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Abstract:  29 

Hemophagocytic Lymphohistiocytosis (HLH) is a hyperinflammatory syndrome with 30 

multiple contributors, often including an infectious trigger. The Macrophage Activation 31 

Syndrome (MAS) subtype is linked to marked IL-18 excess, cytotoxic T-lymphocyte (CTL) 32 

activation, and natural killer (NK) cell abnormalities. We asked how excess IL-18 shapes NK 33 

and CTL responses to viral challenge. Mice with chronic IL-18 overproduction (Il18tg), showed 34 

baseline NK-cytopenia and CTL activation resembling MAS-susceptible patients. NK 35 

transcriptomes reflected IL-18/IFNg-axis activation and cell cycle upregulation. LCMV infection 36 

of Il18tg mice causes HLH/MAS without affecting viral control, but is not a significant NK 37 

challenge. Early after infection with NK-dependent mousepox, Il18tg NKs failed to activate 38 

appropriately, but CTLs quickly hyperactivated and mousepox control remained intact. 39 

Mousepox-infected Il18tg mice then developed signs of HLH/MAS including hepatosplenic 40 

necrosis. Their viral control was impaired, possibly because they failed to expand mousepox-41 

specific CTLs. Il18bpKO mice, despite more normal resting lymphocytes, succumbed similarly to 42 

viremic HLH/MAS. Transfer of pre-activated NKs into Il18tg mice partially rescued virus-43 

specific CTL responses, viral control, and survival. Thus, excess IL-18 contributes to HLH/MAS 44 

via disparate effects on CTL and NK cells, demonstrating a novel, context-specific NK 45 

immunodeficiency and highlighting how subtle host-pathogen interactions can affect the 46 

mechanisms and treatment rationale of life-threatening HLH/MAS. 47 

48 
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Introduction: 49 

Hemophagocytic Lymphohistiocytosis (HLH) is a complex, multifactorial syndrome of 50 

systemic inflammation, coagulopathy, cytopenias, hepatitis, and hyperferritinemia. 51 

Mechanistically, HLH is canonically associated with biallelic defects that cripple granule-52 

mediated cytotoxicity (GMC), as seen in Familial HLH (FHL). FHL is exceedingly rare; the 53 

great majority of patients meeting clinical HLH criteria have intact GMC and secondary HLH 54 

(sHLH) arising from infectious, malignant, cancer immunotherapy, and/or rheumatic causes(1). 55 

The latter, better known as Macrophage Activation Syndrome (MAS), is largely described in 56 

Still’s Disease and Systemic Juvenile Idiopathic Arthritis, where it is strongly linked to the 57 

cytokine IL-18(2). 58 

Infection-associated HLH (IA-HLH) can occur in patients with intact immune systems 59 

and nearly any pathogen can serve as a trigger. Primary EBV infection is by far the best-60 

described, followed by other DNA viruses and (largely intracellular) microbes(1). The 61 

distinction between IA-HLH and severe sepsis is unclear(3). Infection is a common HLH trigger 62 

in other forms of HLH. Children with FHL are typically healthy at birth, developing signs of 63 

HLH in the first few months of life presumably initiated by infection. EBV is also a classic 64 

trigger for primary HLH in genetically-susceptible individuals (e.g. SH2D1A, XIAP, CD27, 65 

...)(4-7). In MAS, at least 34% of episodes involve an infectious trigger, and again EBV is 66 

reported most commonly(8).  67 

Seeking causal overlap between MAS and FHL, heterozygous “carrier” variants in FHL-68 

associated GMC genes appear to be enriched in MAS patients(9-11). However, more recent 69 

work has emphasized a unique role for IL-18 in MAS. IL-18 is an inflammasome-activated 70 

cytokine best known for acting on NK cells, activated/memory T Cells, and Chimeric Antigen 71 
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Receptor (CAR) T Cells to induce Interferon-g (IFNg) and promote GMC(2, 12). Profoundly 72 

elevated levels of IL-18 often exceed neutralization by IL-18 binding protein (IL-18BP) and 73 

serve as a uniquely specific diagnostic biomarker of MAS-prone disorders, so-called “IL-74 

18opathies”(2, 13-16). The discovery of several monogenic autoinflammatory IL-18opathies(2, 75 

17-21), and a small but growing experience with IL-18 blockade(22-24), help place excess IL-18 76 

upstream of MAS.  77 

Animal models of HLH/MAS have been essential to our understanding of this complex 78 

immunobiology. The arenavirus Lymphocytic Choriomeningitis Virus (LCMV) is a common 79 

mouse pathogen cleared readily in wild-type (WT) mice. As in human perforin deficiency 80 

(FHL2)(25), Prf1KO mice appear normal at rest, but LCMV infection leads to persistent viremia 81 

and drives murine HLH via unopposed antigen presentation, CD8+ cytotoxic T-lymphocyte 82 

(CTL) hyperactivation, and IFNg overproduction(26, 27). Similarly, IL-18 transgenic mice 83 

(Il18tg) constitutively overexpress mature IL-18 (driven by hE enhancer/mIgVH promotor) and 84 

develop normally(28). Upon LCMV infection, their CTL become hyperactivated and 85 

overproduce IFNg, leading to HLH/MAS(29-31). Unlike Prf1KO mice, however, Il18tg mice clear 86 

LCMV normally and their T-cell contraction and memory formation are ultimately normal(29). 87 

In mice and in vitro, IL-18 synergizes with GMC impairment and preferentially promotes CTL 88 

activation(2, 29-31). 89 

The role of NK cells in HLH and MAS remains unclear. NK cytotoxic function is 90 

impaired in FHL but also non-specifically in acutely ill patients; it is no longer part of the HLH 91 

clinical criteria(32). In mice, perforin-expressing NK cells temper inflammation in models of 92 

FHL2(33) and SJIA(34).  MAS patients show NK cytopenia and impaired NK cell function(35-93 
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39). Given these observations, and NK cells’ responsiveness to IL-18, we sought to evaluate the 94 

effects of excess IL-18 on NK cell number and function in vivo. 95 

 96 

Results 97 

At rest, Il18tg mice show NK and CTL changes reminiscent of Still’s disease 98 

Given the association of high serum IL-18 and NK cytopenia/dysfunction in Still’s 99 

Disease and MAS(35, 38, 40, 41), we profiled NK cells and NK-like type 1 Innate Lymphoid 100 

Cells (ILC1) in mice with transgenic expression of mature IL-18 (Il18tg)(28). Resting Il18tg mice 101 

demonstrated fewer NK cells, particularly in livers, spleens, and bone marrow (Figure 1A), 102 

whereas ILC1 were similar to WT (Supplemental Figure 1A). Il18tg NKs also showed decreased 103 

expression of maturity markers CD11b and CD49b relative to WT (Figure 1B, Supplemental 104 

Figure 1B). Consistent with Still’s patients’ NK cell IL-18 insensitivity(35, 38), NK cell IL-18 105 

receptor expression was also significantly decreased in Il18tg mice (Figure 1B). 106 

Transcriptome analysis of spleen and liver NK cells isolated directly ex vivo showed 107 

slightly greater expression of candidate “type 1” immune activation genes (e.g Prf1, GzmB, Ifng, 108 

Klrc3, Cd226, Csf1) and lower Il18r1 expression in Il18tg mice (Supplemental Figure 2A, 109 

Supplemental Data 1). Tissue-adjusted Differential Gene Expression (DGE) analysis 110 

demonstrated modest upregulation of interferon stimulated genes (ISGs). Gene Set Enrichment 111 

Analysis (GSEA) of the murine “Immunologic Signature” (MSigDB M7) gene sets showed 112 

consistent enrichment of gene sets associated with systemic IL-18/IFNg exposure in Il18tg vs. 113 

