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For adjuvanted vaccines, induction of an innate immune 
response is essential to generate a protective, long-lasting 
adaptive immune response. Capable of eliciting exceptionally 

strong T cell responses1–3, RNA has emerged as an attractive vac-
cine platform not only for cancer therapy, but also for prophylaxis 
against infectious diseases such as COVID-19 (refs. 2–6). RNA-based 
vaccines activate a range of pattern recognition receptors (PRRs) 
due to their resemblance to infectious pathogens, thus mobilizing 
both adaptive and innate anti-viral mechanisms7. As a result, RNA 
vaccines induce systemic elevation of pro-inflammatory cytokines 
and dose-dependent, transient systemic reactions such as fever and 
chills1–6,8,9. These adverse events have been observed irrespective 
of administration route (intravenous (i.v.) or intramuscular deliv-
ery), formulation (liposomes or lipid nanoparticles (LNPs)) or RNA 
modifications (unmodified uridine or N1-methyl-pseudouridine, 
which reduces activation of Toll-like receptors 7 and 8 (refs. 10,11)).

In contrast to humans, C57BL/6 and Balb/c mice are remark-
ably tolerant to RNA vaccines and only display limited systemic 
cytokine release following i.v. administration of a liposomal vaccine 
containing unmodified RNA (RNA-LPX)1,12. Even at doses of RNA 
(50 µg) that are well tolerated in mice, patients exhibit transient 
mild-to-moderate flu-like symptoms that constrain dose explora-
tion to a narrow range and possibly limit optimal T cell responses2,4,5. 
Given the obvious size differences, this means that RNA-LPX doses 
that trigger potent systemic inflammatory responses in humans are 
more than 1,000-fold lower than in inbred laboratory mice2. Similar 
observations have been made with other pro-inflammatory stimuli, 
creating a notable discrepancy in the dose needed to induce bio-
logical and toxicological responses in different species1,13,14. The 
mechanisms underlying these dramatic differences have remained  
largely unknown.

We investigated the ability of lipid-formulated RNA vaccines 
to trigger innate immunity. We uncovered the key role of IL-1 in  

triggering the release of other pro-inflammatory cytokines associ-
ated with cytokine release syndrome (CRS), with humans being 
markedly more sensitive than mice. Unlike humans, mice preferen-
tially upregulated anti-inflammatory IL-1ra relative to IL-1, protect-
ing them from uncontrolled systemic inflammation. Surprisingly, 
the reactogenicity of RNA vaccines was not necessarily due to the 
TLR7/8 agonism, as IL-1 release was observed using vaccines con-
taining N1-methyl-pseudouridine-modified RNA (modRNA). 
Instead, the lipid components used to formulate these vaccines sub-
stituted for unmodified RNA in eliciting the IL-1 response.

RNA-LPX activates NLRP3 in monocytes. To identify the factors 
that contribute to sensitivity to innate immune stimuli, we first 
studied the unmodified RNA-LPX cancer vaccine, which encodes 
inherent TLR7/8 agonist activity1,12. Following RNA-LPX challenge 
on human peripheral blood mononuclear cells (PBMCs), a broad 
range of cytokines was detected in both total PBMCs and CD14+ 
monocytes; a notable reduction in cytokine secretion was seen in 
CD14-depleted PBMCs, indicating that the RNA-LPX-induced 
cytokine response was dependent on monocytes (Fig. 1a,b and 
Extended Data Fig. 1a,b). The production of IL-1β prompted us to ask 
if RNA-LPX activated the inflammasome pathway. Cotreatment of 
primary human monocytes with the NLRP3 inhibitor MCC950, the 
gasdermin D inhibitor necrosulfonamide or the pan-caspase inhibi-
tor zVAD-FMK abolished the release of RNA-LPX-induced IL-1β 
(Fig. 1c,d,e), indicating that RNA-LPX-induced, monocyte-derived 
IL-1β release was dependent, as expected, on inflammasome and 
caspase activity.

Optimal activation of the canonical NLRP3 inflammasome 
requires two signals15,16. We reasoned that synthesis of pro-IL-1β (sig-
nal 1) was primed by TLR7/8 recognition of unmodified RNA, while 
NLRP3 inflammasome activation (signal 2) was triggered by the 
liposomes themselves. Indeed, modifying the RNA by substituting  

IL-1 and IL-1ra are key regulators of the 
inflammatory response to RNA vaccines
Siri Tahtinen1, Ann-Jay Tong1, Patricia Himmels1, Jaehak Oh   1, Andres Paler-Martinez1, 
Leesun Kim1, Sara Wichner1, Yoko Oei1, Mark J. McCarron1, Emily C. Freund1, Zhainib Adel Amir1, 
Cecile C. de la Cruz1, Benjamin Haley1, Craig Blanchette1, Jill M. Schartner1, Weilan Ye   1, 
Mahesh Yadav1, Ugur Sahin   2, Lélia Delamarre1 and Ira Mellman   1 ✉

The use of lipid-formulated RNA vaccines for cancer or COVID-19 is associated with dose-limiting systemic inflammatory 
responses in humans that were not predicted from preclinical studies. Here, we show that the ‘interleukin 1 (IL-1)–interleu-
kin 1 receptor antagonist (IL-1ra)’ axis regulates vaccine-mediated systemic inflammation in a host-specific manner. In human 
immune cells, RNA vaccines induce production of IL-1 cytokines, predominantly IL-1β, which is dependent on both the RNA 
and lipid formulation. IL-1 in turn triggers the induction of the broad spectrum of pro-inflammatory cytokines (including IL-6). 
Unlike humans, murine leukocytes respond to RNA vaccines by upregulating anti-inflammatory IL-1ra relative to IL-1 (predomi-
nantly IL-1α), protecting mice from cytokine-mediated toxicities at >1,000-fold higher vaccine doses. Thus, the IL-1 pathway 
plays a key role in triggering RNA vaccine-associated innate signaling, an effect that was unexpectedly amplified by certain 
lipids used in vaccine formulations incorporating N1-methyl-pseudouridine-modified RNA to reduce activation of Toll-like  
receptor signaling.

NATURE IMMUNOLOgY | VOL 23 | AprIL 2022 | 532–542 | www.nature.com/natureimmunology532

mailto:mellman.ira@gene.com
http://orcid.org/0000-0003-3079-5927
http://orcid.org/0000-0002-6219-3982
http://orcid.org/0000-0003-0363-1564
http://orcid.org/0000-0002-6132-7299
http://crossmark.crossref.org/dialog/?doi=10.1038/s41590-022-01160-y&domain=pdf
http://www.nature.com/natureimmunology


ArticlesNATURE ImmUNOLOgy

uridine with pseudouridine and cytosine with 5-methyl-cytosine 
(pseudoU5mC) which renders the RNA poorly recognizable by 
TLR7/8 (ref. 10) or administration of RNA-free liposomes (loss of 
signal 1) diminished the release of IL-1β (Fig. 1f). Similarly, the 
TLR7/8 agonist R848 alone failed to elicit IL-1β, while adding 
R848 with empty liposomes or pseudoU5mC-modified RNA-LPX 

resulted in readily detectable but lower IL-1β release compared with 
unmodified RNA-LPX (Fig. 1f).

Both unmodified and modified RNA-LPX also induced a robust 
generation of mitochondrial reactive oxygen species (ROS) in 
human monocytes (Fig. 1g). Notably, inhibition of mitochondrial 
ROS production using diphenyleneiodonium (DPI) or blockade of 
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Fig. 1 | RNA-LPX induces inflammasome activation and IL-1β release in human monocytes. a,b, Schematic of the assay (a) and heatmap of 
rNA-LpX-induced cytokine secretion in vitro (b). c,d,e, IL-1β release from purified CD14+ monocytes in the presence of rNA-LpX and MCC950 (c), 
necrosulfonamide (NSA) (d) or zVAD-FMK (e). f, IL-1β release following treatment with unmodified and/or pseudoU5mC-modified rNA-LpX, and/or 
with r848. g,h, rNA-LpX-induced mitochondrial rOS production (g) or IL-1β secretion following pretreatment with DpI or BApTA-AM (h). i, proposed 
mechanism-of-action for rNA-LpX-induced inflammasome activation. j, 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). Data are presented as mean ± s.e.m.; n = 4 (c and 
e), n = 3 (b,g and h) or n = 2 (d and f). Cytokines were measured with Luminex (b–h) or with Simoa assay (j). Significance was determined using one-way 
ANOVA and Dunnett’s multiple comparisons test (c,d and h), two-way repeated measures ANOVA and Dunnett’s multiple comparisons test (e) or 
one-way ANOVA and Sidak’s multiple comparisons test (f). gMFI, geometric mean fluorescence intensity; pB, peripheral blood.
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intracellular Ca2+ elevation using cell-permeable calcium chelator 
BAPTA-AM drastically reduced RNA-LPX-induced IL-1β release 
(Fig. 1h). This suggests that cationic liposomes (composed of the 
broadly used lipids DOTMA and DOPE) provide signal 2 by induc-
ing mitochondrial ROS-mediated calcium influx17, possibly second-
ary to transient disruption of endosomal or plasma membranes18. 
The RNA-LPX complex can thus provide both signals 1 and 2  
(Fig. 1i) which are required for efficient NLRP3 activation and 
IL-1β release from human monocytes in culture.

