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SUMMARY

Interleukin-18 (IL-18) promotes natural killer (NK) and T cell production of interferon (IFN)-γ, 

a key factor in resistance to Toxoplasma gondii, but previous work has shown a limited role 

for endogenous IL-18 in control of this parasite. Although infection with T. gondii results in 

release of IL-18, the production of IFN-γ induces high levels of the IL-18 binding protein 

(IL-18BP). Antagonism of IL-18BP with a “decoy-to-the-decoy” (D2D) IL-18 construct that 

does not signal but rather binds IL-18BP results in enhanced innate lymphoid cell (ILC) and T 

cell responses and improved parasite control. In addition, the use of IL-18 resistant to IL-18BP 

(“decoy-resistant” IL-18 [DR-18]) is more effective than exogenous IL-18 at promoting innate 

resistance to infection. DR-18 enhances CD4+ T cell production of IFN-γ but results in CD4+ 

T cell-mediated pathology. Thus, endogenous IL-18BP restrains aberrant immune pathology, and 

this study highlights strategies that can be used to tune this regulatory pathway for optimal 

anti-pathogen responses.

In brief

Clark et al. use variants of the cytokine IL-18 to bypass the effects of the IL-18 binding protein to 

assess their impact on infection with Toxoplasma gondii. These approaches highlight that during 

infection, unopposed IL-18 enhances NK cell production of IFN-γ but can also promote CD4+ T 

cell-mediated pathology.
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Graphical abstract

INTRODUCTION

Interleukin-18 (IL-18) is a member of the IL-1 family that was identified based on its ability 

to induce natural killer (NK) and T cell production of interferon (IFN)-γ and promote Th1 

immunity.1,2 In current models, IL-18 acts synergistically with IL-12 to optimize production 

of IFN-γ and tumor necrosis factor (TNF)-α by innate lymphoid cells (ILCs) and T cells.3–6 

Endogenous IL-18 contributes to optimal resistance to diverse intracellular pathogens 

that include Mycobacterium tuberculosis,7 Salmonella tymphimurium,8,9 Cryptosporidium 
parvum,10,11 and Leishmania major.12 However, sustained IL-18 activity is associated 

with autoinflammatory pathologies that include cryopyrinopathies, hereditary periodic fever 

syndromes, familial hemophagocytic lymphohistiocytosis,13 and macrophage activation 

syndromes, as well as viral and bacterial sepsis.14,15 These clinical examples illustrate the 

need for endogenous mechanisms to optimize host protective activity of IL-18 while limiting 

aberrant pathological effect of IL-18 signaling. Two distinct checkpoints exist to limit IL-18 

production and activity. First, IL-18 is produced as a pro-cytokine without biological activity 

and requires caspase-mediated processing.16 Second, the ability of IL-18 to induce the 

production of IFN-γ results in the synthesis of a dedicated IL-18 binding protein (IL-18BP), 

which blocks the ability of IL-18 to signal.17

Innate immunity to the intracellular parasite T. gondii is dominated by the initial induction 

of IL-12, which promotes ILC production of IFN-γ and thereby limits parasite growth.18–21 
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However, parasite-specific CD4+ and CD8+ T cell responses are required for long-term 

control and host survival.22–24 Multiple IL-1 family members have been implicated in 

the development of protective innate and adaptive responses to Toxoplasma.25–29 Initial 

studies on the role of IL-18 in resistance to T. gondii demonstrated that infection resulted 

in increased production of IL-18, but it was not required for protective NK or T cell 

responses.30–33 However, exogenous IL-18 could be used to enhance innate resistance to 

toxoplasmosis.33 Therefore, it remains unknown why endogenous IL-18 does not have 

a more significant role in innate or adaptive resistance to T. gondii and to what extent 

host immunity is controlled by IL-18BP immune regulation during infection. Here, we 

set out to describe the events that lead to IL-18BP production during toxoplasmosis and 

pharmacologically dissect the contribution of IL-18 on host anti-parasitic response to T. 

gondii and the role of endogenous IL-18BP signaling using engineered IL-18 variants.

RESULTS

Infection-induced production of IL-18 and IL-18BP

Based on previous reports,28,33,34 studies were performed to determine whether the 

induction of IFN-γ caused by infection with T. gondii impacted the production of IL-18 

and the IL-18BP. Thus, adaptive immune deficient Rag1−/− and wild-type (WT) mice were 

infected intraperitoneally and treated with an isotype control antibody or anti-IFN-γ and the 

levels of IL-18 and IL-18BP measured at the local site of infection. In naive mice, IFN-γ, 

IL-18, and IL-18BP levels were below the level of detection, but by 7 days post-infection 

(dpi), there was an increase in the levels of IFN-γ, IL-18, and IL-18BP. IL-18BP was the 

predominant signal, whose levels were approximately 10- to 100-fold greater than IL-18 

in both Rag1−/− and WT mice (Figure 1A). Previous studies have shown that infection 

results in increased serum levels of IFN-γ and IL-18.33,34 IL-18BP levels were highest 

in WT mice compared with Rag1−/− mice, which correlated with greater levels of IFN-γ 
present in WT mice (Figure 1A). In mice treated with anti-IFN-γ, there was an approximate 

10-fold increase in parasite burden (data not shown), and this was accompanied by reduced 

production of IL-18 and IL-18BP in both WT and Rag1−/− mice (Figure 1A). Previous 

studies have identified monocytes and macrophages as a major source of IL-18BP.35 

Consistent with this, analysis of single-cell RNA sequencing (RNA-seq) of splenocytes from 

infected mice revealed that the predominant source of IL-18 and IL-18BP was monocytes. 

(Figure 1B). These results were confirmed via flow cytometry, where it was additionally 

noted that Sirpa+ class 2 conventional dendritic cells (cDC2s) produced IL-18BP (Figure 

1C). Granulocytes produced high levels of Il18bp mRNA but little protein detectable by flow 

cytometry. (Figures 1B and 1C). Together, these data highlight that the infection-induced 

production of IL-18 is not simply a function of parasite burden and that IFN-γ signaling 

promotes IL-18BP production by monocytes and dendritic cells during toxoplasmosis.

Expression of the IL-18 receptor during infection

To assess which immune populations would be sensitive to IL-18 and IL-18BP during 

infection, we examined the single-cell RNA-seq of splenocytes from infected mice to 

define which cell types express the IL-18 receptor. Expression of Il18r1 and Il18rap, which 

encode IL-18 receptor subunits IL-18Rα and IL18Rβ, respectively, were predominantly 
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localized in the T cell and NK cell compartments, with expression also detected in the 

granulocyte fraction (Figure 2A). To visualize the distribution of the IL-18Rα at the protein 

level, we performed unbiased cluster determination by uniform manifold approximation 

and projection (UMAP) analysis of flow cytometry data from splenocytes of naive and 

day 10 infected WT mice. In naive mice, IL-18Rα was expressed on a population of 

NKp46+ group 1 ILCs cells that include NK cells and ILC1s and a small population of 

CD4+ T cells (Figures 2B and 2C). By 10 dpi, IL-18Rα expression was strongly induced 

on CD4+ and CD8+ T cells, as well as TCRb−NKp46+ NK/ILC1 populations. Analysis 

of the T cells from infected mice revealed that the IL-18 receptor was expressed only by 

CD11ahi (a marker of antigen experience) CD4+ and CD8+ T cells, as well as virtually all 

parasite-specific CD4+ and CD8+ T cells, identified by class I and class II tetramer staining 

(H2-Kb SVLAFRRL and I-Ab AVEIHRPVPGTAPPS)36,37 (Figure 2D). Together, these data 

indicate that during toxoplasmosis, effector lymphocytes are receptive to IL-18, but IL-18BP 

may limit anti-parasitic responses.

