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IL-17A-Producing yo T Cells Suppress Early Control of
Parasite Growth by Monocytes in the Liver

Meru Sheel,""1 Lynette Beattie,* Teija C. M. F rame,""Jr Fabian de Labastida Rivera,*
Rebecca J. Faleiro,""iE Patrick T. Bunn,”"§ Marcela Montes de Oca,""qI Chelsea L. Edwards,*’11
Susanna S. Ng,*’" Rajiv Kumar,*’# Fiona H. Amante,* Shannon E. Best,*

Shaun R. McColl,** Antiopi Varelias,* Rachel D. Kuns,* Kelli P. A. MacDonald,*

Mark J. Smyth,* Ashraful Haque,* Geoff R. Hill,* and Christian R. Engwerda*

Intracellular infections, such as those caused by the protozoan parasite Leishmania donovani, a causative agent of visceral
leishmaniasis (VL), require a potent host proinflammatory response for control. IL-17 has emerged as an important proinflam-
matory cytokine required for limiting growth of both extracellular and intracellular pathogens. However, there are conflicting
reports on the exact roles for IL-17 during parasitic infections and limited knowledge about cellular sources and the immune
pathways it modulates. We examined the role of IL-17 in an experimental model of VL caused by infection of CS7BL/6 mice with
L. donovani and identified an early suppressive role for IL-17 in the liver that limited control of parasite growth. IL-17-producing
v8 T cells recruited to the liver in the first week of infection were the critical source of IL-17 in this model, and CCR2*
inflammatory monocytes were an important target for the suppressive effects of IL-17. Improved parasite control was indepen-
dent of NO generation, but associated with maintenance of superoxide dismutase mRNA expression in the absence of IL-17 in the
liver. Thus, we have identified a novel inhibitory function for IL-17 in parasitic infection, and our results demonstrate important
interactions among yd T cells, monocytes, and infected macrophages in the liver that can determine the outcome of parasitic

infection. The Journal of Immunology, 2015, 195: 5707-5717.

(hereafter referred to as IL-17), IL-17B, IL-17C, IL-

17D, IL-17E (also known as IL-25), and IL-17F. This
cytokine family signals via the cell surface IL-17R, made up of
several different combinations of subunits, including IL-17RA, IL-
17RB, IL-17RC, and IL-17RE. IL-17 is produced by a wide range
of cells, including CD4" Th17 cells, yd T cells, NK cells, innate
lymphoid cells, and macrophages (reviewed in Refs. 1, 2). It plays
important roles during chronic inflammation and autoimmune
diseases (3, 4), and as such, IL-17 has become a major target for

T he IL-17 family has six members, including IL-17A
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treating immune-mediated inflammatory diseases. However, the
principal function of this cytokine is to provide protection against
pathogens. In particular, studies in IL-17—-deficient mice and hu-
mans with IL-17RA deficiency identified a critical role in host
defense against extracellular bacteria and the commensal fungi
Candida albicans (5-10). However, the role of IL-17 in parasitic
diseases is less well understood.

Visceral leishmaniasis (VL) caused by the protozoan parasite
Leishmania donovani is an organ specific disease of the liver,
spleen, bone marrow (BM), and lymph nodes of humans and mice
(11-14). In genetically susceptible mice, the liver is generally a
site of acute infection that resolves following the formation of
proinflammatory granulomas, whereas the spleen and BM become
chronically infected with impaired immune responses and dis-
ruption of tissue architecture (15-17). There is also evidence of
similar patterns of organ-specific disease in humans (18). Effective
immunity to VL is characterized by the emergence of a strong,
parasite-specific Th1 response (19-21). However, the role of Th17
cells and/or IL-17 in VL is still not clear. A study on human
PBMCs isolated from people in a Sudanese village experiencing a
VL outbreak over a 6-y period found that high levels of IL-17 and
IL-22 following stimulation with L. donovani Ags most strongly
associated with protection against disease (22). Support for a
protective role for IL-17 comes from a study showing IL-17RA-
deficient C57BL/6 mice infected with L. infantum harbored higher
tissue parasite burdens than wild-type (WT) control mice (23). In
contrast, IL-17 promoted the progression of cutaneous leishman-
iasis in susceptible mice infected with L. major (24), whereas in
IL-10—deficient mice infected with L. major, IL-17 was respon-
sible for increased Thl cell-mediated pathology (25). In humans,
a negative association with parasite-induced IL-17 production by
PBMCs from patients with cutaneous leishmaniasis and muco-
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cutaneous leishmaniasis infected with L. braziliensis has been
reported (26, 27). Thus, these findings indicate subtle and complex
roles for IL-17 in leishmaniasis that depends on the parasite
species and/or sites of disease and immune cell activation.

