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Abstract

The role of the nucleotide-binding domain and leucine-rich repeat containing receptor NLRP10 in 

disease is incompletely understood. Using three separate mouse strains lacking the gene encoding 

NLRP10, only one of which had a coincidental mutation in DOCK8, we documented a role for 

NLRP10 as a suppressor of the cutaneous inflammatory response to Leishmania major infection. 

There was no evidence the enhanced local inflammation was due to enhanced inflammasome 

activity. NLRP10/DOCK8 dually deficient mice harbored lower parasite burdens at the cutaneous 

site of inoculation than wild-type controls, whereas singly NLRP10 deficient had similar parasites 

loads to controls, suggesting that DOCK8 promotes local growth of parasites in the skin whereas 

NLRP10 does not. NLRP10-deficient mice developed vigorous adaptive immune responses, 

indicating there was not a global defect in development of antigen specific cytokine production. 

Bone marrow chimeras showed the anti-inflammatory role of NLRP10 was mediated by NLRP10 

expressed in resident cells in the skin, rather than bone marrow-derived cells. These data suggest a 

novel role for NLRP10 in the resolution of local inflammatory responses during L. major 
infection.
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Introduction

The nucleotide-binding domain and leucine-rich repeat containing receptor (NLR) family 

has diverse functions in regulating innate immunity and inflammation. Activation of some 

NLR proteins, including NLRP1, NLRP3, and NLRC4, triggers assembly of inflammasome 

complexes, resulting in the activation of caspase-1 which in turn processes pro-IL-1β and 

pro-IL-18 into their mature secreted forms. However, the majority of NLR proteins have not 

been shown to mediate inflammasome complex formation. These “non-inflammasome” 

NLRs have diverse functions in inflammation and immunity that are still being defined. 

NLRP6, NLRP12, and NLRP10 have all been described as inhibitors of innate immune 

responses (1–8).

NLRP10 is widely expressed in myeloid cells, epithelial cells, and keratinocytes. It is the 

only NLR protein without a leucine rich repeat (putative ligand-binding) domain, leading 

investigators to hypothesize that it acts as a dominant negative inhibitor of inflammasomes. 

As such, anti-inflammatory properties of NLRP10 have been attributed to inhibition of 

inflammasome activation via ASC binding and inhibition of ASC-mediated NF-κB 

activation (6, 8). A contrasting pro-inflammatory role for NLRP10 has also been implicated 

through a study of Shigella flexneri infection, in which NLRP10 contributed to 

inflammatory cytokine release, possibly by interacting with NOD1 and its down-stream 

pathway components (9). Although NLRP10 was implicated in adaptive immune responses 

through the regulation of dendritic cell migration, recent studies revealed a coincident 

mutation in DOCK8 in NLRP10-deficient mice, and suggested that DOCK8 was responsible 

for the observed phenotype (10). Thus, the functions of NLRP10 in innate immunity need 

further investigation.

Leishmaniasis refers to a group of diseases caused by the intracellular Leishmania spp. 

protozoa. Cutaneous leishmaniasis, the most common form of human disease, is defined by 

inflammatory ulcerative lesions limited to the skin. Studies of mouse models with cutaneous 

leishmaniasis caused by Leishmania major infection revealed dichotomous manifestations in 

different inbred mouse strains, which fortuitously illustrated differential outcomes of TH1-

type versus TH2-type immunity. Susceptible BALB/c mice developed a strong TH2-type 

response to a dominant L. major antigen (LACK) leading to disease progression and parasite 

visceralization to the liver and spleen. In contrast, resistant mice such as the C57BL/6 line 

displayed a predominantly TH1-type response leading to disease self-clearance and 

protective immunity (11, 12). Subsequent studies have revealed that innate immune 

responses initiated at the onset of infection are critical determinants of the type of adaptive 

immune response that develops, and the outcome of disease (13–15). As an example, 

localized events occurring at the onset of infection in resistant mice have been shown to 

promote the rapid local production of cytokines, including IL-6 and IL-1β, and a subsequent 

effective adaptive immune response (15). These studies underscore the importance of 

understanding the roles of innate immune mechanisms in leishmaniasis.

NLRP3 inflammasome activation has been implicated in both resistance and susceptibility in 

murine models of cutaneous leishmaniasis (16–18). However, the role of other NLRs in 

leishmaniasis is unknown. We therefore undertook a screen of mouse strains lacking NLR 
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proteins NLRP6, NLRP12, and NLRP10 in order to document the roles of each of these 

incompletely understood NLRs in L. major infection. Because of its critical role in 

inflammasome formation, mice lacking the adaptor protein ASC were included as a screen 

for inflammasome involvement. The course of lesion development and parasite burden in 

these knockout mice were compared to the self-healing wild type (WT) mice on a C57BL/6 

background. Our observations revealed an anti-inflammatory role for NLRP10 in cutaneous 

leishmaniasis, but not in the local control of parasite growth. Data also suggest that this 

effect is not due to uncontrolled inflammasome activation, but rather due to a vigorous 

infiltration/retention of neutrophils at the local site of inflammation. These data suggest an 

anti-inflammatory effect of NLRP10 is a partial determinant of symptomatic disease during 

cutaneous leishmaniasis, independent of controlling or promoting growth of the parasite 

itself.

Materials and Methods

Parasites

An L. major strain isolated from a patient who acquired cutaneous leishmaniasis in Iraq 

(IA0) was transfected with SwaI-linearized pLucCherry to generate a transgenic line that 

expressed both luciferase and mCherry(19). Parasites were passed through mice to maintain 

virulence, accomplished by inoculating promastigotes in the hock and isolating a new 

parasite strain after 4–6 weeks. L. major Friedlin strain was kindly provided by Philip Scott, 

University of Pennsylvania. Parasites were maintained as axenic cultures in Schneider’s 

complete medium (Gibco) supplemented with 10% heat-inactivated FBS, 2 mM L-

glutamine, 50 µg/ml gentamicin, and 2% male human urine. Parasites were serially passaged 

in mice to maintain virulence.

