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Antigen-presenting cells (APCs) recognize pathogens via 
pattern recognition receptors (PRRs), such as the trans-
membrane Toll-like receptors (TLRs) and the cytosolic 

nucleotide oligomerization domain (NOD)-like receptors (NLRs)1,2. 
PRR activation induces APCs to secrete proinflammatory cytokines 
during presentation of antigens to naïve T cells leading to their  
differentiation into the most appropriate subset of activated T cells 
to eliminate the pathogen3. The bridge between the innate and 
adaptive immune systems is, therefore, formed by PRR activation 
in APCs. Central to this is the concept that the repertoire of PRRs 
expressed by APCs is crucial to the specificity of adaptive immune 
response generated4. The increasing prevalence of antimicrobial 
resistance means the development of alternative ways to combat 
infectious diseases is a matter of urgency. Understanding the inter-
actions between pathogens, PRRs and pathogen-specific immu-
nity is, therefore, important to facilitate the development of new  
vaccines with improved efficacy.

Microbial pathogens produce a number of pathogen-associated 
molecular patterns that are recognized by different PRRs. 
Lipopolysaccharide (LPS) from Gram-negative bacteria, for example,  
is recognized by TLR4 and flagellin by TLR5. Both flagellin and 
detoxified LPS molecules are used as vaccine adjuvants with fla-
gellin being an antigenic target of antibody and CD4+ T-cell 
responses5. The NOD-like receptor CARD 4 (NLRC4) also recog
nizes microbial flagellin6,7, but, in addition, senses the type III secre-
tion system-associated needle and rod proteins8 via the NLR family, 
apoptosis inhibitory protein (NAIP) 5 or NAIP6 and NAIP1 or 
NAIP2 in mice9–11. NLR pyrin domain 3 (NLRP3) is activated by a 
diverse range of triggers, including pathogen-associated molecular  
patterns and danger-associated molecular patterns. NLR activa-
tion drives the formation of an inflammasome signalling complex12, 

which activates caspase-1 to process pro-IL-1β and pro-IL-18 to 
their mature forms and cleaves gasdermin D to drive an inflam-
matory form of cell death called pyroptosis13,14. NLRC4 and NLRP3 
can be recruited to the same inflammasome to optimize IL-1β and 
IL-18 release15,16.

IL-1β and IL-18 have well-documented effects on T-cell sur-
vival, activation and differentiation17. Little is known, however, 
about whether and how specific inflammasome components influ-
ence the development of adaptive immunity against pathogenic 
bacteria and, specifically, that of immunological memory, which is 
critical for vaccine development4. It has been shown, for example, 
that NLRC4 and NLRP3 activation in innate immune cells opti-
mizes interferon-γ (IFN-γ) release by CD8+ and CD4+ T cells in 
mice challenged with Salmonella enterica serovar Typhimurium 
(S. Typhimurium), but this was not an antigen-specific effect18,19. 
Here, using the murine model of sublethal salmonellosis, we show 
that NLRC4 suppresses Th1 CD4+ T-cell effector and memory 
responses against S. Typhimurium without affecting antibody 
production. Primary challenge with S. Typhimurium engineered  
to reduce NLRC4 inflammasome activation resulted in increased 
levels of serum IL-18 and IFN-γ, enhanced Th1 CD4+ T-cell mem-
ory responses and improved protection against oral rechallenge 
with fully virulent Salmonella. Our data indicate that attenuation 
of NLRC4 activation by flagellin could improve the efficacy of live  
vaccines against flagellated pathogens such as Salmonella, and 
potentially that of flagellin-based adjuvants.

Results
NLRC4 restricts bacterial load in vivo and Th1 memory responses 
ex vivo. To investigate whether NLRC4 affects the development 
of pathogen-specific immunity, we first challenged C57BL/6J 
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wild-type and congenic Nlrc4−/− mice with S. Typhimurium M525P. 
In this model of sublethal salmonellosis, effector Th1 CD4+ T cells 
drive microbial clearance and establish long-term protection against 
rechallenge20,21. Nlrc4−/− mice harboured higher microbial numbers 
in the liver and spleen irrespective of the route of bacterial adminis-
tration (intravenous (i.v.) in Fig. 1a or oral in Extended Data Fig. 1a).  
Bacterial burden, as expected22,23, was not significantly different  
between Nlrc4−/− and wild-type mice lethally challenged with fully 
virulent S. Typhimurium SL1344 (Extended Data Fig. 1b). The 
slower kinetics of the sublethal infection reveal a clear role for 
NLRC4 in regulating bacterial load in vivo.

