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SUMMARY
The longpentraxin 3 (PTX3) plays acritical role in inflammation, tissue repair, andwoundhealing.Here,weshow
that PTX3 regulates disease pathogenesis in cutaneous leishmaniasis (CL). PTX3 expression increases in skin
lesions in patients and mice during CL, with higher expression correlating with severe disease. PTX3-deficient
(PTX3�/�) mice are highly resistant to L. major and L. braziliensis infections. This enhanced resistance is asso-
ciatedwith increases in Th17 and IL-17A responses. The neutralization of IL-17A abolishes this enhanced resis-
tance, while rPTX3 treatment results in decrease in Th17 and IL-17A responses and increases susceptibility.
PTX3�/� CD4+ T cells display increased differentiation to Th17 and expression of Th17-specific transcription
factors. The addition of rPTX3 suppresses the expression of Th17 transcription factors, Th17 differentiation,
and IL-17A production byCD4+ T cells fromPTX3�/�mice. Collectively, our results show that PTX3 contributes
to the pathogenesis of CL by negatively regulating Th17 and IL-17A responses.
INTRODUCTION

Cutaneous leishmaniasis (CL) is caused by several species of

protozoan parasites that belong to the genus Leishmania. The

disease is endemic to the Middle East, Asia, Latin and Central

America, and north Africa (Alvar et al., 2012). Resistance to CL

is usually associated with the development of strong IFN-g-

producing CD4+Th1 cells, which activate macrophages to

produce nitric oxide (NO), an effector molecule for killing intra-

cellular parasites (Locksley et al., 1991, 1993; Reiner and

Locksley, 1995; Scott, 1996). In contrast, susceptibility has

been associated with interleukin-4 (IL-4) and IL-10 production

by T helper 2 (Th2) cells, which are cytokines that deactivate

macrophages and inhibit their ability to kill intracellular para-

sites (Launois et al., 1997; Reiner and Locksley, 1995). Be-

sides Th1 and Th2 cells, IL-17A-secreting Th17 cells have

also been shown to mediate either host protection (Banerjee

et al., 2018; Nascimento et al., 2015; Pitta et al., 2009; Sheel

et al., 2015) or susceptibility (Lopez Kostka et al., 2009; Pe-

draza-Zamora et al., 2017; Terrazas et al., 2016) to leishman-

iasis. However, the series of events that leads to the induction

of Th17 responses in CL is unknown. Our group recently

showed that Th17 activation and IL-17A production during

allergic asthma was regulated in part by the long pentraxin 3
Cell R
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(PTX3) (Balhara et al., 2017), a soluble pattern recognition

molecule that forms an integral part of the host innate immu-

nity (Garlanda et al., 2002; Ma et al., 2009). Whether PTX3 also

plays a central role in regulating Th17 responses during CL is

unknown.

PTX3 is expressed by both immune and non-immune cells,

such as myeloid dendritic cells (Doni et al., 2003; Introna et al.,

1996), neutrophils (Jaillon et al., 2007), macrophages (Deban

et al., 2011), mononuclear phagocytes, endothelial cells (Bre-

viario et al., 1992), smooth muscle cells (Zhang et al., 2015),

epithelial cells (dos Santos et al., 2004; Han et al., 2005), fibro-

blasts (Goodman et al., 2000), and adipocytes (Abderrahim-Fer-

koune et al., 2003). PTX3 is involved in pathogen recognition (Di-

niz et al., 2004; Garlanda et al., 2002; Jeannin et al., 2005) and

plays an important protective role in bacterial (Moalli et al.,

2011; Soares et al., 2006), fungal (Garlanda et al., 2002; Moalli

et al., 2010), and viral (Bozza et al., 2006; Reading et al., 2008)

infections by modulating the host inflammatory response. Inter-

estingly, PTX3 is capable of promoting (Souza et al., 2009) as

well as suppressing (Dias et al., 2001; Salio et al., 2008) tissue

damage due to excessive inflammation, and PTX3 also partici-

pates in wound healing and tissue repair (Doni et al., 2016). How-

ever, the role of PTX3 in the pathogenesis of protozoan infections

is currently unknown.
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Figure 1. PTX3 Expression Is Increased in CL Lesions and Mediates Susceptibility to L. major Infection

(A) Wild-type (WT) C57BL/6 mice (n = 6) were infected in the ear with 23 106 stationary-phase L. major promastigotes, and after 7 days, the expression of PTX3

mRNA at the infection site was assessed by RT-PCR using PBS-treated contralateral ears as controls.

(B) Representative confocal micrographs of ear sections after PBS or L. major injection. Ten-micron (10-mmm) sections of infected or control ears were stained for

PTX3 (red) and CD68 (white) and visualized by confocal microscopy. Scale bar, 20 mm.

(legend continued on next page)
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Given the well-characterized roles of PTX3 in inflammation

and tissue repair, which are critical physiological events associ-

ated with the resolution of skin lesions during CL, we investi-

gated whether PTX3 played a protective or pathogenic role dur-

ing natural and experimental CL. We show that PTX3 negatively

regulates immunity to CL by suppressing Th17 differentiation

and IL-17A production by CD4+ T cells, thereby negatively

affecting IL-17A augmentation of IFN-g-mediated macrophage

activation, NO production, and parasite destruction.
RESULTS

PTX3 Negatively Regulates the Pathogenesis of
Cutaneous Leishmaniasis
PTX3 has been shown to regulate immunity against a wide range

of pathogens (Garlanda et al., 2002; Moalli et al., 2010; Soares

et al., 2006) and to participate in wound healing and tissue repair

(Doni et al., 2016) by modulating the host inflammatory re-

sponses. However, its role in the pathogenesis of protozoan in-

fections is unknown. To determine whether PTX3 contributes to

disease pathogenesis in CL (a disease characterized by cuta-

neous inflammation), we determined changes in the levels of

PTX3 gene expression during active infections in mice. RT-

PCR analysis showed that the level of PTX3 mRNA was signifi-

cantly increased at the cutaneous site following infection (Fig-

ure 1A). Likewise, the expression of PTX3 protein (Figures 1B

and 1C) was higher at the site of L. major infection compared

to uninfected sites, and the expression was mostly restricted

to CD68+ (monocytic) cells (Figure 1B). We confirmed PTX3

mRNA expression in macrophages and dendritic cells (DCs)

following L. major infection in vitro (Figure S1).

The increased expression of PTX3 at infected cutaneous sites

suggests that it could mediate either host susceptibility or resis-

tance to infection. To determine this, we compared the outcome

of L. major infection in wild-type (WT) and PTX3-deficient

(PTX3�/�) mice. At different times after infection, PTX3�/� mice

had significantly (p < 0.01–0.0001) smaller lesion sizes compared

to their WT counterparts (Figure 1I). The smaller lesion size corre-

sponded with significantly (p < 0.01–0.0001) lower parasite

burden in PTX3�/� mice at 3, 5, and 10 weeks post-infection

compared to their WT counterpart mice (Figure 1J). Interestingly,

therewasnogenedoseeffect, as infectedheterozygote (PTX3+/�)
mice showed a phenotype similar to infected WT mice (Figures

S2A and S2B). PTX3�/�mice also displayed enhanced resistance
(C) Manders’ overlap coefficient (MOC) quantifying the degree of co-localization o

post-infection, and the frequency of CD11b+ cells in the infected ears were anal

(D–H) Gating strategy (D), contour plots (E and G), and bar graphs (F and H) rep

infected ears.

(I) WT and PTX3�/� mice were infected in the footpad with 2 3 106 stationary-ph

calipers.

(J) At the indicated times, some infected mice (n = 5 mice per each time point) wer

dilution.

(K and L) At sacrifice, the frequency of IFN-g+ (K) and IL-17A+ (L)-producing CD4+

ex vivo by flow cytometry.

(M and N) The spleen cells were also restimulated in vitro with SLA (50 mg/mL) fo

fluids were determined by ELISA.