WT NK cells, driven by genes induced by or participating in IFN signaling (e.g. B2m, CD274, 114 

Stat1/2, Tap1, Usp18, Zbp1). Similarly, we observed modest enrichment for genes upregulated 115 

by ex vivo IL-18 stimulation of NK cells (Supplemental Data 2). Analysis of the “Canonical 116 
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Pathway” (MSigDB M2) gene sets identified cell cycle and antigen presentation pathway 117 

enrichment (Supplemental Figure 2B, Supplemental Data 1).  118 

Finding normal total NK cell number in peripheral blood, but fewer in tissues, we 119 

hypothesized that NK cells in Il18tg mice might be short-lived in the periphery. In bone marrow 120 

and spleen, we observed a lower proportion of NK cells expressing markers of maturity (CD27-121 

CD11b+) and greater proportion expressing markers of NK immaturity (CD11b-CD27+) (42) in 122 

Il18tg mice (Figure 1C-D). We saw enrichment of an “immature NK” gene set (generated from 123 

existing data(43)) in Il18tg vs WT tissue NK cells, but this was driven by genes like Dpp4 124 

(CD26), Cd3d/g, and Ikzf2 (Helios) (see Supplemental Methods, Supplemental Data 3). We 125 

could not assess Il18tg NK cell function ex vivo due to their dismal survival (Figure 1E). 126 

Together, their decreased numbers, IL-18/IFNg axis activation pattern, and poor ex vivo survival 127 

suggest that even at rest, NK cells from Il18tg mice are poised for activation-induced cell death. 128 

This is consistent with reports that in vitro IL-18 stimulation promotes human NK cell death(30, 129 

44). By contrast, and consistent with our prior observations(30), Il18tg mice showed a modest 130 

expansion of highly activated (CD44+PD1+), predominantly CD8+ T cells across all organs 131 

surveyed (Figure 2, Supplemental Figure 3).  132 

 133 

Infection with the mousepox (ectromelia) virus intensifies Il18tg NK cell deficiency and CTL 134 

hyperactivation. 135 

We previously found that infection of Il18tg mice with LCMV (Armstrong strain) induced 136 

HLH via CTL hyperactivation without compromising viral clearance(29-31). LCMV is a non-137 

lytic, single-stranded RNA arenavirus and NK cells contribute little to its handling or clearance 138 

in mice(26, 45). By contrast, the lytic DNA mousepox/Ectromelia virus (ECTV, Moscow strain) 139 
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is a significant in vivo challenge to NK function. Like LCMV, WT mice typically survive 140 

mousepox and clear virus a few weeks after infection. Unlike LCMV, depletion or impairment of 141 

NK cells in WT mice subverts early viral control, resulting in diminished T-cell responses, and 142 

fatal organ dysfunction; but NK-depleted mice lack the overwhelming T-cell activation 143 

characteristic of HLH(46, 47)(48),(49).  144 

Five days after ECTV infection, both WT and Il18tg hepatic NK cells had expanded, 145 

although Il18tg NK numbers remained lower than WT. Likewise, infection induced the expected 146 

increases in activation/maturation markers CD49b and IL-18R in WT mice, but failed to 147 

appreciably promote NK activation in Il18tg mice (Figures 3A-B, Supplemental Figure 4). 148 

Despite their lackluster NK response, Il18tg mice controlled ECTV at the early timepoints 149 

associated with NK cell function, and serum IFNg levels were comparable between WT and 150 

Il18tg mice (Figures 3C-D, Supplemental Figure 5). Il18tg CTL, already activated prior to 151 

infection,  152 

expanded and became further activated at early timepoints after ECTV infection (Figures 153 

3A, E). Given the contrast between their diminished NK cell responses and normal cytokine 154 

production/viral load, we predicted that NK/ILC1 depletion of Il18tg mice would have minimal 155 

effect on their ECTV load. Depleting NK1.1-expressing cells prior to and during infection, we 156 

observed significantly increased ECTV RNA in WT mice, but a much smaller effect in Il18tg 157 

(Figure 3F). NK depletion did not diminish the robust CTL activation in Il18tg mice, and 158 

modestly affected systemic IFNg levels in WT (Figure 3G-H).  159 

 160 

Il18tg mice ultimately develop fulminant HLH/MAS following ECTV infection. 161 
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 As expected, WT mice demonstrated modest weight loss beginning 6-7 days post 162 

infection. Il18tg mice behaved similarly at first, but then quickly deteriorated with weight loss, 163 

anemia, thrombocytopenia, hepatic and splenic infarcts, profound hepatitis, and ultimately a high 164 

degree of morbidity (Figures 4A-E). The immune response in WT mice began with NK 165 

expansion at day 4 that was soon dwarfed by the expansion of activated CTL. Il18tg mice, by 166 

contrast, experienced a far less impressive NK expansion whereas activated CTL cell numbers 167 

rose by day 2 and plateaued until day 8 (Figures 4F-G). Myeloid cells, predominantly 168 

monocytes/macrophages, expanded consistently throughout (Figures 4H). Despite being able to 169 

clear LCMV infection(29-31) and control ECTV normally through day 5, Il18tg mice soon 170 

demonstrated failure to appropriately control virus in both spleens and livers (Figure 4I). 171 

Paralleling CTL hyperactivation, serum IFNg rose earlier and stayed elevated longer in Il18tg 172 

mice (Figure 4J). Thus, infected Il18tg mice showed both disordered CTL activation indicative of 173 

HLH/MAS and weak NK responses/impaired viral clearance indicative of immunodeficiency. 174 

 175 

Despite normal-appearing NK cells at rest, Il18bpKO mice also develop severe viremic 176 

HLH/MAS following mousepox infection. 177 

To test the hypothesis that NK immunodeficiency in Il18tg mice arose from chronic 178 

exposure to excess IL-18, we evaluated Il18bpKO mice. IL-18 Binding Protein (IL-18BP) is a 179 

soluble antagonist, abundant at rest and IFNg-inducible, that binds to mature IL-18 with high 180 

affinity and prevents its signaling(16, 50). At rest, Il18bpKO mice have normal blood IFNg 181 

levels(51), and we observed little effect on NK cell number or CD11b, CD49b, or IL-18R 182 

expression (Figure 5A, Supplemental Figure 1B). Despite this more normal start, splenic NK 183 

cells from Il18bpKO mice also failed to expand or upregulate CD49b appropriately after ECTV 184 
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infection (Figure 5B). In contrast to Il18tg mice, Il18bpKO mice showed a significant impairment 185 

of ECTV control at Day 5 post-infection (Figure 5C). 186 

At later timepoints, Il18bpKO mice exhibited similar weight loss, cytopenias, IFNg 187 

elevation, hepatitis, and prolonged viremia as Il18tg mice (Figure 5D-I). Notably, Il18bpKO mice 188 

showed no significant differences in CD8 or CD4 T-cell activation relative to WT, although 189 

CD44+PD-1+ CTL trended toward greater expansion in infected Il18bpKO mice by later 190 

timepoints (Figure 5H, Supplemental Figure 3). Despite less profound CTL activation, Il18bpKO 191 

mice showed elevated blood IFNg levels and collapsed hepatic architecture, with swaths of 192 

necrosis and early fibrosis (Figure 5F-G, Supplemental Figure 6). 193 

To determine whether IL-18BP could be preventing this deadly response to mousepox 194 

infection by means other than restraining IL-18, we challenged mice with knock-out of both Il18 195 

and Il18bp. Il18KO;Il18bpKO mice resisted HLH/MAS, responding to mousepox infection 196 

similarly to WT mice (Supplemental Figure 7). Though Il18tg mice appear transiently protected 197 

at very early timepoints, these data suggest that even acute excess of IL-18 can drive lethal 198 

responses to mousepox.  199 

 200 

Excess IL-18 induces an ineffective virus-specific CTL response to mousepox infection. 201 