In this study, we examined the role of IL-17 in mice infected with
L. donovani and discovered an unexpected negative, regulatory
role for this cytokine in the control of parasite growth. IL-17
produced by yd T cells suppressed monocyte-mediated parasite
control in the liver within the first 7 d of infection. However, once
postinfection (p.i.) was established, IL-17 blockade had no impact
on antiparasitic activity. Thus, we have identified an early yd
T cell, IL-17-dependent mechanism of immune suppression in the
liver early during infection.

Materials and Methods

Inbred male and female C57BL/6 and B6.SJL.Ptprca (B6.CD45.1%) mice
were purchased from Animal Resources Centre (Canning Vale, Western
Australia) and maintained under conventional conditions. IL-17A—defi-
cient C57BL/6 mice (B6.IL-17'~ (28), B6.IL-17a““R26RY™P (29),
B6.TCRS /™ (30), and B6.RAG-1""" (31) mice were bred and maintained
in-house at QIMR Berghofer Medical Research Institute (QIMR-B). All
mice were maintained under specific pathogen-free conditions and were
sex and age (6—12 wk) matched.

Chimeric mice were prepared by irradiating C57BL/6 or B6.SJL.Ptprca
mice twice (2 h in between) with 550 cGy (1100 cGy total) and then
engrafting with 25 X 10° fresh BM cells i.v. via the lateral tail vein. Mice
were maintained on antibiotics for 2 wk after engraftment and infected with
L. donovani 8-12 wk after receiving BM, as previously described (32).

Ethics statement

All animal procedures were approved and monitored by the QIMR-B Animal
Ethics Committee, under approval number A02634M, in accordance with the
Australian code of practice for the care and use of animals for scientific
purposes (Australian National Health and Medical Research Council).

Parasites, infection, and assessment of parasite burden

L. donovani (LV9) were passaged and maintained in B6.RAG-1""" mice,
and amastigotes were isolated from the spleens of chronically infected
mice. Mice were infected by injecting 2 X 107 amastigotes i.v. via the
lateral tail vein. Mice were sacrificed by CO, asphyxiation, at times in-
dicated through text, and bled via cardiac puncture. Spleens and perfused
livers were removed at the times indicated, and parasite burdens were
determined from Diff-Quick—stained impression smears (Lab Aids,
Narrabeen, Australia) and expressed as Leishman—Donovan units (number
of amastigotes/1000 host nuclei multiplied by the organ weight in grams)
(33). Liver tissue also was preserved in Tissue-Tek O.C.T. compound
(Sakura, Torrance, CA). Hepatic, splenic, and BM mononuclear cells
(MNC) were isolated as previously described (34).

In vitro infection

Mice were euthanized by CO, asphyxiation, following which peritoneal la-
vage was conducted using 5 ml room-temperature Dulbecco’s PBS (1X).
Peritoneal cells were collected and washed with complete (10% [v/v] FCS
containing 10 mmol L-glutamine, 100 U/ml penicillin, and 100 mg/ml
streptomycin) DMEM, and 5 X 10° cells were seeded in 16-well glass
chamber slides (Lab-Tek, Rochester, NY). Cells were incubated at 37°C for
24 h. After 24 h, nonadherent cells were washed and removed with complete
DMEM, and LV9 amastigotes were added at a multiplicity of infection
(MOI) of 10:1 (in 200 p.l complete DMEM). After 1 h at 37°C, free amas-
tigotes were removed, and cells were cultured for another 24 h p.i. On the
following day, cells were washed with 1X Dulbecco’s PBS, fixed, and
stained. Percentage infectivity was calculated as number of parasites per 100
host macrophages. In some experiments, infected cells were cultured for 24 h
with 5 ng/ml recombinant mouse IFN-y (eBioscience, San Diego, CA) and
increasing doses of recombinant mouse IL-17 (2-100 ng/ml) (eBioscience).
Cell-culture supernatants were collected to measure nitrate levels using the
Griess assay (35), as well as cytokines using a CBA kit (BD Biosciences,
Franklin Lakes, NJ), according to the manufacturer’s instructions.