Results are representative of 2 (A–H) and 3 (I–N) independent experiments with

significant. Data are expressed as means ± standard errors. NP, no parasites de
to low-dose intradermal L. major infection (Figure S3). Further-

more, during the early time points of L. major infection, PTX3�/�

mice had a higher frequency of inflammatory neutrophils GR1+

and Ly6G+CD11b cells (Figures 1F, 1H, S4A, and S4B) at the

infection site compared to their WT control mice. These results

indicate that PTX3 negatively regulates disease pathogenesis

and possibly immunity during CL.

Enhanced Resistance in PTX3-Deficient Mice Is
Associated with Increased IL-17A Production
Since resistance toCL isusually associatedwith robust interferon-

g (IFN-g) and tumor necrosis factor-a (TNF-a) and reduced IL-10

production by CD4+ T cells, we assessed the frequency of cells

producing these cytokines in infectedWTandPTX3�/�mice. Sur-

prisingly, we observed comparable frequencies of IFN-g+CD4+

and TNF-a+CD4+ T cells (Figures 1K and S2–S5) in both the

spleens and draining lymph nodes (dLNs) from infected WT and

PTX3�/� mice when assessed directly ex vivo. Interestingly, we

found that infected PTX3�/� mice had significantly (p < 0.05)

higher frequencies of IL-17A+CD4+ T cells at 3, 5, and 10 weeks

post-infection compared to their WT counterparts (Figure 1L).

This was consistent with significantly elevated levels of IL-17A

(Figure 1N) in the culture supernatant fluids of soluble Leishmania

antigen (SLA)-stimulated splenocytes isolated from infected

PTX3�/� mice. In contrast and consistent with the flow cytometry

data, the levels of IFN-g (Figure 1M) in the culture supernatant

fluids were comparable between WT and PTX3�/� mice. We

observed a lower frequency of IL-10+CD4+ T cells in the spleens

and dLNs of infected PTX3�/� mice at 3 weeks post-infection

compared to WT mice. In line with this, IL-10 levels in the culture

supernatant fluids of cells from infected PTX3�/�micewere lower

than those from WT mice at 3 weeks post-infection (Figure S6).

However, these differenceswere not observed at later time points

during the chronic phase of the disease (Figure S6).

Collectively, these results indicated that the enhanced resis-

tance to L. major infection in PTX3�/� mice was not due to

enhanced Th1 response, but rather is associated with stronger

Th17 response and a transient suppression of IL-10 response

in the absence of PTX3 signaling.

PTX3 Deficiency Enhances Th17, but Does Not Affect
Th1 Polarization In Vitro

Given that we found enhanced IL-17 production following

L. major infection of PTX3�/� mice, we speculated that PTX3
f PTX3 signals in CD68+ cells. Some infectedmice were sacrificed at 7 and 20 h

yzed by flow cytometry.

resenting the percentages of GR1+ (E and F) and Ly6G+ cells (G and H) in the

ase L. major promastigotes and lesion size was measured weekly with digital

e sacrificed, and parasite burden in the infected sites was quantified by limiting

T cells in the spleens of infected WT and PTX3�/� mice were analyzed directly

r 72 h, and the levels of IFN-g (M) and IL-17A (N) in the cell culture supernatant

similar results. *p < 0.05; **p < 0.01; ***p < 0.005; and ****p < 0.0001. NS, not

tected.
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Figure 2. Deficiency of PTX3 Enhances Th17 Differentiation In Vitro

Splenocytes from WT and PTX3�/� mice were labeled with carboxyfluorescein succinimidyl ester (CFSE) dye and stimulated in vitro with soluble anti-CD3 and

anti-CD28 antibodies under Th1 or Th17 polarizing conditions. After 72 h, the frequencies of IFN-g- and IL-17A-secreting CD4+ T cells were determined by flow

cytometry. Representative dot plots (A and B) and bar graphs (C and E) show the percentage of CFSEloIL-17A+ (A andC) andCFSEloIFN-g+ (B and E) CD4+ T cells.

The levels of IL-17A (D) and IFN-g (F) in the culture supernatant fluids were assayed by ELISA. In some experiments, Th17 polarization was performed in the

presence or absence of different concentrations of rPTX3 (G and H), and after 72 h, the frequency of IL-17A-secreting CD4+ cells was determined by flow cy-

tometry. Representative dot plots (G) and bar graphs (H) show the percentage of CFSEloCD4+IL-17A+ T cells. The levels of IL-17A in the culture supernatant fluids

were measured by ELISA (I). The results are representative of 3 independent experiments with similar results. *p < 0.05; **p < 0.01; and ****p < 0.0001. NS, not

significant. Data are expressed as means ± standard errors.
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may negatively regulate Th17 response. To test this, we per-

formed in vitro Th17 and Th1 polarization studies using spleno-

cytes obtained from WT and PTX3�/� mice. Data presented in

Figures 2A and 2C show significantly (p < 0.03) higher fre-

quencies of CFSEloCD4+IL-17A+ (Th17) cells in splenocytes

from PTX3�/� mice compared to their WT counterpart mice. In

contrast and consistent with mouse infection results, the fre-

quency of CFSEloCD4+IFN-g+ (Th1) cells in both WT and

PTX3�/� splenocytes under Th1 polarizing conditions were com-

parable (Figures 2B and 2E). We confirmed these findings by

ELISA, which showed higher levels of IL-17A in cell culture su-

pernatant fluids of splenocytes from PTX3�/� mice under Th17
4 Cell Reports 33, 108513, December 15, 2020
polarizing conditions (Figure 2D) but comparable levels of IFN-

g in bothWT and PTX3�/� splenocytes under Th1 polarizing con-

ditions (Figure 2F). We also observed similar increased fre-

quency of Th17 cells using purified CD4+T cells from PTX3�/�

spleens under Th17 polarizing conditions, and this was blocked

in a dose-dependent manner by rIL-17 (Figure S7). These results

show that deficiency of PTX3 potentiates Th17 differentiation

and IL-17A production.

The preceding findings suggest that PTX3 may be a negative

regulator of Th17 response. To directly test this, we added re-

combinant PTX3 (rPTX3) to cultures of WT and PTX3�/� spleno-

cytes under Th17 polarization conditions. The addition of rPTX3



Figure 3. PTX3 Negatively Regulates Th17-Specific Transcription

Splenocytes from WT and PTX3�/� mice were stimulated with soluble anti-CD3 and anti-CD28 antibodies under Th17 polarizing conditions in the presence or

absence of rPTX3 (200 ng/mL). After 72 h, total RNA was isolated from the cells and mRNA levels of IL-17A (A), RORgt (B), STAT3 (C), IRF4 (D), BATF (E) AhR (F),

GATA3 (G), and TBX21 (H) were determined by RT-PCR. Results are representative of 3 independent experiments with similar results. **p < 0.01; ***p < 0.005; and

****p < 0.0001. NS, not significant. Data are expressed as means ± standard errors.
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significantly reduced the frequency of Th17 cells and the produc-

tion of IL-17A by whole splenocytes (Figures 2G–2I) or purified

CD4+ T cells (Figure S7) from PTX3�/� mice. Collectively, these

findings directly confirm that PTX3 is a negative regulator of

Th17 differentiation and IL-17 production by CD4+ T cells.

PTX3 Negatively Regulates Th17-Specific Transcription
Factors
The observation that rPTX3 suppressed the polarization of pu-

rified CD4+ T cells from PTX3�/� mice into Th17 cells suggests

that it may directly affect crucial transcription factors involved

in the differentiation of CD4+ T cells into Th17 cells. Therefore,

we performed RT-PCR to determine mRNA levels of key Th17

transcription factors in WT and PTX3�/� splenocytes under

Th17 polarizing conditions in the presence or absence of
rPTX3. As expected, there was significantly increased mRNA

expression of IL-17A in total splenocytes (Figure 3A) or purified

CD4+ T cells (Figure S8) from PTX3�/� mice compared to those

from their WT counterpart mice following in vitro Th17 differen-

tiation, and this was inhibited by the addition of rPTX3.