We wondered why the rapid and robust CTL activation in ECTV-infected Il18tg mice 202 

could not compensate for NK cell dysfunction and curtail fatality. To better understand 203 

pathogen-specific T-cell responses, we tracked ECTV-specific CD8 T Cells using tetramer 204 

staining for the immunodominant H-2Kb-B8R20-27 epitope (B8R)(52). Whereas WT mice 205 

developed the anticipated, robust expansion of B8R-specific CTL, expansion of this population 206 

in Il18tg livers and spleens was both delayed and significantly less pronounced (Figure 6A). 207 
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Similarly, in vivo killing assays(53) confirmed that infected Il18tg mice were impaired in 208 

clearing B8R peptide-loaded target cells (Figure 6B), as well as target cells loaded with less 209 

immunodominant ECTV-peptides (Figure 6C). ECTV-tetramer+ CTL were more variably 210 

abundant in Il18bpKO spleens, but these mice nevertheless showed impaired clearance of B8R-211 

pulsed cells such that individual disease severity (as assessed by weight loss) directly correlated 212 

with the number of B8R-specific CTL (Figures 6D-F).    213 

To better compare the timing and characteristics of activation marker upregulation and 214 

tetramer+ CTL expansion, we examined longitudinal patterns of splenic and hepatic CD8 T Cells 215 

over time in a single annotated Uniform Manifold Approximation and Projection (UMAP) 216 

(Figure 7A). WT mice did not show a substantial population of activated CTL (CD44+ or 217 

KLRG1+) until around day 6. Quickly thereafter, nearly all CTL were activated, many specific 218 

for the B8R ECTV peptide, but few expressing inhibitory receptors like PD-1, Lag3, or TIGIT. 219 

By contrast, Il18tg mice harbored substantial populations of activated CTL expressing inhibitory 220 

receptors as early as 2.5 days post-infection (Figure 7B-C). This included a small PD-1+CD44- 221 

population previously observed spontaneously in Il18tg;Prf1KO mice(30). Their activated CTL 222 

populations shifted inconsistently over time, but very few tetramer+ CTL ever developed. These 223 

data suggest that the failure to develop effective antigen-specific CTL in Il18tg mice occurs 224 

despite robust but nonspecific CTL activation.  225 

 226 

Activated NK cells protect Il18tg mice from ECTV-induced immunopathology 227 

 Effective NK and virus-specific CTL responses are required sequentially for protection 228 

from mousepox(46, 54); and both Il18tg and Il18bpKO mice showed virus-specific CTL defects 229 

following mousepox but not LCMV infection(29). To determine whether WT NK cells could 230 
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rescue pathogen-specific responses and protect Il18tg mice from fulminant mousepox infection, 231 

we transferred ex vivo-expanded WT NK cells into Il18tg mice one day prior to mousepox 232 

infection (Figure 8A). Transfer of 5 million NK cells partially protected Il18tg mice from 233 

mortality, but not weight loss (of surviving mice, Figures 8B-C). Cultured NK cells showed 234 

strong CD49b and IL-18R expression prior to transfer, mirroring WT NK cells early after ECTV 235 

infection. However, recovery of transferred NK cells was minimal and only observed in recipient 236 

livers. Recovered NKs were more uniformly C49b- and CD11b+ (Figures 8D-E). Nevertheless, 237 

transfer of NK cells improved tetramer+ CTL responses and ECTV control in Il18tg mice, albeit 238 

not to levels observed in WT mice (Figures 8F-G). Weight loss and high serum IFN persisted 239 

independently of viral control, suggesting these were direct hyperinflammatory effects of excess 240 

IL-18 (Figure 8H).    241 

 242 

  243 
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Discussion: 244 

HLH/MAS is a complex, life-threatening, systemic inflammatory state that overlaps 245 

conceptually and mechanistically with sepsis and Cytokine Release Syndrome. Though 246 

identifying patients “in HLH” is an important challenge(1), the most important task for clinicians 247 

managing HLH is targeting its contributors. This task is not simple. Many contributors are 248 

unknown, non-targetable, or difficult to identify (e.g. occult lymphoma); and they do not act in 249 

isolation. Additionally, individual contributors may act via multiple immunopathogenic 250 

mechanisms: autoinflammation involves excessive innate immune responses; immunodeficiency 251 

involves direct pathogen-induced damage due to defective pathogen control; and 252 

hyperinflammation is damage from excessive, pathogen-specific, adaptive immune responses. 253 

IL-18 is likely more than a uniquely specific biomarker of MAS susceptibility(13, 14). 254 

We and others have shown that IL-18 drives HLH/MAS through autoinflammatory actions like 255 

IFNg amplification(13, 51), synergy with GMC impairment(29, 30), and promotion of 256 

inflammatory target cell death(31); and by hyperinflammatory actions like antigen-specific CTL 257 

hyperactivation(29). Herein, we describe a new, context-specific role for IL-18 as an inducer of 258 

NK immunodeficiency.  259 

Even without MAS, Still’s patients often have elevated free IL-18(14) capable of 260 

stimulating IL-18-responsive cells. Normal peripheral NK cell numbers in well-controlled Still’s 261 

patients belie subtle NK abnormalities: transcriptionally, their NK cells have upregulated innate 262 

immune genes like TLR4 and S100A9, and functionally they show specific defects with IL-18 263 

responsiveness(35, 38, 39) (recapitulated in Il18tg mice(29), Figure 1B). Active MAS patients’ 264 

peripheral blood shows NK cytopenia and expansion of activated CD8 T Cells(38, 55, 56). NK 265 

cytopenia is common in most forms of secondary HLH(57) and even severe COVID-19(58), and 266 
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may correlate with a shared HLH/MAS immunophenotype of CTL and macrophage 267 

hyperactivation(55, 56, 59-61). Experimental evidence supports this shift from NK to CTL 268 

activation in MAS: both IL-18 and IL-6 appear to impair NK cell proliferation and survival(37, 269 

44), and activated CD8 T Cells serve as a sink for IL-2, a key NK proliferation/survival 270 

signal(62). These trends are less clear in MAS/HLH tissues. Liver biopsies show abundant CD8 271 

T lymphocytes and histiocytes, but most do not report NK cells(59, 63, 64). NK cells were 272 

present, but not pictured or quantified, in four predominantly lymphoma-associated HLH 273 

patients’ liver biopsies(65). A review of FHL liver biopsies specifically noted the rarity of NK 274 

cells relative to CD8+ T Cells(66).  275 

HLH/MAS also arises in most XIAP-deficients, typically triggered by EBV infection and 276 

associated with highly-elevated peripheral IL-18 levels. Though XIAP-deficiency may promote 277 

inflammasome activation in model systems, the mechanistic bases for its highly-elevated IL-18 278 

and susceptibility to EBV are unknown(19, 67, 68). Excess IL-18 may also promote viremia and 279 

HLH/MAS in Kaposi's sarcoma herpesvirus (KSHV)-associated inflammatory disorders(69, 70). 280 

We found MAS-level IL-18 elevation in a small proportion of patients from infection-associated 281 

HLH(13) and hyperferritinemic sepsis(71) cohorts. Highly-elevated IL-18 levels may go 282 

undetected in other infection cohorts due to widespread hook effects in multiplex panels(13, 71).  283 

 Our observations in Il18tg mice illustrate how NK defects may promote HLH/MAS. Like 284 

Still’s patients, Il18tg mice showed a basal state of mild NK cytopenia, CTL activation, and 285 

elevated IFNg, and NK cells struggled to survive ex vivo (Figure 1F). Transcriptome analysis 286 

validated IL-18/IFNg-axis upregulation. Cell cycle gene set enrichment, paired with surface 287 

expression of CD27 but not CD11b, supports proliferation and/or immaturity. NK cells in 288 