In vivo mAb and drug treatments

Control rat IgG was purchased from Sigma-Aldrich (St. Louis, MO). Anti-
CD4 (YTS191.1) mAb was grown in-house in 5% (v/v) FCS and RPMI
1640 containing 10 mmol L-glutamine, 100 U/ml penicillin, and 100 mg/ml
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streptomycin and purified using previously published protocols (36). Anti-
NK1.1 (PK136) mAb and control mouse IgG were purchased from Bio-
XCell (West Lebanon, NH). Anti-IL-17A (M210) mAb was provided by
Amgen (Seattle, WA). To deplete CD4* T cells, 0.5 mg anti-CD4 mAb was
administered i.p. to mice on days —1, 2, and 5 p.i. Mice were administered
0.5 mg anti-NK1.1 mAb i.p. on days —2, 0, and 3 p.i. Depletion of T cells
and NK cells was confirmed using FACS staining at the termination of
experiments, with >98 and 95% depletion of CD4" T cells and NK cells,
respectively, in the liver and spleen on day 7 p.i. IL-17 was neutralized
using 100 pg anti-IL-17A mAb i.p. on days 0, 2, 4, and 6 p.i, unless
otherwise specified. IL-17E (IL-25) was blocked using 0.5 mg anti—IL-25
mAb i.p. on days 0 and 3 p.i. The pentavalent antimonial, sodium stibo-
gluconate [SbV; Burroughs Wellcome], was dissolved in 0.9% saline and
administered i.p. NO synthase (NOS) inhibition was performed by
injecting amino guanidine (Sigma-Aldrich) at 50 mg/kg body weight in 0.2
ml 0.9% saline by i.p. injection twice daily. In all studies, control mice
received the same volume of 0.9% saline delivered via the same route.

Flow cytometry and Abs

Liver and spleen MNC were prepared as described previously (33). Flu-
orescently conjugated mAbs against CD4 (GK1.5), CD8 (53-6.7), CD3e
(17A2), CD493 (DXS), NK1.1 (PK136), TCRB (H57-597), TCRv/3
(GL3), CD11b (M1/70), Ly6C (HK1.4), Ly6G (1A8), GR-1 (RB6-8C5),
F4/80 (C1:A3-1), B220 (RA3-6B2), CD11c (N418), CCR6 (29-2L17), IL-
17A (TC11-18H10.1), and IFN-y (XMG1.2) were purchased from Bio-
Legend (San Diego, CA). PE-conjugated IL-17RA/CD217 (PAJ-17R) was
purchased from eBioscience. Cell-surface and intracellular staining
was performed as published previously (34). Ex vivo cytokine production
was measured after stimulating liver and spleen MNC with PMA (25 ng/ml)
and ionomycin (500 ng/ml) in the presence of brefeldin A for 3 h at 37°C,
followed by intracellular staining as previously described (36). Leukocyte
populations were described as following CD4" T cells (CD4"TCRB*), CD8*
T cells (CD8'TCRB*), NK cells (NK1.I'TCRB™), monocytes (CD11b*
Ly6C" Ly6G "), neutrophils (CD11b*Ly6C*Ly6G"), and 8 T cells (TCRy/
3"CD3e™). FACS was performed using a BD LSR Fortessa (BD Biosci-
ences), and data were analyzed using FlowJo software (Tree Star).

Real-time quantitative PCR

Hepatic MNC were isolated at times indicated and collected directly into
RLT buffer containing 2-ME (Qiagen, Venlo, The Netherlands) and stored at
—80°C until mRNA isolation. Total RNA was isolated using RNeasy mini
kit (Qiagen), according to the manufacturer’s protocol. cDNA synthesis was
performed in 100 pl reactions on 2.0 ug RNA using High-Capacity cDNA
Reverse Transcription kit (Applied Biosystems, Foster City, CA). Relative
quantities of mRNA encoding genes of interest were determined by real-time
PCR on a CFX384 Touch Real-Time PCR Detection System (Bio-Rad,
Hercules, CA) using universal SYBR Green Supermix (Bio-Rad) and by
the comparative threshold cycle method, according to the manufacturer’s
instructions. mRNA levels for NOS2 and superoxide dismutase 3 (SOD3)
were normalized to the geometric mean of hypoxanthine phosphoribosyl
transferase, B-actin, and Polr2a housekeeping mRNA and displayed as
274 os2 primers were from Qiagen (Mm-Nos2_1_SG), whereas all
other primers were from Sigma-Aldrich: sod3, forward, 5'-ATGGCT-
GAGGTTCTCTGCAC-3' and reverse, 5'-ACTCAGAGGCTCTTCCTCCG-
3'; hprt, forward, 5' GGACTGATTATGGACAGGA-3' and reverse, 5'-
GAGGGCCACAATGTGATG-3'; B-actin, forward, 5'-GACGGCCAAGT-
CATCACTATTG-3' and reverse, 5'-CCACAGGATTCCATACCCAAGA-3';
and polr2a, forward, 5'-AGCTGGTCCTTCGAATCCGC-3' and reverse, 5'-
CTGATCTGCTCGATACCCTGC-3'.

Statistical analysis

Statistical differences between groups was determined using the Mann—
Whitney U test or a Kruskal-Wallis nonparameteric test for comparison
of multiple groups as appropriate, using GraphPad Prism version 6 for
Windows (GraphPad Software, San Diego, CA). The p values <0.05 were
considered statistically significant. All data are presented as the mean
values = SE unless otherwise stated.