Pharmacological inhibition of IL-18BP reveals endogenous IL-18 activity

To investigate the impact of the infection-induced IL-18BP on the ability of endogenous 

IL-18 to affect innate resistance to T. gondii, we sought to engineer a “decoy-to-the-decoy” 

(D2D) IL-18 variant that abrogated signaling capacity through the IL-18 receptor but 

selectively retained binding capacity to IL-18BP using directed evolution with yeast surface 

display (Figures 3A and 3B). This method was used to screen >300 million human IL-18 

variants that were randomized at 16 contact positions for those that retained IL-18BP 

binding but lacked binding to IL-18 receptors. After three rounds of selection for mouse and 

viral IL-18BP orthologs and counter selection against human and mouse IL-18 receptors, 

we obtained a population that exclusively bound to IL-18BP with no detectable binding 

to either IL-18Rα ortholog (Figure 3C). Sequencing of the post-round 3 pool revealed 7 

mutated residues that were used to identify a consensus sequence for D2D, which was 

confirmed to retain mIL-18BP binding with no binding to mIL-18Rα (Figures 3D and 3E). 

To confirm the functional properties of D2D to antagonize IL-18BP without agonizing the 

IL-18 receptor by itself, we stimulated in-vitro-derived NK cells with IL-18 or D2D in the 

presence of IL-12. While WT IL-18 was a potent inducer of IFN-γ, the D2D construct had 

no stimulatory activity (Figure 3F). Finally, to test the ability of D2D to antagonize IL-18BP, 

a reporter cell line engineered to detect IL-18 signaling was stimulated with a fixed ratio 

of IL-18 and IL-18BP, which produced minimal activity, and an escalating dose of D2D 

(Figure 3G). At increasing concentrations of D2D, IL-18 signaling was detected, indicating 

that D2D indeed neutralized the IL-18BP with an IC50 of 78.5 nM.

The ability of D2D to impact in vivo IL-18-IL-18BP interactions was next tested. When 

D2D was administered to infected Rag1−/− mice, there was a marked increase in numbers 

of ILC1s (17-fold) and NK cells (26-fold) associated with upregulation of the cell-cycle 

marker Ki67 (Figure 3H) at the site of infection. This antagonism of the infection-induced 

IL-18BP also resulted in lower parasite burden, as measured by qPCR for parasite DNA 

(Figure 3I). When WT mice were treated with D2D, there was no significant impact on the 

numbers of parasite-specific tetramer+ CD4+ and CD8+ T cells in the spleen, but increased 

numbers of tetramer+ CD4+ and CD8+ T cells were observed in the liver (Figure 3J). This 
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was accompanied by a decrease in parasite burden in the liver as measured by qPCR (Figure 

S1). Thus, the induction of endogenous IL-18BP is an important determinant of the ability 

of endogenous IL-18 to direct the innate and adaptive immune response to T. gondii.

Full IL-18 pathway agonism elicits robust innate immune responses to T. gondii

Given the effect of enhancing endogenous IL-18 activity with D2D, we sought to determine 

the effect of full IL-18 pathway agonism by using “decoy-resistant” IL-18 (DR-18), an 

IL-18 variant that binds the IL-18 receptor with increased affinity but is not neutralized 

by IL-18BP.38 When compared with WT IL-18, DR-18 was a more potent stimulator of 

cell proliferation of in-vitro-derived NK cells based on expression of Ki67 and dilution of 

CellTrace Violet (Figure 4A, left) as well as IFN-γ production (Figure 4A, right). These 

cytokines were administered intraperitoneally (i.p.) to Rag1−/− mice at 1 dpi and every other 

day thereafter. At 7–10 dpi, parasites were readily detected in cytopsins of the peritoneal 

exudate cells (PECs) in mock-treated mice (Figure 4B–1, white arrows), and treatment with 

IL-18 or DR-18 resulted in an increased number of activated macrophages and a marked 

decrease in the frequency and number of infected cells (Figures 4B1 and 4B2). Analysis 

of parasite burdens in peripheral tissues revealed that relative to mock-treated mice, IL-18 

treatment resulted in a 10-fold reduction of parasite DNA in the lungs and livers of infected 

mice (Figure 4C; data not shown). However, DR-18 treatment resulted in a 50- to 100-fold 

reduction in parasite levels compared with mock-treated mice. Compared with WT IL-18, 

DR-18-treated mice exhibited decreased parasitic burden, suggesting that IL-18 agonism 

(independent of IL-18BP) improved host anti-parasitic immunity.

In naive mice, IFN-γ is undetectable in the serum, and treatment with IL-18 or DR-18 did 

not result in elevated serum IFN-γ or altered numbers of innate lymphoid or myeloid cells 

(data not shown). In infected Rag1−/− mice at 7 dpi, mock-treated and IL-18-treated mice 

had similar IFN-γ levels, but serum IFN-γ was significantly elevated in DR18-treated mice 

(Figure 4D). Additionally, serum ALT, a marker of liver damage, revealed that infection in 

Rag1−/− mice was associated with increased levels of inflammation in the liver (Figures 4E 

and 4F). While this was unaffected by IL-18 treatment, mice treated with DR-18 showed 

lower ALT levels accompanied by reduced pathology (Figures 4E and 4F), likely associated 

with the reduced parasite burden in this tissue (Figure 4C).

Next, flow cytometry-based immunophenotyping was performed to determine the impact of 

IL-18 agonism on immune populations in infected Rag1−/− mice. Across all tissues assessed 

(peritoneum, spleen, and lung), IL-18 treatment had no effect on ILC1 or NK cell numbers. 

DR-18 treatment also did not impact ILC1 numbers but promoted higher NK cell numbers 

in all tissues examined (Figure 5A). Analysis of NK cells across multiple tissues using 

KLRG1 (a surface receptor indicative of NK cell maturation) combined with Ki67 revealed 

that in naive mice, treatment with either form of IL-18 resulted in a minimal increase in 

KLRG1 expression (Figures 5B and 5C). However, during infection of Rag1−/− mice, NK 

cell expression of KLRG1 was upregulated by IL-18 and further increased following DR-18 

treatment (Figures 5B and 5C). Additionally, DR-18 treatment-induced mature NK cells 

expressed the highest levels of Ki67 (Figures 5B and 5C).
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The ability of IFN-γ to stimulate macrophage expression of the enzyme iNOS is required 

for the ability of these cells to produce reactive oxidative species and limit replication of T. 

gondii.39,40 In uninfected mice, the resting macrophage populations are typically iNOSlow, 

and IL-18 treatment had minimal impact on its expression (Figure 5D, light gray). As 

expected, in infected Rag1−/− mice, there was an increase in the population of Ly6Chi 

monocytes in the peritoneum, of which a small percentage co-expressed iNOS (Figure 5D). 

Treatment with either form of IL-18 led to an increase of iNOS+ Ly6Chi monocytes in the 

PECs but was most strongly induced by DR-18 treatment (Figure 5D). These data reveal that 

in Rag1−/− mice, exogenous DR-18 is more robust than IL-18 in its ability to promote the 

maturation and expansion of NK cells and production of IFN-γ associated with increased 

macrophage activation and parasite control.

Impact of DR18 on parasite-specific T cell responses

By 10 dpi, pathogen-specific T cells express the IL-18Rα, but the production of IFN-γ 
drives expression of high levels of IL-18BP (Figure 1A). To focus on the effects of IL-18 

on the adaptive response, WT C57BL/6 mice were treated with IL-18 or DR-18 starting 

at 7 dpi, a time point when parasite-specific T cell responses can be reliably detected. 