Il18bpKO mice appeared more like WT under resting conditions, though more significant 289 
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Il18bpKO NK defects have been observed in other facilities(72). Upon infection, IL-18 seemed to 290 

impair expression of integrin-M (CD11b) and -2 (CD49b) more than activating receptors like 291 

NKG2E and NKG2D(46, 73, 74). This suggests that IL-18 promoted an NK cell state of 292 

susceptibility to activation-induced cell death (AICD); we observed similar effects on CTL(30). 293 

These baseline defects engendered by IL-18, poising NK cells for AICD and amplifying global 294 

CTL activation, were fatally exploited by mousepox.  295 

Despite their inert NK cells, Il18tg mice contained ECTV normally until day 5, possibly 296 

due to basal IFNg produced by CD8 T Cells. Il18bpKO mice, by contrast, quickly acquired the 297 

problems present constitutively in Il18tg mice. We speculate that the pre-existing pool of 298 

activated CTL in Il18tg (but not Il18bpKO) mice served as a weak and temporary restraint on 299 

ECTV at the earliest stages of infection. Both “excess IL-18 systems” then failed to mount 300 

effective pathogen-specific CD8 T-cell responses. In this respect, IL-18 joins other NK defects 301 

(e.g. loss of NKG2D, virulence factor inhibition of NK immune synapse formation, and aging-302 

related migration defects) in demonstrating that, specifically for complex lytic DNA viruses like 303 

mousepox and murine cytomegalovirus (MCMV), robust NK responses are a requirement for 304 

effective virus-specific CD8 T-cell responses(46, 47, 49, 75).  305 

This study has several important limitations. Mousepox is an excellent in vivo NK 306 

challenge, but not a human pathogen. Efforts to develop EBV-based models of HLH are 307 

ongoing(76-78). Unlike XIAP deficiency, prolonged EBV viremia is not commonly reported in 308 

MAS, although viremia in primary infection can last months and local reactivation is common 309 

even in normal hosts(79). IL-18 mediated NK immunodeficiency may be local/transient and 310 

serve to further boost IL-18’s pathogenic effects. Additionally, the link between NK defects and 311 

failed CTL responses requires elaboration. Robust but non-specific CD8 T-cell activation in 312 
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Il18tg mice suggests NK cells are not required for CTL activation in general. Likewise, the 313 

absence of a significant pool of pathogen-specific CTL at any timepoint argues against 314 

exhaustion. Whether NK cells directly prime effective CTL responses to viruses like ECTV and 315 

MCMV, or they simply keep viremia below an “organ failure threshold” beyond which mice 316 

cannot support pathogen-specific CTL development, is not known. Other hypotheses, like NK 317 

effects on antigen presentation, fractricide, and direct support of organ function, should be 318 

explored. Notably, ECTV encodes a viral IL18BP homologue(80), perhaps enabling free IL-18 319 

to function everywhere except near the infected cells where it is most needed.  320 

Overall, this study shows how one cytokine may contribute to HLH via multiple 321 

simultaneous mechanisms depending on the presence/nature of infectious trigger. IL-18’s 322 

auto/hyperinflammatory propensity for CD8 T-cell activation likely combines with its promotion 323 

of NK AICD to drive MAS. Even in controlled murine models with specific triggers, 324 

longitudinal quantitation of viral load, and detection of tetramer-labeled T Cells, we struggle to 325 

apportion blame across IL-18’s different immunopathologic mechanisms. In HLH patients, 326 

attribution to one mechanism versus another might dramatically affect treatment strategy, but is 327 

often practically impossible. The recent regulatory approval of IFNg blockade for steroid-328 

refractory MAS represents major progress(81), but not all MAS patients respond favorably. No 329 

IL-18 blocking drugs are yet approved for clinical use, although multiple strategies are in 330 

development and anecdotes have been encouraging(2). Neither acute IFNg nor IL-18 blockade 331 

may be effective if the wheels of NK immunodeficiency and/or CTL hyperactivation are already 332 

in motion. Our findings support assessment of IL-18 in HLH patients as part of a broad 333 

assessment of likely contributors. However, they undermine the notion that HLH can be 334 

successfully treated by targeting immune responses alone, underscoring individualized treatment 335 
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paradigms that balance immunomodulation with aggressive detection and clearance of 336 

contributing pathogens.  337 
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Materials and Methods 338 

Sex as a biological variable: Our study examined male and female animals, and similar findings 339 

are reported for both sexes. 340 

Mice, Infections, & NK Depletion: Adult mice aged 8-13 weeks were maintained, bred, and 341 

handled in specific pathogen free conditions under animal protocols approved by The University 342 

of Pittsburgh or The Children’s Hospital of Philadelphia. Male and female mice were distributed 343 

equally across groups and analyzed together. Wild-type (WT) and Il18KO mice were obtained 344 

from Jackson Laboratories. Il18tg mice were generated by Tomoaki Hoshino (Kurume 345 

University, Kurume City)(28). Il18bpKO mice (Il18bptm1.1(KOMP)Vlcg) were obtained from the 346 

knockout mouse project. Mice were genotyped by PCR using appropriate primers 347 

(Supplemental Methods). Mousepox ectromelia virus (ECTV, Moscow strain, 3000 pfu via 348 

hind footpad) infections were performed as in previous publications(29, 49). To deplete NK 349 

cells, mice were injected IP with 200ug of anti-NK1.1 (BioXCell, BE0036; clone PK136) or rat 350 

IgG2a isotype control (BioXCell, BE0090; clone LTF-2) -1 and +2 days after infection with 351 

ECTV. 352 

Flow cytometry: Splenocytes were digested in media (DMEM+2%FBS) containing DNAse 353 

(100 μg/ml) and collagenase D (0.135U/ml) for 25-30 minutes, followed by mechanical 354 

disruption and osmotic (ACK) lysis. Livers were perfused in situ, collected into media, 355 

homogenized using gentleMACS tissue dissociator (Miltenyi), and digested in 356 

DNAse/collagenase as above. Bone marrow cells were isolated from tibias and/or femurs 357 

through hydrostatic extrusion using media, followed by mechanical disruption and RBC lysis. 358 

Whole blood was collected into pre-weighed EDTA tubes, plasma isolated by centrifugation, and 359 
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peripheral blood mononuclear cells (PBMC) isolated using Ficoll (GE Healthcare). Live cells 360 

were counted by Acridine Orange/Propidium Iodide on Nexcelom Cellometer K2.  361 

Single cell suspensions were stained at 40C in HBSS for 30 minutes (see 362 

antibodies/reagents list in Supplemental Methods). Cells were acquired on a 4-laser Beckman 363 

Coulter CytoFLEX S, 6-laser Beckman Coulter CytoFLEX LX, or five-laser Cytek Aurora 364 

system and analyzed using FlowJo™ version 10.10.0 (Treestar). All gating strategies are 365 

included in Supplemental Methods. UMAP was generated using FlowJo™ v11 integrated 366 

UMAP platform from the following parameters: B8R tetramer, CD44, TIGIT, Lag-3, CD11b, 367 

KLRG1, IL-18Rα, CD39, and PD-1; and with the following settings: number of nearest 368 

neighbors=15; minimum distance=0.5, distance metric=euclidean; number of components=2, 369 

total number of events=103,045 events gates as CD8 T cells.  370 

In vivo killing assays: As in previous publications(29, 82), congenically-marked control and 371 

ECTV-peptide pulsed splenocytes were injected IV into mice 7-8 days post infection. ECTV-372 

peptides included with B8R: H-2Kb-B8R20-27, E7R: H-2Kb-E7R130-137, J3R289-296, or A3270-277. 373 

Splenocyte groups were labeled with Tag-it Violet (Biolegend) or CellTrace™ CFSE, Yellow, or 374 

