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Abstract 12 

 13 

  Excessive systemic inflammation is characteristic to various acute conditions 14 

including sepsis, viral infections and immunotherapy-induced adverse events such as 15 

cytokine release syndrome (CRS)1–5. Recently, several clinical trials evaluating variants 16 

of lipid-formulated RNA vaccines for either cancer or COVID-19 have reported systemic 17 

inflammatory responses that limit vaccine dosing in humans6–12. Preclinical studies in 18 

inbred laboratory mice failed to predict these adverse events, suggesting the existence 19 

of underlying differences in sensitivity to Toll-like receptor (TLR) or other innate agonists 20 

between humans and mice13. Here, we identify interleukin 1 receptor antagonist (IL-1ra) 21 

as an endogenous, inducible suppressor of systemic inflammation. In humans, 22 

stimulation with a TLR7/8 adjuvanted RNA-lipoplex (RNA-LPX) vaccine13 results in the 23 
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secretion of inflammasome-activated interleukin 1b (IL-1b) by monocytes. Remarkably, 24 

IL-1b was found to control the induction of the broad spectrum of pro-inflammatory 25 

cytokines (including IL-6) associated with CRS. Unlike humans, murine leukocytes 26 

preferentially upregulate anti-inflammatory IL-1ra relative to IL-1b. IL-1ra deletion in mice 27 

leads to CRS-like symptoms, indicating that high levels of IL-1ra protect mice from 28 

uncontrolled systemic inflammation. Our results demonstrate that IL-1b and IL-1ra are 29 

key regulators that control systemic responses to RNA vaccines and other inflammatory 30 

stimuli. These data provide an explanation for the dramatic difference in dose-dependent 31 

tolerability between mice and humans and suggest an approach to evaluate pathogen-32 

induced or immunotherapy-related inflammatory toxicities in vivo. 33 

 34 

Main Text 35 

 36 

For adjuvanted vaccines, induction of an innate immune response is essential to 37 

generate a protective, long-lasting adaptive immune response. Capable of eliciting 38 

exceptionally strong T cell responses6,7,13, RNA has emerged as an attractive vaccine 39 

platform not only for cancer therapeutics, but also for prophylaxis against infectious 40 

diseases such as COVID-196–10. RNA-based vaccines activate a range of pattern 41 

recognition receptors (PRRs) due to their resemblance of infectious pathogens, thus 42 

mobilizing both adaptive and innate anti-viral mechanisms14. As a result, RNA vaccines 43 

induce systemic elevation of pro-inflammatory cytokines and dose-dependent, transient 44 

systemic reactions such as fever and chills6–13. These adverse events have been observed 45 

irrespective of administration route (intravenous or intramuscular delivery), formulation 46 
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(liposomes or lipid nanoparticles) or RNA modifications (unmodified uridine or N1-methyl-47 

pseudouridine, which reduces activation of Toll-like receptors 7 and 815,16).  48 

 49 

In contrast to humans, C57BL/6 and Balb/c mice are remarkably tolerant to RNA 50 

vaccines and only display limited systemic cytokine release following intravenous (IV) 51 

administration of liposomal, unmodified RNA (RNA-LPX) vaccine13,17. Even at doses of 52 

RNA (50µg) that are well-tolerated in mice, patients exhibit transient mild to moderate flu-53 

like symptoms that constrain dose exploration to a narrow range and possibly limit optimal 54 

T cell responses6,8,9. In other words, RNA-LPX doses that trigger potent systemic 55 

inflammatory responses in humans are more than 1,000-fold lower than in inbred 56 

laboratory mice6. Similar observations have been made with other pro-inflammatory 57 

stimuli, creating a notable discrepancy in the dose needed to induce biological and 58 

toxicological responses in different species13,18,19. The mechanisms underlying these 59 

dramatic differences have remained largely unknown. 60 

 61 

RNA-LPX activates NLRP3 in monocytes 62 

 63 

To study the factors contributing to sensitivity to innate immune stimuli, we first 64 

studied the TLR7/8 adjuvanted RNA-LPX cancer vaccine. Following RNA-LPX challenge 65 

on human peripheral blood mononuclear cells (PBMCs), a broad range of cytokines was 66 

detected in both total and CD14+ PBMCs, while significant reduction in cytokine secretion 67 

was seen in CD14-depleted PBMCs, indicating that the RNA-LPX-induced cytokine 68 

response was dependent on monocytes (Fig. 1a, b and Extended Data Fig.1). The 69 
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induction of interleukin-1 beta (IL-1b) prompted us to study further whether RNA-LPX was 70 

capable of activating the inflammasome pathway. Interestingly, co-treatment of primary 71 

human monocytes with the NLRP3 inhibitor MCC950 or the pan-caspase inhibitor zVAD-72 

FMK abolished the release of RNA-LPX-induced IL-1b (Fig. 1c, d), indicating that RNA-73 

LPX-induced, monocyte-derived IL-1b release was dependent on NLRP3 and caspase 74 

activity. 75 

 76 

Optimal activation of the canonical NLRP3 inflammasome requires a two-step 77 

signal20,21. In human monocytes, synthesis of pro-IL-1β (signal 1) was primed by TLR7/8 78 

recognition of either unmodified RNA or separately added TLR7/8 agonist R848, while 79 

NLRP3 inflammasome activation (signal 2) was triggered by the liposomes themselves 80 

(Fig. 1e). RNA modification pseudoU5mC that rendered the RNA poorly recognizable by 81 

TLR7/815 or administration of crude liposomes alone (loss of signal 1) diminished the 82 

release of IL-1b. Similarly, R848 alone failed to elicit IL-1b, while adding R848 with empty 83 

liposomes or pseudoU5mC RNA-LPX resulted in significant but lower IL-1b release 84 

compared to unmodified RNA-LPX (Fig. 1e). RNA-LPX also induced a robust generation 85 

of mitochondrial ROS in human monocytes (Fig. 1f). Notably, inhibition of mitochondrial 86 

ROS production using diphenyleneiodonium (DPI) or blockade of intracellular Ca2+ 87 

elevation using cell-permeable calcium chelator BAPTA-AM drastically reduced RNA-88 

LPX-induced IL-1β release (Fig. 1g). This suggests that cationic liposomes (composed 89 

of the broadly used lipids DOTMA and DOPE) provide signal 2 by inducing mitochondrial 90 

ROS-mediated calcium influx22, possibly secondary to transient disruption of endosomal 91 

or plasma membranes23. The RNA-LPX complex can thus provide both signals 1 and 2 92 



 5 

(Fig. 1h) that are required for efficient NLRP3 activation and IL-1b release from human 93 

monocytes in culture. 94 

 95 

RNA-LPX induces IL-1 release in vivo  96 

 97 

To determine if the in vitro findings were relevant to in vivo observations, we 98 

analyzed pre- and post-treatment plasma levels of IL-1b in a cohort of 9 patients receiving 99 

RNA-LPX in a phase 1b study (NCT03289962). Following IV bolus injection of 25 µg of 100 