Mice and bone marrow chimeras

Female mice were infected with parasites intradermally at 6–8 weeks of age.. Sex and age 

matched C57BL/6N (Charles River) or BALB/cJ (Jackson Laboratories) mice were used as 

controls for gene knockout strains. Mice were maintained in specific-pathogen-free housing. 

All protocols were approved by Institutional Animal Care and Use Committees at the 

University of Iowa and at the Iowa City VA Medical Center.

NLRP10−/−, ASC−/−, NLRP6−/− or NLRP12−/− mice were generated as described (20–23). 

ASC−/−, NLRP6−/−, and NLRP12−/− mice were backcrossed 10 generations onto a 

C57BL/6N background. NLRP10−/− mice on a BALB/cJ background were generated by 

backcrossing for 9 generations. In the final stages of our study, the C57BL/6 NLRP10−/− 

knockout strain was found to harbor an unexpected point mutation that caused a premature 

stop codon in dock8 , resulting in a complete loss of DOCK8 protein. Therefore, 

NLRP10−/−DOCK8+/+ mice were generated by further backcrossing with C57BL/6N mice 

for 3 generations, and a wild-type Dock8 allele was confirmed by sequence analysis (10). 

When referring to NLRP10−/− mice, we will refer the first strain generated, i.e. the strain 

with mutant dock8 unless otherwise stated.
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Bone marrow chimeras were generated by lethally irradiating recipient mice, harvesting 

donor mouse bone marrow from femurs and retro-orbitally injecting recipient mice with 

3×106 cells in PBS. Recipient mice recovered for four weeks while on antibiotics and 

engraftment was confirmed to be greater than 95% in the peripheral blood by flow cytometry 

using CD45.2 (NLRP10−/−) and CD45.1 (WT) markers.

L. major infections and in vivo imaging (IVIS)

Stationary or metacyclic promastigotes suspended in 10 µl of PBS were inoculated 

intradermally into the right ear. Metacyclic promastigotes were isolated from stationary 

phase cultures as described (24). Lesions in L. major infected mice were monitored by 

caliper measurement and photography at the indicated times and compared to contralateral 

uninfected ear. Parasite burden in luciferase-expressing parasite infected mice were 

quantified by in vivo imaging using the IVIS 2000 system (Xenogen). Data were collected 

as pixels emitted in a consistently sized “region of interest” (ROI). Parasites were quantified 

from total DNA isolated from tissue homogenates using the DNeasy Blood & Tissue Kit 

(Qiagen)using qPCR for Leishmania kinetoplastid DNA with primers and probes as 

previously described (25).

Histopathology

Ears were harvested from NLRP10−/− or WT mice at the indicated times after intradermal 

inoculation of PBS or L. major promastigotes. Three micron tissue sections obtained from 

formalin-fixed tissues embedded in paraffin blocks were stained using hematoxylin and 

eosin (H&E). Infiltrating leukocytes, including myeloid cell types were quantified using 

light microscopy with conditions blinded to the observer. The site of infiltration was 

determined on low magnification, and cells in a minimum of three high power fields (HPFs) 

per ear within the lesion were quantified for each experimental condition in each 

experiment. Considering the three replicate experiments, at least 10–15 HPFs total were 

examined per condition per time point. Leukocytes were identified by morphology, and 

amastigotes were identified by size, morphology, and the presence of nuclear and kinetoplast 

DNA.

Cytokine assays

Single cell suspensions were generated from draining retromaxillary lymph nodes or spleens 

from L. major infected or control mice by passage through a sterile 70 µM screen. Red blood 

cells in splenic preparations were lysed by hypotonic shock. The cells were then seeded at 

2×105 cells/well in 200 µl of RP10 [RPMI 1640 (Gibco), 10% heat-inactivated FBS (Gibco), 

2 mM L-glutamine, 50 µg/ml gentamicin, in round bottomed 96-well plates with or without 

stimuli. The stimuli included media control, 10 µg/ml total Leishmania lysate, live L. major 
parasites at 3:1 parasite: host cell ratio, or wells coated with anti-CD3e antibody at 500 

ng/mL overnight. After incubation at 37°, 5% CO2 for 72 hours, supernatants were collected 

for cytokine assays. The murine cytokines IFN-γ, IL-1β, IL-4, IL-12p70, IL-6, IL-17A, 

TNFα, and IL-10 were analyzed in cell supernatants by a Multiplex Luminex Assay (Life 

Technologies) or Bio-Plex Multiplex Assay (Millipore). IL-17A was detected in whole ear 

lysates by ELISA using the mouse IL-17A DuoSet ELISA kit from R&D. IL-1β was 
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detected in by ELISA using monoclonal coating and detection antibodies MAB401 and 

BAF401, respectively, from R&D.

