CD4 and CD8
effector memory cells (CD4*CD44NCD62L"1L-17*/Th17 and CD8*CD44NCD62L"IL-17*/
Tc17) was significantly higher in the LdCen™/~-immunized group upon treatment with
riL-23 (Supplemental Fig. 4).

To demonstrate the impact of IL-23—-mediated IL-17 induction in the protective response,
both normal mice and IL-23R™/~ mice were immunized with LdCer’~ parasites. Five weeks
post-immunization, mice were challenged with virulent LdWT parasites. Spleens were
analyzed for parasite burden 10 wk postchallenge. The results showed that LdCer/--
immunized-challenged IL-23R™/~ mice failed to control parasitemia compared with the
immunized-challenged normal mice (Fig. 7F). These results suggest that an intact IL-17
response is necessary for protection and that 1L-23 plays a significant role in sustaining the
IL-17-mediated protection by LdCer!~ parasites.

Discussion

The role of Th1 cells in mediating protective immunity against protozoans, intracellular
bacteria, and viruses is well documented (47) and is achieved due to the ability to secrete
IFN-y and consequent initiation of the microbicidal action in macrophages (47, 48). Several
studies suggested that apart from Th1 immune response, Th17 cells have evolved to confer
protective immunity against various infectious diseases (20, 21, 24, 49-52). Indeed,
blocking of the IL-17 pathway led to increased susceptibility to intracellular Francisella
tularensis and Candida muridarum infection due to impaired Th1 response suggesting that
both Thl and Th17 arms could contribute to protection (53, 54). Studies using the
intracellular pathogen Sa/monella have also shown that absence of IL-23, IL-17 stabilizing
and proliferating cytokine, and IL-17R signaling resulted in increased dissemination of the
bacteria to the lymph nodes due to reduced neutrophil recruitment (55). Additionally, both
IL-237"~ mice and IL-17R™/~ mice were more susceptible to Listeria monocytogenes
infection and had reduced neutrophil recruitment to the liver (56). Overall, these studies
indicate the critical role of IL-17 in controlling pathogen via induction of both innate and
adaptive immune response.

Effective clearance of Leishmania parasites from host cells requires Thl cells to secrete a
substantial amount of IFN-y. DC-derived IL-12 skews naive CD4 T cells into IFN-y-
producing Thl cells that can mediate the induction of protective Thl immune response
during VL (57, 58). However, the current understanding of the role of Th17 cells during
leishmaniasis is rapidly evolving. A recent study has reported an increased amount of IL-17
in the serum of asymptomatic individuals with a delayed-type hypersensitivity reaction to L.
donovani compared with that in symptomatic patients (21). Additionally, heightened Th17
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type responses were also observed in post-kala-azar dermal leishmaniasis (59). In both
studies it has been demonstrated that PBMCs from healed VL patients, upon stimulation
with Lefshmania Ags, strongly induce IL-17 and IL-23, suggesting that IL-17 might have a
protective role in parasite clearance (21, 59). Furthermore, infection with L. infantum, the
causative agent of canine VL, caused a heightened IL-17A production that was shown to
control parasite replication in conjunction with Th1 response (22). Interestingly, it has been
demonstrated that the successful therapy of VL with several immunomodulators involves
Th17 cytokines. For example, treatment of L. donovani-infected mice with curdlan, a
naturally occurring p-glucan immunomodulatory molecule, was shown to exert an anti-
leishmanial effect via induction of IL-17 (23). Additionally, another immunomodulator,
astrakurkurone (a fungal extract), restricted L. donovani infection in experimental VL by
potentiating the induction of IL-17 along with IFN-y from CD4 T cells (25). Together, these
results strongly suggested that IL-17 plays a complementary role in protection against VL
along with Th1 cells. These results also highlight the importance of assessing any putative
role of 1L-17 while evaluating anti-L eishmania vaccines (60). However, the role of IL-17 in
modulating immune responses in the context of live attenuated Le/shmania vaccine-induced
immunity has not been ascertained. Previously our laboratory has shown LdCer'~ parasites
can be used as a vaccine-induced protection against virulent L. donovani infection in several
animal models via induction of Th1 type immune response (6-9). In the current study we
show, for the first time, to our knowledge, that LdCer™/~ parasites significantly elicit a Th17
type protective immune response against virulent L. donovani infection and such an
induction does not impede the development of Th1l immune response. Further, both Th17
and Th1 responses are simultaneously induced by LdCer'~ parasites in the murine model,
which in turn render protection against virulent challenge.