In contrast to the results in Rag1−/− mice, sham- or IL-18-treated infected mice survived 

infection, but DR-18 treatment resulted in decreased survival (Figure 6A). This effect of 

DR-18 was associated with increased levels of pathology in the liver (Figure 6B), with 

a range of pathology apparent in histology (two examples are shown). Flow cytometric 

analysis revealed increased numbers of neutrophils (Figure 6C), and elevated serum IFN-γ 
levels were detected by ELISA (Figure 6D). This is in contrast to the results observed 

in D2D-treated WT mice, where no lethality was observed (data not shown). Analysis of 

parasite-specific CD4+ and CD8+ T cells showed that they were unaffected by treatment 

with WT IL-18 (Figure 6E), but DR-18 treatment resulted in a marked expansion of 

the parasite-specific CD4+ compartment in the spleen (Figure 6E). Previous studies have 

used the expression of KLRG1 and the chemokine receptors CXCR3 and CX3CR1 to 

distinguish different effector populations with distinct functional properties that develop 

during infection.41,42 One paradigm for T cell differentiation during Toxoplasma infection 

suggests that pathogen-specific T cells that are initially CXCR3+ CX3CR1− transition to an 

intermediate state characterized by co-expression of CXCR3, CX3CR1, and KLRG1, which 

finally lose CXCR3 but maintain KLRG1 and CX3CR1 as terminally differentiated effector 

T cells.42 Administration of DR-18 resulted in a higher frequency of the least-differentiated 

CXCR3+ CD4+ T cells among tetramer+ cells in the spleen and a corresponding decrease 

in KLRG1 single-positive cells (Figure 6F). DR-18 treatment also resulted in a diminution 

of the terminally differentiated KLRG1+ CX3CR1hi T cell population in the CD4+ T cell 

compartment and an increase in the double-negative population (Figure 6G). However, 

CD8+ T cell differentiation was not altered (Figure 6H). These data suggest that DR-18 

treatment promotes a less-differentiated phenotype in antigen-specific CD4+ T cells during 

acute Toxoplasma infection. This agrees with the effects described in tumor studies, where 

treatment with DR18 was associated with expansion of terminal effectors and stem-like 

cells, although in that model, CD8+ T cells were preferentially affected.38
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To examine the impact of these treatments on IFN-γ production, a reporter mouse that 

expresses the surface protein Thy1.1 under the control of the IFN-γ promoter was used.43 

In response to infection, CD4+ T cells were the major source of IFN-γ in the spleen (data 

not shown) and in the liver (Figure 7A). Treatment with DR-18 augmented IFN-γ in CD4+ T 

cells and, to a lesser extent, CD8+ T cells. Culture of splenocytes from infected and treated 

mice revealed that those treated with DR-18 produced high basal levels of IFN-γ (Figure 

7B). Incubation of splenocytes from infected mice with soluble Toxoplasma antigen (STAg) 

stimulates parasite-specific T cells to produce IFN-γ. While IL-18 treatment enhanced 

this response, the highest levels were observed with splenocytes from DR-18-treated mice 

(Figure 7B). In addition, the inclusion of blocking antibody to the CD4 co-receptor, but 

not CD8, resulted in a marked decline in IFN-γ (Figure 7B). Likewise, STAg-specific 

restimulation of splenocytes resulted in elevated levels of granulocyte-macrophage colony-

stimulating factor (GM-CSF) in infected mice treated with DR-18 compared with control 

mice (Figure 7C). Inclusion of α-CD4, but not α-CD8, abrogated GM-CSF production 

in the spleen and the liver (Figure 7C; data not shown). These data indicate that during 

toxoplasmosis, antigen-specific CD4+ T cells are the dominant source of IFN-γ and GM-

CSF following DR-18 treatment.

Since DR-18 treatment resulted in an increase in the pathogen-specific T cell populations 

and their production of cytokines, we sought to determine if depletion of either of these 

populations would mitigate the lethal effects of DR-18. We thus administered CD4+ and 

CD8+ T cell-depleting antibodies 6 h prior to administration of DR-18 at 7 dpi. Depletion 

of CD8+ T cells (Figure S2) had no impact on survival, but the depletion of CD4+ T cells 

abrogated DR-18-induced mortality (Figure 7D). This was associated with a reduction of 

serum IFN-γ to levels comparable to infected, untreated mice (Figure 7E). Depletion of 

CD4+ T cells did not result in enhanced parasite burden in DR18-treated mice (Figure 7F). 

Together, these results establish that DR-18 treatment promotes the function and “stemness” 

of CD4+ T cells but results in immune pathology.

DISCUSSION

Previous studies have reported that infection with T. gondii leads to the release of IL-18.33,44 

However, the studies presented here show that this is not simply a function of innate 

detection of parasite infiltration or damage associated with levels of parasite replication. 

Rather, the observation that IFN-γ is required for IL-18 secretion in inflammatory 

macrophages suggests a feedforward mechanism between IFN-γ and the molecular 

machinery that processes IL-18. The Nod-like receptor (NLR) family members are cytosolic 

molecules that can bind pathogen-associated molecular patterns (PAMPs) and nucleate the 

assembly of the inflammasome complex, which results in caspase-1-mediated processing of 

IL-18 to its bioactive form. In murine macrophages, NLRP1 and NLRP3 are implicated in 

the detection of T. gondii and production of IL-1 family members.44,45 However, the ability 

of IFN-γ-primed human macrophages to kill T. gondii leads to release of parasite DNA 

into the cytosol, where it can be sensed by the AIM2 inflammasome.46,47 Whether a similar 

process contributes to the parasite-induced, IFN-γ-dependent production of IL-18 observed 

here is unclear. In addition, as reported in other systems,48,49 the production of IL-18BP 

is proportional to the levels of circulating IFN-γ. This highlights the complex regulatory 

Clark et al. Page 7

Cell Rep. Author manuscript; available in PMC 2023 April 26.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



effects of IFN-γ on macrophages: it promotes activation to control T. gondii39,40,50,51 and 

enhances innate sensing of T. gondii and IL-18 secretion but also induces production of 

IL-18BP as a potent negative feedback mechanism that limits the impact of endogenous 

IL-18.

In order to dissect the role of IL-18BP and IL-18 signaling during toxoplasmosis, we 

engineered an IL-18 variant, D2D, that abrogated signaling capacity through the IL-18 

receptor but selectively retained binding capacity to IL-18BP. In conjunction with our 

previously designed IL-18 variant, DR-18, an IL-18 agonist that is impervious to IL-18BP 

inhibition,38 we were able to dissect the impact of IL-18 signaling on innate and adaptive 

IL-12-mediated resistance to T. gondii. In the Rag1−/− model, the use of DR-18 emphasizes 

how unopposed IL-18 signals can elevate NK cell and ILC1 activities, while D2D treatment 

highlights that the increased level of IL-18BP characteristic of acute T. gondii infection is 

a major determinant of the contribution of endogenous IL-18 to parasite control. Thus, 

during toxoplasmosis, the rapid induction of high levels of IFN-γ promotes IL-18BP, 

which provides an explanation as to why endogenous IL-18 is not a major contributor to 

innate and adaptive mechanisms of resistance. Similarly, during infection with Leishmania 
sp., where IL-12 has a dominant role in the induction of IFN-γ required for resistance, 

several reports concluded that IL-18 is not critical for development of protective Th1 

response and resolution of disease.52,53 Likewise, for Salmonella, IL-12-induced production 

of IFN-γ is important for bacterial control, but endogenous IL-18 is not required for this 

activity, although IL-18 does directly impact on enterocyte functions.9 For Mycobacterium 
tuberculosis, a system where the role of IL-12 and IFN-γ in resistance to infection is well 

established, the impact of IL-18 is less clear. One study reported that IL-18, but not the 

IL-18 receptor α chain, was required to survive challenge.54 However, others have noted 

comparably minor defects in immunity in Il18−/− mice, with elevated bacterial burdens and 

lower local IFN-γ in the lungs.7,55 It remains unclear in these other experimental systems 

what levels of IL-18BP are induced, and the availability of the D2D or other reagents that 

target the IL-18BP provides the opportunity to test the ability of endogenous IL-18 to impact 

responses to these pathogens.