Concomitantly, there was �2- to 4-fold higher expression of

RORgt, STAT3, IRF4, BATF, and AhR mRNA in Th17 polarized

whole splenocytes (Figures 3B–3F) or purified CD4+ T cells (Fig-

ure S8) from PTX3�/� mice compared to those from WT mice.

The addition of rPTX3 to PTX3�/� splenocytes resulted in the

significant inhibition of IL-17A mRNA and a concomitant

decrease in RORgt and AhR mRNA levels in comparison to un-

treated controls (Figures 3A, 3B, and 3F). Reductions in the

levels of STAT3 and IRF4 mRNA were also observed in

rPTX3-treated cells from PTX3�/� mice, although these were
Cell Reports 33, 108513, December 15, 2020 5



Figure 4. PTX3 Regulates IL-12 and IL-6 Production by Dendritic Cells (DCs)

(A–C) Highly purified splenic CD11c+ cells from naive WT and PTX3�/�mice were either unstimulated (NoTx) or stimulated with LPS (1 mg/mL), and after 24 h, the

cell culture supernatant fluids were collected and assayed for IL-6 (A), IL-12p40 (B), and transforming growth factor-b (TGF-b) (C) by sandwich ELISA. WT and

(legend continued on next page)
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not statistically significant (Figures 3C and 3D), while rPTX3

increased the expression of BATF mRNA (Figure 3E). In

contrast, mRNA levels of GATA3 and TBX21, key transcription

factors for the differentiation of Th2 and Th1 cells, respectively,

were not different between WT and PTX3�/� mice (Figures 3G,

3H, and S8). These findings show that PTX3 negatively regu-

lates Th17 responses by downregulating the expression of

some key IL-17A-specific transcription factors.

Dendritic Cells from PTX3�/� Mice Produce More IL-6
and Contribute to Increased Th17 Responses
DCs present pathogen-derived antigenic peptides to naive CD4+

T cells to initiate antigen-specific Th cell activation and differenti-

ation toward specific effector subsets (Merad et al., 2013; Okwor

et al., 2015; Sia et al., 2015; Srivastava et al., 2014; Xu et al., 2007).

Because we found that the absence of PTX3 augmented Th17 re-

sponses, we assessed whether the deficiency of PTX3 affected

DC responses in a way that favors Th17 differentiation. Infected

PTX3�/�mice had significantly more CD11c+ cells at the infection

site compared to their infectedWT counterpart mice (Figure S4B).

Splenic CD11c+ cells from PTX3�/� mice produced higher

amounts of IL-6 (Figure 4A) and IL-12p40 (Figure 4B) compared

to those from WT mice following lipopolysaccharide (LPS) stimu-

lation. Similarly, the expression of IL-6 by MHC-II+CD11c+ cells

(Figures 4D and 4E) at the cutaneous site of L. major infection

was significantly (p < 0.05) higher in infected PTX3�/� mice

compared to their WT counterpart controls. These observations

suggest that the deficiency of PTX3 leads to enhanced levels of

IL-6 in DCs during L. major infection, which could further

contribute to increased Th17 responses in thesemice. To confirm

this, we co-cultured DCs from WT and PTX3�/� mice with phos-

phoenolpyruvate carboxykinase (PEPCK)-specific T cell receptor

(TCR)-transgenic CD4+ T cells in the presence of the PEPCKpep-

tide.Weobservedhigher frequenciesofCD4+IL-17A+Tcells inco-

culturesofPTX3�/�DCsandPEPCKTCR-transgenicCD4+Tcells

compared to those of WT DCs (Figures 4F and 4G). However, we

also observed comparable frequencies of CD4+IFN-g+ T cells in

both the co-culturesofPTX3�/�DCswithPEPCKTCR-transgenic

CD4+ T cells and WT DCs with PEPCK TCR-transgenic CD4+

T cells (Figures 4H and 4I). Collectively, these findings confirm

thatPTX3�/�DCsarecapableofaugmentingTh17responsesdur-

ing L. major infection, possibly via regulating IL-6 production.

Enhanced IL-17A Response Contributes to Increased
Resistance of PTX3�/� Mice to L. major Infection
Although some reports suggest that IL-17 plays a pathogenic role

in leishmaniasis (Lopez Kostka et al., 2009; Pedraza-Zamora

et al., 2017; Terrazas et al., 2016), others show that they play a
PTX3�/� mice were infected in the ear with 23 106 stationary phase L. major prom

IL-6 producing MHCII+CD11c+cells by flow cytometry.

(D and E) Representative contour plots (D) and bar graph (E) showing the percenta

and PTX3�/� mice were co-cultured with CFSE-labeled PEPCK-specific T cell rec

peptide (5 mM) under Th17 polarizing conditions. After 72 h, the frequency of CD

(F–I) Shown are representative dot plots (F and I) and bar graph (G) representing th

T cells.

(J) The levels of IFN-g in the culture supernatant fluids from the above co-culture

Results are representative of 2 independent experiments with similar results

means ± standard errors.
protective role (Banerjee et al., 2018; Nascimento et al., 2015;

Pitta et al., 2009). Becausewe found that the enhanced resistance

ofPTX3�/�mice to L.majorwas not associatedwith superior IFN-

g and/or TNF-a response (Figures 1K, 1M, and S2–S5), we postu-

lated that the enhanced resistance was mediated by increased

IL-17 response. To test this, we performed in vivo neutralization

of IL-17A in L. major-infected WT and PTX3�/� mice. IL-17A

neutralization in infected PTX3�/� mice resulted in susceptibility

as evidenced by higher lesion size (Figure 5A) and parasite burden

(Figure 5B) as compared to untreated PTX3�/� mice.

Next, we evaluatedwhether administration of rPTX3 toWTmice

could lead to increased susceptibility to L. major infection. We in-

fectedWTmice with L. major and administered rPTX3 intralesion-

ally once per week for 3 weeks. WT mice treated with rPTX3 had

increased lesion size (Figure 5C) that corresponded with signifi-

cantly increased parasite burden (Figure 5D) compared to PBS-

treated controls. The enhanced susceptibility following rPTX3

treatment was accompanied by significant (p < 0.05) reduction

in the frequency of CD4+IL-17A+ T cells in the dLNs and spleen

compared to PBS-treated controls (Figures 5E and S9). Consis-

tent with previous findings (Figures 2B and 2F), there was no dif-

ference in the frequency of CD4+IFN-g+ T cells in dLNs and

spleens of both rPTX3- and PBS-treated groups (Figures 5F and

S9). We confirmed the above results by ELISA, which showed

increased levels of IL-17A (Figures 5G and S9) and unchanged

levels of IFN-g (Figures 5H and S9) in cell culture supernatant

fluids of SLA-stimulated dLN and spleen cells from rPTX3-treated

mice. These findings confirm that PTX3 enhances susceptibility to

L. major infection by downregulating the IL-17A response.

IL-17A Synergizes with IFN-g to Mediate Effective
Parasite Killing in Macrophages
Leishmania resides inside host macrophages, and their clear-

ance requires the activation of infected cells by IFN-g, leading

to the production of reactive oxygen and nitrogen intermediates

(Gupta et al., 2013). To fully understand how the deficiency of

PTX3 enhances resistance to L. major infection, we compared

the uptake, replication, and killing of parasites in macrophages

fromWTandPTX3�/�mice. BothWTandPTX3�/�macrophages

had similar parasite uptake as seen by equivalent numbers of

amastigotes in WT and PTX3�/� cells at all time points (6, 24,

48, and 72 h post-infection, Figures 6A and 6B), suggesting

that the deficiency of PTX3 had no effect on infectivity and para-

site proliferation inside infected cells. Furthermore, both infected

WT and PTX3�/� macrophages had a comparable ability to kill

parasites following activation with LPS or IFN-g (Figure 6C).