Flow cytometry

Ear tissues were incubated with Liberase TL (Roche) for two hours at 37°C. Cells were 

dissociated from fibrous tissue through a 70 µm screen as described (14). Lymph nodes and 

spleen cells harvested as described above, were stained for viability and surface antigens, 

and fixed. Primary anti-mouse antibodies for flow cytometry were CD11b, APC/Cy7; Ly6C, 

FITC; Ly6G, PerCP/Cy5.5; CD11c, biotin and Brilliant Violet 605 from BioLegend and 

anti-mouse MHCII, CD90.2 (53-2.1), anti CD8 (53-6.7), anti CD4 (RM4-5) from 

eBioscience. Intracellular stains included anti-mouse IFN-g PE-Cy7 (XMG-1.2, 

eBioscience), anti-IL-17A (TC11-18H10.1, Biolegend), anti-TNF (MP6-XT22 Biolegend) 

and anti-IL-10 (JES5-16E3, Biolegend). Live cells were identified using a Zombie Yellow 

Fixable Viability Kit (Bio Legend). Infiltrating leukocytes were identified by CD11b 

expression. Neutrophils (PMNs) were identified as CD11b+Ly6G+, and inflammatory 

monocytes (monocytes) as CD11b+CD11c−Ly6G−Ly6C+ (26). Lymph node cells for 

intracellular stain were incubated in 0.1 µg/ml PMA, 1 µg/ml ionomycin and 2 µg/ml 

brefeldin A for 6 hours. Cells were surface stained, then incubated in 0.5% saponin and 

stained for intracellular cytokines.

Fluorescence minus one (FMO) controls were used to set all gates (27). Cells were analyzed 

on a BD LSRII flow cytometer (BD Biosciences) and the results were evaluated using 

FlowJo software (Tree Star).

Isolation of macrophages, neutrophils, and dendritic cells

Murine bone marrow cells were collected from femurs and cultured in RP10 with 10% L929 

supernatant for 7–9 days to obtain bone marrow-derived macrophages (BMDMs). Bone 

marrow-derived dendritic cells (BMDCs) were generated from bone marrow cells cultured 

in RP10 supplemented with GM-CSF (50 ng/ml; PeproTech) and IL-4 (20 ng/ml; 

PeproTech) for 6 days. Bone marrow neutrophils (PMNs) and monocytes were suspended in 

RP10 following isolation via Percoll step gradients (52%, 69%, and 78%) (GE Healthcare)

(28, 29).

In vitro study of inflammasome activation

BMDMs were primed by incubation in 10 ng/mL of LPS (LPS-EB ultrapure, InvivoGen) for 

3 hours. Cultures were rinsed and stimulated for 16 hours with 100 µg/mL alum (ImJect 

alum., Thermo Scientific) for 18 hours. Supernatants were collected and IL1-β was assayed 

using by ELISA.

In vitro infections of BMDM and BMDC

Metacyclic promastigotes were isolated by density gradient from stationary culture of L. 
major Friedlin strain as previously described and opsonized with 5% A/J (C5a deficient) 

murine serum (Jackson Laboratories) at 37°C for 15 minutes (24). The parasites were added 

at a ratio of 5:1 to WT or NLRP10−/− BMDM and BMDCs in wells containing cover slips. 

After one hour at 35°C, 5% CO2, cells were washed to remove unbound parasites. The cover 
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slips were removed at the indicated time points and the parasite-infected BMDM and 

BMDCs were stained using Hema3 solutions (Fisher Scientific). The percent of cells that 

were infected, the number of parasites per infected cell, and the total parasites/100 cells 

were determined by light microscopy.

Chemotaxis assays

In vitro chemotaxis assays were performed with PMNs, mononuclear cells, or BMDCs using 

a 96-well ChemoTx System (Neuroprobe) with 3 µm, 5 µm, or 8 µm pores sizes respectively. 

PMN and monocyte chemoattractants were zymosan activated serum [1 mg Zymosan A 

from Saccharomyces cerevisiae (Sigma) per 1 ml autologous serum diluted to 0.5%], MCP-1 

(500 or 700 ng/ml; PeproTech), or heat-killed S. aureus (10% v/v of overnight culture). 

BMDC chemoattractants were CXCL12, CCL19, and CCL21 (each at 100 ng/ml; 

PeproTech). All were diluted in HBSS, and optimal concentrations for chemotaxis assays 

were determined empirically. Chemoattractants were loaded in triplicate in the lower 

chambers, and cell suspensions in the upper chambers. After incubation for one hour (for 

PMNs and monocytes) or two hours (for DCs) at 37°C and 5% CO2, the upper chambers 

were removed and cells in the lower chamber were stained with calcein AM for 15 minutes 

and fluorescence was quantified on a plate reader (485 nm excitation, 530 nm emission).

Statistical analysis

Statistical significance was determined using GraphPad Prism software. Multiple groups 

were compared using one- or two-way ANOVA with Bonferroni or Tukey post-test. Two 

group comparisons were performed using Student’s t-test, or Wilcoxon Rank Sum for non-

parametric data.

Results

NLRP10-deficient mice have increased inflammatory responses to L. major infection, 
compared to wild-type controls

To determine whether ASC, NLRP6, NLRP10, or NLRP12 play a role in cutaneous 

leishmaniasis in vivo , we inoculated luciferase-expressing L. major intradermally into the 

ears of ASC−/−, NLRP6−/−, NLRP12−/−, or NLRP10−/− mice, all on a C57BL/6 background, 

and compared lesion development and parasite burden to wild-type (WT) C57BL/6 mice. 

Parasite burdens were measured according to luciferase activity (photons/second). The same 

isolate passage was used to infect knockout and control lines in each experiment, allowing 

us to compare photons emitted between groups within each experiment. Although luciferase 

activity is proportional to parasite burden within each experiment, it cannot be directly 

extrapolated to quantify parasite numbers.