In the models discussed above, where microbes drive high IL-12 and rapid IFN-γ, IL-18 

does not appear to contribute to IFN-γ-mediated resistance. However, there are instances 

where the ability of IL-18 to promote IFN-γ is required for resistance to infection. For 

example, Cryptosporidium sp. are confined to enterocytes of the small intestine, do not 

require macrophage activation for parasite control, and are associated with low levels of 

IL-12, but enterocyte-derived IL-18 plays a co-dominant role to promote ILC production 

of IFN-γ and early innate resistance to this organism.10,11,56 In the case of vaccinia virus, 

IL-12 is not required for IFN-γ responses,57 but IL-18 is important for viral control.58 

Interestingly, vaccinia virus encodes its own viral ortholog of IL-18BP that is produced 

early during infection as an immunoevasin. Using a murine model of vaccinia infection, 

we observed that D2D and DR-18 were able to reduce systemic viral burden in both 

prophylactic and therapeutic treatment regimens (O.-E.W. and A.M.R, unpublished data). 

This literature suggests that IL-18 is likely relevant in contexts where there are low levels 

of IL-12 and IFN-γ activity, in which IL-18 may provide a mechanism to enhance nascent 

responses immediately following pathogen sensing. Thus, in the contexts considered here, 
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endogenous IL-18 may be more relevant to early and/or local responses within tissues than 

to the regulation of systemic responses. The discrepant greater effect of D2D compared with 

DR18 on the magnitude of tissue ILC responses lends further support for a local role of 

endogenous IL-18.

The properties of the engineered DR-18 construct suggest its potential as an anti-parasitic 

therapeutic beyond its originally intended use in cancer immunotherapy; in addition to its 

ability to evade the IL-18BP, DR-18 has a higher affinity for the IL18R than WT IL-1838 

and is a more potent inducer of IFN-γ production. However, in the setting of T. gondii 
infection, this variant was associated with increased immune pathology, which was not 

seen in the tumor-treatment setting. Resistance to T. gondii requires a robust expansion 

of antigen-specific Th1-polarized CD4+ and CD8+ T cells to limit parasite replication and 

dissemination, but this response must be tempered to prevent the development of immune-

mediated pathology. There are numerous examples where the CD4+ T cell responses 

associated with T. gondii result in damage to diverse tissues that include the gut, lungs, 

liver, and brain.59 The finding that treatment with the D2D augmented T cell responses in 

the liver (but not the spleen) supports the idea that IL-18 would be produced at sites of 

inflammation where it can influence the local response.

It has been suggested previously that IL-18 is inherently hepatotoxic in humans,60 but in 

our studies, IL-18-mediated hepatotoxicity was only observed in the presence of CD4+ 

T cells in infected mice. DR-18 treatment has previously not been found to elicit liver 

toxicity in tumor-bearing mice,38 and patients treated with very high doses of rIL-18 (up 

to 2 mg/kg/week or 1 mg/kg/day) did not exhibit significant hepatotoxicity.61,62 Consistent 

with these observations, we found that in Rag1−/− mice, the ability of DR-18 to limit 

parasite replication results in hepatoprotection, suggesting that IL-18-mediated damage to 

the liver is indirect and secondary to effects on CD4+ T cells. However, treatment of B6 

mice with systemic DR-18 resulted in immune pathology mediated by antigen-experienced 

CD4+ T cell in the liver. This finding illustrates potential adverse consequence of sustained, 

unregulated IL-18 signaling in the context of infection and the important role that IL-18BP 

plays in limiting pathological T cell responses.

Previous studies have focused on the impact of IL-18 on CD8+ T cells, and the anti-

tumor effect of DR-18 is dependent on tumor-infiltrating CD8+ T cells.38,63,64 In contrast, 

the studies presented here show that the DR-18-driven immune pathology is dependent 

on infection-induced CD4+ T cells. Multiple studies by our laboratory and others have 

concluded that CD4+ and CD8+ T cells represent broadly comparable sources of IFN-γ 
during toxoplasmosis—specifically following ex vivo PMA/ionomycin stimulation followed 

by intracellular staining of IFN-γ.27,65–67 Consequently, it was unanticipated that IFN-γ 
reporter mice would reveal that CD4+ T cells were the main source of IFN-γ and that 

this was augmented by DR-18. The reporter mouse, an artificial bacterial chromosome 

transgenic mouse that expresses the surface marker CD90.1/Thy1.1 under the IFN-γ 
promoter, may be a much more faithful representation of the endogenous IFN-γ production 

dominated by CD4+ T cells. Likewise, during STAg restimulation in the context of the CD4 

and CD8 co-receptor blockade, CD4+ T cells were the main source of both IFN-γ and 

GM-CSF. The bias toward cytokine production by CD4+ T cells observed in these studies 
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may explain their prominent role in immune pathology during toxoplasmosis.68–70 Notably, 

in genetic knockout models where CD4+ T cells mediate pathology during Toxoplasma 
infection, depletion of these cells does not increase acute susceptibility.

The duality of CD4+ T cells as mediators of both protective immunity as well as immune 

pathology highlights the importance of regulation of these cells. The cytokines IL-10 and 

IL-27 act in distinct fashion to limit these pathological CD4+ T cell responses: IL-10 inhibits 

accessory cell functions, while IL-27 directly limits the magnitude and duration of the T 

cell responses. The studies here highlight that IL-18BP acts on an orthogonal axis—by 

blocking the activity of IL-18 on T cells—providing an additional non-redundant regulatory 

mechanism that operates during infection and underscoring the critical importance of 

the pathway in mediating the balance between protective immunity and life-threatening 

immunopathology. A notable phenotypic similarity exists between the immune pathology 

observed in Il10−/− mice69 and mice treated with DR18 that suggests potential interplay or 

epistatic function of IL-10. However, previous studies have noted that IL-10 fails to inhibit 

IL-18 production and that Il10−/− mice infected with T. gondii produce normal levels of 

IL-18 and IL-18BP.34 These findings suggest that endogenous IL-18 serves as a powerful 

amplifier of incipient local responses to infection, which must be tightly controlled during 

systemic responses to limit pathology. However, in the service of medicine, pharmacological 

paradigms that can fine-tune these mechanisms, such as the D2D IL-18BP antagonist, 

present a potential avenue in host-directed immunotherapies for infectious disease.

Limitations of the study

There are two main limitations to this study. The first relates to the fact that the DR18 is not 

only a mutein with an inability to bind to the IL-18BP but that it also has a higher affinity 

for the IL-18R than IL-18. Thus, part of its biological activity may not solely be due to 

its ability to avoid the IL-18BP. The second is that while endogenous IL-18 is implicated 

in resistance to a subset of intracellular infections, there are other instances where IL-18 

is not important. The studies presented here indicate that the IL-18BP is a major factor 

that limits the activity of IL-18 during toxoplasmosis, but additional studies using the D2D 

will be needed to understand whether this is a more universal phenomena relevant to other 

infections.

STAR★METHODS

Detailed methods are provided in the online version of this paper and include the following:

RESOURCE AVAILABILITY

Lead contact—Further information and requests for resources and reagents should 

be directed to and will be fulfilled by the lead contact, Christopher Hunter 

(chunter@vet.upenn.edu)

Materials availability—The sequence of D2D and methods to produce it are described in 

the materials and methods.
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Data and code availability

• Single-cell RNA-seq data have been deposited at GEO and are publicly available 

as of the date of publication under GEO Accession # GSE207173. Microscopy 

data reported in this paper will be shared by the lead contact upon request.