Because IL-17 has been proposed to enhance leishmanicidal

activity (Nascimento et al., 2015), we examined whether the
astigotes, and after 4 weeks, spleen cells were assessed for the frequency of

ge of MHCII+CD11c+IL-6+ cells. Bone marrow-derived DCs (BMDCs) fromWT

eptor transgene (TCRTg) CD4+ T cells at a 1:10 ratio in the presence of PEPCK

4+IL-17A+and CD4+IFN-g+ T cells was determined by flow cytometry.

e percentage of CFSEloCD4+IL-17A+ (F and G) and CFSEloCD4+IFN-g+ (H and I)

sets were measured by ELISA.

. *p < 0.05 and ***p < 0.005. NS, not significant. Data are expressed as

Cell Reports 33, 108513, December 15, 2020 7



Figure 5. In Vivo Neutralization of IL-17A or rPTX3 Treatment Increase Susceptibility to L. major Infection

WT and PTX3�/� mice (n = 5 per group) were treated (intraperitoneally [i.p.]) with either control immunoglobulin (Ig) or anti-IL-17A neutralizing monoclonal

antibody (mAb) 1 day before infection in the footpad with 23 106 L. major stationary phase promastigotes. Anti-IL17 mAb treatment was continued once weekly

for an additional 4 weeks.

(A and B) The lesion size (A) wasmeasured weekly andmice were sacrificed after 4 weeks to estimate parasite burden (B). Groups ofWTmice were infected in the

footpadwith L. major and 1 day post-infection, mice were divided into 2 groups (6mice/group) and treated intralesionally with either PBS or rPTX3 (0.5 mg/mouse)

3 times weekly.

(C and D) Lesion size (C) was measured weekly, and after 4 weeks, mice were sacrificed and parasite burden was determined by limiting dilution (D).

(E and F) At sacrifice, cells from the dLNs were assessed directly ex vivo for the frequency of IL-17+ (E) and IFN-g+ (F) producing CD4+ T cells by flow cytometry.

(G and H) Some dLN cells were restimulated in vitro with SLA (50 mg/mL) for 72 h, and the levels of IL-17A (G) and IFN-g (H) in the cell culture supernatant fluids

were determined by ELISA.

Results are representative of 2 independent experiments with similar results. *p < 0.05; **p < 0.01; and ***p < 0.005. NS, not significant. Data are expressed as

means ± standard errors.
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Figure 6. PTX3 Synergizes with IFN-g to Mediate Killing of L. major in Infected Macrophages

(A and B) BMDMs from WT and PTX3�/� mice were infected with L. major, and at indicated times, cytospin preparations were stained with Wright-Giemsa stain

and the percent infection (A) and total number of parasites per 100 cells (B) were determined by microscopy.

(C) In another independent experiment, infected bonemarrow-derivedmacrophages fromWT andPTX3�/�micewere stimulatedwith either LPS (1 mg/mL), IFN-g

(100 ng/mL) or both for 48 h and the number of parasites per 100 cells was determined.

(D and E) BMDMs fromWT and PTX3�/� mice were infected with L. major in the presence or absence of IL-17A (50 and 100 ng/mL) or IFN-g (10 ng/mL) alone or

both. After 48 h, cytospin preparations were stained with Wright-Giemsa stain, and the number of parasites per 100 cells was determined by microscopy (D) and

the concentration of nitrite in the supernatant fluid was determined (E).

(F) WT mice (n = 4) were infected in the footpad with 23 106 stationary phase L. major promastigotes, and after 4 weeks, the expression of iNOS2 mRNA at the

infection site was assessed by RT-PCR using PBS-treated contralateral footpads as controls.

Data are shown as means ± SEMs of 4–6 infection tubes/group and are from a single experiment representative of at least 3 independent experiments. *p < 0.05

and ****p < 0.0001. NS, not significant.
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enhanced resistance to L. major in PTX3�/� mice was related to

the IL-17 augmentation of IFN-g-mediated Leishmania killing ac-

tivity. We primed WT and PTX3�/� bone marrow-derived macro-

phages (BMDMs) with IL-17 (50 and 100 ng/mL) in the presence

or absence of a suboptimal dose of IFN-g (10 ng/mL) and infected

them with L. major. The results presented in Figures 6D and 6E

show that IL-17 synergizes with suboptimal doses of IFN-g to

mediate more effective parasite killing and increased NO produc-

tion (compared to treatment with IFN-g or IL-17 alone). Similarly,

we observed increased inducible NO synthase 2 (iNOS2) mRNA

expression at the site of infection in PTX3�/� mice compared to
WTcounterparts (Figure 6F), which confirmed our in vitro findings.

Our results show that the enhanced resistance ofPTX3�/�mice to

L. major is due to enhanced IL-17A production, which synergizes

with IFN-g to enhance NO production, leading to more effective

killing of parasites in infected macrophages.

PTX3 Expression Is Increased in Skin Lesions and
Correlates with Disease Severity in Patients with
Cutaneous Leishmaniasis
Increased IL-17A levels have been shown to correlate with bet-

ter disease outcomes in patients with subclinical L. braziliensis
Cell Reports 33, 108513, December 15, 2020 9



Figure 7. PTX3 mRNA Level Is Increased in CL Lesions of Patients and Directly Correlates to Disease Severity

(A) Skin biopsies from normal patients (n = 3) and patients with CL caused by L. braziliensis (n = 17) were assessed for expression levels of PTX3 mRNA by

RT-PCR (A).

(B and C) PTX3 (B) and IL-17A (C) mRNA levels in biopsies from normal patients (NS) (n = 3) and patients with different forms of CL: localized CL (LCL, n = 6),

Leishmania recidiva cutis (LRC, n = 5) and disseminated leishmaniasis (DCL, n = 6).

*p < 0.05. NS, not significant. Data are expressed as scatterplots showing means ± standard deviations.
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infection (Novoa et al., 2011), and IL-17A (possibly derived from

Th17 cells) has been shown to mediate protective immunity in

patients against L. infantum, L. major, and human post-kala-

azar dermal leishmaniasis (Gonzalez-Lombana et al., 2013;

Nascimento et al., 2015; Pitta et al., 2009). We found that

PTX3�/� mice infected with L. braziliensis harbor a significantly

lower parasite burden compared to their infected WT counter-

part mice and that this was associated with a significantly

higher frequency of IL-17A-producing CD4+ T cells in their

spleens and dLNs (Figure S10). Given that we found that

PTX3 expression negatively regulates IL-17A expression, we

assessed the expression of PTX3 and IL-17A mRNA in skin bi-

opsies from patients with CL and whether this correlates with

disease severity. The level of PTX3 mRNA was significantly

higher (15-fold, p < 0.01) in skin biopsies taken from cutaneous

lesions from L. braziliensis-infected patients compared to

healthy controls (Figure 7A) and correlates with disease

severity such that the levels were highest in individuals with

disseminated CL (DCL), which is the most severe form of the

disease (Figure 7B). PTX3 expression was associated with sig-

nificant suppression (undetectable levels) of IL-17A mRNA in

the skin biopsies from infected patients compared to healthy

controls (Figure 7C). These results indicate that PTX3 nega-

tively regulates disease pathogenesis during CL by suppress-

ing IL-17A production.

DISCUSSION

Here, we showed that PTX3 levels were elevated in skin lesions

from patients and mice suffering from CL, suggesting that this

innate pattern recognitionmolecule may play a critical role in dis-

ease pathogenesis. Using a loss-of-function approach, we

showed that the deficiency of PTX3 resulted in enhanced resis-

tance to L. major, and this was associated with an increased

IL-17 (but not IFN-g and TNF-a) response. Neutralization studies

showed that the enhanced resistance of PTX3�/� mice to

L. major is due to enhanced Th17 responses in these mice. In

contrast, the administration of rPTX3 led to an increased suscep-
10 Cell Reports 33, 108513, December 15, 2020
tibility to L. major, which was associated with a dramatic down-

regulation of Th17 responses and IL-17A production by lymph

node cells draining the infection site. Using an in vitro approach,

we showed that CD4+ T cells from PTX3�/� mice showed

enhanced expression of Th17 transcription factors that drive

Th17 differentiation. These results show, for the first time, that

PTX3 is a negative regulator of Th17 response during CL and

contributes to disease severity.