The DC-derived cytokines are crucial in initiating and shaping T cell responses (57).
Activation of DCs transforms them into fully functional APCs capable of priming naive T
cell (ThO) differentiation toward Th1/Th2/Treg/Th17 phenotype (18). Specifically, DC-
derived cytokines IL-6, TGF-p1, IL-1p, and IL-23 play important roles in the differentiation,
proliferation, and maintenance of Th17 cells (18, 61), whereas IL-27 and I1L-10 are key
mediators in suppressing Th17 cells (62, 63). In the current study we found that live
attenuated LdCerr/~ parasites stimulated splenic DCs to produce proinflammatory cytokines
like IL-6, IL-1B, TGF-B1, and 1L-23 and reduced expression of IL-27 and IL-10. The
cytokine expression profile in LdCer/~-immunized mice splenic DCs clearly suggests a
cytokine milieu conducive to generation of Th17 cells in immunized mice. This was further
confirmed by a significant induction of IL-17, IL-6, IL-1p, IL-23, and IL-22 in the total
splenocytes culture supernatant from LdCer™/~-immunized mice.

T cell-mediated immune response plays an important role in VL. Both CD4 and CD8 T cells
have been shown to be involved in immune regulation during VL (64). In healed VL
patients, CD4 T cells producing IL-17 have been shown to be strongly associated with
protection against kala azar (21). Similarly, in a recent study, we showed an increase in
IL-17-secreting CD4 T cells in the PBMCs isolated from healed VL individuals after
stimulation with LdCer™'~ parasites ex vivo (65). In another study using Leishmania Ag-
stimulated DCs as a vaccine, induction of IL-6, IL-23, and TGF-p expression was observed,
which in turn resulted in IL-17-producing CD4 T cells leading to host protection against
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experimental VL (26). Thus, both experimental animal studies and observations from
clinical studies in endemic areas support a strong role for Th17 in protection against VL. In
the current study we demonstrated that LdCer/~ immunization in mice resulted in
significant induction of IL-17 production from both CD4 and CD8 T cells before and after
challenge, which correlate with protective response.

Apart from CD4* IL-17 (Th17), a growing body of evidence implicates the presence of
IL-17-producing CD8* T (Tc17) cells in various diseases such as infections, cancer, and
autoimmunity (31). Tc17 cells are found in mice responding to influenza A infection (66).
Moreover, both CD4 and CD8 T cells producing IL-17 might have roles in controlling
parasite proliferation and invasion in human toxoplasmosis (67, 68). Importantly, our data
show that CD8 T cells are also involved in the production of IL-17 in LdCer/~-immunized
mice before and after challenge, further showing the importance of this novel T cell subset
in protection against L. donovani infection.

IL-10 and IL-27 negatively regulate Th17 differentiation (62, 69). Regulatory T cells are the
most abundant IL-10-producing T cells during VL and play a crucial role in pathogenesis. In
human VL it has been shown that splenic CD4*CD25Foxp3~ (Tr1 cells) cells are the major
producers of 1L-10 (43). It has also been shown both CD4*CD25*Foxp3* (nTreg) and
CD4*CD25 Foxp3™~ (Trl) cells produce 1L-10 in an Ag-dependent manner (70). Moreover,
in IL-17Ra™~ mice both CD4*1L-10* cells and Foxp3 expressions were significantly
enhanced upon L. infantum infection (22). Similarly, it has been reported that I1L-27
induction mediates susceptibility to VL by suppressing the IL-17-neutrophil response (71).
In the current study we observed LdCer'~ immunization suppresses IL-10 from Trl and
nTreg, as well as suppressing IL-27 generation. Therefore, suppression of IL-10 and I1L-27
further confirms heightened Th17 differentiation in LdCer/~-immunized mice. In addition
to the aforementioned roles for IL-17, Th17 cells also produce IL-22, which promotes the
growth of epithelial cells thereby enabling tissue repair and liver protection against chronic
infection (72, 73). It has been shown that IL-22 is also associated with the protection in
human VL (21). We observed heightened expression of IL-22 in LdCer'~-immunized mice
further confirming the critical roles of Th17 cytokines in host protection. All these studies
suggest that there is strong induction of Th17-related cytokines upon LdCen!~
immunization. Further, immunized mice upon challenge with virulent L. donovani showed
sustained induction of IL-17 and its promoting cytokines (IL-6, IL-1p, and TGF-B1),
stabilizing cytokines (IL-23), and concomitant decrease in both IL-10 and IL-27 cytokines in
total splenocytes as well as heightened IL-17-producing CD4 and CD8 T cell population.
Taken together our studies using LdCen™'~ immunization suggest that IL-17 induction and
concomitant IL-27 suppression have a role in protection against Leishmania infection as was
observed recently (71).