• This paper does not generate original code

• Any additional information required to reanalyze the data reported in this paper 

is available from the lead contact upon request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Mice—B6 (C57BL/6NTac) (Taconic #B6-F), Rag1−/− (B6.129S7-Rag1tm1Mom/J) (Jackson 

#002216) mice were purchased from their respective vendors. IFN-γ-Thy1.1 

(Ifngtm1(Thy1)Weav) reporter mice were generated by Casey Weaver.43 Mice were housed in 

a specific pathogen free environment at the University of Pennsylvania School of Veterinary 

Medicine and treated according to protocols approved by the Institutional Animal Care and 

Use Committee at the University of Pennsylvania. Male and female (age 8–12 weeks at start 

of experiment) mice were used for all experiments.

Parasites, infection, and treatment—The ME49 strain of T. gondii was maintained 

by serial passage in Swiss Webster mice and used to generate banks of chronically 

infected CBA/ca mice, which were a source of tissue cysts for these experiments. For all 

experiments presented here, mice were infected intraperitoneally (i.p.) with 20 cysts ME49. 

Soluble toxoplasma antigen was prepared from tachyzoites of the RH strain as described 

previously.71 Treatment of infected mice was performed via IP injection beginning at 1 dpi, 

at 0.5 mg/kg (IL-18 and DR18) or 5 mg/kg (D2D). For antibody depletion experiments, 500 

μg of anti-CD4 antibody clone GK1.5 or anti-CD8 antibody clone 2.43 were administered IP 

6 h before cytokine treatment. For quantitative PCR (qPCR), DNA was isolated from tissues 

using the DNEasy DNA isolation kit (Qiagen) followed by qPCR measuring the abundance 

of the T. gondii gene B1 using the primers 5′-TCTTTAAAGCGTTCGTGGTC-3′ (forward) 

and 5′-GGAACTGCATCCGTTCATGAG-3′ (reverse).

METHOD DETAILS

Histology—For IHC detection of T. gondii and iNOS, tissues were fixed in 10% 

formalin solution and then paraffin embedded and sectioned. Sections were deparaffinized, 

rehydrated, Ag retrieved in 0.01 M sodium citrate buffer (pH 6.0), and endogenous 

peroxidase blocked by 0.3% H2O2 in PBS. After blocking with 2% normal goat serum, 

the sections were incubated either with rabbit anti-Toxoplasma Ab, anti-INOS Ab or isotype 

control. The sections were then incubated with biotinylated goat anti-rabbit IgG (Vector, 

Burlingame, CA), and ABC reagent was applied (Vectastain ABC Kit; Vector Labs). 

Then DAB substrate (Vector Labs) was used to visualize specific staining according to 

manufacturer’s instructions, and slides were counterstained with hematoxylin. To quantify 

parasite burden in the peritoneal exudate, 100,000 cells were used to prepare cytospins. Cells 

were methanol fixed and then stained with the Protocol Hema-3 Stain Set, and the ratio of 

infected cells to total cells in a field of view was calculated, with a minimum of 200 cells 

counted per sample.
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Generation of lymphokine activated killer cells—Lymphokine Activated Killer cells 

(LAKs) were generated from Rag1−/− bone marrow as described previously.72,73 Briefly, 

whole bone marrow was plated at 1M cells/mL in cRPMI +400U/mL Proleukin human IL-2 

(Peprotech). Fresh IL-2 was added every third day, and cells were used for experiments 

between days 7–10.

Antibody and cytokine reagents—IL-18 reagents: IL-18 ELISA (DY7625), IL-18BP 

ELISA (DY122), and GM-CSF ELISA (DY415) kits were purchased from R&D 

Biosystems. WT IL-18 and DR18 constructs were generated as described previously.38 D2D 

engineering and production is described below.

For flow cytometry the following antibodies were used: for analysis of NK cells and T 

cells: CD335 NKp46 (29A1.4, eBioscience), NK-1.1 (PK136, Biolegend), IFN-γ (XMG1.2, 

eBioscience), CD200R1 (OX110, eBioscience, Tbet (4B10, Biolegend), EOMES (Dan11-

mag, eBioscience). IL-18Rα (P3TUNYA, eBiosciences), CD4 (GK1.5, eBiosciences or in 

context of GK1.5 mediated depletion, RM4–5, Biolegend), CD8α (53–6.7, Biolegend), 

CD8β (H35–17.2, eBiosciences), TCRβ (h57–597, eBiosciences), CD11a (2D7, BD), 

CXCR3 (CXCR3–173, Biolegend), KLRG1 (2F1, eBiosciences), CX3CR1 (SA011F11, 

Biolegend), CD90.1 (HIS51, eBiosciences). For analysis of myeloid cells: CD11b (M1/70, 

eBioscience), CD11c (N418, Biolegend), Ly6c (HK1.4, Biolegend), Ly6g (1A8, Biolegend), 

CCR2 CD192 (SA203G11, Biolegend), CD64 FcgRI (X54–5/7.1, Biolegend), MHC II 

I-A/I-E (m5/114.15.2, eBioscience), iNOS (CXNFT, eBioscience). Flow cytometry was 

performed on BD Fortessa, Symphony A3 Lite, and X-50 cytometers and data analysis 

was performed using Flowjo 9 and Flowjo 10 (Treestar), and Prism 9 (Graphpad). Uniform 

Manifold Approximation and Projection for Dimension Reduction (uMAP) analysis was 

performed using the uMAP plug-in (version: 1802.03426, 2018, ©2017, Leland McInness) 

for Flowjo (Version 10.53). The Euclidean distance function was utilized with a nearest 

neighbor score of 15, and a minimum distance rating of 0.5.

Directed evolution of D2D

Protein expression, purification, and biotinylation: The mature form of human (h) IL-18 

(amino acids 37–193) and IL-18 D2D (amino acid substitutions D53G, E67A, T70E, D71S, 

M87F, M96L, and Q139L) were assembled as gene blocks (Integrated DNA Technologies, 

IDT) and cloned into a pSH vector for expression of N-terminal SUMO-tagged and C-

terminal hexahistidine-tagged proteins in Escherichia coli BL21 (DE3) Rosetta strain (Fisher 

Scientific, 70,954–3). Protein expression was induced with 0.5 mM IPTG at 16°C for 20 h. 

The fusion protein was first purified using an Ni-NTA column (Fisher Scientific, P188223), 

followed by removal of the SUMO tag with the SUMO protease Ulp1. Next, the protein 

solution was buffer-exchanged to remove imidazole and re-applied to a second Ni-NTA 

column to remove the free SUMO tag. The eluted protein was concentrated and separated 

from aggregates by gel-filtration (Column SEC70, Bio-rad). Protein from the monodisperse 

peak was pooled and loaded on a final Ni-NTA column for endotoxin removal with 0.2% 

Triton X-114 at 4°C. Finally, the eluted protein was buffer exchanged into sterile, endotoxin 

free PBS using a PD-10 column (GE Healthcare) and flash-frozen in liquid nitrogen for 

storage at −80°C.
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The mouse (m) IL-18Rα ectodomain, hIL-18Rα ectodomain, hIL-18Rβ ectodomain, 

mIL-18 binding protein (IL-18BP) and viral (v) IL-18BP (vaccinia and variola) were 

expressed by transient transfection of Expi293 cells (Thermo Fisher). Sequences were 

cloned into the pEZT_D_Lux vector with an N-terminal H7 signal peptide and a C-

terminal AviTag and hexahistidine tag. Plasmids were transfected into Expi293 cells by 

ExpiFectamine 293 Transfection Kit (Thermo Fisher, A14524) per the manufacturer’s 

instructions. Cells were harvested 3–5 days after transfection. Proteins were captured 

from cell supernatant via Ni-NTA chelating resin and further purified by size exclusion 

chromatography (Column SEC70, Bio-rad) into a final buffer of HEPES buffered saline 

(HBS; 10 mM HEPES, pH 7.5, 150 mM NaCl).