RNA-LPX induces IL-1 release in vivo. To determine if the 
in vitro findings were relevant to in vivo observations, we analyzed 
pre- and post-treatment plasma levels of IL-1β in a cohort of nine 
patients with cancer receiving RNA-LPX (autogene cevumeran) in 
a phase 1b study (NCT03289962). Following i.v. bolus injection of 
25 µg of RNA-LPX, increase in circulating IL-1β was detected in 9 
out of 9 patients to varying degrees, peaking at 4–6 h (Fig. 1j). In 
C57BL/6 mice, i.v. injection of RNA-LPX was also found to induce 
an elevation in the circulation of both IL-1β and IL-1α (Extended 
Data Fig. 2a,b). Although IL-1β expression was mainly observed 
in splenic Ly6Clo monocytes and neutrophils in the injected mice 
(Extended Data Fig. 2c,d,g), IL-1α was produced by Ly6Chi mono-
cytes and red pulp macrophages (Extended Data Fig. 2e,f,g). Thus, 
both humans and mice upregulate IL-1 expression in monocyte/
macrophage-lineage cells following RNA-LPX challenge.

IL-1α and IL-1β are important mediators of inflammatory 
responses well known to induce a MyD88-dependent signaling 
cascade upon binding to IL-1 receptor type 1 (IL-1R1)19,20. We next 
investigated the functional hierarchy of IL-1 cytokines in the con-
text of innate immune stimulation (Fig. 2a). In the presence of IL-1β 
neutralizing antibodies, the RNA-LPX-induced cytokine secretion 
by human PBMCs was completely or almost completely blocked 
(Fig. 2b,c). Thus, the expression and release of IL-1β appeared to 
control the induction of most pro-inflammatory cytokines, includ-
ing TNF and IL-6 (Fig. 2c). TNF blockade did not significantly 
reduce IL-6 release, nor did an anti-IL-6 antibody reduce TNF 
release (Extended Data Fig. 3a), indicating that cytokine release 
secondary to innate stimulation by RNA-LPX was mechanistically 
distinct from the CRS cascade initiated by T cell-activating thera-
pies, where anti-TNF and anti-IL-6 are both effective inhibitors of 
the cytokine response21–23. Of note, out of all of the cytokines and 
chemokines screened, only CCL5 (also known as RANTES) was 
upregulated following IL-1β blockade, suggesting that IL-1 signal-
ing negatively regulates the induction of CCL5 (Fig. 2b,c).

Systemic cytokine levels following RNA-LPX treatment were 
also significantly attenuated in IL-1R1-deficient (Il1r1−/−) mice 
as compared with wildtype mice both in vitro (Extended Data  
Fig. 3b,c) and in vivo (Fig. 2d,e). Consistent with our human data, 
in mice RNA-LPX-induced IL-1R1 signaling occurred upstream 
of IL-6 and TNF release, although the effect on TNF was less pro-
nounced in the knockouts (Fig. 2e and Extended Data Fig. 3c). In 
contrast to Il1r1−/− mice, RNA-LPX administration did not result in 
a decreased serum cytokine response in NLRP3-deficient (Nlrp3−/−) 
mice (Extended Data Fig. 4a,b) or in gasdermin D-deficient 
(Gsdmd−/−) mice (Extended Data Fig. 4c,d). This finding can be 
understood from the fact that in mice, RNA-LPX also elicited the 
release of ~40-fold more IL-1α as compared with IL-1β (Extended 
Data Fig. 2b). IL-1α can activate IL-1R1 signaling independently of 
inflammasomes20, but nevertheless still controls the systemic cyto-
kine response in mice (as opposed to IL-1β in human cells). Taken 
together, IL-1 appears to have a critical determinative role in ampli-
fying cytokine responses initiated by innate immune stimuli both in 
humans and in mice.

IL-1 induction hierarchy varies between species. Due to its highly 
pro-inflammatory potential, the IL-1 signaling pathway is tightly 

regulated by soluble IL-1R1 as well as soluble and membrane 
forms of IL-1 receptor 2 (IL-1R2), each of which act as ligand traps 
or ‘decoys’20. Additionally, IL-1ra, a secreted anti-inflammatory 
cytokine, competes with active IL-1 and blocks binding to their 
common activating receptor, IL-1R1 (refs. 24–26). We first asked if 
IL-1ra production might play a role in modulating the activity of 
IL-1 induced by RNA-LPX by determining the amounts of IL-1α, 
IL-1β and IL-1ra released from human PBMCs. At lower dose lev-
els of RNA-LPX (<2 µg ml−1), IL-1β and IL-1ra were released in 
nearly equivalent amounts (Fig. 3a). However, at higher RNA-LPX 
doses, the release of IL-1β markedly increased (~10-fold), greatly 
exceeding the release of IL-1ra, which remained constant (Fig. 3a). 
Thus, the ‘buffering capacity’ of IL-1ra is likely to be overcome as 
the degree of innate stimulation is increased. Of note, IL-1α levels 
remained low at all RNA-LPX dose levels in human cells (Fig. 3a).

Since mice are much less sensitive to RNA-LPX than humans 
(Extended Data Fig. 5a,b), we next asked if a similar IL-1 induc-
tion hierarchy occurred in mice. In stark contrast to human cells, 
IL-1ra was already highly released by murine leukocytes at base-
line and further increased upon RNA-LPX; induction of IL-1α 
and IL-1β was only observed at high dose levels (Fig. 3b). We then 
treated C57BL/6J mice with RNA-LPX in vivo (Fig. 3c). While treat-
ment with RNA-LPX induced a >10-fold upregulation of IL-1β and 
IL-1α, serum levels of IL-1ra were similarly induced and remained 
in ~100-fold molar excess over IL-1β and 10-fold excess over IL-1α 
(Fig. 3c, left panel). Qualitatively similar results were obtained from 
C57BL/6J mouse spleen (Fig. 3c, right panel) and from the serum of 
other sub-strains of C57BL/6 and Balb/c wildtype mice regardless of 
vendor origin or strain (Extended Data Fig. 5c).

To compare IL-1β versus IL-1ra release in vivo, we calculated 
the fold induction of systemic cytokine levels in C57BL/6 mice 
and in the nine patients with cancer from the phase 1b study, both 
groups having been treated with comparable absolute amounts of 
RNA-LPX. As expected based on the in vitro data, human patients 
treated with a tolerated dose of 25 μg showed a slight increase in 
induction of IL-1β over IL-1ra, whereas in mice, IL-1ra was dra-
matically induced relative to IL-1β (Fig. 3d). Of note, rather than 
normalizing RNA-LPX doses per animal weight, mice were admin-
istered identical absolute amounts of RNA-LPX as human patients 
(25 μg per injection). These findings suggest that IL-1ra can attenu-
ate the effect of IL-1β in humans but only at low-to-moderate doses 
of RNA-LPX, while the substantial induction of IL-1ra would 
be expected to provide a far higher degree of attenuation against 
increases in IL-1α/β release in mice.

We also measured the respective cytokine levels in nonhuman 
primate (NHP) cells, as cynomolgus macaques and rhesus macaques 
are often used to assess safety and immunogenicity of RNA vac-
cines27. Interestingly, robust upregulation of IL-1ra was detected at 
all RNA-LPX dose levels, while IL-1β concentration and monocyte 
frequency were found to be lower in both cynomolgus macaque and 
rhesus macaque PBMCs compared with human PBMCs (Extended 
Data Fig. 5d–f). These results suggest that similar to mice, preclini-
cal studies in NHPs might not fully capture the inflammatory tox-
icities related to RNA vaccines.