RNA-LPX, increase in circulating IL-1b was detected in 9 out of 9 patients to varying 101 

degrees, peaking at 4-6 hr (Fig. 1i). In C57BL/6 mice, IV injection of RNA-LPX was also 102 

found to induce systemic IL-1b and interleukin-1 alpha (IL-1a) (Extended Data Fig. 2a, 103 

b). While IL-1b expression was mainly observed in splenic Ly6Clow monocytes and 104 

neutrophils (Extended Data Fig. 2c, d), IL-1a was produced by Ly6Chigh monocytes and 105 

red pulp macrophages in mice (Extended Data Fig. 2e, f). Thus, these results suggest 106 

that both humans and mice upregulate IL-1 expression in monocyte/macrophage-lineage 107 

cells following RNA-LPX challenge. 108 

 109 

IL-1a and IL-1b are important mediators of inflammatory responses given that they 110 

induce a MyD88-dependent signaling cascade upon binding to interleukin 1 receptor type 111 

1 (IL-1R1)24,25. We next investigated the functional hierarchy of IL-1 in the context of 112 

innate immune stimulation (Fig. 2a). Remarkably, in the presence of IL-1b neutralizing 113 

antibodies, the RNA-LPX-induced cytokine secretion by human PBMCs was completely 114 

or almost completely blocked (Fig. 2b, c). Thus, the expression and release of IL-1b 115 



 6 

appeared to control the induction of all other pro-inflammatory cytokines, including TNF-116 

a and IL-6 (Fig. 2c). Importantly, TNF-a blockade did not significantly reduce IL-6 release, 117 

nor did an anti-IL-6 antibody reduce TNF-a release (Extended Data Fig. 3), indicating 118 

that cytokine release secondary to innate stimulation by RNA-LPX was mechanistically 119 

distinct from the CRS cascade initiated by T cell activating therapies, where anti-TNF-a 120 

or anti-IL-6 are effective inhibitors of the cytokine response4,26,27. 121 

 122 

Systemic cytokine levels following RNA-LPX were also significantly attenuated in 123 

IL-1R1-/- mice as compared to wildtype mice both in vitro (Extended Data Fig. 4) and in 124 

vivo (Fig. 2d, e).  Consistent with our human data, in mice RNA-LPX-induced IL-1 125 

expression occurred upstream of IL-6 and TNF-a (Fig. 2e, Extended Data Fig. 4). 126 

Interestingly, and in contrast to IL-1R1-/- mice, RNA-LPX administration did not result in a 127 

decreased serum cytokine response in NLRP3-/- mice (Extended Data Fig. 5). This 128 

finding likely reflected the induction of IL-1a (Extended Data Fig. 2b), which activates IL-129 

1R1 signaling independently of NLRP325. Taken together, IL-1 appears to have a critical 130 

determinative role in amplifying cytokine responses initiated by innate immune stimuli 131 

both in humans and in mice. 132 

 133 

IL-1ra regulates responses to RNA vaccines 134 

 135 

Due to its highly pro-inflammatory potential, the IL-1 signaling pathway is tightly 136 

regulated by soluble IL-1R1 as well as soluble and membrane forms of IL-1 receptor 2 137 

(IL-1R2), each of which act as ligand traps or “decoys”25. Additionally, IL-1 receptor 138 
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antagonist (IL-1ra), a secreted anti-inflammatory cytokine, competes with active IL-1 and 139 

blocks binding to their common activating receptor IL-1R128–31. We first asked if IL-1ra 140 

production might play a role in modulating the activity of IL-1 induced by RNA-LPX by 141 

determining the amounts of IL-1a, IL-1b and IL-1ra secreted from human PBMCs. At 142 

lower dose levels (<2 µg/ml), IL-1b and IL-1ra were released in nearly equivalent amounts 143 

(Fig. 3a). However, at higher RNA-LPX doses, the secretion of IL-1b markedly increased 144 

(~10-fold) greatly exceeding the release of IL-1ra, which remained constant (Fig. 3a, 145 

Extended Data Fig. 6). Thus, the “buffering capacity” of IL-1ra is likely to be overcome 146 

as the degree of innate stimulation is increased. Of note, IL-1a levels remained low at all 147 

dose levels in human cells (Fig. 3a). We also measured the respective cytokine levels in 148 

non-human primate (NHP) cells, as these animals are often used to assess safety and 149 

immunogenicity of RNA vaccines32. Interestingly, unlike in human cells, robust 150 

upregulation of IL-1ra was detected at all RNA-LPX dose levels, while IL-1b 151 

concentrations were found to be low in both cynomolgus macaque and rhesus macaque 152 

PBMCs (Extended Data Fig. 7a, b).  153 

 154 

Since mice are much less sensitive to RNA-LPX than humans, we next determined 155 

if a similar induction hierarchy occurred in mice. In stark contrast to human cells, IL-1ra 156 

expression was already high in murine leukocytes at baseline and further increased upon 157 

RNA-LPX; induction of IL-1a and IL-1b was only observed at high dose levels (Fig. 3a, 158 

b). We then treated C57BL/6 mice with RNA-LPX in vivo (Fig. 3c). While treatment with 159 

RNA-LPX-induced a >10-fold upregulation of IL-1b, serum levels of IL-1ra were similarly 160 

induced and remained in ~100-fold molar excess over IL-1b and 10-fold excess over IL-161 
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1a (Fig. 3c, left panel). Qualitatively similar results were obtained from mouse spleen 162 

(Fig. 3c, right panel).  163 

 164 

To compare IL-1b vs IL-1ra release in vivo, we calculated the fold induction of 165 

systemic cytokine levels in C57BL/6 mice and in the 9 patients from the phase 1b study, 166 

both groups having been treated with comparable absolute amounts of RNA-LPX. As 167 

expected based on the in vitro data, human patients treated with a tolerated dose of 25 168 

µg showed a slight increase in induction of IL-1b over IL-1ra, whereas in mice, IL-1ra was 169 

dramatically induced relative to IL-1b (Fig. 3d). These findings suggest that IL-1ra can 170 

attenuate the effect of IL-1b in humans but only at low-to-moderate doses of RNA-LPX, 171 

while the substantial induction of IL-1ra would be expected to provide a far higher degree 172 

of attenuation against increases in IL-1a/b release in C57BL/6 mice. 173 

 174 

To test directly whether the high systemic levels of IL-1ra explained the marked 175 

difference in tolerability between humans and mice, we administered RNA-LPX to IL-1ra-176 

/- mice and wildtype littermates (Fig. 3e). As observed previously, high-dose RNA-LPX 177 

was well tolerated in wildtype mice without any detectable adverse events. In contrast, 178 

RNA-LPX treated IL-1ra-/- mice rapidly developed a CRS-like phenotype characterized by 179 

pronounced hypothermia (Fig. 3f), body weight loss (Fig. 3g) and excessive systemic 180 

cytokine release (Fig. 3h). Notably, these adverse events were transient and resolved 181 

within days, similar to observations in human patients6,8,9. In the absence of IL-1ra, a 182 

marked increase in a wide range of pro-inflammatory cytokines was observed in systemic 183 

circulation (Fig. 3h, Extended Data Fig. 8). In addition, IL-1ra-/- mice upregulated acute 184 
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phase proteins (APPs) such as serum amyloid A3 (SAA3), the murine equivalent to the 185 

human C-reactive protein (CRP) (Fig. 3h). These differences could only be detected 186 

following RNA-LPX administration, as no differences in systemic cytokines were observed 187 

at baseline (Extended Data Fig. 9). Taken together, these results identify endogenous 188 