As expected, WT C57BL/6 mice exhibited a self-healing phenotype. There were no 

significant differences between WT mice and mice deficient in ASC, NLRP6, or NLRP12 

based upon either lesion size or parasite burden (Figure 1A-C). However, comparison of 

NLRP10−/− and WT mice infected with luciferase-expressing L. major revealed that 

NLRP10−/− mice developed dramatically larger lesions than infected WT mice, with more 

frequent ulceration. WT mice resolved their lesions by measures of both size and ulceration, 
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whereas NLRP10−/− lesions failed to resolve (Figure 1D, F). Surprisingly, this line of 

NLRP10−/− mice harbored lower parasite burdens than WT mice during the first 8 weeks of 

infection, although they failed to decrease the parasite burden from initial levels, resulting in 

higher parasite loads than those observed in WT mice at 14 weeks of infection (Figure 1E). 

Additional studies revealed these mice had a coincident defect in DOCK8 (30), an 

observation we investigate below.

Differences in the inflammatory response were evident upon infection with a higher dose of 

metacyclic luciferase-expressing parasites 14 days post infection. NLRP10−/− mice infected 

with non-transgenic L. major Friedlin strain also had increased lesion size and ulceration 

during infection, indicating this was not a phenomenon of parasite strain or the presence of 

the transgene (Supplemental figure 1A).

Because the NLRP10−/− strain was recently reported to contain a coincidental mutation in 

Dock8 (confirmed in our NLRP10−/− line) (10), we repeated the infection using a line of our 

NLRP10−/− mice that had been back-crossed on a C57BL/6 background to restore the wild-

type dock8 alleles (Figure 2A-C). Infection of these NLRP10−/− DOCK8+/+ mice with L. 
major non-transgenic Friedlin strain reproduced the pattern of increased inflammation and 

ulceration that we observed in the NLRP10−/− strain with a mutation in dock8 . However the 

parasite loads, measured by either qPCR (Figure 2C) or luciferase activity (not shown), were 

the same in WT versus the NLRP10−/− DOCK8+/+ mouse. These data suggest that NLRP10 

is responsible for suppressing the inflammatory response that we observed in the original 

NLRP10−/− mice, and raise the hypothesis that DOCK8 is responsible for enhancing the 

parasite load locally in the skin. The nature of enhanced inflammation in draining lymph 

nodes was primarily myeloid, with increase due to CD11b+ myeloid cells, as well as 

enhanced infiltrating neutrophils (L6G+) and Ly6C+ monocytes (Figure 2D-F).

NLRP10 has been reported to inhibit inflammasome activation, a hypothesis that seems 

logical because of the lack of a leucine rich ligand-binding domain (31). However, the 

response of bone marrow derived macrophages isolated from NLRP10−/− or from WT mice 

had an indistinguishable release of IL-1β in response to LPS and alum, signals that activate 

the NLRP3 inflammasome (32) (Figure 2G). Furthermore, the abundance of IL-1β in 

supernatants of draining lymph node cells from either mouse strain was the same, either in 

the presence or the absence of soluble parasite antigen (Figure 2H). These data suggest the 

mechanism through which NLRP10 suppresses inflammatory responses is not by inhibition 

of inflammasome activation, either in vivo or in cultured macrophages.

NLRP10−/− mice on a BALB/cJ background, a strain that also has a wild-type Dock8 allele, 

were infected with luciferase-expressing L. major . These mice also showed increased lesion 

size and accelerated ulceration compared to WT BALB/cJ mice (Figure 3A, C). Similar to 

the NLRP10−/− Dock8+/+ C57BL/6 mice, parasite burden in the ear was not different 

between WT and NLRP10−/− BALB/c mice (Figure 3B, D). However, there were 

significantly more disseminated parasites to the draining lymph nodes, livers, and spleens of 

NLRP10−/− compared to WT BALB/cJ mice (Figure 3E-G). Whether this signifies that 

different mechanisms of clearance are active in the skin versus visceral organs or whether 

this result indicates differences in parasite dissemination rates cannot be discerned from the 
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current data. Similar observations were made upon infection of these mice with non-

transgenic L. major Friedlin strain (Supplemental figure 1B). As might be predicted, 

dissemination of L. major was not detectable in distal organs of C57BL/6 mice, which are 

genetically resistant to L. major infection (33). Disseminated parasites also could not be 

detected in NLRP10−/− DOCK8+/+ C57BL/6 mice, despite the lack of NLRP10 (data not 

shown). Together these data show a role for NLRP10 in controlling inflammation locally in 

infected skin sites.

L. major infected NLRP10−/− mice had increased numbers of infiltrating neutrophils in 
lesions

To identify the cell types responsible for enlarged lesions in NLRP10−/− mice, we quantified 

the myeloid cells infiltrating the site of acute L. major infection by both microscopy and 

flow cytometry. Histological examination of infected ear sections revealed the majority of 

the inflammatory lesion in NLRP10−/− infected tissues was accounted for by a neutrophilic 

infiltrate. The significant increase in infiltrating neutrophils in NLRP10−/− lesions was 

evident by 1 week, and continued at 2 weeks post-infection. There were more monocytic 

cells, but not lymphocytes, two weeks after infection in NLRP10−/− ears than WT ears. 

Amastigotes were rare, but were detected within monocytic cells at the lesion site and 

trended higher in WT compared to NLRP10−/− ears (Figure 4A-B).

We confirmed the identity of myeloid cells in the infected ear using flow cytometry (Figure 

4C). CD11b+ myeloid cells were identified as monocytes or neutrophils based upon Ly6G, 

Ly6C and CD11c surface staining. Results of these studies showed that cells isolated from 

the ear tissue of NLRP10−/− mice had increased myeloid cell numbers when compared to 

WT mice, and a larger population of PMNs was present in NLRP10−/− compared to WT ears 

at 14 days post-infection. Draining lymph nodes of the same mice showed significantly 

higher numbers of neutrophils, and increased resident dendritic cells in NLRP10−/− 

compared to WT mice (Figure 4D).

