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Abstract

Toxoplasma gondii induces strong IFN-γ-based immunity. Innate lymphoid cells (ILC), in 

particular ILC1, are an important innate source of this protective cytokine during infection. 

Our objective was to determine how MyD88-dependent signaling influences ILC function during 

peroral compared to i. p. infection with T. gondii. MyD88+/+ and MyD88−/− mice were orally 

inoculated with ME49 cysts, and small intestinal lamina propria ILC were assessed using flow 

cytometry. We observed T-bet+ ILC1, RORγt+ ILC3 and a population of T-bet+RORγt+ double-

positive (DP) ILC. In MyD88−/− mice, IFN-γ-producing T-bet+ ILC1 frequencies were reduced 

compared to wild-type. Treatment of MyD88−/− mice with an antibiotic cocktail to deplete 

microflora reduced IFN-γ+ ILC1 frequencies. To examine ILC responses outside of the mucosal 

immune system, peritoneal exudate cells were collected from wild-type and knockout mice after i. 

p. inoculation with ME49 cysts. In this compartment ILC were highly polarized to the ILC1 subset 

that increased significantly and became highly positive for IFN-γ over the course of infection. 

Increased ILC1 was associated with expression of the Ki67 cell proliferation marker, and the 

response was driven by IL-12p40. In the absence of MyD88, IFN-γ expression by ILC1 was not 

maintained but proliferation remained normal. Collectively, these data reveal new aspects of ILC 

function that are influenced by location of infection and shaped further by MyD88-dependent 

signaling.

Introduction

Toxoplasma gondii is an opportunistic pathogen well known for its ability to stimulate 

strong IFN-γ-based immunity. This cytokine is central in providing protection against the 

parasite, but if not appropriately regulated its over-production can lead to inflammatory host 

pathology and death (1–4). It was long ago recognized that Th1 and CD8+ lymphocytes 

are important adaptive immune sources of IFN-γ during T gondii infection (5–7). NK cells 

and more recently neutrophils have been identified as innate sources of IFN-γ produced 
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early during infection prior to emergence of adaptive immunity (8, 9). The success of 

Toxoplasma as a globally distributed parasite lies at least in part in its skill at inducing 

robust IFN-γ responses that prevent uncontrolled infection, instead enabling host survival 

and establishment of parasite latency.

In recent years innate lymphoid cells (ILC)2 have emerged as a new class of common 

lymphoid precursor-derived cells that lack antigen-specific receptors associated with 

adaptive immunity. They are regarded as innate counterparts of T lymphocytes, in particular 

Th1, Th2 and Th17 subsets of T cells (10, 11). ILC1 are dependent upon transcription 

factor T-bet, they express IFN-γ and unlike NK cells they have little cytotoxic activity. 

ILC2 are defined by secretion of Type 2 cytokines IL-4, IL-5 and IL-13. ILC3, like Th17 

T cells, are dependent upon RORγt and they produce proinflammatory IL-17 and IL-22 

cytokines. Despite these polarized phenotypes, it is also known that ILC subsets display 

plasticity shaped by environmental cues (12). For example, ILC3 can convert into ILC1-like 

IFN-γ-producing cells associated with down-regulation of RORγt and upregulation of T-bet 

(13). It has also been characterized that some subsets of RORγt-positive ILC3 co-express 

T-bet (14). ILC2 are able to convert to functional ILC1 cells in dependence upon expression 

of T-bet and the IL-12 receptor. There is also evidence that IL-25 promotes emergence of 

ILC2 producing both type 2 cytokines and IL-17 (15).

In line with the increasing attention ILC continue to receive, their role during Toxoplasma 
infection is becoming increasingly appreciated (16, 17). For instance, it is known that ILC1 

contribute both IFN-γ and TNF-α following oral inoculation with T. gondii (18). It has 

also been found that IL-33, in synergy with IL-12, promotes emergence of ILC1 in the 

peritoneal cavity that promotes innate resistance to the parasite (19). In a similar model, 

IFN-γ produced by ILC1 together with NK cells plays an essential role in maintenance of 

IRF8-positive DC that produce IL-12 (20). While ILC1 and NK cells often function together 

to provide innate resistance, it is notable that Toxoplasma infection can drive conversion 

of NK cells into ILC1-like cells (21). The role of other ILC during T. gondii infection is 

less clear, but in the intestine ILC3 cells appear to act in limiting T cell hyperactivation 

and immune pathology dependent upon expression of the aryl hydrocarbon receptor (22). 