IL-1ra as the master regulator of IL-1-induced adverse events in mice and explain their 189 

remarkable tolerability to high doses of RNA-LPX.  190 

 191 

In parallel with unmodified RNA-LPX vaccines, N1-methyl-pseudouridine modified 192 

RNA (modRNA) has been employed to enhance protein translation when formulated in 193 

lipid nanoparticles (LNP)16. Yet, while such RNA modifications can reduce recognition via 194 

TLR7/815,16, these modRNA-LNP vaccines still elicit systemic adverse events in patients 195 

following initial intramuscular administration7,10–12. Thus, formulation of “silent” modRNA 196 

with lipid nanoparticles can still trigger an innate immune response, without which the 197 

vaccine platforms would be ineffective. To mimic the commonly used COVID-19 RNA 198 

vaccines7,10,11, we generated N1-methyl-pseudouridine modRNA-LNPs formulated with 199 

two different ionizable lipids (MC3 or SM-102, respectively), and tested whether these 200 

particles could induce secretion of different IL-1 family members (Extended Data Fig. 201 

10a). Consistent with our findings with RNA-LPX, a marked increase in IL-1b from human 202 

PBMCs was observed with either modRNA-LNP formulation, while the levels of IL-1a and 203 

IL-1ra remained low (Extended Data Fig. 10b). Interestingly, LNPs formulated with SM-204 

102 lipids were potent activators of the inflammasome pathway, as robust IL-1b release 205 

was detected with either modRNA-LNP or empty LNPs (Extended Data Fig. 10c). Co-206 
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treatment with R848 and empty LNPs formulated with either MC3 or SM-102 lipids further 207 

increased the IL-1b levels (Extended Data Fig. 10c).  208 

 209 

To study the relative contributions of RNA and lipids, we used modRNA to make 210 

RNA-LPX particles (modRNA-LPX) and compared their cytokine induction profile to RNA-211 

LPX and modRNA-LNP (Extended Data Fig. 10d). As shown previously in Figure 1, 212 

unmodified RNA-LPX induced a robust cytokine release, while modRNA-LPX failed to 213 

induce IL-1b or any of its downstream cytokines (Extended Data Fig. 10e). In contrast, 214 

potent cytokine release was detected with modRNA-LNP SM-102 particles, resulting in a 215 

similar cytokine induction profile as with RNA-LPX (Extended Data Fig. 10e). These 216 

results suggest that not only the direct TLR7/8-mediated sensing of the nucleic acid 217 

component, but also the physiochemical and possibly lytic properties of the vaccine 218 

particles themselves when combined with any source of signal 1 (e.g. RIG-I/MDA-5 219 

activation by residual double-stranded RNA or damage-associated molecular patterns 220 

released by cellular damage) will determine the cytokine induction profile of lipid-221 

formulated RNA vaccines. 222 

 223 

IL-1ra controls systemic responses to other inflammatory stimuli 224 

 225 

Given that excessive systemic inflammatory responses are commonly observed in 226 

human pathologies ranging from sepsis to viral infections, we asked if the regulatory role 227 

of IL-1ra could be generalized to other forms of innate immune stimulation. Interestingly, 228 

bone-marrow derived myeloid cell cultures secreted variable but significant levels of IL-229 
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1ra in response to different TLR or STING agonists; in each case, IL-1ra induction was 230 

far greater than that seen for either IL-1a or IL-1b (Fig. 4a, b). Next, we injected a single 231 

systemic dose of either LPS (TLR4 agonist), ODN1826 (TLR9 agonist), heat-killed 232 

Listeria monocytogenes (HKLM, a TLR2 agonist) or DMXAA (STING agonist) into 233 

wildtype or IL-1ra-/- mice (Fig. 4c-f, Extended Data Fig. 11). As seen with RNA-LPX, 234 

increased sensitivity and self-limited hypothermia was observed in IL-1ra deficient mice 235 

treated with these innate pro-inflammatory ligands (Fig. 4c, e and Extended Data Fig. 236 

11a, c). Moreover, significant elevation in serum cytokines and APPs responding to 237 

inflammatory cytokines was observed in IL-1ra-/- mice (Fig. 4d, f and Extended Data Fig. 238 

11b, d). These results indicate that high endogenous levels of IL-1ra can protect wildtype 239 

mice from immune dysregulation and uncontrolled systemic inflammation triggered by IL-240 

1 for a range of innate stimulatory agents. 241 

 242 

Despite lacking the master negative regulator of IL-1, IL-1ra-/- mice should still 243 

possess the other presumed mediators of IL-1 inhibition. Indeed, increase in soluble IL-244 

1R1 was observed in the serum of IL-1ra-/- mice following stimulation with innate ligands 245 

(Extended Data Fig. 12a). The loss of surface IL-1R1 can decrease signaling and 246 

provide a soluble systemic IL-1a/b sink in the absence of IL-1ra. Interestingly, no fatalities 247 

were observed following acute innate immune challenge in IL-1ra-/- mice (data not shown). 248 

In contrast to IL-1R1, the serum levels of the decoy receptor IL-1R2 were only modestly 249 

increased over high baseline levels following stimulation (Extended Data Fig. 12b), 250 

suggesting that shedding of IL-1R1 was the primary resistance mechanism by which IL-251 

1ra-/- mice adapt to excessive IL-1 signaling (Extended Data Fig. 12c). However, these 252 
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changes were secondary and only upregulated in the absence of IL-1ra, indicating that 253 

IL-1ra is the key suppressor of PRR-induced reactogenicity in wildtype mice. 254 

 255 

Lastly, T cell-based immunotherapies such as CAR-T cells and tumor-256 

directed/CD3-bispecific antibodies (TDBs) can also cause clinical CRS in human 257 

patients4,5,26,27. Instead of inducing a direct, primary release of IL-1b by innate stimuli 258 

(such as RNA-LPX), these immunotherapies have been shown to trigger a secondary 259 

induction of IL-1b, driven by activation of T cells4,26,27. We next asked if IL-1b released 260 

secondary to initial stimuli would contribute to the development of CRS in IL-1ra-/- mice 261 

bearing ID8 tumors expressing the surface antigen LyPD1 (Fig. 4g). Following 262 

administration of an anti-LyPD1/CD3 TDB, upregulation of IL-1b expression in monocytes 263 

and macrophages was observed in vivo (Extended Data Fig. 13). The systemic release 264 

of IL-1b instigated a rapid decrease in core body temperature in TDB-treated IL-1ra-/- mice 265 