IL-1ra is the primary regulator of responses to RNA-LPX. To 
test directly whether the high systemic levels of IL-1ra explained 
the marked difference in tolerability between humans and mice, 
we administered RNA-LPX to IL-1ra-deficient (Il1rn−/−) mice and 
wildtype littermates. As observed previously, high-dose RNA-LPX 
(100 μg) was well tolerated in wildtype mice without any detectable 
adverse events. In contrast, RNA-LPX-treated Il1rn−/− mice rap-
idly developed a CRS-like phenotype characterized by pronounced 
hypothermia (Fig. 3e), body weight loss (Fig. 3f) and excessive 
systemic cytokine release (Fig. 3g). Notably, these adverse events 
were transient and resolved within days, similar to observations 
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in human patients2,4,5. In the absence of IL-1ra, a marked increase 
in a wide range of pro-inflammatory cytokines was observed in 
systemic circulation (Fig. 3g). In addition, Il1rn−/− mice upregu-
lated acute phase proteins such as serum amyloid A3 (SAA3), the 
murine equivalent to the human C-reactive protein (Fig. 3g). These  

differences could only be detected following RNA-LPX administra-
tion, as no differences in systemic cytokines were observed at base-
line (Extended Data Fig. 6).

As neutrophilia was detected in untreated Il1rn−/− animals 
(Extended Data Fig. 6a–c), we decided to test whether the increased 
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Significance 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 are presented as median (e), or otherwise mean ± s.e.m. WT, wildtype.
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neutrophil count could be driving the exacerbated systemic cyto-
kine responses. To this end, mice were pretreated with two doses 
of depleting anti-Ly6G antibodies before RNA-LPX administration 
(Extended Data Fig. 7a). Surprisingly, the depletion of Ly6G+ cells 
led to a moderate increase in RNA-LPX-induced IL-6 in Il1rn−/− 

mice but not in wildtype littermates (Extended Data Fig. 7b). This 
may be explained by an induction of cell-surface IL-1R2 on neutro-
phils in Il1rn−/− mice following RNA-LPX exposure (Extended Data 
Fig. 7c), suggesting a similar IL-1 inhibition mechanism as seen pre-
viously in humans28.
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To fully assess the importance of the myeloid compartment on 
the magnitude of systemic inflammatory response, we also pre-
treated wildtype and Il1rn−/− mice with nine daily doses of murine 
FMS-like tyrosine kinase 3 ligand (Flt3L) (Extended Data Fig. 7d), 
which induces expansion of splenic macrophages, monocytes, den-
dritic cells and neutrophils29. Following i.v. administration of 50 μg 
of RNA-LPX, a markedly enhanced systemic cytokine response 
was observed in Flt3L-pretreated Il1rn−/− mice (Extended Data  
Fig. 7e), leading to lethal inflammation in 66% of these ani-
mals by 24 h post-vaccination. Interestingly, similar toxicities 
were not observed in Flt3L-pretreated wildtype animals, likely 
due to augmented induction of IL-1ra (Extended Data Fig. 7e). 
Altogether, these results show that endogenous IL-1ra can suppress 
IL-1-induced adverse events in mice and explain their tolerability to 
high doses of RNA-LPX.

In addition to contributing to the reactogenicity of the vac-
cine, IL-1 has been reported to serve as an innate instructor of 
adaptive immunity30. To study the role of IL-1 in vaccine-induced 
T cell responses, we injected Il1rn−/− and wildtype littermate mice 
with weekly doses of 2 μg, 10 μg or 50 μg of RNA-LPX vaccines 
encoding for seven previously characterized MC38 tumor neoan-
tigens31 (Fig. 4a). While a dose-dependent expansion in total and 
neoantigen-specific T cells in blood was observed in both genotypes 
over time, markedly higher T cell counts were recorded in vaccinated 
IL-1ra-deficient mice compared with wildtype mice (Fig. 4b,c). 
Alternatively, lower doses or fewer vaccinations of RNA-LPX were 
required to induce comparable T cell responses in the absence of 

IL-1ra (Fig. 4c). To further assess the quality of the vaccine-induced 
T cells, we collected spleens 7 d after the final immunization for flow 
cytometric characterization. Analysis of T cell differentiation mark-
ers suggested that neoantigen-specific T cells exhibited a memory 
precursor effector cell (that is, CD127+ KLRG1−) phenotype in the 
absence of IL-1ra, while a higher proportion of vaccine-induced 
T cells in wildtype mice were short-lived effector cells (that is 
CD127− KLRG1+) following three vaccinations with 10 μg or 50 μg 
of RNA-LPX (Fig. 4d,e). We also observed a significant down regu-
lation of TCF1 in splenic tetramer+ memory precursor effector 
cells in Il1rn−/− mice on day 19 (Fig. 4e), consistent with the robust 
T cell expansion in blood on day 18 (Fig. 4b,c) and enhanced poly-
functionality in spleen following peptide re-stimulation on day 19  
(Fig. 4f). Thus, our findings indicate that even if limited by the anti-
gen dose, unmodified RNA vaccines represent an effective approach 
to induce antigen-specific T cell responses when sufficient innate 
stimulus is provided, as suggested by clinical data1,2,4,5.

IL-1ra controls systemic responses to inflammatory stimuli. 
Given that excessive systemic inflammatory responses are com-
monly observed in human pathologies ranging from sepsis to viral 
infections, we asked if the regulatory role of IL-1ra could be general-
ized to other types of innate immune stimulation. TLR and STING 
agonists induced bone-marrow-derived myeloid cell cultures to 
secrete variable but notable levels of IL-1ra (Fig. 5a,b). In each case, 
IL-1ra induction was far greater than that seen for either IL-1α or 
IL-1β. Next, we injected a single systemic dose of lipopolysaccharide 
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(LPS,TLR4 agonist), ODN1826 (TLR9 agonist), heat-killed Listeria 
monocytogenes (HKLM, a TLR2 agonist) or DMXAA (STING ago-
nist) into wildtype or Il1rn−/− mice (Fig. 5c–f and Extended Data 
Fig. 8). As observed with RNA-LPX, increased sensitivity and 
self-limited hypothermia were observed in IL-1ra-deficient mice 
treated with these innate pro-inflammatory ligands (Fig. 5c,e and 
Extended Data Fig. 8a,c). Moreover, significant elevations in a range 
of serum cytokines were observed in Il1rn−/− mice (Fig. 5d,f and 
Extended Data Fig. 8b,d). These results indicate that high endog-
enous levels of IL-1ra can protect wildtype mice from immune dys-
regulation and uncontrolled systemic inflammation triggered by 
IL-1 for a range of innate stimulatory agents.

Lastly, T cell-based immunotherapies such as chimeric antigen 
receptor (CAR)T cells and tumor-directed/CD3-bispecific anti-
bodies (TDBs) can also cause clinical CRS in human patients21–23,32. 

Instead of inducing a direct, primary release of IL-1β by innate stim-
uli (such as RNA-LPX), these immunotherapies have been shown 
to trigger a secondary induction of IL-1β, driven by activation of 
T cells21–23. We asked if IL-1β released secondary to initial stimuli 
would contribute to the development of CRS in Il1rn−/− mice bear-
ing ID8 tumors expressing the surface antigen LyPD1. Following 
administration of an anti-LyPD1/CD3 TDB, upregulation of IL-1β 
expression in monocytes and macrophages was observed in vivo 
(Extended Data Fig. 9). The systemic release of IL-1β instigated a 
rapid decrease in core body temperature in TDB-treated Il1rn−/− 
mice (Fig. 5g), accompanied by elevated serum concentrations of 
IL-6 and IL-17A (Fig. 5h). Of note, the serum concentrations of TNF 
were comparable between genotypes (Fig. 5h). This further suggests 
that while T cells provide the initial trigger for CRS, T cell-derived 
TNF probably serves to activate monocytes and macrophages to 

a b

c d

e

0
1.