To further elucidate the direct involvement of IL-17 in LdCer/~-induced immunity, we
administered IL-17-specific neutralizing Ab in postimmunized mice. Of note, we used the
neutralization Ab approach to inhibit the functional activity of IL-17 rather than using
IL-17~/~ mouse model because it is well documented that IL-17 gene deletion is associated
with several other congenital defects and impaired delayed-type hypersensitivity response
(74). Further, neutralization at the time of T cell priming stage early in the immunization
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alone would not alter the overall homeostatic functions mediated by IL-17. Treatment with
neutralization Abs to IL-17 resulted in inhibition of proinflammatory cytokine (IL-17, IL-6,
IFN-v) generation in immunized mice leading to the abrogation of LdCer™'~ immunization-
induced host protection. Lack of Th17 response induction due to the IL-17 neutralizing Abs
immediately after the immunization resulted in lack of parasite control after challenge.
These results further affirm the direct protective role of IL-17 in immunized mice against L.
donovani infection.

Of interest, in contrast to our present observation, one recent report demonstrated that IL-17
helps in pathogen establishment during VL at early phase of infection (75). Notably, the
authors reported that IL-17-deficient mice had decreased accumulation of neutrophils and
monocytes leading to reduced L. donovaniinfection in the visceral organs. However, there is
overwhelming evidence both in human and animal studies, including our current study, that
IL-17 plays a protective role in VL (21-23). The cause of the difference in outcomes is
unknown at this time and may need further analysis.

IL-23 has been proposed to induce the proliferation and stabilization of IL-17-secreting cells
(67, 76). Furthermore, IL-23 is also required for activation of the recall Th17 memory
response (46) and IL-23 receptor (IL-23R) is required for effector Th17 cell responses in
vivo (77). Indeed, there is growing evidence suggesting that Th17 lineage may be critical for
vaccine-induced memory immune responses against bacterial, fungal, and parasitic infection
(78). Importantly, in the absence of IL-23R, activated Th17 cells retain low IL-7Ra
expression, known to be important for the survival of memory CD8 T cells (79). Our ex vivo
study showed that treatment with recombinant IL-23 enhanced the percentage of IL-17-
producing CD4 and CD8 effector memory cells in the LdCerr/~-immunized group in
comparison with the untreated immunized group, indicating that IL-23 plays an important
role in the vaccine-induced immunity. This was further substantiated through our in vivo
finding where immunized I1L-23R™~ mice failed to induce IL-17-producing CD4 and CD8 T
cells and consequently were unable to induce host protective immunity against virulent L.
donovani infection. Our observation is in agreement with the previous report describing an
essential role for IL-23R in the terminal differentiation of Th17 effector cells (77). We also
found LdCerr/~-immunized 1L-23R~/~ mice failed to induce IFN-y production from CD8 T
cells. On the contrary, immunized IL-23R™~ mice specifically exhibited a significant
increased frequency of IFN-y-producing CD4 T cells. The cause of difference in IFN-y
response in CD8 and CD4 T cells when 1L-23 pathway is disrupted is not known at this time
and needs further study.