Results
1L-17 inhibits early control of parasite growth in the liver

To examine whether IL-17 influenced disease outcome following
L. donovani infection, B6.IL-17 '~ mice were infected and parasite
burden was compared with WT C57BL/6 mice. In the liver, both
mouse strains resolved infection around the same time, but B6.IL-
17~ mice had lower parasite burdens at day 14 p.i., relative to
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FIGURE 1. IL-17 enhances parasite growth during L. donovani infection. (A) C57BL/6 (black circles) and B6.1I-17 '~ (gray squares) mice were infected
with 2 X 107 L. donovani and liver and spleen parasite burden measured on days 14, 28, and 56 p.i. (B) L. donovani—infected C57BL/6 mice administered
100 g anti—IL-17 mAb or control IgG on the day of infection and 2, 4, and 6 d later, prior to liver parasite burden being measured on day 7 p.i., and
compared with B6.1I-17~'~ mice, as indicated. (C) Hepatic leukocyte number was compared between C57BL/6 (black circles) and B6.1I-17~'~ (gray
squares) mice. (D) Liver parasite burden at 24 h p.i. in C57BL/6 and B6.1[-17~'~ mice. Peritoneal macrophages isolated from C57BL/6 and B6.1I-17~'~
mice were cultured overnight followed by in vitro infection with L. donovani (MOI 10:1). (E) Bar graph represents percent infectivity of host cells,
measured as parasites per 100 host cells. (F) Liver parasite burdens were also compared at days 1 and 3 p.i. in C57BL/6 and B6.1I-17'~ mice. (G-K)
Peritoneal macrophages isolated from C57BL/6 mice were cultured overnight followed by in vitro infection with L. donovani (MOI 10:1) and then cultured
overnight again with indicated concentrations of IL-17. The arrow indicates the addition of IFN-y. The percentage of infected (Figure legend continues)
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controls (Fig. 1A). The increased control of parasite growth could
be observed as early as 7 d p.i. (Fig. 1B), but not before day 3 p.i.
(data not shown). Early hepatic control of parasite growth in the
absence of IL-17 was also associated with reduced parasite loads
in the spleen over the course of infection (Fig. 1A). Given the
early and pronounced control of parasite growth in the liver, and
relatively small changes in the spleen at early time points, we
focused our attention on the liver.

We next blocked IL-17 activity in C57BL/6 mice for the first 7 d
of L. donovani infection. Mice that received anti—IL-17 mAb had
enhanced control of parasite growth, supporting results obtained
from B6.IL-17"'~ mice (Fig. 1B). We found no difference
in hepatic leukocyte numbers between B6.IL-17 "/~ mice and
C57BL/6 control mice prior to infection or 7 d later (Fig. 1C).
Furthermore, no change in the frequency of any lymphocyte or
myeloid cell subset examined was observed (data not shown). To
determine whether IL-17 influenced the ability of parasites to
establish infection, we measured liver parasite burden 24 h p.i.
(Fig. 1D), as well as the ability of parasites to infect peritoneal
macrophages from B6.IL-17 '~ mice (Fig. 1E). Kupffer cells in
the liver are the main targets for early L. donovani infection and
have previously been shown to have innate mechanisms of para-
site control that operate in the first 24 h (37). To examine whether
these innate mechanisms of parasite control were impacted by IL-
17 deficiency, we also compared hepatic parasite burdens between
C57BL/6 controls and B6.IL-17 "'~ mice on days 1 and 3 p.i. and
found that in both lines, parasite burden increased to a similar
extent (Fig. 1F). Together, these experiments showed that IL-17
deficiency had no effect on parasite number in the first 3 d, in-
dicating this cytokine was not promoting the establishment of
infection or changes to innate antiparasitic mechanisms in host
macrophages.

We next investigated whether IL-17 was acting directly on
macrophages to inhibit classical macrophage activation pathways.
Peritoneal macrophages were infected with L. donovani, activated
by addition of IFN-vy and then IL-17 was titrated into cell cultures.
We found that addition of IL-17 at any concentration tested had no
effect on the frequency of infected macrophages (Fig. 1G), the
number of parasites in culture (Fig. 1H), or the generation of ni-
trate (Fig. 1I), MCP-1 (Fig. 1J), and TNF (Fig. 1K). These data
indicate that IL-17 was not acting by suppressing classical mac-
rophage activation pathways.