Far Red (Invitrogen) prior to transfer at equal ratios as assessed by flow cytometry of pre-375 

injection mixture. Dye and peptide combinations were changed between replicates to minimize 376 

dye-specific variability. Transferred cells were recovered from recipient spleens 4 hours post-377 

transfer and quantified by flow cytometry.  378 

Virus Quantitation: Spleen and liver tissues were stored and digested in Trizol (Invitrogen) and 379 

RNA extracted with chloroform (Fisher Scientific) per manufacturer’s instructions. First‐strand 380 

cDNA was synthesized with qScript™ cDNA Synthesis Kits (Quantabio). For 18s rRNA and 381 

Evm003 qPCR was performed using Quantabio PerfeCTa® SYBR® Green SuperMix (see 382 
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Supplemental methods for primers) and quantitated on a QuantStudio™ 5 System. Normalized 383 

expression was calculated as 2^(CqEvm003- Cq18s rRNA). ECTV with replicative potential was 384 

assessed by plaque assay on BS-C-1 cells as in Peauroi et al(49) from organs also assessed by 385 

qPCR (Supplemental Figure 5). 386 

Histology: Tissues were fixed in 10% buffered formalin (Fisher SF98-4) for 24 hours prior to 387 

processing, paraffin embedding, and sectioning (5um). Slides were stained with hematoxylin and 388 

eosin or Trichrome Stain LG Solution (Sigma Aldrich HT10316) and scored for liver damage by 389 

two independent, blinded reviewers using Leica DM4000B upright light microscope and Leica 390 

DFC7000 T camera. Liver damage was scored as in Gasmi & Kleiner(83) at 400x magnification 391 

as: involved area (0-25%=1; 25-50%=2; 50-75%=3; 75-100%=4) + degree of necrosis (0-2). 392 

RNA-seq: Splenic NK, liver NK, and Liver ILC1 cells were purified by double-sorting, ~1,000 393 

cells were sorted directly into lysis buffer, and library preparation was performed per 394 

manufacturer’s instructions (Smart-Seq V4 ultra-low-input RNA sequencing preparation kit, 395 

Takara). Canonical NK cell transcripts were identified from MsigDB pathways 396 

(KEGG_NATURAL_KILLER_CELL_MEDIATED_CYTOTOXICITY, 397 

BIOCARTA_NKCELLS_PATHWAY) and Bezman et al.(84). See Supplemental Methods for 398 

details on Differential Gene Expression (DGE) analyses and generation of “NK IL-18 Response” 399 

and “Immature NK/ILC” custom gene sets. 400 

Gene Set Enrichment Analysis (GSEA): After removing genes with group mean TPM<5, 401 

GSEA comparing Il18tg vs WT for NK cells (combined liver and spleen) and ILC1 was 402 

performed using GSEAv4.2.3 and the following parameters: Gene sets=MSigDBM7 403 

(Immunologic Signatures), M2 (Canonical Pathways), or custom gene sets as above; number of 404 
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permutations=1000; permutation type=gene_set. Heat maps were generated using Morpheus 405 

(Broad Institute). 406 

NK culture and Expansion: Splenic NK cells were purified using MojoSort negative selection 407 

kit (Biolegend). To assess survival ex vivo, cells were cultured in complete medium 408 

(Supplemental Methods) for 5 hours and subsequently assessed for NK cell identity and 409 

viability by flow cytometry. For ex vivo activation/expansion, WT splenic NK cells were 410 

purified as above and cultured in complete medium supplemented with murine IL-2 (1000U/mL, 411 

PeproTech). Cells were split and media replaced every 3 days for 7-10 days, washed twice in 412 

PBS and injected IV on day -1 (5x106/mouse).  413 

Statistical analyses: Frequentist statistical analyses were performed in GraphPad Prism v11.02 414 

on data combined from multiple experiments as detailed in figure legends. For error bars, data 415 

represent mean ± SEM. Significance was defined as adjusted p<0.05. 416 

Data Availability: Raw .fastq and partially-processed RNAseq data are available in the Gene 417 

Expression Omnibus: GSE307223. Values for all data points are reported in the Supporting 418 

Data Values file. 419 

 420 
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Figure Legends: 689 

Figure 1. NK cells are decreased and abnormal in resting Il18tg mice.  690 

(A) Absolute number of NK cells from various organs and peripheral blood mononuclear cells 691 

(PBMC, cells/mL). (B) Representative splenic NK cell expression of CD11b and IL-18Rα and 692 

aggregate proportion of IL-18Rα+ NK cells. (C-D) Representative and aggregate plots of NK 693 

maturity markers CD27 and CD11b on NK cells from bone marrow and spleen. Black arrow 694 

represents the progression of NK cell maturation. (E) Ratio of live Il18tg NK cells to live WT 695 

NK cells (average of WT technical replicates, from the same experiment) after 5 hours in culture. 696 

Each dot represents a biological replicate. Significance: (A) Multiple lognormal t-tests (A) and 697 

multiple unpaired t-tests (B) of “WT vs. Il18tg” within each organ.  (C-D) 2-way ANOVA (inset 698 

box) with Šídák's pairwise post-test (line with p-value) of “WT vs Il18tg” within each phenotype. 699 

(E) Mann Whitney U-test. A-D: Representative of 4 independent experiments. E: Combined data 700 

from two independent experiments. “ns” = adjusted p-value < 0.05. 701 

 702 

Figure 2. Globally increased CD8 T-cell activation in resting Il18tg mice.  703 

(A) Total CD8 T-cell numbers from various organs and peripheral blood mononuclear cells 704 

(PBMC, cells/mL). Representative contour plots (B, from spleen) and (C) aggregate data of 705 

CD44 and PD-1 defined subsets as a proportion of all CD8 T cells from various organs. (D) 706 

Absolute number of highly-activated CD44+ PD1+ CD8 T cells (D). Significance: (A,D) 707 

Multiple lognormal t-tests and (C) 2-way ANOVA (not shown) with Šídák's pairwise post-tests 708 

(line with p-value) of genotype within each phenotype. The only comparison shown is highly 709 

activated (CD44+PD-1+) CD8 T cells. Representative of 3 independent experiments. “ns” = 710 

adjusted p-value < 0.05.  711 
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 712 

Figure 3. Impaired NK activation and CD8 T-cell hyperactivation characterize the early 713 

response to mousepox infection of Il18tg mice. 714 

Adult mice were infected with mousepox (ECTV) and assessed 5 days post-infection for (A) NK 715 

cell number and proportion compared to other cell types (see also Supplemental Figure 4); (B) 716 

CD49b upregulation and proportion of CD49b+; (C) Viral RNA (see also Supplemental Figure 717 

5); (D) plasma IFNg; and (E) splenic CD8 T-cell PD-1 and CD44 expression as proportion of 718 

total CD8 T Cells (left) and absolute number (right). (F-H) Mice were injected i.p. on days -1 719 

and 2 with anti-NK1.1 (NK depleted) or control antibodies, infected with ECTV, and assessed at 720 

day 5 for viral RNA; CD8 T-cell activation, and blood IFNg. For PBMC, absolute number = 721 

cells/mL. Significance: 2-way ANOVA (inset box) with Šídák's pairwise post-tests (line with p-722 

value) of genotype (A,B, E) or NK depletion (F-H); multiple lognormal t-tests (C), and unpaired 723 

t-test (D). (E) For proportion of total CD8 T cells, only CD44+ PD-1+ CD8 T cells were 724 

assessed. (A,B,E). Homeostatic data in A & E are reproduced from Fig. 1A & Fig. 2C-D, 725 

respectively. A,B,E: Data representative of 2 independent experiments; and C,D,F-H: combined 726 

from 2 independent experiments. “ns” = adjusted p-value < 0.05. 727 

 728 

Figure 4. Il18tg mice ultimately develop fulminant HLH/MAS with impaired viral control 729 

following mousepox infection.  730 

Adult mice were infected with mousepox (ECTV) and assessed for daily weight loss (A) and 731 

survival (B), (n=26 WT and 28 Il18tg); hemoglobin (HB) and platelet count (PLT) (C), gross 732 

abdominal morphology (D), and liver necrosis score (E). L=lymphocytic infiltration and N=area 733 

of necrosis. Mice were also assessed longitudinally for liver NK cells (F), activated CD8 T Cells 734 
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(G), monocytes (H), liver and spleen ECTV RNA (I), and serum IFNg (J); n=2-5 mice/day. 735 