5 3 5 24 48 72 96 12
0

14
4

34.0

34.5

35.0

35.5

36.0

36.5

37.0

37.5

38.0

Hours post LPS (1 µg) 

Hours post DMXAA (300 µg) 

R
ec

ta
l b

od
y 

te
m

pe
ra

tu
re

 (
°C

) 
R

ec
ta

l b
od

y 
te

m
pe

ra
tu

re
 (

°C
) 

WT
Il1rn –/–

P 
< 

0.
00

01

P 
< 

0.
00

01

P 
< 

0.
00

01

P 
= 

0.
95

53

P 
> 

0.
99

9

P 
= 

0.
99

96

P 
< 

0.
00

01

P 
> 

0.
99

9

0 1.5 3 5 24 48 72
35.0

35.5

36.0

36.5

37.0

37.5

38.0

Naive

WT

Il1rn–/–
+ DMXAA
 (300 µg) 

Naive

WT

Il1rn–/–
+ LPS
 (1 µg) 

0
100
200
300
400
500

1,000
5,000

P = 0.0092

0

20

40

60

80

100
P = 0.0010

0

20

40

60

80

100
P = 0.0060

0
2
4
6
8

10
12

P = 0.0335

0

5

10

15

IL
-1

β 
(p

g 
m

l–1
)

IL
-6

 (
pg

 m
l–1

)

T
N

F
 (

pg
 m

l–1
)

IL
-2

2 
(p

g 
m

l–1
)

IL
-2

7 
(p

g 
m

l–1
)

IL
-1

7A
 (

pg
 m

l–1
)

IL
-1

2p
70

 (
pg

 m
l–1

)

C
C

L4
 (

pg
 m

l–1
)

IL
-1

8 
(p

g 
m

l–1
)

P = 0.0022

0

100

200

300

400
P = 0.0434

0

2,000

4,000

6,000

8,000

10,000
P = 0.0008

0

5

10

15

20
P = 0.0470

0

1,000

2,000

3,000

4,000
P = 0.0192

f

0

20,000

40,000

60,000

80,000

IL
-6

 (
pg

 m
l–1

)

P = 0.0017

0

200

400

600
P = 0.0063

0

5

10

15

20

25

G
M

-C
S

F
 (

pg
 m

l–1
)

P = 0.0030

0
20
40
60
80

100
120

P = 0.0231

0
1
2
3
4
5
6

IL
-2

 (
pg

 m
l–1

)

P = 0.0115

0
5

10
15
20
25
30

P < 0.0001

0

200

400

600
P = 0.0224

0

100

200

300

400

IL
-1

7A
 (

pg
 m

l–1
)

LI
F

 (
pg

 m
l–1

)

IL
-1

2p
70

 (
pg

 m
l–1

)

IL
-1

0 
(p

g 
m

l–1
)

T
N

F
 (

pg
 m

l–1
)

P = 0.0153

IL-1β
IL-1α
IL-1ra

TLR1/2

TLR2
TLR3
TLR4
TLR5

TLR6/2

TLR7
TLR9
STING

Unt
re

at
ed

Pam
3C

SK4
FSL1

HKLM

Poly
 I:

C H
M

W

Poly
 I:

C L
M

W

LP
S-E

K

FLA
-S

T

ss
RNA40

/L
yo

Vec

CL0
97

R84
8

R83
7 

ODN15
85

ODN18
26

ODN 2
39

5

c-
di-

AM
P

DM
XAA

2’3
’-c

-d
i-A

M

(P
S)2

 (R
p,

Rp)

0
200
400
600

Immature
DC and MØ

14 d at
+37 °C

17 h at
+37 °C

ELISA assay

Flt3L +
GMCSF

wt/wt

PRR ligands

Myeloid
progenitor cells

800
1,000
1,200
1,400

pg
 m

l–1

WT
+ TDB (10 mg kg

–1
)+ vehicle

∆
(°

C
)

Hours post LyPD1-TDB

Il1rn–/–

WT

Il1rn–/–

g

0

20

40

60

IL
-1

7A
 (

pg
 m

l–1
)

P < 0.0001

h

0

100

200

300

400

T
N

F
 (

pg
 m

l–1
)

IL
-6

 (
pg

 m
l–1

)

IL
-1

β 
(p

g 
m

l–1
)

P = 0.9901

0

10

20

30

40

50

P = 0.0047

0

100

200

300

400

500

0

100

200

300

H
ap

to
gl

ob
in

 (
µg

 m
l–1

)

–2.0

–1.5

–1.0

–0.5

0

0.5

1.0

1 3 5 24 1 3 5 241 3 5 24 1 3 5 24

P < 0.0001 P < 0.0001P = 0.1705
P < 0.0001
P = 0.0073

P > 0.9999

P 
< 

0.
00

01

P 
< 

0.
00

01

P 
< 

0.
00

01

P 
= 

0.
07

38

P 
= 

0.
09

97

P 
> 

0.
99

9

WT
Il1rn–/–

Fig. 5 | IL-1ra regulates the response to and degree of sensitivity to innate and adaptive immune stimuli. a,b, Schematic of the assay (a) and secretion 
of IL-1α, IL-1β and IL-1ra from murine bone-marrow-derived DC/Mϕ cultures following treatment with different prr ligands in vitro (b). c,d, Core body 
temperature (c) and serum proteins (d) in wildtype and Il1rn−/− mice after systemic administration of LpS (n = 8). e, f, Core body temperature (e) and 
serum proteins (f) in wildtype and Il1rn−/− mice after systemic administration of DMXAA (n = 10). g,h, Changes in core body temperature (g) and 
serum cytokines (h) in ID8/LypD1 tumor-bearing mice (n = 10) after i.v. administration of anti-CD3/anti-LypD1 TDB. The data are representative of three 
independent experiments with biologically independent samples (b) or pooled from two independent experiments with biologically independent samples 
(c–h). Cytokines were measured with Luminex (b–h). Significance was determined using two-way repeated measures ANOVA and Sidak’s multiple 
comparisons test (c,e and g) or one-way ANOVA and Dunnett’s multiple comparisons test (d,f and h). Data are presented as median (d,f and h), or 
otherwise mean ± s.e.m. DC, dendritic cell ; Mϕ, macrophage.

NATURE IMMUNOLOgY | VOL 23 | AprIL 2022 | 532–542 | www.nature.com/natureimmunology538

http://www.nature.com/natureimmunology


ArticlesNATURE ImmUNOLOgy

release IL-1β, which was then directly responsible for the transient 
systemic response to TDBs in vivo. Importantly, these data suggest 
that induction of IL-6, which has been shown to be an important 
mediator of CRS toxicities related to T cell-targeting therapies21–23, 
can occur downstream of IL-1β.

Il1rn−/− mice adapt to excessive IL-1 via shedding of IL-1R1. 
Despite lacking the master negative regulator of IL-1, IL-1ra deficient 
mice should still possess the other presumed negative regulators of 
IL-1 activity. Indeed, increase in soluble IL-1R1 was observed in the 
serum of Il1rn−/− mice following stimulation with innate ligands 
(Fig. 6a), concomitant with reduction in cell-surface expression of 
IL-1R1 in vivo (Fig. 6b). This loss of membrane-bound IL-1R1 can 
decrease signaling and provide a soluble systemic IL-1α/β sink in 
the absence of IL-1ra. Interestingly, blockade of IL-1 signaling with 
a recombinant IL-1R1-Fc prevented the loss of cell-surface IL-1R1 
in Il1rn−/− blood cells ex vivo (Fig. 6c), suggesting that the shed-
ding of IL-1R1 only occurs following excessive IL-1 signaling (that 
is, in the absence of IL-1ra). In contrast to IL-1R1, the serum con-
centrations of decoy receptor IL-1R2 were only modestly increased 
over high baseline levels following stimulation (Fig. 6d), suggest-
ing that shedding of IL-1R1 was the primary resistance mechanism 
by which Il1rn−/− mice adapt to excessive IL-1 signaling (Fig. 6e). 
However, these changes were secondary and only upregulated in the 
absence of IL-1ra, confirming that IL-1ra is the key suppressor of 
PRR-induced reactogenicity in wildtype mice.

Ionizable lipids in modRNA-LNP induce the release of IL-1. Our 
data with RNA-LPX indicated that both TLR7/8 agonistic function 
of the RNA and liposomes were required for production of IL-1, 
which mediated reactogenicity and immunogenicity of the vac-
cine. However, RNA vaccines against COVID-19 (mRNA-1273 
by Moderna and BNT162b2 by BioNTech/Pfizer)—which use 
modRNA with a greatly reduced innate immunostimulatory activ-
ity—still elicit systemic adverse events in patients following initial 
intramuscular administration3,6,8,9. Instead of cationic liposomes, 
these vaccines are formulated in LNPs which contain ionizable lip-
ids to provide structural stability and presumably enable endosomal 
escape7,33. While LNPs have been observed to have intrinsic adju-
vant activity, demonstrated by the impressive antibody and T cell 
responses following vaccination3,6,8,9, the exact mechanism of by 
which such vaccines elicit innate immunity has not been previously 
characterized.