(Fig. 4h), accompanied by elevated serum levels of   IL-6 and IL-17A (Fig. 4i). Of note, 266 

the serum levels of TNF-a were comparable between genotypes (Fig. 4i). This further 267 

suggests that while T cells provided the initial spark for CRS, T-cell derived TNF-a 268 

probably served to activate monocytes and macrophages to release IL-1b, which was 269 

responsible for the transient systemic response to TDBs in vivo. Importantly, these data 270 

suggest that induction of IL-6, which has been shown to be an important mediator of CRS 271 

toxicities related to T-cell targeting therapies4,26,27, occurs downstream of IL-1b. 272 

 273 

 274 

 275 
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Discussion 276 

 277 

The evolution of innate immune system for any species has been directed by the 278 

pathogen- and microbe-exerted selection pressure for that species. While this has led to 279 

significant differences in distribution, sensitivity and ligand specificity of PRRs, it has also 280 

resulted in differentiating evolutionary strategies for resistance and tolerance between 281 

humans and mice33. Relative to human response, mice have been found to be extremely 282 

resilient to different inflammatory stimuli18,19,33, including RNA-LPX vaccines13,17. In this 283 

study, we demonstrated that vaccine-induced systemic inflammatory responses are 284 

driven by IL-1 and antagonized by endogenous IL-1ra, and that these findings can be 285 

generalized to other forms of innate immune stimulation.  Interestingly, clinical use of 286 

recombinant IL-1ra (Anakinra) may be active for the treatment of auto-immune related 287 

macrophage activation syndrome and severe forms of COVID-19, suggesting that IL-1R1 288 

signaling can contribute to the early cytokine amplification following infection34–36. In line 289 

with these reports, we observed that administration of a virus-like nanoparticulate vaccine 290 

RNA-LPX leads to a robust upregulation of IL-1ra in wildtype B6 mice and confers 291 

resistance to adverse events, while IL-1ra-/- mice exhibited a phenotype reminiscent to 292 

human CRS following innate immune challenge. These results suggest that endogenous 293 

IL-1ra has a crucial role in controlling innate immune responses to pathogens, as it was 294 

recently shown for Mycobacterium tuberculosis37. In addition, reduced sensitivity of 295 

mouse blood cells to RNA-LPX (Extended Data Fig. 14) could be partially explained by 296 

the lower frequency of monocytes in mice when compared to humans (Extended Data 297 

Fig. 9b), as we and others have identified monocytes as the crucial cell population 298 
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secreting IL-1b and IL-6 following stimulation4,27. Moreover, our studies with non-human 299 

primate PBMCs also suggest that NHPs resemble mice more than humans in respect to 300 

their monocyte frequencies and IL-1ra induction profile (Extended Data Fig. 7b, c), 301 

possibly elucidating why NHPs have been found to be extremely resistant to high doses 302 

of RNA-LPX in vivo (unpublished data). 303 

 304 

In summary, our findings indicate that IL-1ra-/- mice can better predict patient 305 

responses to innate immune challenges and provide a useful tool to evaluate both the 306 

sensitivity to pathogens and tolerability to treatment-related inflammatory toxicities in vivo. 307 

Moreover, the observed interspecies differences suggest that evolution has shaped and 308 

re-wired how positive and negative regulators of IL-1R1 signaling are released in the 309 

context of innate immune stimulation, and that these factors determine the magnitude of 310 

systemic responses in mice, non-human primates and humans. 311 

 312 
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 404 

 405 

Figure 1: RNA-LPX induces inflammasome activation and IL-1β release in human 406 

monocytes. a, b, RNA-LPX-induced cytokine secretion in vitro. c, d, IL-1β release from 407 

purified CD14+ monocytes (n=4 donors) in the presence of RNA-LPX and MCC950 (c) 408 

or zVAD-FMK (d). e, IL-1β release following treatment with either unmodified and/or 409 

pseudoU5mC modified RNA-LPX, and/or with R848. f, g, RNA-LPX-induced 410 

mitochondrial ROS production (f) or IL-1β secretion following pre-treatment with DPI or 411 

BAPTA-AM (g). h, Proposed mechanism-of-action for RNA-LPX-induced inflammasome 412 

activation. i, Plasma IL-1β levels before and after RNA-LPX in patients (n=9). The data 413 

are representative of at least three independent experiments with biologically 414 

independent samples (b-h). Significance was determined using one-way ANOVA and 415 

Dunnett’s multiple comparisons test (c, g), two-way repeated measures ANOVA and 416 

Dunnett’s multiple comparisons test (d) or one-way ANOVA and Sidak’s multiple 417 

comparisons test (e). Data presented as mean ± SEM. 418 

 419 
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 420 
 421 

Figure 2: IL-1 mediates RNA-LPX-induced cytokine release. a, b, c, RNA-LPX-422 

induced cytokines in PBMCs treated with either increasing doses of neutralizing anti-IL-423 

1β antibodies (b) or with a constant dose of anti-IL-1β and increasing concentrations of 424 

RNA-LPX (c). d, e, Serum cytokine levels in wildtype and IL-1R1-/- mice (n = 7) after IV 425 

injection of RNA-LPX. The data are representative of at least two independent 426 

experiments with biologically independent samples (b-e). Significance was determined 427 

using one-way ANOVA and Sidak’s multiple comparisons test (c) or one-way ANOVA and 428 

Dunnett’s multiple comparisons test (e). Data presented as median (e), otherwise 429 

mean ± SEM. 430 
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 431 
 432 

Figure 3: Robust upregulation of IL-1ra following RNA-LPX protects mice from IL-433 

1 mediated adverse events in vivo. a, b, c, Hierarchy of IL-1 family members following 434 

overnight treatment with RNA-LPX in human PBMCs (a) or murine blood cells in vitro (b), 435 

and in C57BL/6 mice in vivo 6 hours after dosing (c, n=3-8). d, Fold induction of systemic 436 

cytokines over pre-dose levels 4-6 hours after RNA-LPX administration in patients (n=9) 437 

and in wildtype mice (n = 8). e, f, g, h, measurement time points (e), core body 438 

temperature (f), body weight (g) and serum cytokines (h) in wildtype and IL-1ra
-/- 

mice 439 

(n = 5-10) after IV administration of RNA-LPX.  The data are representative of at least two 440 

independent experiments (a-c) or pooled from two independent experiments (f-h) with 441 

biologically independent samples. Significance was determined using unpaired two-tailed 442 

Student’s t-test (c), two-way repeated measures ANOVA and Sidak’s multiple 443 

comparisons test (f, g) or one-way ANOVA and Dunnett’s multiple comparisons test (h). 444 

Data presented as median (c, h), otherwise mean ± SEM.  445 

 446 

 447 

 448 
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 449 
 450 

Figure 4: IL-1ra regulates the response to and degree of sensitivity to innate and 451 

adaptive immune stimuli. a, b, Secretion of IL-1α, IL-1β and IL-1ra from murine bone-452 

marrow derived DC/macrophage cultures following treatment with different PRR ligands 453 

in vitro. Core body temperature (c, e) and serum proteins (d, f) in wildtype and IL-1ra
-/- 

454 

mice (n = 5-8) after systemic administration of LPS or DMXAA. Measurement time points 455 