We recently examined the impact of MyD88 signaling on the activity of ILC1 and ILC3 

in the lamina propria and found that the frequency IFN-γ+ ILC1 significantly decreased in 

the absence of MyD88 (23). While levels were lower compared to ILC1, we nonetheless 

detected expression of IFN-γ in the ILC3 population. Interestingly, ILC3 expression of 

IFN-γ occurred independently of MyD88. In the present study we compare ILC1 and 

ILC3 populations in the intestinal mucosa versus the peritoneal cavity following T. gondii 
infection. Within the intestinal lamina propria, we determine the influence of intestinal 

microbiota on ILC1 and ILC3 following oral inoculation with Toxoplasma.

2Abbreviations: DN, double-negative; DP, double-positive; ILC, innate lymphoid cell; KO, knockout; LP, lamina propria; WT, 
wild-type
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Materials and Methods

Ethics Statement

Animal protocols were approved by the Institutional Animal Care and Use Committee 

at the University of New Mexico (Animal Welfare Assurance Number A4023–01) and 

all experiments were performed in strict accordance with recommendations set forth by 

the National Institutes of Health Guide for the Care and Use of Laboratory Animals (8th 

Edition). Every effort was made to minimize the number of experimental animals and pain 

and distress throughout the course of performed studies.

Mice

C57BL/6J (WT, Stock # 000664), B6.129P2(SJL)-Myd88tm1.1Defr/J (MyD88−/−, Stock # 

009088), and B6.129P2-Tcrbtm1Mom/J (Tcrb−/−, Stock #002118) mice were purchased from 

The Jackson Laboratory (Bar Harbor, ME) and maintained in a breeding colony in the 

Department of Biology Animal Research Facility at the University of New Mexico. 6-week-

old female CBA/J (Stock #000656) and J:ARC(S) (Swiss Outbred, Strain #034608) mice 

were purchased from The Jackson Laboratory for maintenance of T. gondii ME49 cysts.

Parasites and Infections

To establish a chronically infected mouse colony, 8 to 12-week-old Swiss outbred and 

CBA/J mice were infected intraperitoneally with 10 cysts of the type II T. gondii strain 

ME49. Chronic infection is established after 2–3 weeks, after which time brains were 

collected and homogenized to obtain ME49 cysts. Experimental mice were infected with 

30–40 cysts by either i. p. injection or peroral gavage in 200 μl PBS.

Isolation of primary leukocytes

Small intestines were collected and processed as previously described to obtain lamina 

propria cells (23, 24). Briefly, small intestines were rinsed to remove partially digested 

material, and fat tissue and Peyer’s patches were removed. The intestinal tissue was cut 

longitudinally and trimmed into ~1 cm pieces. Intestinal tissue fragments were incubated 

twice for 20 min at 37°C in calcium/magnesium-free Hank’s Balanced Salt Solution 

(HBSS), 10 mM EDTA (VWR, Radnor, PA, USA), and 1 mM dithiothreitol (Sigma Aldrich, 

St. Louis, MO, USA) to release intestinal epithelial cells and intraepithelial lymphocytes. To 

obtain lamina propria cells, samples were subsequently incubated in Dulbecco’s Modified 

Eagle’s Medium containing collagenase (300 U/ml, Worthington Biochemical, Lakewood, 

NJ, USA) for one hr at 37°C. A discontinuous Percoll (Sigma Aldrich) gradient (40%/ 

80% diluted with DMEM) was then utilized to purify leukocytes in the lamina propria 

compartment. The cell prep was re-suspended in 40% Percoll, layered over 80% Percoll, and 

centrifuged for 20 min at 1800 rpm without terminal braking. The cells at the interface were 

collected, assessed for viability and cell number, and used for downstream applications. 