The role of IL-17 in regulating the IFN-y response has been demonstrated in several
infectious diseases. Specifically, immunization against H. pylori infection rapidly
accumulates IL-17-producing CD4 T cells prior to IFN-y-producing cells, suggesting that
IL-17-secreting cells can help to recruit Thl cells (14). Several reports have shown that
IL-17 might contribute to the recruitment of IFN-y-producing cells via induction of
chemokines such as CXCL9, CXCL10, and CXCL11 (13, 80, 81). Additionally, IL-17 is
shown to play a role in the induction of IL-12 and IFN-y by macrophages (53). It has been
proposed that vaccination against M. tuberculosis resulted in the generation of IFN-y- or
IL-17-producing T cells. Importantly, IL-17 recruits IFN-y-producing T cells in the affected
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organs, which in turn ameliorate the bacterial growth (13). During L. /nfantum infection it
has been shown that IL-17 in association with IFN-y plays a crucial role in host protection
(22). Previously we had shown that immunization with LdCer/~ in animal models induces
Th1 response as indicated by IFN-y-producing CD4 and CD8 T cells in BALB/c mice (6—
9). To test whether both Thl and Th17 responses can simultaneously be induced due to
LdCerr!~ immunization, in the current study we analyzed Th1 response along with Th17 in
C57BL/6 mice. Interestingly, we observed that LdCerr’~ immunization induces I1L-17
secretion from both CD4 and CD8 T cells as early as 2 wk postimmunization even before
induction of IFN-vy, confirming previous studies with H. pyforiinfection (14). We found that
there was no difference in the quality and magnitude of IFN-y response either in the
presence of IL-17 induction or due to difference in the strain of mice used. In addition,
treatment with Abs to IFN-y resulted in the abrogation of both IL-17 and IFN-y production
and lack of protection against L. donovani infection suggesting that IFN-y and IL-17 may
work synergistically in LdCerr/~-mediated protection. It is important to note that we did not
observe IL-17 and IFN-y double-producing T cells upon immunization with LdCer'~
parasites.

In summary, we have systematically demonstrated that vaccination with LdCerr/~ parasite
strongly induces both innate and adaptive immunity to produce Th17 cytokines from both
CD4 and CD8 cells along with other Th1 cytokines. The ultimate effector function to kill L.
donovani parasite involves both Th17 and Thl cells. Further, IL-23 plays an important role
in IL-17-mediated immune protection induced by LdCeri’~. Hence, Th17-1L-23 immune
pathway should be explored further as an important target for vaccine development against
VL.
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FIGURE 1.

LdCer!~ immunization induce the expression of Th17 cells promoting cytokines and inhibit
Th2 cytokines in splenic DCs isolated from infected C57BL/6 mice. (A) Infected cells were
sorted from the spleen of different groups of mice after indicated period of postinfection
with either LdWT-RFP or LdCen'~-mCherry by gating live single cells for (lineage [T
cells, B cells, NK cells, and macrophages]~ and RFP/mCherry* Cd11c™) cells. (B-G)
mRNA expression levels of IL-1p, IL-6, TGF-B1, IL-23, IL-27, and IL-10 were measured
from infected DCs, and expressed as fold increase over naive DCs. The data represent the
mean values + SEM of results from two independent experiments; in each experiment more
than eight mice splenocytes were pooled to produce enough infected DCs. *p < 0.05, **p <
0.005.
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FIGURE 2.

LdCer'~ immunization induced Th17 along with the inhibition of anti-inflammatory
cytokines compared with LdWT infection in splenocytes. LdCer'~-immunized or LAWT-
infected mice were sacrificed at 2 and 5 wk postinfection. Splenocytes were collected and
cultured in presence of Lefshmania Ag. Culture supernatants were collected and
concentrations of cytokines IL-17A, IL-17F, IL-6, IL-1B, IL-22, IL-23, IL-27, IL-10 (A-H)
were measured by the multiplex or single plex (IL-27) mouse cytokine ELISA kit as
described in the Materials and Methods section. The data represent the mean values + SEM
of results from two independent experiments. *p < 0.05, **p < 0.005.
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FIGURE 3.

LdCer!~ immunization induced IL-17 secretion from both CD4 and CD8 T cells compared
with LdWT infection. LdCern~-immunized or LdWT-infected mice were sacrificed at 2 and
5 wk postinfection. Flow cytometry analysis of Leishmania Ag-stimulated splenocytes. (A)
Gating strategy for flow cytometry analysis and representative flow plots. (B and C) Bar
diagrams represent IL-17 secreting CD4 and CD8 T cells. The data represent the mean
values + SEM of results from three independent experiments. **p < 0.005. P,
postimmunization.
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FIGURE 4.
LdCen!~ immunization confers host protection by induction of Th17 cytokines. Five weeks