To test whether these particles could induce release of different 
IL-1 family members, we generated modRNA-LNPs formulated 
with two different ionizable lipids: MC3 (commonly used for short 
interfering RNA (siRNA)-LNP delivery33) or SM-102 (used in the 
Moderna COVID-19 vaccine8,33) (Fig. 7a). Consistent with our find-
ings with RNA-LPX, we observed a marked increase in IL-1β from 
human PBMCs with either modRNA-LNP formulation, while the 
levels of IL-1α and IL-1ra remained low (Fig. 7b). LNPs formulated 
with SM-102 lipids were potent activators of the inflammasome path-
way, indicated by the fact that robust IL-1β release was detected with 
either modRNA-LNP(SM-102) or empty LNP(SM-102) (Fig. 7c). 
Cotreatment with R848 and empty LNP(SM-102) further increased 
the IL-1β levels (Fig. 7c). In contrast, modRNA-LNP(MC3) was 
far less potent at stimulating IL-1β release, and even addition of a 
strong TLR7/8 agonist, R848, to LNP(MC3) could not fully rescue 
IL-1β release (Fig. 7c). These results suggest that ionizable lipids in 
different LNP formulations can play different, yet important, roles 
in inflammasome activation by providing either signal 2 (MC3) or 
signals 1 and 2 (SM-102).

To further study the relative contributions of RNA and lipids, 
we used modRNA to make RNA-LPX particles (modRNA-LPX) 
and compared their cytokine induction profile with RNA-LPX and 
modRNA-LNP(SM-102) (Fig. 7d). As shown previously (Fig. 1), 

unmodified RNA-LPX induced a robust cytokine release, whereas 
modRNA-LPX failed to induce IL-1β or any of its downstream 
cytokines (Fig. 7e). In contrast, potent cytokine release was detected 
with modRNA-LNP(SM-102), resulting in a similar cytokine 
induction profile as with RNA-LPX (Fig. 7e). These findings sug-
gest that the reactogenicity of modified RNA is context-dependent: 
modRNA can be nonimmunostimulatory when formulated in lipo-
somes (LPX), induce weak immunostimulation when formulated in 
LNP(MC3) or initiate a potent innate response when formulated in 
LNP(SM-102).

Discussion
The evolution of the innate immune system for any species has in 
large part been shaped by microbe-exerted selection pressure for 
that species. While this has led to differences in distribution, sensi-
tivity and ligand specificity of PRRs, it has also resulted in diverging 
evolutionary strategies for resistance and tolerance between humans 
and mice34. Relative to human immune responses, mice have been 
found to be extremely tolerant to different inflammatory stim-
uli13,14,34, such as bacterial lipopolysaccharides, but also RNA-LPX 
vaccines1,12. In this study, we demonstrated that vaccine-induced 
systemic inflammatory responses are driven by IL-1 and antago-
nized by endogenous IL-1ra, and that these findings can be gener-
alized to other forms of innate immune stimulation. Interestingly, 
clinical use of recombinant IL-1ra (anakinra) may be effective for 
the treatment of auto-immune-related macrophage activation syn-
drome and severe forms of COVID-19, suggesting that IL-1R1 
signaling can contribute to the early cytokine amplification fol-
lowing infection35–37. In line with these reports, we observed that 
administration of a virus-like nanoparticulate vaccine, RNA-LPX, 
leads to a robust upregulation of IL-1ra in wildtype B6 mice and 
confers resistance to adverse events, while Il1rn-/– mice exhibited 
a phenotype reminiscent of human CRS following innate immune 
challenge. These results suggest that endogenous IL-1ra has a cru-
cial role in controlling innate immune responses to pathogens, as 
shown for Mycobacterium tuberculosis38. In addition, reduced sensi-
tivity of mouse blood cells to RNA-LPX could be partially explained 
by the lower frequency of monocytes in mice when compared with 
humans, as we and others have identified monocytes as the crucial 
cell population secreting IL-1β and IL-6 following stimulation21,23. 
Accordingly, the absence of granulocytes in these cellular assays did 
not produce any changes in IL-1β release. Our studies with NHP 
PBMCs also suggest that NHPs resemble mice more than humans 
with respect to their monocyte frequencies and IL-1ra induction 
profile. Of note, NHPs and humans exhibit notable evolutionary 
differences in response to innate stimuli, and TLR7/8 agonists have 
been reported to be poor inducers of pro-IL-1β in NHP cells39.

Furthermore, our studies revealed that not only the direct 
TLR7/8-mediated sensing of the nucleic acid component, but also 
the physiochemical and possibly lytic properties of the vaccine 
lipid particles themselves, determine the cytokine induction pro-
file of lipid-formulated RNA vaccines. Our data indicate that the 
immunostimulatory activity of the modRNA is highly dependent 
on the lipid formulation; modRNA formulated in LPX is nonim-
munostimulatory and has been shown to induce tolerance40, while 
formulation in LNP(SM-102) leads to potent innate response, con-
sistent with the reactogenicity and immunogenicity observed in 
mRNA-1273-vaccinated individuals8. Although modRNA poorly 
activates TLR7/8, it can have residual innate agonist properties, 
possibly resulting from double-stranded RNA contamination pro-
duced during in vitro transcription, remaining uncapped messen-
ger RNA or mRNA tertiary structures, any of which can be a source 
of signal 1 by activating various endosomal (TLR3) and cytosolic 
receptors (for example, RIG-I, MDA-5). However, we also observed 
that empty LNP(SM-102) particles without RNA were sufficient for 
IL-1β release in vitro, suggesting that the lipids alone can provide 
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both signals 1 and 2 for inflammasome activation. While we did not 
investigate the source of signal 1 in this context, it could be derived 
from direct activation of PRRs by the lipids themselves41–43, from 
the release of damage-associated molecular patterns following cell 

damage caused by LNPs44 or from the direct activation of caspase-11 
(ref. 45). Future work will determine how these factors will influ-
ence the overall immunogenicity profile of LNP-based particles and 
whether such responses could be altered by the use of alternative 
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lipid structures. Importantly, such optimizations will be crucial for 
the entire field of oligonucleotide therapeutics, where—unlike for 
adjuvanted vaccines—the induction of the innate immune cascade 
mediated by IL-1β would be undesirable (for example, LNP-based 
therapeutics delivering siRNA, antisense oligonucleotides or 
immune-tolerance-inducing mRNA).

In summary, our findings indicate that that IL-1ra-deficient mice 
can better predict patient responses to innate immune challenges 
(such as RNA vaccines) and provide a useful tool to evaluate both 
the sensitivity to pathogens and tolerability to treatment-related 
inflammatory toxicities in vivo. Moreover, the observed interspe-
cies differences suggest that evolution has shaped and re-wired how 
positive and negative regulators of IL-1R1 signaling are released in 
the context of innate immune stimulation, and that these factors 
determine the magnitude of systemic responses to RNA vaccines in 
mice, NHPs and humans.
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Methods
Mice. C57BL/6J mice (stock 000664) and Il1rn−/− mice (B6.129S-Il1rntm1Dih/J, 
stock 004754) were purchased from The Jackson Laboratory. Il1r1−/− mice 
were obtained from The Jackson Laboratory (B6.129S7-Il1r1tm1Imx/J, stock 
003245) and backcrossed for eight generations to C57BL/6N mice (The Jackson 
Laboratory). Nlrp3−/− mice (also known as Cias1−/− mice) and Gsdmd−/− mice 
have been described15,46. Age-matched (5–15 weeks) female animals were used 
throughout all experiments. Mice were maintained in a specific-pathogen-free 
facility, in individually ventilated cages within animal rooms maintained 
on a 14-h/10-h, light/dark cycle. Animal rooms were temperature- and 
humidity-controlled, at 68–79 °F and 30–70%, respectively, with 10 to 15 room air 
exchanges per hour. All animal studies were reviewed and approved by Genentech’s 
Institutional Animal Care and Use Committee.