Peritoneal exudate cells (PEC) were collected by injecting 10 mL PBS into the peritoneal 

cavity of mice. The injected fluid was recovered, and cell number and viability were 

assessed to prepare PEC for downstream applications.
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Flow Cytometry

To study ILC-derived IFN-γ production, cells (1.5 million) were stimulated in 1 mL 

DMEM containing 50 ng/mL PMA (Sigma Aldrich), 5 μg/mL ionomycin (Alfa Aesar, 

Tewksbury, MA, USA), and 10 μg/mL Brefeldin A (Biolegend, San Diego, CA, USA, 

Catalog #420601) for 4 hr at 37°C. Cells were subsequently rinsed, and surface staining 

was performed in FACS buffer (1% bovine growth serum with 30 mM NaN3 in PBS) 

for 20 min at 4°C. Surface staining primary antibodies included anti-CD45 Brilliant 

Violet 570 (Biolegend, Catalog #103136), anti-lineage 1 cocktail consisting of PerCP Cy5.5-

labelled antibodies (anti-CD8α, anti-CD5, anti-CD3ε, Biolegend, Catalog #100734, 100624, 

100328 respectively), anti-lineage 2 cocktail composed of APC eFluor 780-conjugated 

antibodies (anti-CD11b, anti-CD11c, anti-B220, Invitrogen, Waltham, MA, USA, Catalog 

#47-0112, 47-0114-82, 47-0452-82 respectively), and anti-CD90-PE (Biolegend, Catalog 

#140308). After surface staining, cells were rinsed and incubated overnight in 1 mL 

of Fixation/Permeabilization buffer from the FoxP3/Transcription Factor Staining Kit 

(eBioscience). The following day, samples were rinsed with 2 mL of permeabilization buffer 

(Foxp3Transcription Factor Staining Kit) prior to staining intracellular and nuclear proteins 

in permeabilization buffer (1 hr at 4°C). Intracellular and nuclear markers were labeled using 

primary antibodies including anti-T-bet Alexa-Fluor 647 (Biolegend, Catalog #644804), 

anti-RORγt Brilliant Violet 650 (BD Biosciences, San Jose, CA, USA, Catalog #564722), 

anti-IFN-γ Brilliant Violet 421 (Biolegend, Catalog #505829), anti-IL-17a Alexa-Fluor 488 

(Biolegend, Catalog #506910), and anti-Ki67 FITC (Biolegend, Catalog #151212). After 1 

hr of staining, samples were washed and re-suspended in 400–500 μl FACS buffer prior 

to analysis. Samples were run on an Attune NXT, 5 laser flow cytometer (ThermoFisher 

Scientific) and the data were analyzed using FlowJo v.10.8.1 software (FlowJo).

In vivo antibody depletions

Mice were i. p. injected with 500 μg anti-IL-7Rα mAb (BioXCell, Lebanon, NH, USA, 

Catalog #BE0065), 500 μg anti-IL-2Rα mAb (BioXCell, Catalog # BE0012), 500 μg anti-

common gamma chain mAb (CD132, BioXCell, Catalog #BE0271), 500 μg anti-IL-12 mAb 

(BioXCell, Catalog # BE0051), or 500 μg rat gamma globulin (Jackson Immunoresearch, 

West Grove, PA, USA, Catalog #012000002) 2 days prior to infection. On day 0, mice were 

i. p. infected with 30 ME49 cysts and injected with 500 μg neutralizing and isotype antibody. 

A subsequent neutralizing and isotype antibody injection occurred on day 2 post-infection. 

On day 4 post-infection, cells were isolated for flow cytometry analysis.

Intestinal Microbiota Depletion

Mice were administered broad spectrum antibiotic cocktail in their drinking water for 3 wk 

prior to and during infection (total treatment time of four weeks). The antibiotic cocktail was 

prepared by dissolving vancomycin hydrochloride (0.5 g/L, VWR, Catalog #97062–554), 

ampicillin (1g/L, Aldon Corp SE, VWR Catalog #470233–552), metronidazole (1g/L, Acros 

Organics, VWR Catalog #200013–382), neomycin sulfate (1g/L, Enzo Life Sciences, VWR 

Catalog #89149–866) and sucrose (10%, VWR, Catalog #BDH9308–500G) in de-ionized 

water (23, 25, 26). Antibiotic water was filter sterilized, placed in sterile water bottles, and 
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protected from direct light exposure using aluminum foil. Water changes were performed 

weekly.

Quantification of Fecal CFU

Fresh feces were collected from control and antibiotic-treated mice, weighed, and diluted 

1:10 with sterile PBS. Fecal pellets were mashed to create a slurry that was serially diluted 

with PBS, and 100 μl of various dilutions was plated on LB agar (BD Biosciences, Catalog 

#240110). Plates were incubated overnight at 37°C and colonies were counted the following 

day.