At late time points during this chronic infection, the disparity between lesions size in WT 

and NLRP10−/− ears increased (Figure 1D). Indeed, ear lesions in WT mice had nearly 

resolved by 98 days of infection (Figure 5A). Histologic examination revealed enhanced 

cellular infiltrates in NLRP10−/− mouse ears, with significantly more total infiltrating cells 

and PMNs, but similar numbers of monocytic cells and lymphocytes per HPF compared to 

WT ears (Figure 5B, C). Furthermore, the majority of the infiltrating cells in the NLRP10−/− 

ears were PMNs, and the majority of the infiltrating WT cells were monocytic cells (Figure 

5B, C).

NLRP10−/− and WT myeloid cells do not differ in chemotaxis or infection with Leishmania

The increase in infiltrating neutrophils in the tissues of infected NLRP10−/− mice could be 

caused by either an inherently increased or diminished responsiveness of neutrophils to 

chemoattractants leading to either enhanced infiltration or decreased exit, respectively. 

Alternatively, local tissues could have enhanced attraction for neutrophils. To examine the 

first possibility, we examined the rate of migration of WT or NLRP10−/− bone marrow 

derived neutrophils, monocytes or dendritic cells toward chemoattractants in vitro. Migration 
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of monocytes toward zymosan activated serum (a source of complement fragment C5a) or 

MCP-1 (CCL2) did not differ between WT and NLRP10−/− cells (Figure 6A). Migration of 

PMNs toward zymosan activated serum or heat-killed S. aureus did not differ (Figure 6B). 

The migration of bone marrow-derived dendritic cells toward CXCL12, CCL19 or CCL21 

was equally efficient between WT and knockout cells (Figure 6C). This suggests differences 

between infiltrating myeloid cells in NLRP10−/− versus WT tissues cannot be accounted by 

inherent differences in migration of these cells in or out of infected tissues. Furthermore, the 

uptake and the intracellular survival of L. major was equivalent in NLRP10−/− and WT 

macrophages in vitro (Figure 6D, E). This suggests that the differences in infection rates 

were not accounted for by intrinsic defects in myeloid cells.

Despite the lack of differential movement of neutrophils toward chemoattractants noted 

above, both WT and NLRP10−/− neutrophils increased expression of CXCR-2, ligation of 

which provides a potent activation signal to neutrophils, upon infection with L. major 
(Figure 7A). Therefore we examined whether chemokines ligating CXCR2, including 

CXCL-1 and CXCL-2, could be implicated in the different inflammatory responses to L. 
major infection. RT-qPCR assay of ear tissue from infect mice showed there were not 

differences between the abundance of mRNA encoding either CXCL-1 or CXCL-2 between 

tissues of WT versus NLRP10−/− mice (Figure 7A).

NLRP10−/− mice mount an enhanced adaptive immune response to L. major

To investigate whether adaptive immune responses to L. major infection were modulated by 

NLRP10-deficiency, we assessed antigen-induced cytokine production in isolated 

lymphocytes from the draining lymph nodes of 2-week L. major infected mice. NLRP10−/− 

cells produced higher amounts of antigen-specific IFNγ, IL-6, IL-10, and IL-17 compared to 

WT mice (Figure 8A-D). In contrast, TNF and IL-1β amounts did not differ significantly, 

and IL-4 production was not detected in supernatants of either WT or NLRP10−/− lymph 

nodes (Figure 8E, F). According to intracellular flow cytometry, the majority of IFN-γ was 

derived from CD8+ T cells in both WT and NLRP10−/− lymph nodes, whereas CD4+ T cells 

were the source of IL-10 and IL-17 (Figure 8G). The total numbers of cytokine producing 

CD4+ or CD8+ cells did not differ between NLRP10−/− and WT lymph node cells. IL-17 

producing cells extracted from ears were too infrequent to detect significant differences 

between cytokine producing T cells at the local site of infection in the ear. Nonetheless, 

there was a two-fold increase in IL-17A detected in the whole ear homogenate from 

NLRP10-/- mice infected for 2 weeks with L. major compared to WT mice (Figure 8H).

Gene expression in infected ears was contrasted between uninfected and infected WT, and 

infected NLRP10−/− mice (Figure 7A). Infection itself caused a significant increase in 

expression of nlrp10, cxcr2, and il17a in infected compared to uninfected tissues of WT 

mice. The only significant differences between transcripts in tissues of infected NLRP10−/− 

compared to infected WT mice were absent versus present transcript for NLRP10 (as 

expected), and a significant increase in expression of IL-17a in tissues of wild type mice. 

Notably there were no differences between the levels of CXCL1, CXCL2 or CXCR1 

between WT and NLRP10−/− ear tissues. CCL3, a chemokine that can be released by 

neutrophils and attracts monocytes, was also unchanged between the groups. Thus the 
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differential inflammatory responses could not be attributed to chemokines, although there 

were greater amounts of both il17 mRNA and IL-17 protein in the ears of NLRP10−/− 

compared to WT mice infected with L. major .

To address the hypothesis that IL-17 is responsible for increased neutrophil recruitment and 

enhanced local inflammation, we administered neutralizing anti-IL-17 or isotype control 

antibody to WT or NLRP10−/− mice immediately prior, and through the first 4 weeks of 

infection (Figure 7B). The results are shown as the ear thickness after 2 weeks, or lesion 

volume after 4 weeks when lesion dimensions were evident. At the early time point a 

significant difference was noted in NLRP10−/− mice treated with neutralizing anti-IL17 

compared to isotype controls, allowing ear thickness to remain at the size of WT mice 

treated with either antibody, as one would expect if IL-17 were responsible for the enhanced 

inflammation phenotype. However after 4 weeks, WT mice treated with anti-IL17 also had 

significantly smaller lesions than WT mice treated with isotype suggesting a role for IL17 in 

promoting inflammatory lesions in both WT and knockout mice. The data suggest a role for 

IL-17 in the exacerbated phenotype of NLRP10−/− mice, but they do not point to IL-17 as 

the sole explanation of enhanced inflammation.