Depletion, inhibition and blocking experiments. Buffy coats or whole blood were 
obtained from voluntary, healthy human donors participating in the Genentech 
blood donor program, after written, informed consent from the Western 
Institutional Review board. As anonymous donors were used, covariate-relevant 
participant characteristics such as age and sex were not available. PBMCs were 
isolated by density centrifugation using SepMate-50 tubes and Lymphoprep 
Medium (both from StemCell Technologies). Red blood cells were lysed with 
ACK lysis buffer (Gibco) and remaining blood cells were passed twice through 
a 70-µm filter. Monocytes or neutrophils were depleted from either PBMCs or 
whole blood with anti-human CD14 MicroBeads (130-050-201, Miltenyi Biotec), 
EasySep Human CD14 Positive Selection Kit II (17858, StemCell Technologies) 
or EasySep HLA Chimerism Whole Blood CD66b Positive Selection Kit (17882, 
StemCell Technologies), respectively. NHP PBMCs were ordered frozen (from iQ 
Biosciences), thawed and rested overnight before RNA-LPX treatment.

First, 1.5–3.5 × 105 cells were plated on 96-U-well plates and stimulated with 
1 μg ml−1 LPS-EK (InvivoGen), 10 μg ml−1 Nigericin (InvivoGen) or RNA-LPX 
with or without 0.1–5 μM MCC950 (Sigma), 1–50 μM Necrosulfonamide 
(Sigma-Aldrich), 1–30 μM zVAD-FMK (Promega), 0.5 μg ml−1 R848 (InvivoGen), 
1–50 μM DPI (Calbiochem), 1–50 μM BAPTA-AM (Sigma-Aldrich), 1–100 μg ml−1 
anti-IL-1β neutralizing antibodies (InvivoGen) or 1–100 μg ml−1 control IgG1 
antibodies (InvivoGen). Of note, as R848, LPS or RNA-LPX were not washed 
away between priming (signal 1) and triggering (signal 2) to account for possible 
activation of alternative NLRP3 inflammasome47. After 17 h, the cells were pelleted 
down, and the supernatants were collected and stored at −80 °C until analysis.

RNA-LPX, modRNA-LNP, TLR agonists and immune challenge. RNAs were 
synthesized by Genentech. RNAs encoding for either MC38-derived neoantigens 
or eGFP have been described1,12. RNA was formulated with liposomes consisting of 
DOTMA and DOPE at a charge ratio (+):(−) of 1.3:2, yielding negatively charged 
RNA-LPX1. For some in vitro experiments using RNA-LPX, RNA was synthesized 
using pseudouridine instead of uridine and 5-methyl-cytosine instead of cytosine 
to reduce TLR activation10.

For in vitro experiments using modRNA-LNP, RNA was synthesized 
using 1-methyl-pseudouridine instead of uridine3, capping was performed 
cotranscriptionally using a trinucleotide cap 1 analog (CleanCap AG (3ʹ OMe) 
m7(3ʹOMeG)(5’)ppp(5ʹ)(2ʹOMeA)pG, Trilink)3 and RNA was purified with 
cellulose treatment48. Finally, modRNA-LNP was formulated with a lipid 
mixture consisting of an ionizable lipid (either Dlin-MC3-DMA or SM-102), 
distearoylphosphatidylcholine (DSPC), cholesterol and PEG-lipid (at molar 
ratios of 50:20:28:2 for the MC3 formulation or 50:10:38.5:1.5 for the SM-102 
formulation) using a microfluidic mixer, as previously described49.

For in vivo experiments, RNA-LPX (dose indicated in respective figure 
legends), 10 μg of ODN1826 VacciGrade (InvivoGen), 1 μg of LPS-EB VacciGrade 
(InvivoGen) or 1 × 108 HKLM (InvivoGen) was injected intravenously or 300 μg 
of DMXAA (InvivoGen), 30 μg of mFlt3L (Genentech), 500 μg of rat IgG2a 
isotype (BioXCell) or 500 μg of anti-Ly6G antibodies (BioXCell) was injected 
intraperitoneally into C57BL/6 mice as described in the respective figures. At 
4–6 h after immune challenge, mice were bled for cytokine analysis. Rectal body 
temperature and body weight were measured for a total of 6 d following exposure 
or until the values reached pretreatment levels.

TDB experiments in tumor-bearing mice. Generation and verification of 
ID8/LyPD1 cells has been described50. Briefly, ID8/LyPD1 is a murine ID8 
ovarian cancer cell line expressing the tumor-associated antigen LY6/PLAUR 
Domain-containing 1 gene (LyPD1), which was generated by lentiviral 
transduction. Cells were passaged twice in vivo for faster growth kinetics before 
generating master and working cell banks, of which third and fourth passages 
were used for tumor experiments. Then, 4 × 106 ID8/LyPD1 tumor cells in Hank’s 
Balanced Salt Solution and Matrigel were inoculated subcutaneously in the 2/3 
mammary fat pad of wildtype and Il1rn−/− mice. Tumor sizes were measured 
unblinded with a caliper twice a week and tumor volumes were calculated by 
using the equation (a2 × b)/2 (a, width; b, length). T cell retargeting to LyPD1 
was achieved by administration of mouse CD3-bispecific TDB antibodies21,50. 
Once tumors reached the target volume of 100–300 mm3 (median 150 mm3, 
approximately 3–4 weeks after implantation), animals were randomly divided 

into treatment groups and injected intravenously with 10 mg kg−1 anti-LyPD1/
anti-CD3 TDB antibodies (diluted in 20 mM histidine acetate pH 5.5, 240 mM 
sucrose, 0.02% Tween-20) or vehicle only. Animals were euthanized 24 h after 
TDB administration for flow cytometric analysis or when exhibiting signs of 
impaired health.

Blood and tissue preparation. Cardiac puncture under deep terminal anesthesia 
was used to collect a large volume of whole blood for downstream in vitro assays. 
Whole blood was stored in EDTA polypropylene tubes (Sarstedt) and red blood 
cells were lysed with ACK lysis buffer (Gibco). Retro-orbital bleeding under 
isoflurane anesthesia was used to collect peripheral blood samples. Blood was 
stored in gel-separator polypropylene tubes (Sarstedt) and incubated for 15 min at 
room temperature, after which the coagulated blood samples were centrifugated at 
2,300g for 5 min. Clear serum was transferred to new tubes and stored at −80 °C for 
downstream assays.

Spleens were collected in cold PBS and single-cell suspensions were generated 
by mashing the spleen tissue through a 70-μm cell strainer (BD Falcon) in 
Hank’s-based Cell Dissociation Buffer (Gibco) supplemented with Liberase 
(Roche) and DNase I (ThermoFisher). Red blood cells were lysed with ACK lysis 
buffer (Gibco).

Flow cytometry. Single-cell suspensions were incubated in FACS buffer (PBS 
supplemented with 0.5% BSA and 0.05% sodium azide) containing anti-mouse 
CD16/CD32 (Mouse Fc Block, BD) or Human TruStain FcX (Human Fc Block, 
Biolegend) for 10 min before and during staining with the indicated antibodies. 
Staining reagents for murine cells included FITC anti-CD169 (3D6.112, 
Biolegend), PE anti-IL-1α (ALF-161, eBioscience), PerCP-Cy5.5 anti-CD3 
(17A2, Biolegend), BUV395 anti-B220 (RA3-6B2, BD), PE anti-NK1.1 (PK136, 
Biolegend), BV510 anti-CD11c (N418, Biolegend), BUV737 anti-CD4 (GK1.5, 
BD), VioBlue anti-CD11b (M1/70.15.11.5, Miltenyi Biotec), APC anti-CD115 
(AFS98, Biolegend), FITC anti-CD11b (M1/70, Biolegend), PeCy7 anti-pro-IL-1β 
(NJTEN3, eBioscience), BV711 anti-F4/80 (BM8, Biolegend), AF700 anti-Ly-6C 
(HK1.4, Biolegend), AF647 anti-Siglec-F (E50-2440, BD), BV785 anti-Ly-6G 
(1A8, Biolegend), APC anti-CD209b (22D1, eBioscience), FITC PD-1 (29F.1A12, 
Biolegend), AF700 CD8 (KT15, BioRad), V500 CD90.1 (53-2.1 Biolegend), 
APC-Cy CD4 (GK1.5, BD Biosciences), APC-H7 CD19 (1D3, BD Biosciences), 
BUV395 KLRG1 (2F1, BD Biosciences), PerCP-eFluor710 CD127 (SB/199, 
Invitrogen), PE TCF1/TCF7 (C63D9, Cell Signaling Technology), AF488 IFNg 
(XMG1.2, Biolegend), BUV395 TCRb (H57-597, BD Biosciences), PeCy7 CD8 
(53-6.7, BD Biosciences), BV510 B220 (RA3-6B2, Biolegend), BV421 TNF 
(MP6-XT22, Biolegend), BV785 CD4 (RM4-5, Biolegend), APC CD107a (1D4B, 
Biolegend), PE IL-1R1 (JAMA-147, Biolegend) and BV421 IL-1R2 (4E2, BD 
Biosciences). Intracellular Fixation & Permeabilization Buffer Set (88-8824-00, 
eBioscience) was used for intracellular staining of cytokines. Foxp3/Transcription 
Factor Staining Buffer Set (00-5523-00, eBioscience) was used for intranuclear 
staining of TCF1. Mitochondrial ROS levels in human monocytes were measured 
using MitoSOX Red Mitochondrial Superoxide Indicator (Invitrogen). To assess 
purity of CD14- or CD66b-depleted human cell populations, PerCP-Vio700 
anti-CD14 (TÜK4, Miltenyi Biotec), PE anti-CD66b (G10F5, Biolegend), PeCy7 
anti-CD3 (SK7, BD), APC-H7 anti-CD19 (SJ25C1 BD) and V500 anti-HLA-DR 
(G46-6, BD) were used. To study human and NHP monocyte frequencies, 
cross-species reactive APC anti-CD14 (M5E2, Biolegend) was used. Cells were 
stained on ice for extracellular markers for 20–30 min followed by staining for 
intracellular markers for 60 min, and filtered using 30–40-μm filter plates (PALL). 
Samples were acquired with BD FACSDiva software v.8.0 on a BD FACSymphony 
(BD) and analyzed with Flow Jo v.10.7.1 (TreeStar). Dead cells and cell aggregates 
were excluded from analyses by Fixable Viability Dye eFluor 780 (eBioscience), 
LIVE/DEAD Fixable Near-IR (Dead Cell Stain Kit for 633- or 635-nm excitation, 
Invitrogen) or LIVE/DEAD Fixable Blue (Dead Cell Stain Kit for UV excitation, 
Invitrogen) staining and forward scatter area (FSC-A)/forward scatter height 
(FSC-H) characteristics.