Statistical Analysis

Data analyses were performed using GraphPad Prism v.9.0.2 (GraphPad, La Jolla, CA). 

Two-tailed Student’s t-tests were used to compare two normally distributed data sets. A 

Student’s t-test with Welch’s correction was also used to compare two normally distributed 

data sets with unequal variances, and a Mann Whitney test was used to compare two 

data sets that were not normally distributed. A one-way ANOVA with Tukey multiple 

comparisons post-test was used to compare three or more normally distributed groups. A 

two-way ANOVA was used to compare two or more normally distributed groups across 

time or different treatments. A confidence interval of 95% was used as the cut off to denote 

significant changes between groups. *p≤0.05, **p≤0.01, ***p≤0.001.

Results

Microbiota affects MyD88-dependent and MyD88-independent ILC populations in the 
lamina propria

Seven days post-infection, lamina propria cells were isolated from MyD88+/+ and MyD88−/− 

mice, then ILC identified based upon a previously published lineage-negative gating scheme 

(27). Briefly, and as shown in Fig. 1A and Fig. 1B, leukocytes were identified based 

upon CD45 expression then amongst these, lin1− (CD5−, CD8−, CD3−) and lin2− (B220−, 

CD11c−, CD11b−) cells were selected. Within the double-negative population, ILC were 

defined as cells expressing CD90, a surface molecule widely associated with this innate 

lymphoid population (11). This subpopulation was found to comprise approximately 3–5% 

of CD45+ cells isolated from the lamina propria (LP), regardless of MyD88 genotype. 

In addition, the ILC population was relatively stable, regardless of T. gondii infection 

status (Fig. 1B). To deplete microbiota, mice were administered a broad-spectrum antibody 

cocktail for three weeks prior to oral inoculation with cysts of the low virulence Toxoplasma 
strain ME49 (Supplemental Fig. 1A) (23, 26). This treatment rapidly reduced levels of 

culturable bacteria to the detection limit of the assay (Supplemental Fig. 1B).

In the CD90+ population, we identified T-bet+ ILC1 and RORγt+ ILC3 in both WT and 

KO mice (Fig. 1C). Interestingly, we also identified T-bet+ RORγt+ cells, a population 

we refer to here as double-positive (DP) ILC. While the ILC1 population in WT mice 

was unaffected by microbiota depletion, the same treatment resulted in an ILC1 reduction 

in the KO animals (Fig. 1D). ILC3 populations in both mouse strains were unaffected 

by antibiotic treatment. However, the DP ILC population was significantly reduced in 
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microbiota-depleted MyD88+/+ mice. Levels of DP cells were lower comparing MyD88+/+ 

with MyD88−/− mice, and microbiota depletion had no effect on DP ILC in the KO strain 

(Fig. 1D).

Influence of MyD88 and microbiota on LP ILC IFN-γ expression

Because IFN-γ is the major mediator of defense against Toxoplasma in both acute and 

chronic infection (8, 28–30), we focused on production of this cytokine by LP ILC after 

T. gondii inoculation. Representative flow cytometry scatter plots of IFN-γ expression by 

ILC1, ILC3 and DP ILC are shown in Fig. 2A and cumulative data are displayed in Fig. 

2B. As expected, ILC1 represented the most significant pool of IFN-γ amongst ILC. In both 

WT and KO mice, ILC1 IFN-γ expression significantly decreased in microbiota-depleted 

animals. In addition, under both microbiota-sufficient and -deficient conditions, the response 

was partially independent of MyD88. As expected, ILC3 expression of IFN-γ was minimal 

under each condition. For DP ILC, while some of the cells expressed IFN-γ, there was 

no significant contribution of either MyD88 or microbiota. We also examined ILC IFN-γ 
expression in noninfected WT and KO mice. Expression of IFN-γ in ILC1, ILC3 and DP 

ILC was overall similar to those of infected animals (Supplemental Fig. 2). In this situation, 

the status of MyD88 expression did not affect IFN-γ levels.