To test whether IL-17 influenced established infection, and thus
might be targeted for therapeutic advantage, C57BL/6 mice were
infected with L. donovani and then treated with an IL-17-neu-
tralizing mAb 14 d later for 7 d. Additionally, we also treated
cohorts of mice with a suboptimal dose of antiparasitic drug
(pentavalent antimony [SbV]), with or without IL-17 blockade
(Fig. 2). Although a high dose of antiparasitic drug reduced par-
asite burden in the liver, IL-17 blockade, either alone or in com-
bination with a suboptimal drug dose, had no impact on parasite
growth in either the liver (Fig. 2A) or spleen (Fig. 2B). Together,
these data indicate that IL-17 promotes hepatic parasite growth
early in infection, but not once infection has been established.

vd T cells are the main producers of IL-17 in the liver early
during L. donovani infection

As a first step to identify the cellular source of the IL-17 that
suppressed antiparasitic immunity, we first generated a series of
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FIGURE 2. Blockade of IL-17 during established L. donovani infection
has no therapeutic benefit. C57BL/6 mice were infected with L. donovani
on day 0 and treated with 100 pg control IgG or anti—IL-17 Ab on days 14,
16, 18, and 20 p.i. Groups of mice received Ab alone or in combination
with 50 mg/kg Sb” on day 14 p.i. Liver (A) and spleen (B) parasite burden
was measured on day 21 p.i. One representative experiment of two per-
formed is shown (n = 4 to 5 mice/group in each experiment). Data rep-
resented are mean *+ SEM. Statistical differences of *p = 0.05 and **p =
0.01 are indicated between control-treated mice and those receiving a high
(500 mg/kg) dose of Sb¥ on day 14 p.i. LDU, Leishman—Donovan units.

BM chimeric mice (Fig. 3A). Mice that received BM from B6.IL-
17’ donors responded to infection in a similar manner to the IL-
17—deficient mice 7 d after L. donovani infection, regardless of
whether they were B6.IL-17 '~ or C57BL/6 control recipients,
indicating the cellular source of hepatic IL-17 early in infection
was hematopoietic in origin. Given the critical role of CD4"
T cells in controlling L. donovani growth in the liver (33, 38), we
next investigated whether altered CD4" T cell activation could
account for the increased control of parasite growth observed in
B6.IL-17'~ mice. There was no change in the number of CD4*
T cells producing the essential proinflammatory and antiparasitic
cytokine IFN-y (19, 20) in B6.IL-17 '~ mice compared with WT
controls (Fig. 3B). Furthermore, depletion of CD4" T cells in
C57BL/6 and B6.IL-17'~ mice had no impact on hepatic parasite
burdens (Fig. 3C). Similarly, depletion of NK cells failed to alter
the outcome of infection in B6.IL-17"' mice (Fig. 3D).

These data suggested that CD4* T cells were not the critical
cellular source of IL-17 in L. donovani—infected mice, so we in-
fected B6.11-17a"*R26RY" fate reporter mice (29) to determine
which cell populations had expressed IL-17. The expected in-

cells (G), number of parasite per 100 host cells (H), as well as levels of nitrate (1), MCP-1 (J), and TNF (K) were then measured. One representative experiment
of at least two performed is shown (n = 4 to 5 mice/group in each experiment). Data represented are mean = SEM. Statistical differences of *p = 0.05,

**p = 0.01, ***p = 0.001 are indicated. LDU, Leishman—Donovan units.
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FIGURE 3. 1IL-17 derived from hematopoietic cells promotes the growth of L. donovani. (A) BM chimeric mice were infected with L. donovani and
parasite burden in the liver was measured on day 7 p.i. (B) The number of IFN-y—producing CD4* T cells in the livers of infected C57BL/6 and B6.11-17 '~
mice was measured on day 7 p.i. (C) A representative gating strategy is shown. C57BL/6 and B6./l-17 '~ mice were infected with L. donovani and
administered 0.5 mg control IgG or anti-CD4 mAb on day —1, day 2, and day 5 p.i., prior to measuring liver parasite burden on day 7 p.i. (D) C57BL/6 and
B6.1I-17~'" mice were infected with L. donovani and administered 0.5 mg control IgG or anti-NK1.1 mAb on days —2, 0, 3, and 6 p.i., prior to measuring
liver parasite burden on day 7 p.i. One representative experiment of at least two performed is shown (n = 4 to 5 mice/group in each experiment). Data
represented are mean = SEM. Statistical differences of *p = 0.05 and **p = 0.01 are indicated. LDU, Leishman—-Donovan units.

crease in hepatic MNC numbers following 7 d of L. donovani in-
fection (Fig. 4A), included increased numbers of CD4" T cells
(Fig. 4B) and v8 T cells (Fig. 4C), which comprised the majority
of YFP-positive cells (Fig. 4D). Similar frequencies of YFP-positive