postimmunized mice were challenged with virulent L. donovani parasites. At 2 and 6 wk
postchallenge both immunized and nonimmunized mice were euthanized, and splenocytes
were cultured and stimulated with Le/shmania Ag. Culture supernatants were collected and
concentrations of cytokines IL-17A, IL-17F, IL-6, IL-1p, IL-7~, IL-23p19, IL-27, IL-10 (A-
H) were measured by the multiplex or single plex (IL-27) mouse cytokine ELISA kit as
described in the Materials and Methods section. (1) At 2, 6, and 12 wk postchallenge (PC)
parasite burden was measured in the spleen of immunized-challenged and nonimmunized-
challenged animals by serial dilution. The data represent the mean values + SEM of results
from two independent experiments. *p < 0.05, **p < 0.005.

J Immunol. Author manuscript; available in PMC 2019 May 23.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnue Joyiny

1duosnuely Joyiny

Banerjee et al.

A .

WK 9.7 _’:-»
mE.,
2wksPl/2wks PC 5wksPl/2wks PC 5wks Pl/6wks PC
Non-imm Chal Imm Chal Non-imm Chal Imm Chal Non-imm Chal Imm Chal

CD4 .

s J03
o3 |

sJre 85603 118 7.32¢-3 .yi“s | o e

<B315.A>: IFN-g

r

566, 0.627, L I -

Gt L Gt G I

L T

0.952

cbs

IFN-y

<B515-A>: PN

0356 27403 “.!fm: 0.043
¥ 1
|
y 9 07‘ ]96 154
IL-17
C .
o 2807 2.0- = [l Non-imm Chal
3 2y 2
© 8 [J Imm Chal
= 1.0 . = 1.0-
< | 8
— O
© 0.5 = 0.5
O =
° 4
0.0- 0.0-

"2wkPl'  5wkPl  5wkPl'
2wkPC 2wkPC 6wk PC

"2wkPl' " 5wkPl 5wk Pl'
2wkPC 2wk PC 6wk PC

FIGURE 5.
LdCer!~-immunized mice induce IL-17 secretion from both CD4 and CD8 T cells upon

challenge with virulent L. donovaniinfection. Two and five weeks postimmunized mice
were challenged with LdWT parasites as described in Fig. 4 legend. (A) Gating strategy for
flow cytometry analysis and representative flow plots. (B and C) Bar diagrams represent IL—
17-secreting CD4 and CD8 T cells in nonimmunized-challenged and immunized-challenged
mice. The data represent the mean values + SEM of results from three independent
experiments. **p < 0.005. PC, postchallenge; PI, postimmunization.
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FIGURE 6.
IL-17 or IFN-y neutralization abrogates the LdCer/~-induced host protective immunity.

Mice were immunized with LdCen™=, and different groups of mice were treated either with
anti—IL-17 or anti-IFN-y mAb, or anti—-IL-17 and anti—-IFN-y mAb, or control 1gG as
described in Materials and Methods. (A) Schematic diagram showing the treatment regimen.
After 5 wk postimmunization mice were euthanized and splenocytes were cultured in
presence of Leishmania Ag. (B-E) IL-17A, IL-17F, IL-6, and IFN-y were measured from
the culture supernatants by sandwich ELISA. The data represent the mean values + SEM of
results from two independent experiments. *p < 0.05, **p < 0.005 compared with 1gG
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treated-immunized mice. (F) Mice from each group were challenged with L. donovani
parasites and splenic parasite burden was measured after 10 wk postchallenge. The data
represent the mean values + SEM of results from two independent experiments. *p < 0.05,
**p < 0.005.
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challenge with L. donovani parasites. Normal mice and 1L-23R™/~ mice were immunized
with LdCerr!~ and at 5 wk postimmunization mice were sacrificed. Cell specific cytokine
secretions were measured by flow cytometry. (A) Gating strategy and representative flow
plots; (B and C) bar diagrams represent IL-17—producing CD4 and CD8 T cells; and (D and
E) IFN-y-producing CD4 and CD8 T cells. (F) Spleen parasite burden was measured by
serial dilution after 10 wk postchallenge with LadWT (MHOM/SD/62/1S) parasites. The data
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represent the mean values + SEM of results from three independent experiments. *p < 0.05,
**p < 0.005.
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