Dynamic changes in ILC associated with Toxoplasma infection in the peritoneal cavity

Several investigators have used i. p. infection with Toxoplasma as a model to study ILC 

responses to the parasite (19–21). We were therefore interested to examine how ILC in the 

LP compartment compared with responses in the peritoneal cavity following oral versus i. 

p. ME49 inoculation. Using the same CD45+lin1−lin2−CD90+ gating scheme, we identified 

ILC in the peritoneal cavity of WT and KO mice (Supplemental Fig. 3A). We found 

that the proportion of ILC amongst CD45+ cells was approximately 10-fold lower than 

that occurring in the LP compartment. Despite this, there was a clear increase in the 

ILC population driven by infection in the peritoneal cavity (Fig. 3A). Using T-bet and 

RORγt expression, we found a strong skewing to ILC1 in the peritoneal cavity with almost 

undetectable levels of ILC3 or DP ILC (Supplemental Fig. 3B). Interestingly, we observed 

a population of T-bet−RORγt− ILC in noninfected mice that decreased over time with 

infection (Supplemental Fig. 3B). The strong ILC1 bias was preserved over the course of 

infection (Fig. 3B and Fig. 3C). Indeed, when absolute cell numbers were calculated, we 

observed that the few ILC3 that were present in noninfected mice rapidly disappeared with 

infection (Fig. 3D). We found a population of ILC expressing neither T-bet nor RORγt 

in the uninfected peritoneal cavity, and we note that these cells disappear with infection 

(Supplemental Fig. 3B). Based upon lack of GATA-3 staining (data not shown), this is not a 

population of ILC2. A possibility that we are currently examining is that T-bet−RORγt− ILC 

represent precursor cells that are driven into the ILC1 lineage by Toxoplasma.

Functional activity of parasite-triggered peritoneal cavity ILC1

We next examined expression of IFN-γ by ILC1 following i. p. infection. In this situation, 

up to 80–90% of ILC1 expressed IFN-γ following infection in MyD88+/+ mice (Fig. 4A). 

Regardless of MyD88 status, approximately 20% of ILC1 in noninfected mice expressed 

IFN-γ. This proportion is similar to that found in the LP compartment (Fig. 4B and 
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Supplemental Fig. 2). In infected MyD88−/− mice, there was a pronounced defect in 

expression of ILC1 IFN-γ. These cells initially (Day 4) responded with a modest increase in 

IFN-γ. However, by one week post-infection the response in KO mice had declined to levels 

detected in noninfected mice while ILC1 IFN-γ expression in WT animals was maintained 

at high levels (Fig. 4A and B).

The pronounced increase in ILC1 number in the peritoneal cavity following infection 

could have been due to cell recruitment or proliferation. Accordingly, we examined ILC1 

expression of the proliferation marker Ki67. In noninfected mice, <20% ILC1 stained 

positive for this marker. However, following i. p. infection with ME49 this proportion 

rapidly increased to approximately 60% (Fig. 5A and B). In accordance with the overall 

increase in peritoneal cavity ILC induced by infection, both WT and KO cells expressed 

similar amounts of Ki67 (Fig. 5B). In contrast, Day 7-infected LP ILC expressed only 

background levels of this proliferation marker, consistent with the relatively stable number 

of these cells within the intestinal mucosa before and after infection (Fig. 5C, Fig. 1B).

We next asked what factors might drive ILC proliferation in the peritoneal cavity. Given the 

ability of T. gondii to induce robust CD4+ and CD8+ T lymphocyte activation and cytokine 

production (1), we determined whether T cell factors could drive ILC1 proliferation. As 

shown in Fig. 6A, induction of ILC1 Ki67 expression was equivalent in WT and T cell 

KO (Tcrb−/−) mice. Mediators including IL-7, IL-2 and other common γ-chain receptor-

dependent cytokines (IL-4, IL-9, IL-15, IL-21) could be involved to varying degrees in 

ILC generation (31, 32), and we therefore investigated involvement of these factors using 

depleting mAb. Blocking IL-2Ra, IL-7Ra as well preventing signaling through common γ 
chain failed to affect ILC1 proliferation, as assessed by Ki67 expression (Fig. 6B). Finally, 

we determined the role of IL-12 in ILC1 proliferation, since the cytokine is produced in 

large amount during Toxoplasma infection and is known to display effects on this ILC 

population (33–36). In this case, administration of depleting anti-IL-12p40 mAb resulted 

in an approximately 50% decrease in ILC1 proliferation, as measured by Ki67 expression 

(Fig. 6C and D). In accord with this result, the percent of ILC1 decreased with anti-IL-12 

administration, accompanied by a concomitant increase in DN ILC (Fig. 6E and F). We 

conclude that IL-12 contributes to expansion of ILC1 in the peritoneal cavity of T. gondii 
infected mice.