NLRP10 functions in a non-hematopoietic compartment

The above data do not definitively localize differences between the inflammatory responses 

between NLRP10−/− and WT mice to a particular cellular compartment. Given the widely 

distributed expression of NLRP10 in hematopoietic and non-hematopoietic cells, including 

epidermal cells and dermal fibroblasts in the skin, we used bone marrow chimeras to query 

which cell compartment was responsible for the effects of NLRP10 on inflammation and 

parasite expansion (6, 8). Irradiated NLRP10−/− mice reconstituted with either WT or 

NLRP10−/− bone marrow exhibited a significantly larger inflammatory lesions, reflected by 

ear thickness, and tissue damage illustrated by ulceration, than irradiated WT mice receiving 

either type of bone marrow cells (Figure 9). This suggests that NLRP10 in radio-resistant 

resident cells is essential for controlling inflammation at the site of infection. Thus, NLRP10 

expression in the radiation resistant cells resident in tissues controls inflammation and limits 

lesion size and ulceration during L. major infection.

Discussion

Although the effects of adaptive immune responses in cutaneous leishmaniasis are well 

documented, critical determinants of immune response and disease manifestations are still 

being discovered. In the current study we examined the roles of NLR proteins, and 

specifically the non-inflammasome forming protein NLRP10, in the pathogenesis of L. 
major infection. Study of gene knockout mice revealed a novel and dramatic role for 

NLRP10 as a modifier of the local inflammatory response. Infected NLRP10−/− mice 

developed and maintained large inflammatory lesions at the site of L. major infection, much 

of which was accounted for by neutrophils. The enhanced inflammation was observed in 

three strains of mice lacking NLRP10−/−, only one of which had a coincidental defect in 

DOCK8. We observed no intrinsic differences in microbicidal activity of NLRP10-deficient 

macrophages to explain the enhanced pathology. Although blunted adaptive T cell responses 
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in recently published observations of NLRP10−/− model has been associated with a failure of 

dendritic cell migration (23) was due to a coincidental absence of DOCK8, our observations 

were not accounted for by a failure to mount antigen-specific adaptive immune responses, 

since our experiments with these NLRP10−/− mice harboring the Dock8 mutation developed 

vigorous Th1-type and Th17-type responses in vivo (10). Study of bone marrow chimeric 

mice reveal that the dramatic local inflammatory response in NLRP10−/− mice was due to 

the absence of NLRP10 in non-bone marrow derived cells, since tissue damage could not be 

reversed by adoptive transfer of WT bone marrow into irradiated NLRP10−/− mice.

The enhanced inflammatory infiltrate during L. major infection occurred not only in the 

original NLRP10−/− model in which DOCK8 is also not expressed, but also in back-crossed 

NLRP10−/− mice on a C57BL/6 background in which the DOCK8 gene was intact, as well 

as in NLRP10−/− mice on a BALB/c background. Nonetheless other differences between 

these 3 models were informative. The similarity between inflammatory responses between 

the mouse strains suggested attenuation of the local inflammatory response can be attributed 

to NLRP10. However the curious progression of parasite loads in the original NLRP10−/− 

DOCK8−/− strain seen in Figure 1E was not observed in other models, suggesting the lack of 

initial local growth but higher parasite load in long term infection might be due to the lack of 

DOCK8. Interestingly, mice lacking NLRP10 on a BALB/c background exhibited similar 

parasite loads at the local infection site but increased loads at distal sites. These differences 

may indicate that cells expressing DOCK8 allow parasite growth locally, whereas systemic 

spread of the parasite is influenced by NLRP10.

Investigation of potential neutrophil chemoattractants revealed significant differences 

between the amount of IL-17 mRNA and protein in the tissues of infected NLRP10−/− mice 

compared to WT. However we did not find differential abundance of other the neutrophil 

chemoattractants such as the chemokine CXCL1 or its receptors CXCR2 and CXCR1 (34), 

Neutralizing studies suggested that IL-17 may be a factor promoting inflammatory cell 

influx in both WT and NLRP10−/− mice, however at present we cannot attribute the 

enhanced inflammatory phenotype in NLRP10−/− mice solely to IL-17.

The dual roles NLRP10 appears to play in murine cutaneous L. major infection may 

contribute to resolving discrepancies in the literature. NLRP10 may have tissue specific 

roles, particularly since expression of NLRP10 can vary widely from tissue to tissue. Our 

finding of an anti-inflammatory function of NLRP10 expressed in skin tissue cells as 

opposed to bone marrow-derived cells may be related to the high expression of NLRP10 in 

the dermis and epidermis, including epithelial cells and keratinocytes (6, 8, 9). This anti-

inflammatory function was confirmed in two NLRP10−/− models that are sufficient in 

DOCK8, pinpointing the anti-inflammatory role to NLRP10 itself. NLRP10 may limit the 

local inflammatory signaling cascades leading to reduced chemoattraction of leukocytes. 

Candidate cells producing pro-inflammatory signals are keratinocytes and epidermal cells, 

both of which contribute to immunity to L. major infection in mice (15). Thus, the 

suppressive function of NLRP10 might explain why the absence of NLRP10 leads to 

vigorous T cell responses and increased lesion inflammation during L. major infection. 