(g), changes in core body temperature (h) and serum cytokines (i) in ID8/LyPD1 tumor-456 

bearing mice (n = 4-10) after IV administration of anti-CD3/anti-LyPD1 TDB. The data are 457 

pooled from two independent experiments with biologically independent samples. 458 

Significance was determined using two-way repeated measures ANOVA and Sidak’s 459 

multiple comparisons test (c, e, h) or one-way ANOVA and Dunnett’s multiple 460 

comparisons test (d, f, i). Data presented as median (d, f, i), otherwise mean ± SEM. 461 

 462 

 463 

 464 

 465 

 466 

 467 

 468 
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Methods 469 

 470 

Mice 471 

 472 

C57BL/6J mice (stock 000664) and IL-1ra-/- mice (B6.129S-Il1rntm1Dih/J, stock 473 

004754) were purchased from the Jackson Laboratory. IL-1R1-/- mice were obtained from 474 

Jackson Laboratories (B6.129S7-Il1r1tm1Imx/J, stock 003245) and backcrossed for 8 475 

generations to C57BL/6N mice (Jackson Laboratories). NLRP3-/- mice (also known as 476 

Cias1-/- mice) have been described20. Age-matched (5–15 weeks) female animals were 477 

used throughout all experiments. Mice were maintained in a specific pathogen-free 478 

facility, and all animal studies were reviewed and approved by Genentech’s Institutional 479 

Animal Care and Use Committee. 480 

 481 

Depletion, inhibition and blocking experiments 482 

 483 

Buffy coats or whole blood from voluntary healthy human donors participating in 484 

the Genentech blood donor program after written, informed consent from the Western 485 

Institutional Review board. PBMCs were isolated by density centrifugation using 486 

SepMate-50 tubes and Lymphoprep Medium (both from StemCell Technologies). Red 487 

blood cells were lysed with ACK lysis buffer (Gibco) and remaining blood cells were 488 

passed twice through a 70 µm filter. Monocytes or neutrophils were depleted from either 489 

PBMCs or whole blood with anti-human CD14 MicroBeads (130-050-201 Miltenyi Biotec), 490 

EasySep Human CD14 Positive Selection Kit II (17858, StemCell Technologies) or 491 
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EasySep HLA Chimerism Whole Blood CD66b Positive Selection Kit (17882, StemCell 492 

Technologies), respectively. Non-human primate PBMCs were ordered frozen (from iQ 493 

Biosciences), thawed and rested overnight before RNA-LPX treatment. 494 

 495 

1.5-3.5x105 cells were plated on 96-U-well plates and stimulated with either 1 496 

µg/ml LPS-EK (invivoGen), 10 µg/ml Nigericin (InvivoGen) or RNA-LPX with or without 497 

0.1-5 µM MCC950 (Sigma), 1-30 µM zVAD-FMK (Promega), 0.5 µg/ml R848 (InvivoGen), 498 

1-50 µM DPI (Calbiochem), 1-50 µM BAPTA-AM (Sigma-Aldrich), 1-100 µg/ml anti-IL-1b 499 

neutralizing antibodies (InvivoGen) or 1-100 µg/ml control IgG1 antibodies (InvivoGen). 500 

After 17 hours, the cells were pelleted down, the supernatants were collected and stored 501 

at −80 °C until analysis.  502 

 503 

RNA-LPX, modRNA-LNP, TLR agonists and immune challenge 504 

 505 

RNAs were synthesized by Genentech. RNAs encoding for either MC38-derived 506 

neoantigens or eGFP have been described13,17. RNA was formulated with liposomes 507 

consisting of DOTMA and DOPE at a charge ratio (+):(-) of 1.3:2 yielding negatively 508 

charged RNA-LPX13. For some in vitro experiments using RNA-LPX, RNA was 509 

synthesized using pseudouridine instead of uridine and 5-methyl-cytosine instead of 510 

cytosine to reduce TLR activation15.  511 

 512 

For in vitro experiments using modRNA-LNP, RNA was synthesized using 1-513 

methyl-pseudouridine instead of uridine7, capping was performed co-transcriptionally 514 
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using a trinucleotide cap 1 analogue (CleanCap AG (3' OMe) 515 

m7(3'OMeG)(5')ppp(5')(2'OMeA)pG, Trilink)7 and RNA was purified with cellulose 516 

treatment38. Finally, modRNA-LNP was formulated with a lipid mixture consisting of an 517 

ionizable lipid (either Dlin-MC3-DMA or SM-102), distearoylphosphatidylcholine (DSPC), 518 

cholesterol and PEG-lipid (at molar ratios of 50:20:28:2 for the MC3 formulation or 519 

50:10:38.5:1.5 for the SM-102 formulation) using a microfluidic mixer as previously 520 

described39. 521 

 522 

For in vivo experiments, RNA-LPX (dose indicated in respective figure legends), 523 

10 µg ODN1826 VacciGrade (InvivoGen), 1 µg LPS-EB VacciGrade (InvivoGen) or 1x108 524 

HKLM (InvivoGen) was injected intravenously or 300 µg DMXAA (InvivoGen) 525 

intraperitoneally into C57BL/6 mice as described in the respective Figures. 4-6 hours after 526 

immune challenge, mice were bled for cytokine analysis. Rectal body temperature and 527 

body weight were measured for a total of 6 days following exposure or until the values 528 

reached pre-treatment levels. 529 

 530 

TDB experiments in tumor-bearing mice 531 

 532 

Generation and verification of ID8/LyPD1 cells has been described40. Briefly, 533 

ID8/LyPD1 is a murine ID8 ovarian cancer cell line expressing the tumor-associated 534 

antigen LY6/PLAUR Domain-containing 1 gene (LyPD1), which was generated by 535 

lentiviral transduction. Cells were passaged twice in vivo for faster growth kinetics prior 536 

to generating master and working cell banks, of which third and fourth passages were 537 
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used for tumor experiments. 4×106 ID8/LyPD1 tumor cells in Hank’s Balanced Salt 538 

Solution and Matrigel were inoculated subcutaneously in the 2/3 mammary fat pad of 539 

wildtype and IL-1ra-/- mice. Tumor sizes were measured unblinded with a caliper twice a 540 

week and tumor volumes were calculated by using the equation (a2 × b)/2 (a, width; b, 541 

length). T-cell retargeting to LyPD1 was achieved by administration of mouse CD3-542 

bispecific TDB antibodies4,40. Once tumors reached the target volume of 100-300 mm3 543 

(median 150 mm3, approximately 3-4 weeks after implantation), animals were randomly 544 

divided into treatment groups and injected intravenously with 10mg/kg anti-LyPD1/anti-545 

CD3 TDB antibodies (diluted in 20 mM Histidine acetate pH 5.5, 240 mM Sucrose, 0.02% 546 

Tween-20) or vehicle only. Animals were euthanized 24 hours after TDB administration 547 

for flow cytometric analysis or when exhibiting signs of impaired health. 548 

 549 

Blood and tissue preparation 550 

 551 

Cardiac puncture under deep terminal anesthesia was used to collect a large 552 

volume of whole blood for downstream in vitro assays. Whole blood was stored in EDTA 553 

polypropylene tubes (Sarstedt) and red blood cells were lysed with ACK lysis buffer 554 