Discussion

Innate lymphoid cells are now established as an important component of innate immunity 

with roles in infection, allergy and inflammation (12, 32, 37). Here, we examined 

ILC populations in the intestinal mucosa and peritoneal cavity following oral and i. p. 

Toxoplasma infection. A strong Type 1 cytokine response is triggered by T. gondii that is 

required for protection but that may also reach tissue-damaging levels (38). The immune 

response is characterized by dendritic cell IL-12 production that stimulates early NK 

cell IFN-γ, followed by IL-12-dependent emergence of IFN-γ-secreting Th1 cells and 

CD8+ T lymphocytes with the dual capabilities of IFN-γ production and cytolytic activity. 

Neutrophils have also been found to be a significant innate source of IFN-γ (9). In accord 

with this model, we found that ILC1 dominated the overall ILC response to infection in 
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both the LP and peritoneal cavity, results that are in line with those of others (18, 19, 21, 

39, 40). Nevertheless, there were notable differences between ILC found in the intestinal LP 

compared to those occurring in the peritoneal cavity.

ILC levels relative to CD45+ cells in the lamina propria were overall approximately 10-

fold higher than that occurring in the peritoneal cavity. IFN-γ expression in LP ILC1 

was decreased in infected MyD88 KO mice, and was also diminished after microbiota 

depletion. In the LP compartment, we detected a significant population of ILC3, as well as 

T-bet+RORγt+ DP ILC, neither of which were found to any great degree in the peritoneal 

cavity. While levels were considerably lower, i. p. infection triggered an increase in ILC1 

frequency associated with the cell proliferation marker Ki67. These cells were exquisitely 

responsive to Toxoplasma, insofar as IFN-γ expression increased from 20% of the ILC1 

population to up to 90% within 4 days of infection. This response was less robust and was 

not maintained in the absence of MyD88. Overall, ILC in peritoneal cavity, while lower 

in number, appear highly dynamic and responsive to infection. In contrast, those in the 

intestinal LP are more stable without displaying major changes in response to T. gondii, at 

least within the time-frame of this study.

The nature of the DP ILC we observed in the gut is not clear. Previously, it was found 

that T-bet-expressing RORγt+ ILC protect the intestinal epithelial layer during Salmonella 
enterica infection (41). Plasticity within the ILC compartment is a well-known phenomenon 

(12). For example, it has been shown by several investigators that intestinal ILC3 can deviate 

into IFN-γ-producing ILC1. This conversion is associated with down regulation of RORγt 

and concomitant upregulation of T-bet (13, 41–43). It likely involves IL-1β, IL-15 and 

IL-12, based upon in vitro studies demonstrating ILC3-to-ILC1 conversion in the presence 

of these cytokines (33, 44). It has also been demonstrated that LP ILC3 are induced to 

express T-bet in the presence of IL-21, a cytokine previously implicated in optimal T cell 

and B cell responses in chronic Toxoplasma infection (45, 46).

In our study, we found that the DP ILC population was controlled by signals from both 

MyD88 and the intestinal microbiota. MyD88 can be regarded as an ancient gatekeeper 

of immunity, providing the host with an endogenous innate immune system through 

IL-1 family cytokines and an exogenous innate immune system through the Toll-like 

receptor (TLR) system (47). For Toxoplasma, parasite profilin was discovered as a classical 

pathogen-associated molecular pattern (PAMP) molecule recognized by mouse TLR 11/12 

(48–50). Expression of MyD88 in CD11c+ DC has been shown to be important in IL-12 

production and resistance during T. gondii infection (51). Previous studies have also 

highlighted the important role of cell intrinsic MyD88 signaling in production of NK 

cell-derived IFN-γ and protective T cell immunity (52, 53). It is also clear that this signaling 

adaptor impacts T. gondii infection through its function in signal transduction mediated by 

IL-1-family cytokines such as IL-1β, IL-18 and IL-33 (19, 54–58). For ILC function, it 

remains to be determined whether MyD88 is intrinsically involved, and whether its activity 

is mediated through parasite PAMP molecules, IL-1-family cytokines or a combination of 

both.
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We employed oral dosing of a wide spectrum antibiotic cocktail to determine the influence 

of the gut microbiota during T. gondii infection. This approach has inherent advantages and 

disadavantages (59). Although the treatment led to depletion of intestinal bacteria to levels at 

or below the limit of detection, our assays were based upon evaluation of culturable bacteria 

only. In addition, it is well recognized that antibiotic administration has an impact on the 

overall physiology of the intestine that might impact ILC activity. On the other hand, studies 

using gnotobiotic mice are limited due to the beneficial influence of the gut microbiota on 

development of the mucosal immune system (60).