Further investigation of the interaction of NLRP10 with innate immune signaling pathways 

in the skin may elucidate the mechanism of its anti-inflammatory function.
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Data presented in this report implicate NLRP10 as a suppressor of inflammatory responses, 

but they do not indicate a role for this protein in controlling or allowing expansion of the 

parasite load. Whether NLRP10 is also essential for dissemination of the organism to distant 

sites, and whether NLRP10 in stromal cells, and DOCK8 in hematopoietic cells act in 

concert to control local parasite growth and dissemination are questions that yet need to be 

addressed. Indeed, the trafficking of mononuclear leukocytes, which support parasite 

growth, in and out of lesions is an essential component of disease (35, 36).

It can be argued that disease manifestations in cutaneous leishmaniasis are caused by the 

inflammatory response to infection and not by the parasite (37). This is particularly well 

demonstrated in humans with mucocutaneous leishmaniasis, a clinical form in which the 

destructive inflammatory lesions have very few parasites present. Thus an understanding of 

the molecular pathway(s) that naturally suppress inflammation (such as NLRP10) could 

reveal novel mechanisms to suppress disease with or without suppression of parasite 

expansion. Therapeutically targeting these pathways may lead us to novel approaches to 

treatment that target the inflammatory disfiguring lesions that accompany cutaneous and 

mucocutaneous Leishmania spp. infections, rather than or in combination with targeting the 

parasite itself.
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Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Screens of knockout mouse strains show NLRP10−/− mice, which have a coincident 
defect on DOCK8, have increased inflammation and lower parasite burdens
WT mice and mice lacking A) ASC, B) NLRP6, C) NLRP12, or D-F) NLRP10, were 

inoculated intradermally with 5×105 luciferase expressing L. major stationary promastigotes 

in the ear pinna. A-E) Lesion development and parasite burden were monitored by weekly 

caliper measurements of ear thickness and in vivo imaging. F) The percent of NLRP10−/− or 

control mice in each group with ulcerated lesions was evaluated weekly. Results are pooled 

data from 3 (A, C-F) or 2 (B) independent experiments. There were 3–9 mice per group in 

each independent experiment and the results are expressed as the mean ± SEM. (* p<0.05; 

** p<0.01).
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Figure 2. NLRP10−/− DOCK8+/+ mice on a C57BL/6 background have enhanced inflammatory 
responses
(Panels A-F): NALP10−/−, DOCK8+/+ C57BL/6 mice were inoculated with 5×105 WT L. 
major metacyclic promastigotes intradermally in the ear pinna. At weekly periods, mice 

were monitored for (A) lesion size by weekly caliper measurement of ear thickness and (B) 

the percentage of mice with ulcerated lesions. (C) The parasite burden in total ears was 

measured in by qPCR after 4 weeks of infection. (Panels D-F): WT or NLRP10−/− mice 

were either infected or inoculated with buffer. After 1, 7 or 14 days, draining lymph nodes 

were removed from 6–10 mice from each group, stained and evaluated by flow cytometry 
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for the content of total myeloid cells, neutrophils and infiltrating monocytes. (Panels A-F: 

n=3 replicate experiments with 6–10 mice per group). (G-H): NLRP10 is not required for 

inflammasome activation in isolated macrophages. G) Inflammasome activation was induced 

in bone marrow macrophages derived from wild type or NLRP10−/−, DOCK8+/+ mice by the 

addition of LPS followed by alum. Mature IL-1β released into supernatants, reflecting 

inflammasome activation, was measured by ELISA. There were no statistically significant 

differences between the amounts of IL-1β released after inflammasome activation of wild 

type C57BL/6 versus NLRP10−/− macrophages (n=5). (H) WT or NLRP10−/− mice were 

infected with L. major intradermally in the ear. After 2 weeks, draining lymph nodes lymph 

nodes were removed and cells were incubated for 48 hrs in buffer (no stim) or L. major 
antigen (+Ag). Supernatants were collected and assessed for IL-1β concentration by ELISA. 

There were no significant differences between IL-1β released from WT versus NLRP10−/− 

lymph nodes (2-way ANOVA, n=3).
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Figure 3. NLRP10−/− mice on a BALB/cJ background have increased lesion size and increased 
parasites in the visceral organs
Mice were inoculated with 5×105 luciferase expressing L. major metacyclic promastigotes 

intradermally in the ear pinna. Panels show (A) Lesion size according to ear thickness 

measured by calipers, (B) parasite burden according to light generated from luciferase-

expressing parasites in the presence of luciferin, and (C) ulceration according to visual 

inspection, observed for 8 weeks after parasite inoculation. (D-G) Parasite burdens were 

measured by qPCR in the indicated tissues after euthanizing groups of mice infected for 8 

weeks. Results show the mean ± SEM of three independent experiments, each with 3–5 mice 

per group. Statistical analyses were done by one- or 2-way analysis of variance.
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Figure 4. Early lesions: NLRP10−/− mice have more myeloid cell infiltration in acute cutaneous 
leishmaniasis than WT mice
NLRP10−/− (with coincident DOCK8−/−) or WT C57BL/6 mice were inoculated with 1×106 

luciferase expressing L. major stationary promastigotes intradermally in the ear pinna. (A) 

The indicated cell types were quantified microscopically in H&E stained histological 

sections of the ears of mice infected for 1, 2, 7, or 14 days with L. major or controls 

inoculated with PBS at the same time points. Cell numbers are expressed as cells per high 

power field (HPF) at. (B) Representative images show H&E stained tissue from PBS control 

or L. major- infected ears (100× objective, 1.3 N.A.) with insets illustrating identification of 

indicated cells. (C) On days 1, 2, 7, and 14 post-infection, cells were isolated from the ears 
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of 5 mice per group per time point, and analyzed by flow cytometry to quantify the number 

of the indicated cell types per ear. (D) Draining lymph node cells from the same mice were 

analyzed by flow cytometry for the indicted cell subsets. Results are compiled from 3 

independent experiments, with a minimum of 3 mice per group, and are expressed as the 

mean ± SEM. Statistical analyses were done by one-way ANOVA.
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Figure 5. Late lesions: Late in L. major infection, ears of NLRP10−/− mice have increased tissue 
damage and enhanced infiltrating neutrophils compared to WT lesions
(A) Photographs of ear lesions from representative infected WT and NLRP10−/− mice after 