cells were found in the livers of naive and infected mice, with yd
T cells accounting for ~70% of YFP-positive cells, CD4* T cells
accounting for ~15%, and the remaining positive cells including
NK cells, CD8" T cells, and other MNC populations. Importantly,
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FIGURE 4. 3 T cells are the major producers of IL-17 in the liver during L. donovani infection. The number of leukocytes (A), CD4™ T cells (B), and
¥3* T cells (C) was measured in the liver of naive and L. donovani—infected B6.11-17a“"*R26R***" mice on day 7 p.i. The frequency of IL-17eYFP* v
T cells, CD4* T cells, NK1.1* T cells, CD8" T cells, and other MNC, as indicated, was measured at day 7 p.i. (D) A representative gating strategy is shown.
The number of IL-17eYFP* CD4™" T cells (E) and IL-17¢YFP* v3 T cells (F) in livers of naive and infected mice at day 7 p.i. is also shown. (G) Expression
of CCR6 on IL-17eYFP* y3 T cells from naive (black line) and infected (dashed line) mice was measured by FACS and compared with isotype control Ab
staining (solid curve) on day 7 p.i. Hepatic MNC from naive C57BL/6 and L. donovani—infected C57BL/6 mice (day 7 p.i.) were stimulated with PMA and
ionomycin in the presence of brefeldin A, as described in the Materials and Methods. (H) A representative gating strategy is shown. The number of CD4*
T cells and yd T cells producing IL-17 and IFN-vy (I) was measured. One representative experiment of at least two performed is shown (n = 3-5 mice/group
in each experiment). Data represented are mean *= SEM. Statistical differences of *p = 0.05 and **p = 0.01 are indicated. FSC, forward light scatter.
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although no increase in YFP-positive CD4" T cells was observed
following infection (Fig. 4E), there was a significant increase in
YFP-positive vd T cell numbers (Fig. 4F). These cells expressed the
chemokine receptor CCR6 (Fig. 4G), consistent with previous de-
scriptions of IL-17—producing vy T cells (39). The B6.1I-17a°™
R26RY " fate reporter mice may not always accurately detect IL-
17-producing v T cells and CD4" T cells (29). Therefore, to es-
tablish that IL-17 protein was produced by y& T cells in the liver of
L. donovani—infected mice, we stimulated hepatic MNC ex vivo
with a short burst of mitogen and measured intracellular IL-17 and
IFN-y. Again, we found the majority of IL-17 was produced by yd
T cells and that this increased following infection (Fig. 4H). In
contrast, the majority of IFN-y produced following infection came
from the CD4" T cell compartment (Fig. 4I). Although similar
patterns of IFN-y production were observed in the spleen, no
infection-mediated increase in IL-17-producing cells was found in
this tissue at the time point examined (Fig. 5). Together, these results
indicate that y8 T cells are the major source of IL-17 in the first
week of L. donovani infection in the liver.

IL-17 produced by v8 T cells suppresses early antiparasitic
immunity

To assess the role of y& T cells early during experimental VL,
C57BL/6 mice and B6. TCRS "~ mice (lacking yd T cells) were
infected with L. donovani. Mice lacking ¥8 T cells had reduced
parasite burdens in the livers 7 d later, compared with WT mice
(Fig. 6A), suggesting a suppressive role for y8 T cells in
L. donovani infection. However, the reduction in parasite burden
in B6.TCRS ™~ mice was not as great as that observed in B6.IL-17 7/~
mice, suggesting there other important cellular sources of IL-17
in the liver during L. donovani infection. Treatment of C57BL/6
mice with anti—IL-17 mAb resulted in reduced parasite burdens in
the livers (Fig. 6A), as expected. However, when TCRS '~ mice
were treated with this Ab, no effect on parasite burden was ob-
served, compared with TCR8 ™/~ mice that received a control Ab

A

5x107 *

2 7
2 4x10 —
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(Fig. 6A). Finally, to establish whether IL-17 from y8 T cells was
the cause of suppressed antiparasitic immunity and also examine
the role of CCR6 in this process, we generated a series of mixed
BM chimeras using WT, B6.TCRS /™, B6.CCR6 ', and B6.IL-
177/~ BM for engraftment. Surprisingly, mice reconstituted with
80% v56~'~ BM plus 20% CCR6’~ BM had similar parasite
burdens to mice reconstituted with 80% y6 '~ BM plus 20% WT
BM (Fig. 6B), indicating a limited or redundant role for CCR6 in
v3 T cell recruitment to the liver following L. donovani infection.
However, mice reconstituted with 80% y8 '~ BM plus 20% WT
BM had higher parasite burdens compared with mice reconstituted
with 80% 6~ BM plus 20% IL-17 '~ BM (Fig. 6B). There-
fore, because IL-17—deficient yd T cells were only present in the
latter group of chimeric mice, these results support a suppressive
role for IL-17 derived from yd T cells in the liver early during
L. donovani infection.