(Gibco).  Retro-orbital bleeding under isoflurane anesthesia was used to collect peripheral 555 

blood samples. Blood was stored in gel-separator polypropylene tubes (Sarstedt) and 556 

incubated 15 min RT, after which the coagulated blood samples were centrifugated at 557 

5000 rpm for 5min. Clear serum was transferred to new tubes and stored at −80 °C for 558 

downstream assays.  559 

 560 
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Spleens were harvested in cold PBS and single-cell suspensions were generated 561 

by mashing the spleen tissue through a 70 µm cell strainer (BD Falcon) in Hank’s based 562 

Cell Dissociation Buffer (Gibco) supplemented with Liberase (Roche) and DNase I 563 

(ThermoFisher). Red blood cells were lysed with ACK lysis buffer (Gibco). 564 

 565 

Flow cytometry 566 

 567 

Single-cell suspensions were incubated in FACS buffer (PBS supplemented with 568 

0.5 % BSA and 0.05% Sodium Azide) containing anti-mouse CD16/CD32 (Mouse Fc 569 

Block, BD) or Human TruStain FcX (Human Fc Block, Biolegend) for 10 min prior to and 570 

during staining with the indicated antibodies. Staining reagents for murine cells included 571 

FITC anti-CD169 (3D6.112, Biolegend), PE anti-IL-1a (ALF-161, eBioscience), PerCP-572 

Cy5.5 anti-CD3 (17A2, Biolegend), BUV395 anti-B220 (RA3-6B2, BD), PE anti-NK1.1 573 

(PK136, Biolegend), BV510 anti-CD11c (N418, Biolegend), BUV737 anti-CD4 (GK1.5, 574 

BD), VioBlue anti-CD11b (M1/70.15.11.5, Miltenyi Biotec), APC anti-CD115 (AFS98, 575 

Biolegend), FITC anti-CD11b (M1/70, Biolegend), PeCy7 anti-pro-IL-1b (NJTEN3, 576 

eBioscience), BV711 anti-F4/80 (BM8, Biolegend), AF700 anti-Ly-6C (HK1.4, Biolegend), 577 

AF647 anti-Siglec-F (E50-2440, BD), BV785 anti-Ly-6G (1A8, Biolegend) and APC anti-578 

CD209b (22D1 eBioscience). Intracellular Fixation & Permeabilization Buffer Set (88-579 

8824-00, eBioscience) was used for intracellular staining of IL-1a and IL-1b. Mitochondrial 580 

ROS levels in human monocytes were measured using MitoSOX Red Mitochondrial 581 

Superoxide Indicator (Invitrogen). To assess purity of CD14- or CD66b depleted human 582 

cell populations, PerCP-Vio700 anti-CD14 (TÜK4, Miltenyi Biotec), PE anti-CD66b 583 
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(G10F5, Biolegend), PeCy7 anti-CD3 (SK7, BD), APC-H7 anti-CD19 (SJ25C1 BD) and 584 

V500 anti-HLA-DR (G46-6, BD) were used. To study human and NHP monocyte 585 

frequencies, cross-species reactive APC anti-CD14 (M5E2, Biolegend) was used. Cells 586 

were stained on ice for extracellular markers for 20-30 min followed by staining for 587 

intracellular markers for 60 min, and filtered using 30-40 µm filter plates (PALL). Data 588 

were collected on an FACSymphony cytometer (BD) and analyzed with FlowJo software 589 

(TreeStar). Dead cells and cell aggregates were excluded from analyses by Fixable 590 

Viability Dye eFluor 780 (eBioscience) or LIVE/DEAD™ Fixable Blue (Dead Cell Stain Kit 591 

for UV excitation, Invitrogen) staining and FSC-A/FSC-H characteristics. 592 

 593 

Murine bone-marrow derived cultures  594 

 595 

Bone marrow cells harvested from wildtype or IL-1R1-/- mice were differentiated in 596 

RPMI with 10% heat-inactivated fetal bovine serum (Gibco), 1 % Glutamax (Gibco), 2-597 

mercaptoethanol (55 µM, Gibco), 100 ng/ml recombinant mFlt3L (Peprotech) and 10 598 

ng/ml mGMCSF (Peprotech) for 13 days. Differentiated, immature cells were then plated 599 

at 300 000 cells/well on a 96-U-well plate and stimulated for 16 h with 5 µg/ml RNA-LPX 600 

(Genentech) or 0.1 µg /ml Pam3CSK4, 0.1 µg/ml FSL1, 108 bacteria/ml HKLM, 10 µg/ml 601 

poly I:C, 0.05 µg/ml LPS-EK, 0.1 µg/ml FLA-ST, 0.1 µg/ml ssRNA40/Lyovec, 0.1 µg/ml 602 

CL097, 0.1 µg/ml R848, 0.1 µg/ml R837, 5 µM ODN1585, 5 µM ODN1826, 5 µM 603 

ODN2395, 10 µg/ml c-di-AMP, 10 µg/ml DMXAA or 10 µg/ml 2’3’-c-di-AM(PS)2 (Rp,Rp) 604 

(all from InvivoGen). After stimulation, the cells were pelleted down, the supernatants 605 

were collected and stored at −80 °C until analysis.  606 
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 607 

Luminex/ELISA assays 608 

 609 

Serum concentrations of murine cytokines were determined using a bead-based, 610 

Cytokine & Chemokine Convenience 26-Plex Mouse ProcartaPlex multiplex 611 

immunoassay supplemented with murine IFNα ProcartaPlex (ThermoFisher Scientific) 612 

according to the manufacturer’s instructions. Serum concentrations of soluble receptors 613 

were determined using MILLIPLEX MAP Mouse Soluble Cytokine Receptor Magnetic 614 

Bead Panel (Millipore). Acute phase proteins were determined using MILLIPLEX MAP 615 

Mouse Acute Phase Magnetic Bead Panel 2 (Millipore). Enzyme-linked immunosorbent 616 

assay (ELISA) was used for the detection of mIL-1a (R&D Systems), mIL-1ra (Abcam) 617 

and mSAA3 (Sigma- Aldrich).  618 

 619 

For the detection of human cytokines in vitro, MILLIPLEX MAP Human 620 

Cytokine/Chemokine Magnetic Bead Panel Premixed 30-plex assay (Millipore) was used 621 

according to the manufacturer’s instructions. For the detection of human cytokines in vivo, 622 

Simoa assay (Quanterix) and DiscoveryMAP Multiplexes (Myriad RBM) were used 623 

according to the manufacturer’s instructions. For the detection of NHP cytokines in vitro, 624 

MILLIPLEX MAP Non-Human Primate Cytokine Magnetic Bead Panel Premixed 23-plex 625 

assay (Millipore) was used according to the manufacturer’s instructions. Values below the 626 

lower limit of quantification were set to zero. 627 

 628 

Clinical trial design and samples 629 
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 630 

A first-in-human Phase 1b study of RO7198457, a systemically administered RNA-631 