70 days of L. major infection, and (B) histologic sections of H&E-stained, L. major-infected 

ear tissue on day 98 post-infection are shown. The lesions of WT (upper images) and 

NLRP10−/− (lower images) are shown at 100X (left images) or 1000X (right images) 

magnification (0.25 N.A. or 1.3 N.A., respectively), with insets illustrating specific cell 

types. (C) The absolute number and the percentage of cells per high power field (HPF), were 

determined microscopically on day 98 post inoculation with L. major . The results were 

compiled from 3 experiments with at least 2 injected ears per group and expressed as the 

mean ± SEM. Statistical analyses were done by one way ANOVA.
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Figure 6. NLRP10−/− and WT myeloid cells have similar migration toward chemoattractants and 
leishmanicidal activity
(A-C) Transwell migration assays were performed with (A) PMNs, (B) monocytes, and (C) 

bone marrow-derived DCs. The WT and NLRP10−/− monocytes were isolated from bone 

marrow and analyzed in a transwell migration assay for their migration toward zymosan 

activated serum or MCP-1. (B) WT and NLRP10−/− PMNs were isolated from bone marrow 

and tested in a transwell assay for migration toward zymosan activated serum or heat-killed 

S. aureus. (C) WT or NLRP10−/− bone marrow-derived DCs were assayed in a transwell 

assay for their migration toward CCL12, CCL19, or CCL21. D-E) To test their intracellular 

survival, serum opsonized, metacyclic L. major WT Friedlin strain promastigotes were 

added to WT or NLRP10−/− BMDMs at a parasite to macrophage ratio of 5:1 . (D) The 

percent infection and (E) parasites/100 macrophages were quantified microscopically at the 

indicated times post infection. Results were compiled from 3 independent experiments, each 

with triplicate slides, and expressed as the mean ± SEM.
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Figure 7. In situ gene expression in ears of infected WT or NLRP10−/− mice
Either wild type C57BL/6 or NLRP10−/−DOC8+/+ mice were infected intradermally in the 

ear with 5×105 L. major promastigotes. (A), RNA was extracted from ears of WT or 

NLRP10−/− mice after 4 weeks of infection. In situ gene expression was measured by 

multiplex RT-qPCR using the Fluidigm method. Fold change was calculated against 

GAPDH as an endogenous control, using the ΔΔCT method comparing infected WT (closed 

circles) or NLRP10−/− (open circles) mice compared to uninfected WT mice. Statistical 

analyses were performed by one-way ANOVA. Asterisks indicate *p<0.05 comparing 

mRNA abundance in infected NLRP10−/− versus infected WT mice, or **p<0.05 comparing 

infected versus uninfected mice of the same strain (p<0.05) for both WT and NLRP10−/− 

mice). *** Baseline NLRP10 expression also differed between uninfected WT and 

NLRP10−/− mice (p<0.0001), as expected. (B) Mice were treated with anti-IL-17 or isotype 

control antibody prior to infection and twice weekly thereafter. Shown are the ear thickness 

at 2 weeks (left), or the lesion volume after 4 weeks of infection, at which time ulceration 

had occurred. (two way ANOVA)
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Figure 8. Cytokine responses during L. major infection in the absence of NLRP10
Mice were inoculated with 5×105 L. major stationary promastigotes intradermally in the ear 

pinna. (A-F) Two weeks post infection, cells from the draining lymph node were exposed to 

antigen (stim +) in the form of 1:5 promastigotes for 72 hours. Concentrations of the 

indicated cytokines in culture supernatants were measured using multiplex luminex assays. 

(G) Lymph nodes draining infected ears were harvested after 2 weeks of infection from WT 

or NLRP10−/− mice. Cytokine producing Thy1.2+ T cells were stained for surface CD4 or 

CD8, and for intracellular IFN-γ, IL-10 or IL-17a. Data show the mean ± SE cytokine 

positive cells from 3 experiments, each with 5 mice per group. Statistical analyses were done 

using ANOVA and Tukey’s post-test. (H) IL-17 abundance in lysates from ears of infected 

mice was measured by ELISA after two weeks of infection. The results are compiled from 3 

independent experiments, with a minimum of 5 mice per group and are expressed as the 

mean ± SEM. (* p<0.05, ** p<0.01, *** p<0.001, Wilcoxon rank sum test).
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Figure 9. NLRP10 is required in the non-hematopoietic compartment for control of 
inflammation and ulceration
Bone marrow chimeras (donor hematopoietic cells->irradiated recipient; WT, wild type; 10, 

NLRP10−/−) were inoculated with 5×105 L. major luciferase expressing stationary 

promastigotes intradermally in the ear pinna. (A) Lesion thickness and (B) ulceration were 

monitored by weekly caliper measurements of ear thickness and by visual inspection, 

respectively, for 10 weeks. Data show results in groups of 10 mice. Symbols indicate 

statistical comparisons between the groups that reached significance at the p<0.05 level (two 

way ANOVA). Groups with significant differences were: *WT→WT versus NLRP10−/−→ 
NLRP10−/−; +WT→WT versus WT→ NLRP10−/−; ^ NLRP10−/−→WT versus 

NLRP10−/−→ NLRP10−/−; # NLRP10−/−→WT versus WT→NLRP10−/−
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