The expression of PTX3, a key molecule of the innate immune

defense system, is upregulated in response to different stimuli

such as inflammatory cytokines (IL-1b, TNF-a), Toll-like receptor

(TLR) agonists (e.g., LPS), distinct microbial associated molecu-

lar patterns (e.g., OmpA, lipoarabinomannans), and some path-

ogens (Escherichia coli, Staphylococcus aureus) (Bottazzi

et al., 2010; Garlanda et al., 2005; Inforzato et al., 2011; Jaillon

et al., 2007). Studies with PTX3�/�- and PTX3-overexpressing

mice have shown that PTX3 mediates protective immunity to

various pathogens, including influenza virus, Aspergillus fumi-

gates, and Pseudomonas aeruginosa (Garlanda et al., 2002;

Reading et al., 2008). While correlative studies in human leish-

maniasis patients suggest that PTX3 may play a key role in dis-

ease pathogenesis, no study has directly demonstrated this

and/or showed the mechanism through which this would occur.

Results from our studies clearly show that Leishmania infection

induces PTX3 expression at the cutaneous site of infection,

and this blocks effective parasite control by suppressing protec-

tive Th17 and IL-17A responses.

IL-17A is a proinflammatory cytokine produced primarily by

CD4+ Th17 cells, although other cell types, such as CD8+

T cells, gd T cells, invariant natural killer T (iNKT) cells, and neu-

trophils are known to also secrete it. Binding of IL-17A to the IL-

17 receptor, which is expressed on many cells, including macro-

phages, initiates a strong signaling cascade that leads to the

expression of inducible NOS, granulocyte-macrophage colony-

stimulating factor (GM-CSF), proinflammatory cytokines, antimi-

crobial peptides, and chemokines (Kolls and Lindén, 2004; Men-

gesha and Conti, 2017) that are important for host protection

frommany pathogens such as bacteria (Priebe et al., 2008), fungi
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(Conti et al., 2009), and trypanosomes (Cai et al., 2016). We

showed the PTX3 negatively regulates IL-17A production during

L. major infection since its deficiency led to the increased fre-

quency of IL-17A-producing CD4+ T cells in the dLNs and

spleens of infected mice. In support of this, we found that the

increased expression of PTX3 mRNA in biopsy samples from

DCL patients was associated with the suppression of IL-17A

mRNA in these tissues. The neutralization of IL-17A abolished

the enhanced resistance of infected PTX3�/� mice, while rIL-

17A treatment conferred enhanced resistance toWTmice as evi-

denced by significantly reduced lesion size and parasite burden.

Furthermore, we found that IL-17A synergizes with IFN-g to

mediate increased NO production and a concomitant more effi-

cient parasite killing in infected macrophages.

The role of IL-17 in the pathogenesis of CL is controversial.

While a report suggests that IL-17A mediates susceptibility to

L. major infection in mice by regulating CXCL2 levels and neutro-

phil migration to the site of infection (Lopez Kostka et al., 2009),

observations in human patients suggest that IL-17A expression

may contribute to better disease outcomes. Increased IL-17A

levels has been shown to correlate with better disease outcomes

in subclinical L. braziliensis patients (Novoa et al., 2011). Simi-

larly, studies have shown that IL-17A (possibly derived from

Th17 cells) mediates protective immunity in patients against

L. infantum, L. major, and human post-kala-azar dermal leish-

maniasis (Gonzalez-Lombana et al., 2013; Nascimento et al.,

2015; Pitta et al., 2009). In line with this, we found that the

expression of IL-17A mRNA was highly suppressed in tissue bi-

opsies from DCL patients, which is the most severe form of CL.

Our findings that the deficiency of PTX3 was associated with the

significant upregulation of Th17 and IL-17 responses that syner-

gize with IFN-g to cause a more efficient parasite control in mac-

rophages, leading to enhanced resistance, are at odds with a

recent report that found that the global deletion of the IL-17A/F

gene in C57BL6 mice had no impact on the outcome of

L. major infection (Dietze-Schwonberg et al., 2019). These differ-

ences could be due to the fact that in contrast to IL-17A/F�/�

mice (which completely lack IL-17 production), PTX3�/� mice

were capable of producing IL-17A. In fact, the levels of IL-17

were significantly higher in PTX3�/� mice compared to PTX3+/+

mice. It is conceivable that the elevated levels of IL-17 in infected

PTX3�/� mice could produce different physiologic effects

compared to low levels as seen in WT mice.

The pathways leading to IL-17A production in Leishmania-in-

fected mice and patients are not known. In the present study,

we showed that PTX3 is a key molecule that regulates IL-17A

response in CL. The expression of PTX3 in cutaneous lesions

was directly correlated with the extent of clinical pathology,

such that PTX3 levels were highest in patients displaying

disseminated (Carvalho et al., 1994; Turetz et al., 2002) and reci-

divous lesions (Bittencourt et al., 1993). In contrast, PTX3 levels

were inversely correlated with the level of IL-17A, such that indi-

viduals exhibiting disseminated disease had undetectable levels

of IL-17 mRNA in their lesions. The treatment of mice with rPTX3

resulted in enhanced susceptibility to L. major infection due to

suppressed Th17 responses. These findings are consistent

with previous studies on Aspergillus, in which rPTX3 treatment

led to the suppression of Th17 responses (D’Angelo et al., 2009).
Th17 cell differentiation is driven by TGF-b and IL-6 (Bettelli

et al., 2006; Ivanov et al., 2006) and regulated by some key tran-

scription factors, including RORgt (Ivanov et al., 2006), STAT3

(Yang et al., 2007), IRF4 (Br€ustle et al., 2007), BATF (Schraml

et al., 2009), and AhR (Quintana et al., 2008). In the presence

of IL-6 and TGF-b, the cooperative binding of BATF, IRF4, and

STAT3 with AhR contributes to initial chromatin accessibility

and subsequent recruitment of RORgt to regulate the activation

of Th17-relevant genes (Ciofani et al., 2012; Liu et al., 2017). We

observed an increased expression of RORgt, STAT3, IRF4,

BATF, and AhR in CD4+ T cells from PTX3�/� mice under Th17

polarizing conditions, which correlated with enhanced Th17

and IL-17A responses. The addition of rPTX3 significantly sup-

pressed the expression of RORgt, STAT3, and AhR, transcription

factors and IL-17A production. In contrast, the expression of

TBX21 and GATA3, key transcription factors for the differentia-

tion of Th1 and Th2 cells, was not affected. These findings

show that PTX3 is capable of specifically downregulating these

multiple transcription factors to suppress Th17 response. Our

findings are in line with a previous study, which showed that

the deficiency of PTX3 led to an enhanced Th17 response via

the upregulation of STAT3 in a murine model of allergic asthma

(Balhara et al., 2017).

Although different inflammatory cytokines (including IL-1b

and TNF-a), TLR agonists (e.g., LPS), pathogen-associated

molecular patterns (PAMPs), and pathogens have been shown

to induce PTX3 expression in cells (Bottazzi et al., 2010; Gar-

landa et al., 2005; Inforzato et al., 2011; Jaillon et al., 2007),

its induction by Leishmania has never been reported. We found

that Leishmania infection induced massive expression of PTX3

by CD68+ cells at the site of infection. Whether this induction is

direct (via parasite-derived molecules) or indirect (via produc-

tion of cytokines by infected cells) remains unknown. Interest-

ingly, we found that the infection of BMDMs with L. major re-

sulted in a significant induction of PTX3 mRNA, and this was

significantly upregulated by concomitant LPS stimulation (Fig-

ure S1). It is conceivable that some parasite-derived molecules

such as LPG or GP63 could play a role in the induction of PTX3

following infection to downregulate the protective Th17

response. This could be a novel evasion strategy used by Leish-

mania to subvert the host immune response, thereby favoring

its survival within the infected host.