LPX, in combination with the anti-PD-L1 antibody atezolizumab was conducted in patients 632 

with locally advanced or metastatic solid tumors8,9 (ClinicalTrials.gov identifier 633 

NCT03289962). Briefly, RO7198457 was GMP-manufactured on a per-patient basis and 634 

contained up to 20 tumor-specific neoepitopes. The study protocols were approved by 635 

the relevant authorities and ethics committee. The study was conducted in accordance 636 

with all applicable laws, regulations and in agreement with the ICH-GCP guidelines and 637 

the Declaration of Helsinki. Written informed consent was obtained from all patients 638 

before enrolment. RO7198457 was administered intravenously at a dose of 25 µg and 639 

atezolizumab at a dose of 1200 mg. Blood samples were obtained before vaccination 640 

(pre-dose), and at 4-6 hours and 24 hours after RO7198457 administration. Plasma 641 

cytokines were measured from 9 patients shown in Figures 1i and 3d (sample selection 642 

was based on plasma availability and existing ELISPOT data, while excluding patients 643 

that had received steroids at the time of vaccination). 644 

 645 

Statistical analyses and data presentation 646 

 647 

Statistical analyses and graphing were performed using GraphPad Prism version 648 

7.0c for Mac OS X. Illustrations were created with BioRender.com. All results are 649 

expressed as mean ± S.E.M. or median without interquartile range as indicated. Unpaired 650 

two-tailed Student’s t-test was used for comparison of two groups. One-way analysis of 651 

variance (ANOVA) was performed when more than two groups were compared, and 652 
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multiple comparisons were corrected using Dunnett’s post-hoc test or Sidak’s post-hoc 653 

test. Two-way ANOVA was performed when both time and genotype or treatment were 654 

compared, and multiple comparisons were corrected using Dunnett’s post-hoc test or 655 

Sidak’s post-hoc test. *P ≤ 0.05, **P ≤ 0.01, ***P ≤ 0.001 and ****P ≤ 0.0001. No statistical 656 

methods were used to pre-determine sample size for animal experiments. 657 

 658 

Data availability 659 

 660 

The data that support the findings of this study are available from the 661 

corresponding author upon reasonable request. 662 

 663 

Code availability 664 

 665 

No custom code or specific mathematical algorithms were used in this study. 666 
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Extended Data Figures and Legends 724 

 725 

 726 

 727 

Extended Data Figure 1: RNA-LPX-induced cytokine response in vitro is dependent 728 

on monocytes but not neutrophils. a, b, RNA-LPX-induced cytokines secreted by 729 

human PBMCs following depletion of CD14+ monocytes or CD66b+ neutrophils. Data 730 

presented as median. 731 

 732 

 733 

 734 

 735 
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 736 

Extended Data Figure 2: Intravenous administration of RNA-LPX induces secretion 737 

of both IL-1β and IL-1α in C57BL/6 mice. a-f, IL-1β and IL-1α measured 6 hours after 738 

IV injection of RNA-LPX in serum (b, n=7-9 per group) and in splenic myeloid cell subsets 739 

(c, d, e, f, n=4-7 per group). The data are pooled from two independent experiments with 740 

biologically independent samples (b-f). Significance was determined by using unpaired 741 

two-tailed Student’s t-test (b) or one-way ANOVA and Tukey’s multiple comparisons test 742 

(d, f). Horizontal bars indicate median. 743 

 744 

 745 
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 746 
Extended Data Figure 3: IL-1β is released upstream of IL-6 and TNF-α in human 747 

PBMCs. Secretion of IL-1β, IL-6 and TNF-α from PBCMs following treatment with RNA-748 

LPX and either isotype antibodies or neutralizing antibodies against IL-1β, IL-6 or TNF-α. 749 

The data are representative of two independent experiments with biologically 750 

independent samples.  Significance was determined using one-way ANOVA and Sidak’s 751 

multiple comparisons test. Data presented as mean ± SEM. 752 

 753 

 754 

 755 

 756 

 757 
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 780 
Extended Data Figure 4: RNA-LPX-induced cytokine response is abolished in 781 

murine IL-1R1-/- bone-marrow derived myeloid cells in vitro. a-b, Secretion of 782 

cytokines from DC/macrophage cultures derived from bone-marrow of wildtype or IL-1R1 783 

knockout mice (n=3) following treatment with RNA-LPX in vitro. Significance was 784 

determined using one-way ANOVA and Sidak’s multiple comparisons test. Data 785 

presented as median. 786 

 787 
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 803 

Extended Data Figure 5: Loss of NLRP3 inflammasome does not affect RNA-LPX-804 

induced cytokine release in C57BL/6 mice. a, b, Serum cytokine levels in wildtype and 805 

NLRP3-/- mice (n = 7) after IV injection of RNA-LPX. The data are representative of two 806 

independent experiments with biologically independent samples. Significance was 807 

determined by using one-way ANOVA and Dunnett’s multiple comparisons test. Data 808 

presented as median. 809 
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 824 
 825 

Extended Data Figure 6: Donor-to-donor variation in induction levels of IL-1β and 826 

IL-1ra following RNA-LPX treatment in vitro. RNA-LPX-induced levels of IL-1β and IL-827 

1ra in healthy donor PBMCs (n=21). The data are pooled from nine independent 828 

experiments with biologically independent samples.  829 
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 846 
Extended Data Figure 7: Non-human primate PBMCs express IL-1ra over IL-1β 847 

following RNA-LPX treatment in vitro. a, RNA-LPX-induced cytokine secretion assay 848 

using NHP PBMCs. b, Secretion of IL-1β and IL-1ra from NHP PBMCs following 849 

treatment with RNA-LPX. c, Frequency of CD14+ monocytes in representative samples 850 

of human, cynomolgus macaque and rhesus macaque PBMCs. The data are 851 

representative of two independent experiments with biologically independent 852 

samples.  Data presented as mean ± SEM. 853 
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 858 
Extended Data Figure 8: IL-1β levels correlate with induction of LIF and IL-6 in 859 

C57BL/6 mice. a, Correlation between levels of IL-1β, LIF and IL-6 in serum of wildtype 860 

and IL-1ra-/- mice (n = 10) after IV administration of RNA-LPX.  b, Pearson correlation 861 

matrix comparing levels of cytokine and chemokine production in response to RNA-LPX 862 

in wildtype and IL-1ra-/- mice (N=20 pooled). The data are pooled from two independent 863 

experiments with biologically independent samples.  Heatmap represents the correlation 864 

coefficient between two variables with the relative p value. Significance was determined 865 

using two-tailed Pearson correlation. *p ≤ 0.05, **p ≤ 0.01, ***p ≤ 0.001, ****p ≤ 0.0001, ns 866 

= non-significant. 867 
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 870 
Extended Data Figure 9: Baseline blood in wildtype and IL-1ra-/- mice. a, b, c, Blood 871 

cell composition (a, b), cell counts (c) and serum cytokines (d) in naïve wildtype and IL-872 