The antiparasitic activity of monocytes is targeted by IL-17 in
the liver early during L. donovani infection

Having identified y8 T cells as an important source of IL-17
following infection, we wished to determine which cells IL-17
was acting on to mediate its suppressive effect. To this end, we
investigated the expression of IL-17RA. These data showed that
CDI11b", Ly()Chi monocytes recruited to the liver in response to
L. donovani infection had the highest expression of the IL-17RA,
compared with other myeloid cells and nonmyeloid cells
(Fig. 6C), indicating they were a potentially major targets for this
cytokine. Moreover, mice lacking CCR2, which have limited re-
cruitment of monocytes to infected and inflamed tissue (40, 41),
failed to improve control of parasite growth following IL-17
blockade (Fig. 3E), but showed no defect in yd T cell recruit-
ment to the liver (136,000 =+ 9,700 versus 147,500 = 21,800 cells
at day 7 p.i., for C57BL/6 and B6.CCR2 ™/~ mice, respectively).
We conformed that CCR2-deficient mice had a selective defect in
monocyte recruitment, because at day 7 p.i., they had no change in
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FIGURE 5. Sources of IL-17 in the spleen
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FIGURE 6. +3 T cells are a critical source of IL-17
during L. donovani infection. (A) C57BL/6, B6.1I-1 77 -,
and B6.Tcrd ™~ mice were infected with L. donovani
and treated with either 100 pg control IgG or anti—IL-17

SSC

IL-17 IN EXPERIMENTAL VL

mADb on days 0, 2, 4, and 6, as indicated, prior to
measuring hepatic parasite burden on day 7 p.i. Mixed

BM chimeras were generated by engrafting indicated
BM combinations into irradiated C57BL/6 mice. (B)
Mice were rested for 10—-12 wk prior to infection with
L. donovani and measuring parasite burden on day 7 p.i.
(€) The geometric mean of expression of IL-17RA was
measured on hepatic inflammatory monocytes (CD11b*,
Ly6C™; black line), all other myeloid cells (CD11b",
Ly6C™; dashed line), and nonmyeloid cells (CD11b™;
dashed line) at the same time and compared with
staining of hepatic MNC with an isotype control mAb
(filled curve). C57BL/6 and B6.Ccr2™'™ mice were in-
fected with L. donovani and administered 100 g con-
trol IgG or anti-IL-17 Ab on days 0, 2, 4, and day 6 p.i.,
before measuring liver parasite burden (D), as well as D
numbers of hepatic MNC (E), inflammatory monocytes
(F), and neutrophils (G). One representative experiment
of at least two performed is shown, except for (A),
performed only once (n = 5 mice/group in each exper-
iment). Data represented are mean = SEM. Statistical
differences of *p = 0.05 and **p = 0.01 are indicated.
FSC, forward light scatter; LDU, Leishman—Donovan
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total hepatic MNC (Fig. 6E) or neutrophil (Fig. 6F) number, but few
inflammatory (CD11b*, Ly6C™) monocytes (Fig. 6G) in the liver.
Thus, the antiparasitic activity of CCR2* monocytes appears to be a
major target for IL-17 in the liver following L. donovani infection.

Increased control of parasite growth in the absence of IL-17 is
independent of NO

The generation of reactive nitrogen intermediates is thought to be
an important mechanism of parasite control in mice infected with

@

3x10%

#CD11b* Ly6C™ Ly6G*
neutrophils

L. donovani (42). To test whether reactive nitrogen intermediate
generation and/or activity was suppressed by IL-17 in the liver
after day 3 of infection, we blocked NOS in L. donovani—infected
B6.IL-17"" and C57BL/6 mice over the first week of infection.
We found that NOS blockade had no effect on the increased
control of parasite growth in IL-17—-deficient mice (Fig. 7A). This
results was not surprising because when NOS2 mRNA accumu-
lation in hepatic MNC was measured, we found increased accu-
mulation in infected C57BL/6 mice, but no infection-induced
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change in IL-17—-deficient mice (Fig. 7B). Interestingly, we found
that hepatic MNC SOD3 mRNA levels remained elevated in
B6.IL-17 ' mice following L. donovani infection, and were signif-
icantly higher than in C57BL/6 control mice (Fig. 7C). These data
suggest that differences in reactive oxygen generation may offer
some explanation for the early, increased resistance to infection of
IL-17—deficient mice. Studies are ongoing to investigate this further.

Discussion

There is now considerable evidence to support a role for IL-17 as a
proinflammatory cytokine that plays a significant role in infectious
diseases and autoimmunity (43, 44). In this study, we have dem-
onstrated that, contrary to observations made in other infectious
disease models, IL-17 is detrimental in the early control of
L. donovani infection in the liver. y3 T cells are the critical source
of IL-17 in this system, and CCR2" inflammatory monocytes are
required for IL-17 to have its suppressive effect. These data are the
first example, to our knowledge, of an inhibitory function for IL-
17 in parasitic infection and point to an important interaction
among yd T cells, monocytes, and infected macrophages in the
early control of VL.