Although our data strongly suggest that the enhanced resis-

tance observed in infected PTX3�/� mice is related to strong

Th17/IL-17 responses, it is conceivable that other mechanisms

may contribute to this phenotype. Infected PTX3�/� mice had

significantly lower IL-10 responses during the early phase of

the infection. However, this difference was not sustained during

the chronic phase of the disease. Given that IL-10 has been

shown to dampen effector Th1-mediated immunity against

L. major (Belkaid et al., 2001; Kane and Mosser, 2001; Schwarz

et al., 2013), it is plausible that the impaired early IL-10 response

in infected PTX3�/� mice may permit a more efficient effector

Th1 response, leading to more effective parasite control during

the chronic phase of the disease. Thus, the lack of studies to un-

equivocally rule out the impact of this impaired early IL-10

production in the enhanced resistance of PTX3�/� mice to

L. major infection is a major drawback of the present study. In
Cell Reports 33, 108513, December 15, 2020 11
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addition, PTX3 have been shown to bind to apoptotic cells

(including neutrophils) and selectively decrease their clearance

by immature DCs (Rovere et al., 2000). It is known that Leish-

mania induces early apoptosis in host cells as a means to gain

entry intomacrophages and DCs (Getti et al., 2008). It is conceiv-

able that the absence of PTX3 in infected PTX3�/�micemay lead

to the enhanced phagocytosis of parasite-loaded apoptotic neu-

trophils by DCs, resulting in the increased availability of parasite

antigens in these cells. This could result in DC activation and

more efficient antigen presentation to T cells leading to

enhanced T cell activation and a concomitant enhanced resis-

tance as observed in these mice. Nonetheless, the observation

that DCs from PTX3�/� mice were more efficient at presenting

L. major-derived peptides to Leishmania-specific TCR trans-

genic cells leading to IL-17 production in vitro suggests that

the enhanced uptake of apoptotic neutrophils in the absence

of PTX3 may not significantly contribute to the enhanced resis-

tance observed in PTX3�/� mice.

The present study reveals a hitherto unknown role of PTX3 in

regulating host immunity in CL by suppressing Th17 and IL-17A

responses. Following L. major infection, the production of PTX3

in WT mice limits the protective IL-17 response by downregu-

lating IL-6 production by DCs and the activation of key tran-

scription factors that favor Th17 activation in CD4+ T cells. In

the absence of PTX3 (as seen in PTX3�/� mice), increased pro-

duction of IL-6 and TGF-b by infected DCs favors the optimal

differentiation of CD4+T cells into Th17 cells via the increased

expression of Th17-specific transcription factors such as

STAT3, AhR, and RORgT, leading to the enhanced production

of IL-17A. It is conceivable that PTX3 produced by macro-

phages and DCsmay act indirectly (through these cells) to influ-

ence Th17 and IL-17A responses. However, we found that

highly purified CD4+ T cells from PTX3�/� mice differentiated

into Th17 cells in vitro (in the absence of macrophages or

DCs), and this effect was dramatically abolished in a dose-

dependent manner by recombinant PTX3 (Figure S7). These

observations strongly indicate that PTX3 can directly act on

CD4+ T cells and influence their differentiation to IL-17-produc-

ing Th17 cells.

Our studies clearly highlight the importance of PTX3 and Th17

cells (and its cytokine, IL-17A) responses in pathogenesis and

resistance to CL. The findings that the treatment of WT mice

with rPTX3 modulated Th17 response without affecting IFN-g

(Th1) response allowed us to directly demonstrate the contribu-

tion of IL-17 in resistance to CL. These findings clearly establish

PTX3 as a key innate molecule that negatively regulates Th17

response and IL-17A production and consequently influences

optimum resistance to CL. They suggest that PTX3 could be a

therapeutic target for modulating immunity and the outcome of

the disease.
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Mouse Anti-CD68 Antibody Abcam Catalog # ab125212

Alexa fluor 568 Goat Anti-rat Antibody Invitrogen Catalog # A-11077
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Chemicals, Peptides, and Recombinant Proteins

Recombinant Mouse IFN-g (carrier-free) Biolegend Catalog # 575306

Recombinant Mouse TGF-b1 (carrier-free) Biolegend Catalog # 763104

Recombinant Mouse IL-12p70 (carrier-free) Biolegend Catalog # 577004
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Recombinant Mouse IL-6 (carrier-free) Biolegend Catalog # 575704

Recombinant Mouse IL-17A Protein (carrier-free) R&D Systems Catalog # 421-ML-025/CF
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ELISA MAX Standard Set Mouse IL-17A Biolegend Catalog # 432501

ELISA MAX Standard Set Mouse IL-10 Biolegend Catalog # 431411

ELISA MAX Standard Set Mouse IFN-g Biolegend Catalog # 431411

Mouse IFN-g ELISA Kit BD OptEIA Catalog # 558258

High-Capacity RNA-to-cDNA Kit Applied Biosystems Catalog # 4387406

EasySep Mouse CD11c Positive Selection Kit StemCell Technologies, Inc. Catalog #18780RF

EasySep Mouse Memory CD4+ T Cell Isolation Kit StemCell Technologies, Inc. Catalog #19767

RNeasy Plus Micro Kit. mRNA QIAGEN Catalog # 74034

RNeasy Mini Kit QIAGEN Catalog # 74104

PowerUp SYBR Green Master Mix Applied Biosystems Catalog # A25743

TaqMan Gene Expression assay for human PTX3 Applied Biosystems Catalog # Hs00173615_m1

TaqMan Gene Expression assay for human IL-17A Applied Biosystems Catalog # Hs00174383_m1

TaqMan Gene Expression assay for human GAPDH Applied Biosystems Catalog # Hs03929097_g1

Experimental Models: Cell Lines

Leishmania major [MHOM/IL/80/Friedlin (FN)] Liu et al., 2009 Not available

Leishmania. braziliensis (Human isolate) Dr Nathan Peters Not available

Experimental Models: Organisms/Strains

Mouse: C57BL/6 (Wild Type) University of Manitoba Central

Animal Care Services

N/A

Mouse: Heterozygous PTX3+/� on C57BL6 background University of Manitoba Central

Animal Care Services

N/A

Mouse: Homozygous PTX3+/+ on C57BL6 background University of Manitoba Central

Animal Care Services

N/A

Mouse: PEPCK TCR-transgenic C57BL6 University of Manitoba Central

Animal Care Services

N/A

Oligonucleotides

Mouse Forward PTX3-CCTGCGATCCTGCTTTGTG Primer Bank ID: 31982085a1

Mouse Reverse PTX3-GGTGGGATGAAGTCCATTGTC Primer Bank ID: 31982085a1

Mouse Forward GAPDH-AGGTCGGTGTGAACGGATTTG Primer Bank ID: 6679937a1

Mouse Reverse GAPDH-TGTAGACCATGTAGTTGAGGTCA Primer Bank ID: 6679937a1

Mouse Forward IL-17A-TTTAACTCCCTTGGCGCAAAA Primer Bank ID: 6754324a1

Mouse Reverse IL-17A-CTTTCCCTCCGCATTGACAC Primer Bank ID: 6754324a1

Mouse Forward iNOS2: GTTCTCAGCCCAACAATACAAGA Primer Bank ID: 6754872a1

Mouse Reverse iNOS2-GTGGACGGGTCGATGTCAC Primer Bank ID: 6754872a1
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Mouse Forward RoRg: GACCCACACCTCACAAATTGA Primer Bank ID: 6755344a1