In the peritoneal cavity we identified a population of ILC expressing neither T-bet nor 

RORγt. Strikingly, this population disappeared over the course of infection, a phenomenon 

that was dependent upon IL-12 (Supplemental Fig 3B; Fig. 6E and F). These cells did 

not stain for GATA-3 (data not shown), so they are not likely to be ILC2. While ILC are 

generally thought to differentiate in primary lymphoid tissues, there are multiple lines of 

evidence for tissue resident precursors that can be driven into specific ILC lineages by 

environmental cues (61–63). Therefore, it is possible that the T-bet−RORγt− population is 

composed of ILC precursors such as common helper ILC precursor (CHILP) cells or the 

more committed innate lymphoid cell precursors (ILCP), both of which express CD90 (18, 

64, 65). IL-12, a cytokine induced by T. gondii that is known to be involved in ILC1 effector 

generation (18, 35, 66), may drive these double-negative cells into the ILC1 lineage. We are 

currently examining the relationship and function of these cells as related to ILC.

After infection in the peritoneal cavity we observed a pronounced increase in ILC1. These 

cells are generally not thought to recirculate, in contrast to the related NK cell lineage 

(67). We found a striking increase in expression of the proliferation marker Ki67 in ILC1 

in response to infection, supporting that the cells undergo in situ proliferation rather than 

recruitment from elsewhere. Amplified Ki67 expression occurred independently of MyD88, 

in contrast to IFN-γ production by these cells. We did not find evidence for involvement 

of IL-33 or other MyD88 signaling-dependent cytokines, since cells from both WT and 

MyD88 KO mice expressed equivalent levels of Ki67 after infection. Furthermore, mAb 

depletion experiments failed to provide evidence for IL-7 or other common γ-chain receptor 

cytokines that have been implicated in ILC1 activation (10, 19). Instead, the driving stimulus 

for ILC1 proliferation was dependent upon signals from IL-12. ILC1 expansion occurred 

in the absence of MyD88, implicating T. gondii-initiated IL-12 production independent of 

this TLR/IL-1 signaling adaptor. Indeed, we recently showed that Type II T. gondii induces 

peritoneal cavity IL-12 in MyD88 KO mice, albeit at lower levels than that occurring in WT 

animals (68). One candidate parasite driver of this response is dense granule protein GRA24, 

a molecule that directly activates host p38 MAPK, in turn inducing MyD88-independent 

IL-12 production (68, 69).

Our studies reveal an important influence of environment on ILC activity during Toxoplasma 
infection. Those cells in the intestine display an ongoing level of activity that is influenced 

by T. gondii itself, as well as messaging from the microbiota. In the peritoneal cavity, 

ILC respond vigorously to infection through a combination of MyD88-dependent and 

-independent mechanisms that contribute overall to the dominant Type 1 cytokine response 

associated with infection by this opportunistic pathogen. Our data, and those of others, 
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reinforce a model in which ILC coordinate with other innate and adaptive IFN-γ-producing 

cellular compartments to provide a robust firewall of protection against Toxoplasma.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
MyD88-dependent and independent signals from the intestinal microbiota regulate T-bet+ 

ILC1 and RORγt+ T-bet+ ILC in T. gondii infected mice. Lamina propria cells were 

collected from control and antibiotic treated WT and MyD88 KO mice at day 7 post-

infection. (A) Representative flow cytometry plots defining ILC as CD45+, Lineage− (CD5−, 

CD8α−, CD3ε−, B220−, CD11c−, CD11b−), CD90hi. (B) Average percent ILC over multiple 

LP isolations. ns, not significant. (C) Subsequent gating defining ILC subsets based on 

transcription factor expression (ILC1, T-bet+ RORγt−; ILC3, T-bet− RORγt+; DP ILC, 