The proinflammatory and host protective functions of IL-17 in
other infectious disease models are well established. This includes,
but is not limited to, models of Mycobacterium tuberculosis (45),
Salmonella (46), and Listeria monocytogenes infection in which
IL-17 deficiency is associated with an enhanced inflammatory
response (47) and substantial neutrophil-mediated tissue pathol-
ogy (48). Contrary to the data we have presented in this study, IL-
17 was proinflammatory in nature in these infections, and a de-
ficiency in IL-17 resulted in higher pathogen burdens, stemming
from uncontrolled pathogen growth. v T cells were the pre-
dominant source of IL-17 in these models, so the differences ob-
served in this study were not caused by a different cellular source of
IL-17. More likely, the difference may lie in the role of monocytes
in L. donovani infection, with IL-17 acting on CCR2* inflammatory
monocytes to enhance parasite growth. Monocytes also express the
highest level of the IL-17 receptor IL-17RA in L. donovani—infected
livers, making them the obvious target for this cytokine.

Monocytes have an established role in the formation of
L. donovani hepatic granulomas. Mice treated with an anti—type 3
complement receptor or anti-GM-CSF Abs to block monocyte in-
filtration into the infected liver throughout the course of infection
had significantly higher parasite burdens at 4 wk p.i., suggesting that
monocytes are important for parasite control (49, 50). Although this
may appear counterintuitive to our findings, these studies did not
measure the effect of monocyte deficiency on the early control of
L. donovani. We have demonstrated that the antiparasitic function of
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monocytes in early infection is suppressed by IL-17. For this reason,
depletion studies that aim to dissect the role of monocytes early in
infection will be confounded by the IL-17-mediated suppression of
monocyte function, making the contribution of monocytes difficult
to assess in this model. In support of this hypothesis, CCR2 /" mice
that lack the recruitment of inflammatory monocytes to the liver
show no difference in parasite burden 7 d p.i. in our hands. It is not
clear how IL-17 is controlling this early antiparasitic function of
monocytes, and the molecular mechanisms mediating this are the
subject of further investigations.

Regardless of the mechanism of action of the monocytes in this
model, there are two possible scenarios to explain the lower par-
asite burdens observed in the absence of IL-17. The first is that IL-
17 inhibits early macrophage killing of parasites. The second more
intriguing possibility is that there is negligible killing in the early
phase of infection and that IL-17 enhances the growth rate of
parasites within hepatic macrophages, resulting in higher parasite
burdens in the IL-17-sufficient mice. Recent investigations in
lesions of L. mexicana—infected mice suggest that parasite growth
rates within lesions are much slower than previously thought and
that negligible parasite death occurs (51). It is therefore con-
ceivable that IL-17 might support growth rather than inhibit par-
asite killing. This is a second area for further investigation.

One particularly interesting observation of the current study is
the potential interplay among monocytes, yd T cells, and parasite-
infected macrophages that has the potential to control early par-
asite burden in the liver. Bidirectional crosstalk between yd T cells
and monocytes has been observed in human cells in vitro in re-
sponse to pathogen ligands and metabolites such as LPS and
(E)-4-hydroxy-3-methyl-but-2-enyl pyrophosphate (52, 53). This
cross-talk increased the activation of yd T cells and resulted in
differentiation of monocytes into more dendritic-like cells (53).
Whether such interactions occur in this system has not yet been
elucidated. Similarly, factors such as dectins, TLRs, IL-1, and IL-
23 (1) that stimulate the activation of yd T cells and the down-
stream effector functions of yd T cells once they are activated,
including cytokine and chemokine production, interactions with
B cells, a3 T cells, and cytotoxicity (54), are all areas of interest
and warrant further investigation in the context of L. donovani
infection given the results presented in this study.

The cellular source of IL-17 in VL has not been investigated
previously; however, increased levels of IL-17A in the sera of VL
patients were observed, with a decrease after chemotherapeutic
treatment. In parallel studies, /L-1 7ra~'" mice, which are deficient
in IL-17 signaling, demonstrated an increase in susceptibility to
chronic infection with L. infantum (23). In this study, we have
focused on the early phase of infection with L. donovani and
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FIGURE 7. Increased control of parasite growth in the absence of IL-17 is independent of NO. (A) C57BL/6 and B6.1l-17'~ mice were treated with
amino guanidine (AG), as indicated, to block NOS before and during infection with L. donovani, and liver parasite burden was measured on day 7 p.i.
Hepatic MNC were isolated from C57BL/6 and B6.1I-17 '~ mice before infection (1 = 4/group) and 7 d p.i. with L. donovani (n = 5/group), and NOS2 (B)
and SOD3 (C) mRNA accumulation was measured. One representative experiment of at least two performed is shown (n = 4 to 5 mice/group in each
experiment). Data represented are mean * SEM. Statistical differences of *p = 0.05 and ***p = 0.001 are indicated. LDU, Leishman—Donovan units.
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demonstrated that IL-17 limits the effectiveness of monocytes in
controlling parasite growth and/or killing. Together, these findings
point to complex roles for IL-17 in VL that are temporally, spa-
tially, and contextually dependent.
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