Dotted line in (J) represents threshold of detection. Significance: (A, F-J) Mixed Effects Model 736 

including genotype, time, and outcome variable. P-value represents only independent effect of 737 

genotype, (B) Kaplan-Meier test, (C) unpaired t-tests, and (E) Mann Whitney U-test. 738 

Homeostatic and Day 5 data in F, G, I, and J are supplemented by data reproduced from Figures 739 

1A, 2D, and 3A,C,D. A-E, I-J: Data combined from 4 independent experiments; F-H: 740 

representative of 4 independent experiments. 741 

 742 

Figure 5. Il18bpKO mice, despite normal basal NK and CTL, develop severe HLH/MAS with 743 

impaired viral control following mousepox infection. 744 

Homeostatic NK cell numbers from various organs (A). Adult mice were infected with 745 

mousepox (ECTV) and assessed 5 days later for (B) splenic NK cell number, CD49b expression, 746 

and CD49b+ proportion; and (C) splenic viral load. Weights were assessed longitudinally (D). 747 

On day 8, we assessed hemoglobin (HB) and platelet count (PLT) (E), serum IFNg (F), liver 748 

injury (G), splenic CD8 T-cell PD-1 and CD44 expression as proportion of total CD8 T cells 749 

(left) and absolute number (right) (H), and splenic ECTV RNA (I). Dotted line in (F) represents 750 

threshold of detection. L= lymphocytic infiltration and N=necrosis. Significance: Multiple 751 

lognormal t-tests (A); unpaired t-test (B,E); lognormal t-test (C,I); Mixed Effects Model 752 

including genotype, time, and outcome variable where P-value represents only independent 753 

effect of genotype (D); 2-way ANOVA (inset box) with Šídák's pairwise post-tests comparing 754 

genotype (line with p-value) (F,H); or Mann-Whitney U-test (G). Only CD44+PD1+ CD8 T Cells 755 

were compared in 2-way ANOVA shown on the left (H). All data representative of 2 756 

independent experiments. “ns” = adjusted p-value < 0.05.  757 
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 758 

Figure 6. Failed mousepox-specific CD8 T-cell expansion and function in mice with excess 759 

IL-18.  760 

Il18tg mice were infected with mousepox (ECTV) and evaluated periodically (A) and Il18bpKO 761 

mice on Day8 (D) for B8R peptide-specific CD8 T cells. (B,C,E) On day 7-8, mice underwent in 762 

vivo killing assay (see Methods). Dots represent (recovered control splenocytes) / (recovered 763 

ECTV-peptide loaded splenocytes) from the same animal. (F) Correlation between weight loss 764 

and B8R-tetramer+ CD8 T cells recovered in spleens on day 8 amongst Il18bpKO mice. 765 

Significance: Mixed Effects Model including genotype, time, and outcome variable where p-766 

value represents only independent effect of genotype (A), unpaired t-test (B, D-E), and multiple 767 

unpaired t test (C) and linear regression (F). A & C-F: data representative of 3 & 2 independent 768 

experiments, respectively; and B: data combined from 2 independent experiments. “ns” = 769 

adjusted p-value < 0.05. 770 

 771 

Figure 7. Early and persistent CTL hyperactivation belie failed mousepox-specific CD8 T-772 

cell responses in Il18tg mice. 773 

WT and Il18tg mice were infected with mousepox (ECTV) and livers and spleens from two 774 

mice/genotype/timepoint were evaluated by flow cytometry. Data from 10,000 randomly-775 

selected live cells per organ per mouse (10,000 cells x 2 organs/mouse x 4mice/day x 6 days = 776 

480,000 total cells) were concatenated. From this, we gated CD8 T cells and entered these into 777 

an annotated Uniform Manifold Approximation and Projection (UMAP) (A). Normalized 778 

fluorescence intensity of the indicated surface targets (B). Progression of CD8 T-cell abundance 779 
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and location within the UMAP over time and by genotype (C). Dotted outlines indicate the 780 

location of B8R peptide-specific CD8 T cells. 781 

 782 

Figure 8. Transfer of ex vivo-expanded NK cells partially rescues Il18tg mice from 783 

mousepox-triggered immunodeficiency and mortality.  784 

(A) Experimental design: WT NK cells were expanded ex vivo over 7-10 days and adoptively 785 

transferred into Il18tg mice one day prior to mousepox (ECTV) infection. Mice were assessed for 786 

survival (B) and weight loss (C); (n=7 WT, 7 Il18tg and 6 Il18tg + NK cells). 3-4 days post 787 

infection, transferred NK cells were recovered in livers but not spleens (D & data not shown). 788 

(E) Representative flow plots compare pre-transfer and recovered NK cells for IL-18Rα, CD49b, 789 

and CD11b expression. On Day 8, we evaluated B8R-specific CD8 T cells (F), ECTV RNA (G), 790 

and serum IFNg (H). Dotted lines represent median values of WT mice from the same 791 

experiment and time point. Significance: All comparisons between “Il18tg” and “Il18tg + WT NK 792 

cells”: (B) Kaplan-Meier test, (C) mixed effects model including genotype, time, and outcome 793 

variable where p-value represents only independent effect of genotype; (F, H) unpaired t-test; 794 

(G) lognormal t-test. B,D,F-H & C: data compiled from 2 and 4 independent experiments, 795 