1ra-/- mice (n = 10-13). The data are pooled from two independent experiments with 873 

biologically independent samples. Significance was determined using one-way ANOVA 874 

and Sidak’s multiple comparisons test (c) or unpaired two-tailed Student’s t-test (d). Data 875 

presented as median. 876 

 877 



 42 

 878 
 879 

Extended Data Figure 10: modRNA-LNP induces IL-1β in human PBMCs in vitro. a, 880 

b, Secretion of IL-1β, IL-1α and IL-1ra from human PBMCs following treatment with N1-881 

methyl-pseudouridine (N1psU) modified RNA-LNP (modRNA-LNP, formulated with either 882 

MC3 or SM-102 lipids) in vitro. c, IL-1β release following treatment with either modRNA-883 

LNP or empty LNPs with or without R848. d, Schematic of the different lipid-formulated 884 

RNA vaccines. e, Cytokine release from huPBMCs treated with unmodified RNA-LPX, 885 

N1psU modified RNA-LPX (modRNA-LPX) or modRNA-LNP (formulated with SM-102 886 

lipids). The data are representative of two independent experiments with biologically 887 

independent samples.  Data presented as median.  888 
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 889 
 890 

Extended Data Figure 11: IL-1ra downregulates the response to different TLR 891 

stimuli in vivo. Core body temperature (a, c) and serum proteins (b, d) in wildtype and 892 

IL-1ra-/- mice (n = 5-7) after systemic administration of HKLM or ODN1826.  Significance 893 

was determined using two-way repeated measures ANOVA and Sidak’s multiple 894 

comparisons test (a, c) or one-way ANOVA and Dunnett’s multiple comparisons test (b, 895 

d). Data presented as median (b, d), otherwise mean ± SEM. 896 
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 914 

Extended Data Figure 12: Increased shedding of IL-1R1 is a compensatory 915 

inhibition mechanism to prevent excessive IL-1 signaling in IL-1ra-/- mice. a, 916 

b, Soluble type I (a) and type II (b) IL-1 receptors in the serum of wildtype and IL-1ra-/- 917 

mice (n = 5-10) after IV administration of RNA-LPX, LPS, ODN1826 or anti-CD3/anti-918 

LyPD1 TDB. c, Proposed mechanism-of-action for IL-1R1 shedding following excessive 919 

IL-1 signaling in IL-1ra-/- mice. Significance was determined using one-way ANOVA and 920 

Dunnett’s multiple comparisons test. Data presented as median. 921 
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 925 
Extended Data Figure 13: TDB administration induces IL-1β expression in splenic 926 

myeloid cells. a, b, Gating strategy (a) and expression of pro-IL-1β (b) in spleen cell 927 

subsets following vehicle or TDB administration in ID8/LyPD1 tumor-bearing mice (n = 8-928 

10). The data are pooled from two independent experiments with biologically independent 929 

samples. Significance was determined using unpaired two-tailed Student’s t-test. 930 

Horizontal bars indicate median. 931 
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 943 
Extended Data Figure 14: Human blood cells are more sensitive to innate immune 944 

stimulation in vitro compared to murine blood cells. a, b, Fold induction of RNA-LPX-945 

induced cytokines over baseline levels in red blood cell (RBC) depleted peripheral blood 946 

cells derived either from a healthy human donor or from naive mice. Data presented as 947 

mean ± SEM. 948 
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Figures

Figure 1

RNA-LPX induces in�ammasome activation and IL-1β release in human monocytes. a, b, RNA-LPX-
induced cytokine secretion in vitro. c, d, IL-1β release from puri�ed CD14+ monocytes (n=4 donors) in the
presence of RNA-LPX and MCC950 (c) or zVAD-FMK (d). e, IL-1β release following treatment with either
unmodi�ed and/or pseudoU5mC modi�ed RNA-LPX, and/or with R848. f, g, RNA-LPX-
induced mitochondrial ROS production (f) or IL-1β secretion following pre-treatment with DPI or BAPTA-
AM (g). h, Proposed mechanism-of-action for RNA-LPX-induced in�ammasome activation. i, Plasma IL-1β
levels before and after RNA-LPX in patients (n=9). The data are representative of at least three



independent experiments with biologically independent samples (b-h). Signi�cance was determined using
one-way ANOVA and Dunnett’s multiple comparisons test (c, g), two-way repeated measures ANOVA
and Dunnett’s multiple comparisons test (d) or one-way ANOVA and Sidak’s multiple comparisons test
(e). Data presented as mean ± SEM.

Figure 2



IL-1 mediates RNA-LPX-induced cytokine release. a, b, c, RNA-LPX induced cytokines in PBMCs treated
with either increasing doses of neutralizing anti-IL- 1β antibodies (b) or with a constant dose of anti-IL-1β
and increasing concentrations of RNA-LPX (c). d, e, Serum cytokine levels in wildtype and IL-1R1-/- mice
(n = 7) after IV injection of RNA-LPX. The data are representative of at least two independent experiments
with biologically independent samples (b-e). Signi�cance was determined using one-way ANOVA and
Sidak’s multiple comparisons test (c) or one-way ANOVA and Dunnett’s multiple comparisons test (e).
Data presented as median (e), otherwise mean ± SEM.

Figure 3

Robust upregulation of IL-1ra following RNA-LPX protects mice from IL-1 mediated adverse events in
vivo. a, b, c, Hierarchy of IL-1 family members following overnight treatment with RNA-LPX in human
PBMCs (a) or murine blood cells in vitro (b), and in C57BL/6 mice in vivo 6 hours after dosing (c, n=3-8).
d, Fold induction of systemic cytokines over pre-dose levels 4-6 hours after RNA-LPX administration in
patients (n=9) and in wildtype mice (n = 8). e, f, g, h, measurement time points (e), core body temperature



(f), body weight (g) and serum cytokines (h) in wildtype and IL-1ra-/-  mice (n = 5-10) after IV
administration of RNA-LPX. The data are representative of at least two independent experiments (a-c) or
pooled from two independent experiments (f-h) with biologically independent samples. Signi�cance was
determined using unpaired two-tailed Student’s t-test (c), two-way repeated measures ANOVA and Sidak’s
multiple comparisons test (f, g) or one-way ANOVA and Dunnett’s multiple comparisons test (h). Data
presented as median (c, h), otherwise mean ± SEM.

Figure 4

IL-1ra regulates the response to and degree of sensitivity to innate and adaptive immune stimuli. a, b,
Secretion of IL-1α, IL-1β and IL-1ra from murine bone marrow derived DC/macrophage cultures following
treatment with different PRR ligands in vitro. Core body temperature (c, e) and serum proteins (d, f) in
wildtype and IL-1ra-/-  mice (n = 5-8) after systemic administration of LPS or DMXAA. Measurement time
points (g), changes in core body temperature (h) and serum cytokines (i) in ID8/LyPD1 tumor bearing
mice (n = 4-10) after IV administration of anti-CD3/anti-LyPD1 TDB. The data are pooled from two
independent experiments with biologically independent samples. Signi�cance was determined using two-
way repeated measures ANOVA and Sidak’s multiple comparisons test (c, e, h) or one-way ANOVA and
Dunnett’s multiple comparisons test (d, f, i). Data presented as median (d, f, i), otherwise mean ± SEM.