For protein biotinylation, proteins were expressed with a C-terminal biotin acceptor tag 

(AviTag)-GLNDIFEAQKIEWHE. After Ni-NTA chromatography, protein biotinylation was 

carried out at room temperature for 2 h with soluble BirA ligase enzyme in 0.1 mM bicine 

(pH 8.3), 10 mM ATP, 10 mM magnesium acetate, and 0.5 mM biotin (Avidity, BIO500). 

Biotinylated proteins were then purified by gel-filtration as described above. Biotinylation 

efficiency was assessed using an SDS/PAGE streptavidin-shift assay.

Human D2D IL-18 library construction and selection—Sixteen residues in IL-18 

which were in contact with both IL-18Rα and IL-18BP were identified by aligning the 

structure of hIL-18–hIL-18Rα–hIL-18Rβ complex (Protein DataBank (PDB) ID 3WO4) 

to the structure of hIL-18: ectromelia virus IL-18BP complex (PDB ID 3F62). A library 

randomizing these residues was constructed using assembly PCR with the degeneration 

primers. The PCR products were further amplified with primers containing homology to the 

pYAL vector and co-electroporated into EBY100 competent yeast together with linearized 

pYAL vector. The resulting library was later measured to contain 3.9 × 108 transformants.

Transformed yeast were recovered and expanded in SDCAA medium at 30 °C, induced by 

1:10 dilution into SGCAA medium and cultured at 20 °C for 24–48 h. The appropriate 

numbers of induced yeast were used in each round to ensure at least tenfold coverage of the 

expected diversity, and not less than 108 cells. All selection steps were carried out at 4 °C 

using PBE buffer (PBS with 0.5% BSA and 2 mM EDTA). For round 1, the yeast library 

was counter-selected with anti-Cy5/Alexa Fluor 647 microbeads (Miltenyi, 130–091-395) 

with an LS MACS column (Miltenyi, 130–042-401) to remove non-specific binders. Positive 

selection was performed by labeling yeast with 5 nM biotinylated mIL-18BP, followed 

by magnetic selection with Alexa Fluor 647 microbeads and the LS MACS column. For 

subsequent rounds, the library was positively selected with 1 nM mouse IL-18BP (round 2) 

and 1 nM of both mouse and viral IL-18BP orthologs for (round 3) and counter selected 

with 1μM biotinylated h/mIL-18BRα and hIL-18Rβ. IL-18 display levels were determined 

by staining with AF488-conjugated anti-Myc (Cell Signaling Technologies). The library 

was selected by FACS sorting with a Sony SH800 cell sorter by excluding IL-18 receptor 

binders and gating the top 1% of display-normalized IL-18RBP binders. After each round of 

selection, recovered yeast were expanded in SDCAA medium at 30 °C overnight and later 

induced at 20 °C by a 1:10 dilution into SGCAA medium for 24–48 h.
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IL-18 reporter assay—The IL-18 HEK-Blue assay (InvivoGen, hkb-hmil18) was 

performed according to the manufacturer’s instructions. Briefly, D2D was titrated onto 150 

nM (final) of IL-18BP and incubated for 45 min before the mixture was transferred to IL-18 

at 0.5 ng/mL (final). The three-component mixture or D2D alone was then used to stimulate 

5 × 104 cells seeded into wells of a 96-well plate for 20 h at 37°C and 5% CO2. Twenty 

microliters of cell culture supernatant were then taken from each well and mixed with 180 

μL of QUANTI-Blue solution in a separate 96-well plate, incubated for 15 min at 37°C, and 

then read in a microplate reader at 630 nm. The data were plotted and analyzed using Prism.

IC50 = 78.5 nM, which is ~1/2 of [IL18BP] used in the assay.

Single-cell RNA sequencing—Spleen tissue was manually disrupted with a razor 

blade in a 6cm dish and suspended in 1 mL plain PBS +5 mM CaCl2 + 10 mg/mL B. 

Licheniformis protease +125U/mL DNase/50 mg tissue, then manually disrupted by pipette 

every 2 min for 45 min at 4C. Digested tissue was then mashed through a 70uM filter and 

washed with 10% FBS RPMI. Cells were pelleted via centrifugation at 300 × g for 5 min @ 

4C. The pellet was then ACK lysed at 4C for 5 min, followed by washing with 10% RPMI.

Library preparation was done according to manufacturer’s protocol. Single cell drop 

encapsulation, RT-PCR, amplification, and adapter ligation were performed with the 10X 

Chromium Controller platform with the Chromium Next GEM Single Cell 3′ GEM, 

Library and Gel Bead Kit v3.1, Chromium Next GEM Chip G Singe Cell Kit, and 

Single Index Kit T Set A (10X Genomics). Following encapsulation, samples were cleaned-

up using Dynabeads (Invitrogen) according to manufacturer’s protocol. RNA and DNA 

quality was checked on a Tapestation (Agilent). Paired-end sequencing was performed on a 

NextSeq5000 (Illumina).

Raw sequence data was aligned and transcripts were counted with Cell Ranger (10X 

Genomics) using the mus musculus reference genome mm10–3.0.0. The R Seurat package 

was utilized to analyze single cell data and generate graphics, with cells with fewer than 

1000 counts, greater than 25,000 counts, or greater than 20% mitochondrial RNA were 

excluded from analysis.

QUANTIFICATION AND STATISTICAL ANALYSIS

All data are expressed as means ± standard error of the mean (SEM). For comparisons 

between two groups, the Student’s t-test was applied. For data with more than two datasets 

and one independent variable, one-way ANOVA coupled with Tukey’s multiple comparisons 

test was applied. When multiple datasets with two independent variables were analyzed, 

two-way ANOVA with Tukey’s multiple comparisons test was applied. Statistical details are 

indicated in figure legends.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

• Generation of reagents to dissect impact of IL-18 on resistance to infection

• Antagonism of IL-18 binding protein enhances resistance to infection

• IL-18 variant bypasses IL-18 binding protein and promotes innate resistance 

to infection

• High-affinity IL-18 variant promotes CD4+ T cell-mediated immune 

pathology
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Figure 1. IL-18 and IL-18BP are expressed during acute T. gondii infection
Mice were infected i.p. with T. gondii after 7 days.

(A) IFN-γ, IL-18, and IL-18BP in the peritoneal lavage were measured by ELISA directly 

ex vivo.

(B) Single-cell RNA-seq was performed on splenocytes from B6 mice infected with T. 

gondii at 14 dpi. UMAP analysis was used to generate clusters according to cellular lineage, 

and expression heatmaps for Il18 and Il18bp were overlaid.

Data are pooled from 2 independent experiments (A). RNA-seq data are representative of 

one biological replicate.
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(C) Flow cytometry showing staining for IL-18BP in the populations described from naive 

(black) and infected (red) mouse spleens. *p < 0.05 (Student’s t test).

Data are displayed as mean ± standard error.
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Figure 2. IL-18R is expressed during acute T. gondii infection
(A) As in Figure 1, single-cell RNA-seq was performed on splenocytes from B6 mice 

infected with T. gondii at 14 dpi. UMAP analysis was used to generate clusters according to 

cellular lineage, and expression heatmaps for Il18r1 and Il18rap were overlaid.