respectively. “ns” = adjusted p-value < 0.05. 796 

  797 
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Figure 1. NK cells are decreased and abnormal in resting Il18tg mice. (A) Absolute number of NK cells from various organs 
and peripheral blood mononuclear cells (PBMC, cells/mL). (B) Representative splenic NK cell expression of CD11b and 
IL-18Rα and aggregate proportion of IL-18Rα+ NK cells. (C-D) Representative and aggregate plots of NK maturity markers 
CD27 and CD11b on NK cells from bone marrow and spleen. Black arrow represents the progression of NK cell maturation. 
(E) Ratio of live Il18tg NK cells to live WT NK cells (average of WT technical replicates, from the same experiment) after 
5 hours in culture. Each dot represents a biological replicate. Significance: (A) Multiple lognormal t-tests (A) and multiple 
unpaired t-tests (B) of “WT vs. Il18tg” within each organ.  (C-D) 2-way ANOVA (inset box) with Šídák’s pairwise post-test 
(line with p-value) of “WT vs Il18tg” within each phenotype. (E) Mann Whitney U-test. A-D: Representative of 4 independent 
experiments. E: Combined data from two independent experiments. “ns” = adjusted p-value < 0.05.
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Figure 2. Globally increased CD8 T-cell activation in resting Il18tg mice. (A) Total CD8 T-cell numbers from various organs 
and peripheral blood mononuclear cells (PBMC, cells/mL). Representative contour plots (B, from spleen) and (C) aggregate 
data of CD44 and PD-1 defined subsets as a proportion of all CD8 T cells from various organs. (D) Absolute number of highly-
activated CD44+ PD1+ CD8 T cells (D). Significance: (A,D) Multiple lognormal t-tests and (C) 2-way ANOVA (not shown) 
with Šídák’s pairwise post-tests (line with p-value) of genotype within each phenotype. The only comparison shown is highly 
activated (CD44+PD-1+) CD8 T cells. Representative of 3 independent experiments. “ns” = adjusted p-value < 0.05. 
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Figure 3. Impaired NK activation and CD8 T-cell hyperactivation characterize the early response to mousepox infection 
of Il18tg mice. Adult mice were infected with mousepox (ECTV) and assessed 5 days post-infection for (A) NK cell number and 
proportion compared to other cell types (see also Supplemental Figure 4); (B) CD49b upregulation and proportion of CD49b+; 
(C) Viral RNA (see also Supplemental Figure 5); (D) plasma IFNg; and (E) splenic CD8 T-cell PD-1 and CD44 expression 
as proportion of total CD8 T Cells (left) and absolute number (right). (F-H) Mice were injected i.p. on days -1 and 2 with anti-
NK1.1 (NK depleted) or control antibodies, infected with ECTV, and assessed at day 5 for viral RNA; CD8 T-cell activation, 
and blood IFNg. For PBMC, absolute number = cells/mL. Significance: 2-way ANOVA (inset box) with Šídák’s pairwise post-
tests (line with p-value) of genotype (A,B, E) or NK depletion (F-H); multiple lognormal t-tests (C), and unpaired t-test (D). (E) 
For proportion of total CD8 T cells, only CD44+ PD-1+ CD8 T cells were assessed. (A,B,E). Homeostatic data in A & E are 
reproduced from Fig. 1A & Fig. 2C-D, respectively. A,B,E: Data representative of 2 independent experiments; and C,D,F-H: 
combined from 2 independent experiments. “ns” = adjusted p-value < 0.05.
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Figure 4. Il18tg mice ultimately develop fulminant HLH/MAS with impaired viral control following mousepox infection. 
Adult mice were infected with mousepox (ECTV) and assessed for daily weight loss (A) and survival (B), (n=26 WT and 28 Il18tg); 
hemoglobin (HB) and platelet count (PLT) (C), gross abdominal morphology (D), and liver necrosis score (E). L=lymphocytic 
infiltration and N=area of necrosis. Mice were also assessed longitudinally for liver NK cells (F), activated CD8 T Cells (G), 
monocytes (H), liver and spleen ECTV RNA (I), and serum IFNg (J); n=2-5 mice/day. Dotted line in (J) represents threshold of 
detection. Significance: (A, F-J) Mixed Effects Model including genotype, time, and outcome variable. P-value represents only 
independent effect of genotype, (B) Kaplan-Meier test, (C) unpaired t-tests, and (E) Mann Whitney U-test. Homeostatic and Day 
5 data in F, G, I, and J are supplemented by data reproduced from Figures 1A, 2D, and 3A,C,D. A-E, I-J: Data combined from 4 
independent experiments; F-H: representative of 4 independent experiments.
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Figure 5. Il18bpKO mice, despite normal basal NK and CTL, develop severe HLH/MAS with impaired viral control 
following mousepox infection. Homeostatic NK cell numbers from various organs (A). Adult mice were infected with mousepox 
(ECTV) and assessed 5 days later for (B) splenic NK cell number, CD49b expression, and CD49b+ proportion; and (C) splenic 
viral load. Weights were assessed longitudinally (D). On day 8, we assessed hemoglobin (HB) and platelet count (PLT) (E), 
serum IFNg (F), liver injury (G), splenic CD8 T-cell PD-1 and CD44 expression as proportion of total CD8 T cells (left) and 
absolute number (right) (H), and splenic ECTV RNA (I). Dotted line in (F) represents threshold of detection. L= lymphocytic 
infiltration and N=necrosis. Significance: Multiple lognormal t-tests (A); unpaired t-test (B,E); lognormal t-test (C,I); Mixed 
Effects Model including genotype, time, and outcome variable where P-value represents only independent effect of genotype 
(D); 2-way ANOVA (inset box) with Šídák’s pairwise post-tests comparing genotype (line with p-value) (F,H); or Mann-Whitney 
U-test (G). Only CD44+PD1+ CD8 T Cells were compared in 2-way ANOVA shown on the left (H). All data representative of 2 
independent experiments. “ns” = adjusted p-value < 0.05. 
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Figure 6. Failed mousepox-specific CD8 T-cell expansion and function in mice with excess IL-18. Il18tg mice were infected 
with mousepox (ECTV) and evaluated periodically (A) and Il18bpKO mice on Day8 (D) for B8R peptide-specific CD8 T cells. 
(B,C,E) On day 7-8, mice underwent in vivo killing assay (see Methods). Dots represent (recovered control splenocytes) / 
(recovered ECTV-peptide loaded splenocytes) from the same animal. (F) Correlation between weight loss and B8R-tetramer+ 
CD8 T cells recovered in spleens on day 8 amongst Il18bpKO mice. Significance: Mixed Effects Model including genotype, time, 
and outcome variable where p-value represents only independent effect of genotype (A), unpaired t-test (B, D-E), and multiple 
unpaired t test (C) and linear regression (F). A & C-F: data representative of 3 & 2 independent experiments, respectively; and B: 
data combined from 2 independent experiments. “ns” = adjusted p-value < 0.05.

B C

B8
R

20
-2

7 (
C

TV
)

Control (CFSE)

CFSE+
ctrl

CTV+
IDP+

50:50

8 d.p.i.

4 hrs

SAC

A

D
r=0.9118

E F



FJ
Co

m
p-

AP
C-

A 
:: 

B8
R

FJ
Co

m
p-

Al
ex

a 
Fl

uo
r 7

00
-A

 ::
 C

D
44

FJ
Co

m
p-

BV
42

1-
A 

:: 
TI

G
IT

FJ
Co

m
p-

PE
-A

 ::
 IL

-1
8R

FJ
Co

m
p-

BV
65

0-
A 

:: 
La

g-
3

FJ
Co

m
p-

BV
78

5-
A 

:: 
KL

RG
1

FJ
Co

m
p-

PE
-C

y7
-A

 ::
 C

D
39

FJ
Co

m
p-

Pe
rC

P-
eF

lu
or

 7
10

-A
 ::

 P
D

-1

FJ
Co

m
p-

BV
71

1-
A 

:: 
CD

11
b

FJ
Co

m
p-

AP
C-

A 
:: 

B8
R

FJ
Co

m
p-

Al
ex

a 
Fl

uo
r 7

00
-A

 ::
 C

D
44

FJ
Co

m
p-

BV
42

1-
A 

:: 
TI

G
IT

FJ
Co

m
p-

PE
-A

 ::
 IL

-1
8R

FJ
Co

m
p-

BV
65

0-
A 

:: 
La

g-
3

FJ
Co

m
p-

BV
78

5-
A 

:: 
KL

RG
1

FJ
Co

m
p-

PE
-C

y7
-A

 ::
 C

D
39

FJ
Co

m
p-

Pe
rC

P-
eF

lu
or

 7
10

-A
 ::

 P
D

-1

FJ
Co

m
p-

BV
71

1-
A 

:: 
CD

11
b

FJ
Co

m
p-

AP
C-

A 
:: 

B8
R

FJ
Co

m
p-

Al
ex

a 
Fl

uo
r 7

00
-A

 ::
 C

D
44

FJ
Co

m
p-

BV
42

1-
A 

:: 
TI

G
IT

FJ
Co

m
p-

PE
-A

 ::
 IL

-1
8R

FJ
Co

m
p-

BV
65

0-
A 

:: 
La

g-
3

FJ
Co

m
p-

BV
78

5-
A 

:: 
KL

RG
1

FJ
Co

m
p-

PE
-C

y7
-A

 ::
 C

D
39

FJ
Co

m
p-

Pe
rC

P-
eF

lu
or

 7
10

-A
 ::