Murine bone-marrow-derived cultures. Bone marrow cells collected from 
wildtype or Il1r1−/− mice were differentiated in RPMI with 10% heat-inactivated 
fetal bovine serum (Gibco), 1% Glutamax (Gibco), 2-mercaptoethanol (55 μM, 
Gibco), 100 ng ml−1 recombinant mFlt3L (Peprotech) and 10 ng ml−1 mGMCSF 
(Peprotech) for 13 d. Differentiated, immature cells were then plated at 300,000 
cells per well on a 96-U-well plate and stimulated for 16 h with 5 μg ml−1 RNA-LPX 
(Genentech) or 0.1 μg ml−1 Pam3CSK4, 0.1 μg ml−1 FSL1, 108 bacteria per ml 
HKLM, 10 μg ml−1 poly I:C, 0.05 μg ml−1 LPS-EK, 0.1 μg ml−1 FLA-ST, 0.1 μg ml−1 
ssRNA40/Lyovec, 0.1 μg ml−1 CL097, 0.1 μg ml−1 R848, 0.1 μg ml−1 R837, 5 μM 
ODN1585, 5 μM ODN1826, 5 μM ODN2395, 10 μg ml−1 c-di-AMP, 10 μg ml−1 
DMXAA or 10 μg ml−1 2ʹ3ʹ-c-di-AM(PS)2 (Rp,Rp) (all from InvivoGen). After 
stimulation, the cells were pelleted down, and the supernatants were collected and 
stored at −80 °C until analysis.

Luminex/ELISA assays. Serum concentrations of murine cytokines were 
determined using a bead-based, Cytokine & Chemokine Convenience 26-Plex 
Mouse ProcartaPlex multiplex immunoassay supplemented with murine 
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IFNα ProcartaPlex (ThermoFisher Scientific) according to the manufacturer’s 
instructions. Serum concentrations of soluble receptors were determined using 
MILLIPLEX MAP Mouse Soluble Cytokine Receptor Magnetic Bead Panel 
(Millipore). Acute phase proteins were determined using MILLIPLEX MAP Mouse 
Acute Phase Magnetic Bead Panel 2 (Millipore). ELISA was used for the detection 
of mIL-1α (R&D Systems), mIL-1ra (Abcam) and mSAA3 (Sigma-Aldrich).

For the detection of human cytokines in vitro, MILLIPLEX MAP Human 
Cytokine/Chemokine Magnetic Bead Panel Premixed 30-plex assay (Millipore) 
was used according to the manufacturer’s instructions. For the detection of human 
cytokines in vivo, Simoa assay (Quanterix) and DiscoveryMAP Multiplexes 
(Myriad RBM) were used according to the manufacturer’s instructions. For the 
detection of NHP cytokines in vitro, MILLIPLEX MAP Non-Human Primate 
Cytokine Magnetic Bead Panel Premixed 23-plex assay (Millipore) was used 
according to the manufacturer’s instructions. Values below the lower limit of 
quantification were set to zero. Luminex data were collected on Flex-Map 3D v.3.2 
(Luminex Corporation) and analyzed with Bio-Plex Manager 6.1.1 and Microsoft 
Excel v.16.16.27.

Clinical trial design and samples. A first-in-human phase 1b study of RO7198457 
(Autogene cevumeran), a systemically administered RNA-LPX, in combination 
with the anti-PD-L1 antibody atezolizumab was conducted in patients with 
locally advanced or metastatic solid tumors4,5 (ClinicalTrials.gov identifier 
NCT03289962). Briefly, RO7198457 was GMP-manufactured on a per-patient 
basis and contained up to 20 tumor-specific neoepitopes. The study protocols 
were approved by the relevant authorities and ethics committee. The study was 
conducted in accordance with all applicable laws and regulations, and in agreement 
with the International Council on Harmonisation of Good Clinical Practice 
(ICH-GCP) guidelines and the Declaration of Helsinki. Written, informed consent 
was obtained from all patients before enrollment. RO7198457 was administered 
intravenously at a dose of 25 μg and atezolizumab at a dose of 1,200 mg. Blood 
samples were obtained before vaccination (predose), and at 4–6 h and 24 h after 
RO7198457 administration. Plasma cytokines were measured from nine patients 
as shown in Figs. 1i and 3d (sample selection was based on plasma availability and 
existing ELISPOT data, while excluding patients that had received steroids at the 
time of vaccination).

Statistical analyses and data presentation. Statistical analyses and graphing were 
performed using GraphPad Prism v.9.1.0 for Mac OS. Illustrations were created 
with BioRender.com. All results are expressed as mean ± s.e.m. or median without 
interquartile range as indicated. Unpaired two-tailed Student’s t-test was used for 
comparison of two groups. One-way analysis of variance (ANOVA) was performed 
when more than two groups were compared, and multiple comparisons were 
corrected using Dunnett’s post hoc test or Sidak’s post hoc test. Two-way ANOVA 
was performed when both time and genotype or treatment were compared, and 
multiple comparisons were corrected using Dunnett’s post hoc test or Sidak’s 
post hoc test. *P ≤ 0.05, **P ≤ 0.01, ***P ≤ 0.001 and ****P ≤ 0.0001. No statistical 
methods were used to predetermine sample size for animal experiments.

Reporting Summary. Further information on research design is available in the 
Nature Research Reporting Summary linked to this article.

Data availability
The data that support the findings of this study are available from the 
corresponding author upon reasonable request.

Code availability
No custom code or specific mathematical algorithms were used in this study.

References
 46. Kayagaki, N. et al. Caspase-11 cleaves gasdermin D for non-canonical 

inflammasome signalling. Nature 526, 666–671 (2015).
 47. Gaidt, M. M. & Hornung, V. Alternative inflammasome activation enables 

IL-1β release from living cells. Curr. Opin. Immunol. 44, 7–13 (2017).
 48. Baiersdörfer, M. et al. A facile method for the removal of dsRNA 

contaminant from in vitro-transcribed mRNA. Mol. Ther. Nucleic Acids 15, 
26–35 (2019).

 49. Sabnis, S. et al. A novel amino lipid series for mRNA delivery: improved 
endosomal escape and sustained pharmacology and safety in non-human 
primates. Mol. Ther. 26, 1509–1519 (2018).

 50. Lo, A. A. et al. Anti-LYPD1/CD3 T-cell-dependent bispecific antibody for the 
treatment of ovarian cancer. Mol. Cancer Ther. 20, 1–10 (2021).