(B) Flow cytometry was performed on splenocytes from naive and infected B6 mice at 10 

dpi. UMAP analysis was performed to generate clusters according to cellular lineage. Heat 

maps for IL-18Rα staining are shown.

(C) Rag1−/− mice were infected with T. gondii. At 7 dpi, flow cytometry was performed on 

peritoneal cells. Population show is pregated on live singlets.

(D) B6 mice were infected with T. gondii. At 10 dpi, splenocytes were analyzed by flow 

cytometry alongside naive controls. Populations shown are pregated on live CD4+ or CD8+ 

T cells.

Data are representative of three independent experiments (B–D).
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Figure 3. Generation and use of D2D to reveal endogenous IL-18 activity
(A) Randomized positions of human (h) IL-18 to create D2D, with the corresponding 

degenerate codon and the potential amino acid at each position.

(B) Summary of the experimental design for directed evolution and yeast selection process 

to generate D2D. Yeast libraries were selected for mouse (m) and viral (v) IL-18BP binding 

and counter-selected with streptavidin (SA; round 1) and m/hIL-18Rα and hIL-18Rβ 
receptors (rounds 2 and 3) using magnetic-activated cell sorting (MACS; round 1) and 

subsequently fluorescence-activated cell sorting (FACS; rounds 2 and 3). Blue text (right) 

indicates positive selection reagent, and red text (left) shows the counter-selection reagent.
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(C) Representative histogram assessing mIL-18BP (10 nM, left), vL-18BP (10 nM, middle), 

and IL-18 receptor (m/hIL-18Rα and hIL-18Rβ, 100 nM each, right) staining by flow 

cytometry of yeast display library after each round of selection.

(D) The sequences of 87 clones summarized for selected D2D variants, with differences for 

wild-type IL-18 indicated for each mutant at the given amino acid position (top). Number 

indicates number of clones that shared same residue change. Green shading highlights 

converging residues to form consensus sequence (bottom).

(E) Dose-response curves comparing binding of mIL-18 and human D2D displayed on yeast 

to mIL-18Rα and mIL-18BP.

(F) Quantification of INF-γ ELISA from supernatants of lymphokine activated killer cells 

stimulated with the cytokines listed.

(G) IL18B neutralization curve generated by addition of recombinant IL-18, IL-18BP, and 

D2D protein to IL-18 signaling reporter cell line.

(H) Rag1−/− mice were infected with T. gondii. At 7 dpi, flow cytometry of peritoneal 

cells was performed. Populations shown are pregated on live singlets. Quantification of cell 

numbers and intracellular staining shown on right.

(I) Quantification of parasite DNA isolated from host liver and lung tissue, Rag1−/− mouse, 7 

dpi. Units are ng parasite DNA/500 ng host DNA. Statistical significance was determined by 

combined analysis of the parasite burden in lung and liver of individual mice.

(J) B6 mice were infected with T. gondii, and at 10 dpi, the number of tetramer+ CD4+ and 

CD8+ cells was analyzed by flow cytometry. Summary data are shown. NS, not significant 

(p > 0.05); *p < 0.05, **p < 0.01 (Student’s t test). Data are representative of 2 independent 

experiments (A–D). Data are displayed as mean ± standard error.
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Figure 4. DR18 treatment promotes systemic protective immunity in Rag1−/− mice
(A) Intracellular staining (left) and ELISA from supernatants (right) of lymphokine activated 

killer cells stimulated with the cytokines listed.

(B) Quantification of cytospins from peritoneal exudate cells of infected Rag1−/− mice at 7 

dpi (top) and representative cytospins (bottom).

(C) Quantification of parasite DNA isolated from lung tissue.

(D) ELISA from serum of Rag1−/− mice at 7 dpi treated as described.

(E) Serum ALT values obtained from Rag1−/− mice at 7 dpi treated as described.

(F) Histology of livers from Rag1−/− mice at 7 dpi treated as described. Black arrows 

indicate necrotic lesions.
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Data are representative of two (A) or 3 (B–F) independent experiments. *p < 0.05, **p < 

0.01, ***p < 0.001, ****p < 0.0001 (Student’s t test, A, ordinary one-way ANOVA with 

Tukey’s multiple comparisons test, B–D, and Welch’s ANOVA with Dunnett’s multiple 

comparisons test, E). Data are displayed as mean ± standard error.
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Figure 5. DR18 drives protective NK cell responses in Rag1−/− mice
(A) Quantification of cells from Rag1−/− mice at 7 dpi from the tissues listed. ILC1s are 

defined as NK1.1+ Tbet+ EOMES− cells, and NK cells are NK1.1+ Tbet+/− EOMES+.

(B) Flow cytometry and quantification of NK cell phenotypes in the peritoneum and (C) in 

the lungs (D) of mice infected with T. gondii.
(D) Flow cytometric analysis and quantification of myeloid cells in the peritoneum. 

Populations shown are pregated on live CD11b+ Ly6g− singlets. ND, not detected. NS, 

not significant.

Data are representative of 3 (A–C) or 2 (D) independent experiments. *p < 0.05, **p < 

0.01, ****p < 0.0001 (two-way ANOVA with Tukey’s multiple comparisons test, A–C, and 

one-way ANOVA with Tukey’s multiple comparisons test, D). Data are displayed as mean ± 

standard error.
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Figure 6. DR18 drives altered CD4+ T cell responses and immune pathology
(A) Survival analysis of B6 mice infected with T. gondii and treated with PBS, IL-18, or 

DR18 at 7 and 9 dpi.

(B) Representative histology from experiment described in (A). Two images of DR18-

treated mice are included to show variation in pathology observed.

(C) Flow cytometric analysis of livers from mice treated as described in (A), analyzed at 10 

dpi. Neutrophils defined as CD11b+ Ly6g+ live singlets.

(D) ELISA analysis of serum from mice treated as described in (A).
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(E) Quantification of tetramer+ CD4+ and CD8+ T cells in the spleens of mice at 10 dpi.

(F and G) Representative flow cytometry of tetramer+ CD4+ T cells (left) and quantification 

(right) from the spleens of B6 mice treated as described at 10 dpi.

(H) Analysis of tetramer+ CD8+ T cells as from (F) and (G).

Data are pooled from (A), (D), and (E) or are representative of (B, C, and F–H) 3 

independent experiments. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001 (ordinary 

one-way ANOVA with Tukey’s multiple comparisons test, C and D, two-way ANOVA 

with Tukey’s multiple comparisons test, E, and two-way ANOVA with Šídák’s multiple 

comparisons test, F–H). Data are displayed as mean ± standard error.
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Figure 7. CD4+ T cells produce enhanced cytokines in response to DR18
(A) Representative flow cytometry (left) and quantification (right) from the livers of IFN-γ-

Thy1.1 reporter mice at 10 dpi. Population shown is pregated on live CD4+ or CD8+ T cells.

(B and C) ELISA analysis of ex vivo cultures from infected mice at 10 dpi stimulated as 

described. STAg, soluble Toxoplasma antigen.

(D) Survival analysis of B6 mice infected with T. gondii and treated with PBS, IL-18, or 

DR18 at 7 and 9 dpi (left) and validation of CD4+ T cell depletion by flow cytometry (right).

(E) ELISA analysis of serum IFN-γ from mice treated as described at 10 dpi.