Mouse Reverse RoRg: - AGTAGGCCACATTACACTGCT Primer Bank ID: 6755344a1

Mouse Forward TBX21: AGCAAGGACGGCGAATGTT Primer Bank ID: 9507179a1

Mouse Reverse TBX21: GGGTGGACATATAAGCGGTTC Primer Bank ID: 9507179a1

Mouse Forward GATA3: CTCGGCCATTCGTACATGGAA Primer Bank ID: 6679951a1

Mouse Reverse GATA3: GGATACCTCTGCACCGTAGC Primer Bank ID: 6679951a1

Mouse Forward BATF: CTGGCAAACAGGACTCATCTG Primer Bank ID: 7949007a1

Mouse Reverse BATF: GGGTGTCGGCTTTCTGTGTC Primer Bank ID: 7949007a1

Mouse Forward AhR: CTGGCAAACAGGACTCATCTG Primer Bank ID: 19526637a1

Mouse Reverse AhR: AGGCGGTCTAACTCTGTGTTC Primer Bank ID: 19526637a1

Mouse Forward STAT3:CAATACCATTGACCTGCCGAT Primer Bank ID: 13277852a1

Mouse Reverse STAT3: GAGCGACTCAAACTGCCCT Primer Bank ID: 13277852a1

Mouse Forward IRF4: TCCGACAGTGGTTGATCGAC Primer Bank ID: 7305519a1

Mouse Reverse IRF4: CCTCACGATTGTAGTCCTGCTT Primer Bank ID: 7305519a1

Software and Algorithms

FlowJo 10 Software FlowJO, LLC https://www.flowjo.com/solutions/flowjo/

downloads

ImageJ.exe 1.52a Software NIH https://imagej.nih.gov/ij/download.html

Prism 6 Software GraphPad Prism https://www.graphpad.com/scientific-

software/prism

EndNote Web Web of Science Group https://endnote.com

Other

M199 Medium Hyclone Cat # SH30253.02

DMEM Medium GIBCO Cat # 12430112

Heat Inactivated Fetal Bovine Serum Hyclone Cat # SH30071.03IH30-45

Penicillin/Streptomycin Invitrogen Cat # 15140122

Cell Staining Buffer Biolegend Cat # 420201

ACK Lysing solution Buffer GIBCO Cat # A10492-01
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Lead Contact
Further information and requests regarding resources and reagents should be directed to and will be fulfilled by the Lead Contact,

Jude E Uzonna (jude.uzonna@umanitoba.ca).

Materials Availability
This study did not generate new unique reagents or mouse lines.

Data and Code Availability
This study did not generate any unique datasets or code. No custom code was used to analyze these data and all methods used are

cited in the STAR Methods section.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Mice
Heterozygous female PTX3+/� and homozygous male PTX3�/� (originally on129SvEv/Bl/6 background and backcrossed for over 10

generations unto C57BL/6 background) mice were bred at the University of Manitoba Central Animal Care Services (CACS) breeding

facility. Female homozygous PTX3 deficient (PTX3�/�), heterozygous (PTX3+/�) and their homozygous C57BL/6 (wild-type, WT) con-

trol mice (6-8 weeks old) were used in the studies. Female PEPCK TCR-transgenic mice on the C57BL/6 genetic background were
e3 Cell Reports 33, 108513, December 15, 2020
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developed and generated by us as described below and bred at the CACS. All CD4+ T cells from these mice recognize a highly

conserved and immunodominant PEPCK335-351 peptide derived from L.major phosphoenolpyruvate carboxylkinase (PEPCK) protein

(Mou et al., 2015). All animal studies were approved by the University of Manitoba Animal Care Committee in accordance with the

Canadian Council for Animal Care guidelines.

Generation of PEPCK-specific TCR Transgenic mice
PEPCK-specific CD4+ T cells were isolated (by cell sorting) from spleens of L. major-infected C57BL/6 mice following staining with

I-Ab-PEPCK335–351 tetramer (Mou et al., 2015). The TCR beta and alpha genes were amplified from tetramer binding cells by single-

cell RT-PCR as previously described (Mou et al., 2015). The TCRb-P2A-TCRa cDNA was subcloned into VA hCD2 transgenic

cassette vector. Linearized transgenic plasmid DNA fragments were injected into the pronuclei of fertilized C57BL/6 eggs and the

resulting embryos were implanted into surrogate mothers to obtain offspring. Founders and their progeny were screened by assess-

ing peripheral blood mononuclear cells for transgene TCR expression by flow cytometry using I-Ab-PEPCK335–351 tetramer.

Human CL patients and ethical statement
This studywas conducted in Jequiriça, Bahia, Brazil, a well-known area of L. braziliensis transmission. Participants included 3 healthy

endemic controls and 17 patients with Tegumentary leishmaniasis with cutaneous lesions typical of Leishmania infection and a pos-

itive Montenegro skin test (Table S1). This research was conducted with the approval of the Ethical Committee of Hospital Santa Iza-

bel-Santa Casa de Misericórdia da Bahia (Salvador, Bahia, Brazil; 1.163.870) and Comiss~ao Nacional de Éticaem Pesquisa (CEP,

Brazilian National Ethics Committee, Brazil). Informed consent was obtained from each participant. All methods were performed

in accordance with the guidelines and regulations determined by CEP.

Parasites and infection
L. major parasites [MHOM/IL/80/Friedlin (FN)] and L. braziliensis (human isolate obtained from Dr. Nathan Peters, University of

Calgary, Canada) were cultured at 26�C in M199 medium (HyClone, Logan, UT) supplemented with 20% heat-inactivated FBS

(HyClone), 2 mM L-glutamine, 100 U/mL penicillin, and 100 mg/mL streptomycin (Invitrogen Life Technologies, Burlington, Ontario,

Canada). For infection, mice were injected in the right hind footpad with 2 3 106 stationary phase promastigotes in 50 mL PBS as

previously described (Liu et al., 2009). In some experiments, the mice were injected intradermally in the ear with 2 3 106

(L. major), 13 106 (L. braziliensis) stationary phase promastigotes or 13 103 L. major purified (by negative PNA agglutination) meta-

cyclic promastigotes in 10 mL PBS. Lesion sizes weremonitoredweekly bymeasuring footpad swellings with digital calipers. Parasite

burden in the infected footpads and ears was determined by limiting dilution assay.

METHOD DETAILS

In vivo blockade of IL-17A, rPTX3 treatment and estimation of parasite burden
For in vivo neutralization of IL-17A,WT and PTX3�/�mice were injected with anti–IL-17A (clone 17F3) mAb or control Ig (1mg/mouse)

i.p.1 day before infection with L. major. Antibody treatment was continued once weekly at 0.5 mg/mouse for additional 4 weeks. The

lesion thickness was monitored weekly and mice were sacrificed after 4 weeks post infection to determine parasite burden. To

assess the impact of PTX3 on disease outcome, infected WT mice were either injected locally (intraleisonally) with PBS or rPTX3

(0.5 mg in 50 mL PBS) thrice weekly and lesion thickness was monitored weekly. Treated mice were sacrificed at 4 weeks post-infec-

tion to determine immune response in spleens and dLNs and parasite burden in the infected footpads. Parasite burden in the infected

footpads was quantified by limiting dilution analysis as previously described (Uzonna et al., 2004).

In vitro recall response and intracellular cytokine staining
At various times post-infection, infected mice were sacrificed and the draining popliteal lymph nodes or cervical lymph nodes (ear

infection) were harvested and made into single-cell suspensions. Cells were washed, resuspended at 4 million/ml in complete me-

dium (DMEM supplemented with 10% heat-inactivated FBS, 2 mM glutamine, 100 U/ml penicillin, and 100 mg/ml streptomycin), and

plated at 1 ml/well in 24-well tissue culture plate (Falcon, VWR Edmonton, AB, Canada). Cells were stimulated with SLA (50 mg/ml) for

72 h, and the supernatant fluids were collected and stored at �20�C until assayed for cytokines by ELISA.