T-bet+ RORγt+). (D) Frequencies of ILC1, ILC3, and DP ILC within the total ILC (CD90hi) 

gate. Values are the mean ± SD of two independent experiments where each symbol 

represents a single mouse (n=6–8/ group). Unpaired Student’s t test (C) where *p<0.05, 

**p<0.01.
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Figure 2. 
ILC1 function is shaped by the MyD88 signaling cascade and signals from the intestinal 

microbiota. At day 7 post-infection, lamina propria cells were isolated from control and 

antibiotic treated MyD88+/+ and MyD88−/− mice. (A) Representative flow plots showing 

IFN-γ staining within ILC1, ILC3, and DP ILC populations. Numbers indicate the percent 

of cells falling within each gate (B) IFN-γ+ ILC1, ILC3, and DP ILC frequencies in control 

and antibiotic treated WT and KO mice. Each symbol represents a single mouse from 

two independent experiments (n=6–8/group). Two-way ANOVA, where *p<0.05, **p<0.01, 

***p<0.001.
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Figure 3. 
T. gondii infection induces MyD88-independent expansion of ILC1 in the peritoneal cavity. 

Peritoneal exudate cells (PEC) were collected from WT and MyD88 KO mice at day 0, 4, 

and 7 post-infection. (A) Percent ILC in the CD45+ cell population in peritoneal exudate 

from MyD88+/+ and MyD88−/− mice. Frequencies of peritoneal ILC1, ILC3, and DP ILC 

at day 4 (B) and day 7 (C) post-infection. (D) Declining numbers of ILC3 from day 0 to 

day 7 post-infection. Each symbol is representative of a single mouse. Two independent 

experiments were performed with similar results. Two-way ANOVA with Tukey’s multiple 

comparisons test (A, D), unpaired Student’s t test (B, C), *p<0.05, **p<0.01.
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Figure 4. 
Peritoneal ILC1 require MyD88 to maintain IFN-γ production in response to T. gondii 
infection. (A) Representative gating showing IFN-γ staining within WT and MyD88 KO 

ILC1 populations at day 4 and day 7 post-infection. Numbers are the frequency of cells 

falling within each gate. (B) IFN-γ+ ILC1 frequencies at day 4 and day 7 post-infection. 

This experiment was repeated twice with similar results. Unpaired Student’s t test (B) where 

**p<0.01, ***p<0.0001.
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Figure 5. 
T. gondii infection induces vigorous ILC1 proliferation in the peritoneal cavity. (A) 

Representative flow gating showing Ki67 staining in MyD88+/+ and MyD88−/− peritoneal 

ILC1 cells at day 0, 4, and 7 post-infection. (B) Ki67+ ILC1 frequencies in WT and 

KO peritoneal exudate. (C) Ki67+ frequencies in LP ILC populations at day 7 after oral 

inoculation. Each symbol is representative of a single mouse (n=7–8 per group at each time 

point). Values are the mean ± SD of two independent experiments. Unpaired Student’s t test 

(B), *p<0.05.
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Figure 6. 
IL-12p40, but not IL-2 or IL-7, drives Toxoplasma-initiated ILC1 proliferation. Mice were 

infected by i. p. inoculation, then ILC1 were assessed for Ki67 expression 4 days later. (A) 

Ki67+ ILC1 after infection of WT and Tcrb−/− mice. (B) Peritoneal ILC1 Ki67 expression 

in WT mice subjected to in vivo mAb mediated blockade of IL-2Ra, IL-7Ra, and common 

γ chain (γc) receptor. Control, normal rat IgG. (C) Representative flow cytometry plots 

of Ki67 expression in ILC1 following in vivo isotype and anti-IL-12p40 mAb treatment. 

(D) Cumulative data showing ILC1 Ki67 expression levels in control and anti-IL-12p40 

treated mice. Values are the mean ± SD where each symbol represents of one mouse. (E) 

Representative flow cytometric plots of ILC1 and DN ILC in mice administered normal 

rat IgG (Control) and anti-IL-12 mAb. (F) Average ± SD of percent ILC1 and DN relative 
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to ILC in n=4 animals per group. Unpaired Student’s t test (D, E and F), **p<0.01, 

***p<0.001. This experiment was repeated three times with the same result.
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