(F) Quantification of parasite DNA isolated from livers of infected mice at 10 dpi.
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Data are representative of 2 independent experiments. NS, not significant. *p < 0.05, **p 

< 0.01, ***p < 0.001, ****p < 0.0001 (ordinary one-way ANOVA with Tukey’s multiple 

comparisons test, A, two-way ANOVA with Tukey’s, B, or Šídák’s, C, multiple comparisons 

test, and one-way ANOVA with Tukey’s multiple comparisons test, E and F). Data are 

displayed as mean ± standard error.
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KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Rat anti-mouse CD4 clone GK1.5 BioXCell (Bio X Cell Cat# BE0003–1, 
RRID:AB_1107636)

Rat anti-mouse CD8 clone 2.43 BioXcell (BioXCell Cat# BE0061, 
RRID:AB_1125541)

CD335 (NKp46) Monoclonal Antibody (29A1.4), PE-eFluor™ 610, 
eBioscience

Thermo Fisher (Thermo Fisher Scientific Cat# 61–3351-82, 
RRID:AB_2574606)

Brilliant Violet 711™ anti-mouse NK-1.1 Antibody Biolegend (BioLegend Cat# 108745, 
RRID:AB_2563286)

IFN gamma Monoclonal Antibody (XMG1.2), PerCP-Cyanine5.5, 
eBioscience™

Thermo Fisher (Thermo Fisher Scientific Cat# 45–7311-82, 
RRID:AB_1107020)

CD200 Receptor Monoclonal Antibody (OX110), APC, 
eBioscience™

Biolegend (Thermo Fisher Scientific Cat# 17–5201-82, 
RRID:AB_10717289)

PE/Cyanine7 anti-T-bet Antibody Biolegend (BioLegend Cat# 644824, 
RRID:AB_2561761)

EOMES Monoclonal Antibody (Dan11mag), PE, eBioscience™ Thermo Fisher (Thermo Fisher Scientific Cat# 12–4875-82, 
RRID:AB_1603275)

CD218a (IL-18Ra) Monoclonal Antibody (P3TUNYA), eFluor™ 

450, eBioscience™
Thermo Fisher (Thermo Fisher Scientific Cat# 48–5183-82, 

RRID:AB_2574069)

Alexa Fluor® 700 Rat Anti-Mouse CD4 BD (BD Biosciences Cat# 561025, 
RRID:AB_2034006)

Brilliant Violet 650™ anti-mouse CD8a Antibody Biolegend (BioLegend Cat# 100742, 
RRID:AB_2563056)

CD8b Monoclonal Antibody (eBioH35–17.2 (H35–17.2)), PE-
Cyanine7, eBioscience™

Thermo Fisher (Thermo Fisher Scientific Cat# 25–0083-82, 
RRID:AB_11218494)

CD8b Monoclonal Antibody (eBioH35–17.2 (H35–17.2)), FITC, 
eBioscience™

Thermo Fisher (Thermo Fisher Scientific Cat# 11–0083-82, 
RRID:AB_657764)

TCR beta Monoclonal Antibody (H57–597), PE, eBioscience™ Thermo Fisher (BD Biosciences Cat# 562839, 
RRID:AB_2737830)

PerCP-Cy™5.5 Rat Anti-Mouse CD11a BD (BD Biosciences Cat# 562809, 
RRID:AB_2737809)

Brilliant Violet 650™ anti-mouse CD183 (CXCR3) Antibody Biolegend (BioLegend Cat# 126531, 
RRID:AB_2563160)

Brilliant Violet 711™ anti-mouse/human KLRG1 (MAFA) 
Antibody

Biolegend (BioLegend Cat# 138427, 
RRID:AB_2629721)

Brilliant Violet 785™ anti-mouse CX3CR1 Antibody Biolegend (BioLegend Cat# 149029, 
RRID:AB_2565938)

CD90.1 (Thy-1.1) Monoclonal Antibody (HIS51), PE-Cyanine7, 
eBioscience™

Thermo Fisher (Thermo Fisher Scientific Cat# 25–0900-82, 
RRID:AB_469640)

CD11b Monoclonal Antibody (M1/70), Brilliant Violet™ 650, 
eBioscience™

Thermo Fisher (Thermo Fisher Scientific Cat# 416–
0112-80

APC/Cyanine7 anti-mouse CD11c Antibody Biolegend (BioLegend Cat# 117324, 
RRID:AB_830649)

Brilliant Violet 785™ anti-mouse Ly-6C Antibody Biolegend (BioLegend Cat# 128041, 
RRID:AB_2565852)

Brilliant Violet 711™ anti-mouse Ly-6G Antibody Biolegend (BioLegend Cat# 127643, 
RRID:AB_2565971)

iNOS Monoclonal Antibody (CXNFT), APC, eBioscience™ Thermo Fisher (Thermo Fisher Scientific Cat# 17–5920-82, 
RRID:AB_2573244)
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REAGENT or RESOURCE SOURCE IDENTIFIER

Alexa Fluor® 700 anti-mouse Ki-67 Antibody Biolegend (BioLegend Cat# 652420, 
RRID:AB_2564285)

IFN gamma Monoclonal Antibody (AN-18), eBioscience Biolegend (Thermo Fisher Scientific Cat# 14–7313-85, 
RRID:AB_468472)

Biotin anti-mouse IFN-gamma Biolegend (BioLegend Cat# 505704, 
RRID:AB_315392)

Anti-Cy5/Alexa Flour 647 microbeads Miltenyi 130–091-395 RRID:AB_244369

AF488 anti-Myc Cell Signaling 
Technology

D84C12 RRID:AB_2798045

Chemicals, peptides, and recombinant proteins

Wild type mouse IL-18 Aaron Ring N/A

Decoy Resistant IL-18 (DR18) Aaron Ring N/A

Decoy to Decoy IL-18 (D2D) Aaron Ring N/A

rIL-18BP Aaron Ring N/A

Human IL-2 Peprotech N/A

Critical commercial assays

Mouse IL-18 Duoset ELISA kit R&D Systems (R and D Systems Cat# DY7625–05, 
RRID:AB_2895548)

Mouse IL-18BP Duoset ELISA R&D Systems DY122

Mouse GM-CSF Duoset ELISA R&D Systems DY415

ExpiFectamine 293 Transfection Kit Thermofisher Cat#A14525

Deposited data

Single cell sequencing of splenocytes following T. gondii infection This paper GEO Accession# GSE207173

Experimental models: Cell lines

HEKBlue IL-18 assay Invivogen (InvivoGen, hkb-hmil18) 
(RRID:CVCL_UF33)

Experimental models: Organisms/strains

Mouse: B6 (C57BL/6NTac) (Taconic #B6-F) Taconic RRID:IMSR_TAC:b6

Mouse: B6 Ragi(B6.129S7- Rag1tm1Mom/J) (Jackson #002216) Jackson RRID:MGI:3582299

Mouse: B6 //hgtm1(Thy1)Weav Jackson RRID:MGI:3831299

T. gondii ME49 Strain Hunter lab N/A

S. cerevisiae: Strain background: EBY100 Dane Wittrup Lab N/A

Oligonucleotides

Primer: Toxoplasma B1 Fwd: TCTTTAAAGCGTTCGTGGTC Thermo Fisher N/A

Primer: Toxoplasma B1 Rev: GGAACTGCATCCGTTCATGAG Thermo Fisher N/A

Recombinant DNA

pSH vector Aaron Ring Lab N/A

pEZT_DLux Aaron Ring Lab N/A
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REAGENT or RESOURCE SOURCE IDENTIFIER

pYAL Vector Aaron Ring Lab N/A

Software and algorithms

Flowjo 10 Treestar FlowJo (RRID:SCR_008520)

Uniform Manifold Approximation and Projection for Dimension 
Reduction (uMAP)

McInnes, L ArXiv e-
prints 1802.03426, 2018

Umap (RRID:SCR_018217)

Cell Ranger 10x Genomics Cell Ranger (RRID:SCR_017344)

Seurat OMICtools OMICtools (RRID:SCR_002250)

Prism Graphpad GraphPad Prism (RRID:SCR_002798)
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