 P
D

-1

FJ
Co

m
p-

BV
71

1-
A 

:: 
CD

11
b

FJ
Co

m
p-

AP
C-

A 
:: 

B8
R

FJ
Co

m
p-

Al
ex

a 
Fl

uo
r 7

00
-A

 ::
 C

D
44

FJ
Co

m
p-

BV
42

1-
A 

:: 
TI

G
IT

FJ
Co

m
p-

PE
-A

 ::
 IL

-1
8R

FJ
Co

m
p-

BV
65

0-
A 

:: 
La

g-
3

FJ
Co

m
p-

BV
78

5-
A 

:: 
KL

RG
1

FJ
Co

m
p-

PE
-C

y7
-A

 ::
 C

D
39

FJ
Co

m
p-

Pe
rC

P-
eF

lu
or

 7
10

-A
 ::

 P
D

-1

FJ
Co

m
p-

BV
71

1-
A 

:: 
CD

11
b

FJ
Co

m
p-

AP
C-

A 
:: 

B8
R

FJ
Co

m
p-

Al
ex

a 
Fl

uo
r 7

00
-A

 ::
 C

D
44

FJ
Co

m
p-

BV
42

1-
A 

:: 
TI

G
IT

FJ
Co

m
p-

PE
-A

 ::
 IL

-1
8R

FJ
Co

m
p-

BV
65

0-
A 

:: 
La

g-
3

FJ
Co

m
p-

BV
78

5-
A 

:: 
KL

RG
1

FJ
Co

m
p-

PE
-C

y7
-A

 ::
 C

D
39

FJ
Co

m
p-

Pe
rC

P-
eF

lu
or

 7
10

-A
 ::

 P
D

-1

FJ
Co

m
p-

BV
71

1-
A 

:: 
CD

11
b

FJ
Co

m
p-

AP
C-

A 
:: 

B8
R

FJ
Co

m
p-

Al
ex

a 
Fl

uo
r 7

00
-A

 ::
 C

D
44

FJ
Co

m
p-

BV
42

1-
A 

:: 
TI

G
IT

FJ
Co

m
p-

PE
-A

 ::
 IL

-1
8R

FJ
Co

m
p-

BV
65

0-
A 

:: 
La

g-
3

FJ
Co

m
p-

BV
78

5-
A 

:: 
KL

RG
1

FJ
Co

m
p-

PE
-C

y7
-A

 ::
 C

D
39

FJ
Co

m
p-

Pe
rC

P-
eF

lu
or

 7
10

-A
 ::

 P
D

-1

FJ
Co

m
p-

BV
71

1-
A 

:: 
CD

11
b

FJ
Co

m
p-

AP
C-

A 
:: 

B8
R

FJ
Co

m
p-

Al
ex

a 
Fl

uo
r 7

00
-A

 ::
 C

D
44

FJ
Co

m
p-

BV
42

1-
A 

:: 
TI

G
IT

FJ
Co

m
p-

PE
-A

 ::
 IL

-1
8R

FJ
Co

m
p-

BV
65

0-
A 

:: 
La

g-
3

FJ
Co

m
p-

BV
78

5-
A 

:: 
KL

RG
1

FJ
Co

m
p-

PE
-C

y7
-A

 ::
 C

D
39

FJ
Co

m
p-

Pe
rC

P-
eF

lu
or

 7
10

-A
 ::

 P
D

-1

FJ
Co

m
p-

BV
71

1-
A 

:: 
CD

11
b

FJ
Co

m
p-

AP
C-

A 
:: 

B8
R

FJ
Co

m
p-

Al
ex

a 
Fl

uo
r 7

00
-A

 ::
 C

D
44

FJ
Co

m
p-

BV
42

1-
A 

:: 
TI

G
IT

FJ
Co

m
p-

PE
-A

 ::
 IL

-1
8R

FJ
Co

m
p-

BV
65

0-
A 

:: 
La

g-
3

FJ
Co

m
p-

BV
78

5-
A 

:: 
KL

RG
1

FJ
Co

m
p-

PE
-C

y7
-A

 ::
 C

D
39

FJ
Co

m
p-

Pe
rC

P-
eF

lu
or

 7
10

-A
 ::

 P
D

-1

FJ
Co

m
p-

BV
71

1-
A 

:: 
CD

11
b

FJ
Co

m
p-

AP
C-

A 
:: 

B8
R

FJ
Co

m
p-

Al
ex

a 
Fl

uo
r 7

00
-A

 ::
 C

D
44

FJ
Co

m
p-

BV
42

1-
A 

:: 
TI

G
IT

FJ
Co

m
p-

PE
-A

 ::
 IL

-1
8R

FJ
Co

m
p-

BV
65

0-
A 

:: 
La

g-
3

FJ
Co

m
p-

BV
78

5-
A 

:: 
KL

RG
1

FJ
Co

m
p-

PE
-C

y7
-A

 ::
 C

D
39

FJ
Co

m
p-

Pe
rC

P-
eF

lu
or

 7
10

-A
 ::

 P
D

-1

FJ
Co

m
p-

BV
71

1-
A 

:: 
CD

11
b

Concatenate 
10,000 live cells 

from each replicate, 
genotype, timepoint, 

and organ

Il18tg

Il18tgWT

0 

ECTV

WT

A

Organ

Genotype

Days post 
Infection

UMAP
CD8sT cells Annotate

Tetramer
CD44
TIGIT
Lag-3
CD11b

KLRG1
IL-18Rα
CD39
PD-1

Panel

2.5 4 6 75 8

B

U
M

AP
2

UMAP1

 IL-18Rα PD-1

Tetramer CD44 TIGIT

Lag3 CD11b KLRG1

CD39

W
T

Il1
8tg

C       

Figure 7. Early and persistent CTL hyperactivation belie failed mousepox-specific CD8 T-cell responses in Il18tg mice. 
WT and Il18tg mice were infected with mousepox (ECTV) and livers and spleens from two mice/genotype/timepoint were 
evaluated by flow cytometry. Data from 10,000 randomly-selected live cells per organ per mouse (10,000 cells x 2 organs/
mouse x 4mice/day x 6 days = 480,000 total cells) were concatenated. From this, we gated CD8 T cells and entered these into 
an annotated Uniform Manifold Approximation and Projection (UMAP) (A). Normalized fluorescence intensity of the indicated 
surface targets (B). Progression of CD8 T-cell abundance and location within the UMAP over time and by genotype (C). Dotted 
outlines indicate the location of B8R peptide-specific CD8 T cells.
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Figure 8. Transfer of ex vivo-expanded NK cells partially rescues Il18tg mice from mousepox-triggered immunodeficiency 
and mortality. (A) Experimental design: WT NK cells were expanded ex vivo over 7-10 days and adoptively transferred into 
Il18tg mice one day prior to mousepox (ECTV) infection. Mice were assessed for survival (B) and weight loss (C); (n=7 WT, 
7 Il18tg and 6 Il18tg + NK cells). 3-4 days post infection, transferred NK cells were recovered in livers but not spleens (D & 
data not shown). (E) Representative flow plots compare pre-transfer and recovered NK cells for IL-18Rα, CD49b, and CD11b 
expression. On Day 8, we evaluated B8R-specific CD8 T cells (F), ECTV RNA (G), and serum IFNg (H). Dotted lines represent 
median values of WT mice from the same experiment and time point. Significance: All comparisons between “Il18tg” and “Il18tg 
+ WT NK cells”: (B) Kaplan-Meier test, (C) mixed effects model including genotype, time, and outcome variable where p-value 
represents only independent effect of genotype; (F, H) unpaired t-test; (G) lognormal t-test. B,D,F-H & C: data compiled from 2 
and 4 independent experiments, respectively. “ns” = adjusted p-value < 0.05.
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