Acknowledgements
We thank N. Kayagaki, S. Schock, B. Lee, T. Junttila, I. Balter, K. Nutsch, A.-H. Herzner, 
J. Hagar, S. Cullen, R. Barreira da Silva, C. Carbone, A. Ritter, K. Banta, A. Chitre Elgin, 
A. Castiglioni, V. Romeo, V. Leveque, R. Sabado, B. Lauffer, V. Sunkari and the FACS 
laboratory and the Luminex core for technical advice and support; C. Cox, K. Newton, 
G. Strasser, B. Grellman, D. Montoya, T. Scholl and S. Powell for assistance with breeding 
and acquisition of animals; I. Rhee for comments; and the GO39733 study team for 
support in accessing and interpreting clinical data.

Author contributions
S.T., A.-J.T., P.H., J.O., L.D. and I.M. designed, planned and/or supervised the study. S.T., 
A.-J.T., P.H., J.O., A.P.-M., Y.O. and M.J.M. performed experiments under the supervision 
of J.M.S., W.Y., C.C.d.l.C., U.S., L.D. and I.M. L.K. and M.Y. analyzed clinical human 
samples. S.W., E.C.F. and Z.A.A. prepared vaccine components under the supervision of 
B.H. and C.B. S.T., A.-J.T., P.H., J.O., M.J.M., J.M.S., W.Y., C.C.d.l.C., B.H., C.B., U.S., L.D. 
and I.M. contributed to interpretation of the data. S.T. wrote the paper with edits from 
I.M. and input from co-authors.

Competing interests
All authors except U.S. are current or former employees of Genentech (South San 
Francisco, USA). U.S. is a management board member and an employee at BioNTech 
AG (Mainz, Germany), and inventor on patents and patent applications related to RNA 
vaccines used in this study. U.S. has securities from BioNTech AG.

Additional information
Extended data is available for this paper at https://doi.org/10.1038/s41590-022-01160-y.

Supplementary information The online version contains supplementary material 
available at https://doi.org/10.1038/s41590-022-01160-y.

Correspondence and requests for materials should be addressed to Ira Mellman.

Peer review information Nature Immunology thanks the anonymous reviewers for their 
contribution to the peer review of this work. Zoltan Fehervari was the primary editor on 
this article and managed its editorial process and peer review in collaboration with the 
rest of the editorial team.

Reprints and permissions information is available at www.nature.com/reprints.

NATURE IMMUNOLOgY | www.nature.com/natureimmunology

https://clinicaltrials.gov/ct2/show/NCT03289962
https://doi.org/10.1038/s41590-022-01160-y
https://doi.org/10.1038/s41590-022-01160-y
http://www.nature.com/reprints
http://www.nature.com/natureimmunology


ArticlesNATURE ImmUNOLOgy

Extended Data Fig. 1 | RNA-LPX-induced cytokine response is driven by monocytes, not neutrophils. a, b, rNA-LpX-induced cytokines secreted 
by human pBMCs (n = 3) following depletion of CD14 + monocytes or CD66b + neutrophils in vitro. The data are representative of two independent 
experiments with biologically independent samples. Data presented as median.
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Extended Data Fig. 2 | Intravenous administration of RNA-LPX induces secretion of both IL-1β and IL-1α in C57BL/6 mice. a-g, IL-1β and IL-1α 
measured 6 hours after IV injection of rNA-LpX in serum (b, n = 9) and in splenic myeloid cell subsets (n = 7) (c, d, e, f, g). The data are pooled from two 
independent experiments with biologically independent samples (b-f). Significance was determined by using unpaired two-tailed Student’s t-test (b) or 
one-way ANOVA and Tukey’s multiple comparisons test (d, f). Data presented as mean ± SEM (g), otherwise median. rpϕ, red pulp macrophage; MMϕ, 
marginal metallophilic macrophage; MZϕ, marginal zone macrophage.
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Extended Data Fig. 3 | IL-1β is released upstream of IL-6 and TNF in human PBMCs and in murine BMDCs. a, Secretion of IL-1β, IL-6 and TNF from human 
pBCMs (n = 3) following treatment with rNA-LpX and either isotype antibodies or neutralizing antibodies against IL-1β, IL-6 or TNF. b, c, Secretion of 
cytokines from DC/macrophage cultures derived from bone-marrow of wildtype or IL-1r1 knockout mice (n = 3) following treatment with rNA-LpX in vitro. 
The data are representative of two independent experiments with biologically independent samples. Significance was determined using one-way ANOVA 
and Sidak’s multiple comparisons test. Data presented as mean ± SEM (a) or median (c).
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Extended Data Fig. 4 | Loss of NLRP3 inflammasome or gasdermin D does not affect RNA-LPX-induced cytokine release in C57BL/6 mice.  
a, b, Serum cytokine levels in wildtype and NLrp3 deficient (Nlrp3-/-) mice (n = 7) after IV injection of rNA-LpX. c, d, Serum cytokine levels in wildtype and 
gasdermin D deficient (Gsdmd-/-) mice (n = 7) after IV injection of rNA-LpX The data are representative of two independent experiments with biologically 
independent samples. Significance was determined by using one-way ANOVA and Dunnett’s multiple comparisons test (b, d). Data presented as median.
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Extended Data Fig. 5 | Species-specific differences in IL-1 induction hierarchy. a, b, Fold induction of rNA-LpX-induced cytokines over baseline levels 
in red blood cell depleted peripheral blood cells derived either from healthy human donors (n = 6) or from naive mice (n = 3 pooled samples). c, Levels of 
serum IL-1α, IL-1β and IL-1ra 6 hr post-rNA-LpX in C57BL/6 mice (n = 15) and Balb/c mice (n = 18) ordered from different vendors. d, rNA-LpX-induced 
cytokine secretion assay using non-human primate (NHp) pBMCs. e, Secretion of IL-1β and IL-1ra from NHp pBMCs following treatment with rNA-LpX.  
f, Frequency of CD14 + monocytes in representative samples of human, cynomolgus macaque and rhesus macaque pBMCs. The data are representative of 
two independent experiments (b, e, f) or pooled data from three independent experiments (c) with biologically independent samples. Data presented as 
median (c), otherwise mean ± SEM.
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Extended Data Fig. 6 | Baseline blood in wildtype and Il1rn-/- mice. a, b, c, Blood cell composition (a, b), cell counts (c) and serum cytokines (d) in naïve 
wildtype (n = 10) and Il1rn-/- mice (n = 10). The data are pooled from two independent experiments with biologically independent samples. Significance 
was determined using one-way ANOVA and Sidak’s multiple comparisons test (c) or unpaired two-tailed Student’s t-test (d). Data presented as median.
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Extended Data Fig. 7 | Impact of myeloid cells on RNA-LPX induced systemic cytokine responses in vivo. a, b, Systemic cytokine response in 
Ly6G-depleted wildtype (n = 8) and Il1rn-/- mice (n = 7) following rNA-LpX administration in vivo. e, Expression of decoy receptor IL-1r2 on splenic 
neutrophils 24 hr post-rNA-LpX (n = 7). f, g, Systemic cytokine response in Flt3L-pretreated wildtype (n = 6) and Il1rn-/- mice (n = 6) following rNA-LpX 
administration in vivo. The data are representative of two independent experiments with biologically independent samples. Significance was determined by 
using one-way ANOVA and Tukey’s multiple comparisons test (b, e) or by unpaired two-tailed Student’s t-test (c). Data presented as median.
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Extended Data Fig. 8 | IL-1ra downregulates the response to different TLR stimuli in vivo. Core body temperature (a, c) and serum proteins (b, d) in 
wildtype (n = 7) and Il1rn-/- mice (n = 7) after systemic administration of HKLM or ODN1826. Significance was determined using two-way repeated 
measures ANOVA and Sidak’s multiple comparisons test (a, c) or one-way ANOVA and Dunnett’s multiple comparisons test (b, d). Data presented as 
median (b, d), otherwise mean ± SEM.
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Extended Data Fig. 9 | TDB administration induces IL-1β expression in splenic myeloid cells in vivo. a, b, Gating strategy (a) and expression of pro-IL-1β 
(b) in spleen cell subsets following vehicle (n = 8) or TDB administration (n = 10) in ID8/LypD1 tumor-bearing mice. The data are pooled from two 
independent experiments with biologically independent samples. Significance was determined using unpaired two-tailed Student’s t-test. Horizontal bars 
indicate median.
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