Cytokine ELISAs and NO
IL-17A, IFN-g and IL-10 concentrations in cell culture supernatant fluids were measured by sandwich ELISA using Ab pairs from BD

PharMingen or Biolegend according to manufacturer’s suggested protocols. Nitrite concentrations in BMDM culture supernatants

were used as a measure of NO production and quantified using the Griess assay.

Generation of BMDMs, BMDCs and in vitro infections
BMDCs and BMDMs were generated from naive WT and PTX3�/� mice as described previously (Liu et al., 2009). In brief, bone

marrow cells were isolated from the femur and tibia of mice and differentiated into macrophages using complete medium supple-

mented with 30% L929 cell culture supernatant. For BMDC differentiation, the bone marrow cells were grown using complete me-
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dium supplemented with 20ng/mL GM-CSF. For infection, BMDCs or BMDMs were incubated with parasites for 3h or 6h at a cell/

parasite ratio of 1:10 as previously described (Liu et al., 2009). In some experiments, infected cells were stimulated with IFN-g (100

and 10 ng/mL), IL-17A (100 and 50 ng/mL) and LPS (1 mg/mL). At different times after infection, parasite numbers inside infected cells

were determined by counting Giemsa stained cytospin preparations under light microscope at 100x (oil) objective. In addition, the

culture supernatant fluids were also assessed for nitrite concentration. In some experiments, BMDCs were stimulated in vitro with

LPS (1 mg/mL) for 24 h, and culture supernatant fluids were assayed for TGF-b, IL-12p40 and IL-6 by ELISA.

Purification of splenic CD4+ T cells and CD11c+ (dendritic) cells
Splenic CD4+ T and CD11c+ cells were isolated by negative and positive selection using the StemCell CD4+ T andCD11c+ cells Easy-

Sep isolation kits, respectively, according to the manufacturer’s suggested protocols. The purities of the different cell populations

were > 94% (CD4+) and 87–93% (CD11c+).

In vitro Th1 and Th17 differentiation
Single-cell suspensions from the spleens (whole splenocytes) or highly purified naive CD4+ (CD44-CD62+) cells fromWT and KOmice

were labeled with CFSE dye as previously described (Liu and Uzonna, 2010) and cultured in 96-well plates (23 105 per well in 200 mL

aliquots) in the presence of plate-bound anti-CD3 (1 mg/mL) and anti-CD28 (1 mg/mL) under varying polarizing conditions as follows:

Th1, rIL-12 (20 ng/mL) and anti-IL-4 (10 mg/mL); Th17, rTGF-b (10 ng/mL), rIL-6 (100 ng/mL), anti-IL-4 (10 mg/mL), anti-IL-2 (10 mg/mL)

anti-IFN-g (10 mg/mL), and anti-IL-12 (10 mg/mL). All recombinant cytokines and endotoxin-free mAbs were purchased either from

R&D Systems or BioLegend (San Diego, CA). In some experiments, rPTX3 (R&D system) was added into the cell cultures. After

5 days of culture, the cells were routinely assessed for proliferation and cytokine production by flow cytometry as described below.

BMDC-T cells Co-culture assays
CFSE labeled highly purified naive CD4+ T cells from PEPCKTCR transgenic mice were cultured for 4 days in 96-well plates with LPS-

matured BMDCs from WT and PTX3�/� mice at 10:1 (DC to T cell ratio) in presence of PEPCK peptide (5 mM NDAFGVMPPVARLT-

PEQ, (Mou et al., 2015) and/or Th17-polarizing cocktail (as described earlier). After 5 days of culture, the cells were routinely assessed

for proliferation and cytokine production by flow cytometry as described below.

CFSE labeling and proliferation protocol
The CFSE labeling protocol used here has been described previously (Liu and Uzonna, 2010). Briefly, single-cell suspensions from

the spleens or dLNs were counted and stained with CFSE dye at 1.25 mM at room temperature in the dark with continuous rocking.

After 5 min, staining was quenched with heat-inactivated FBS and the cells were washed, counted, resuspended in complete me-

dium, and used for in vitro cultures.

Quantification of transcript levels by RT-PCR
Total RNA was extracted from murine ear, splenocytes, BMDM, BMDC or purified CD4 T cells using the RNeasy Plus Micro Kit.

mRNA was reverse transcribed and cDNA was amplified by RT-PCR using SYBRGreen chemistry as described previously (Oghumu

et al., 2014). Murine primers and reaction conditions were obtained from the PRIMER BANK website https://pga.mgh.harvard.edu/

primerbank (Massachusetts General Hospital Primer Bank). Data were normalized to the housekeeping gene b-actin and presented

as fold induction over non-polarized splenocytes or CD4+ T cells using the delta-delta CT method.

Cryopreservedhumanskinbiopsies from lesionsof infectedoruninfectedpeoplewereprocessed intofinepowderusing the traditional

mortar and pestle system. Total RNA was extracted from these samples using RNeasymini kit (QIAGEN, Venlo, Netherlands) and DNA

clean upwas performed on-columnbyDNase treatment (QIAGEN).mRNAwas reverse transcribed and cDNAwas amplified using Taq-

mangeneexpressionassays (AppliedBiosystems) forPTX3 (Hs00173615_m1), IL17A (Hs00174383_m1)andGAPDH(Hs03929097_g1).

All reactions were performed using the standard cycling conditions (Applied Biosystems, Warrington, United Kingdom). Data were

normalized to the housekeeping gene GAPDH and presented as fold induction over normal skin (NS) using the delta-delta CT method.

Flow cytometry analysis
For flow cytometry analysis, single cell suspension from spleens, dLNs and ear tissues were stained directly ex vivo for CD19, CD4,

CD90, GR1, LY6C, Ly6G, CD11b, CD3, CD4, MHC-II and CD11c expression. For intracellular cytokine analysis, surfaced-stained

splenocytes and dLN cells were permeabilized with 0.1% saponin (Sigma-Aldrich) in staining buffer and then stained with

specific fluorochrome-conjugated mAbs against TNF-a, IL-6, IFN-g, IL-10 and IL-17 (BioLegend). Samples were acquired on a

BD FACSCantor machine and analyzed using FlowJo software (TreeStar Inc, Ashland, OR).

Ex vivo Treg staining
In some experiments, single cell suspensions of spleens and dLN cells were directly stained ex vivo for surface expression of CD3,

CD4 and CD25. Thereafter, the cells were stained for intracellular expression of Foxp3 using Treg staining kit (BD Bioscience, Mis-

sissauga, ON, Canada) according the manufacturer’s suggested protocol.
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Confocal microscopy
PBS treated and L. major infected ear tissues from C57BL/6 mice were harvested after 3 days post infection. The tissues were fixed

for 1h at 4�C in 4% paraformaldehyde in PBS, and incubated at 4�C for 1h in 10% and 20% sucrose in PBS, then in 30% sucrose

overnight. Tissues were embedded in OCT compound (Fisher Scientific) and cut into 10 mm sections using a cryostat and mounted

onto microscope slides. Slides were washed, blocked with Fc blocker (Innovex), 4%mouse serum (ImmunoReagents) and 4% goat

serum. The primary antibodies used were rat anti-PTX3 (Enzo Life Sciences) at a 1:400 dilution, and rabbit anti-CD68 (Abcam) at a

1:400 dilution. Secondary antibodies used were AF568-conjugated goat anti-rat (Invitrogen) at 1:1000 dilution, and AF647-conju-

gated goat anti-rabbit (Invitrogen) at 1:5000 dilution. Slides were stained with Hoechst 33342 (Molecular Probes) for 30 min at

1:2000 dilution and mounted with ProLong Gold (Invitrogen). Images were acquired using the Zeiss AxioObserver confocal micro-

scope. Colocalization analysis (using Manders’ correlation coefficient) was performed using the JACoP plugin in ImageJ.

QUANTIFICATION AND STATISTICAL ANALYSIS

Results are shown asmeans ±SE. Results from different groups were compared using Student’s t test or One-way ANOVA. A p value

of% 0.05 was considered significant. All of the statistical details of the experiments reported here can be found in the figure legends.
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