We determined whether NLRC4 would play any role in the deve
lopment of memory CD4+ T-cell responses. Wild-type and Nlrc4−/− 

mice were challenged with PBS (naïve) or 104 colony-forming units 
(c.f.u.) of S. Typhimurium M525P, an inoculum size that was equally 
immunogenic to a tenfold higher dose in wild-type mice (Extended 
Data Fig. 2) and well tolerated by the Nlrc4−/− mice. To elicit a response 
from memory cells only, CD4+ T cells were isolated from mice that 
had cleared the primary infection after a minimum of 90 d. On stim-
ulation with bacterial extract (antigen-specific), CD4+ T cells from 
naïve mice, irrespective of genotype, secreted negligible amounts of 
the Th1 cytokines IFN-γ and IL-2 (Fig. 1b), confirming the specific-
ity of the response generated by CD4+ T cells from infected mice 
(Fig. 1c). Similarly, the amount of IFN-γ secreted by CD4+ T cells 
when stimulated with antimouse CD3e (non-antigen-specific) 
increased more than 50-fold in response to infection (Fig. 1c).
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Fig. 1 | NLRC4 restricts bacterial spread in vivo and Th1 CD4+ T-cell-mediated memory responses ex vivo. a, Wild-type and Nlrc4−/− mice were 
challenged i.v. with 9.5 × 103 c.f.u. S. Typhimurium M525P and microbial burden was determined in the spleen and liver at day 1 (n = 5 for wild-type and 
Nlrc4−/−), 7 (n = 7 for wild-type and n = 6 for Nlrc4−/−), 14, 21 and 35 (n = 6 for wild-type and Nlrc4−/−) post-challenge. b, CD4+ T cells from naïve wild-type 
and Nlrc4−/− mice were stimulated ex vivo with medium only (without (w/o) stim.), antimouse CD3e (anti-CD3e) or whole bacterial cell extract (extract). 
Levels of IFN-γ and IL-2 were measured by ELISA in the cell culture supernatant after 72 and 24 h, respectively. c, CD4+ T cells from wild-type and Nlrc4−/− 
mice 90 d after challenge with 7 × 103 − 1 × 104 c.f.u. of S. Typhimurium M525P were stimulated and levels of IFN-γ and IL-2 were measured as in b. d, CD4+ 
T cells from wild-type and Nlrc4−/− mice 168 d after challenge with 1.15 × 103 c.f.u. of S. Typhimurium M525P were stimulated as in b, with the exception 
that concanavalin A (conA) was used instead of antimouse CD3e, and levels of IFN-γ and IL-2 were measured as in b. e, CD4+ T cells from wild-type and 
Nlrc4−/− mice 90 d after challenge with 7 × 103 c.f.u. of S. Typhimurium M525P were stimulated with whole bacterial cell extract and levels of IL-6, TNF-α 
and GM-CSF were measured by fluorescent bead immunoassay in the cell culture supernatant after 24 h. f, Same experiment as e, the number of CD4+ 
T cells secreting IFN-γ in response to whole bacterial cell extract was measured via ELISpot. SFCs, spot-forming cells. g, Wild-type and Nlrc4−/− mice were 
challenged i.v. with 1.72 × 104 c.f.u. and 112 d later, the percentage of CD4+ T cells secreting IFN-γ in response to whole bacterial cell extract was measured 
via a cytokine secretion assay. Each symbol represents one mouse with horizontal lines delineating the mean in a. Data are shown as mean ± s.e.m. in b–g. 
Data are pooled from two and representative of at least four independent experiments for c and representative of three for a and two for b,d–g independent 
experiments. Statistical significance was calculated by a two-way ANOVA followed by Sidak’s multiple comparisons tests for a–d and two-tailed  
Mann–Whitney test for e–g.
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We compared the magnitude of the ex vivo memory responses 
between wild-type and Nlrc4−/− mice. T cells from Nlrc4−/− mice 
secreted more IFN-γ and IL-2 than cells from wild-type mice in 
response to both Salmonella antigen and antimouse CD3e (Fig. 1c).  
This amplified response persisted up to 170 d after challenge  
(Fig. 1d, concanavalin A was used in early experiments as a poly-
clonal stimulus but later replaced by antimouse CD3e). The 
Th1-related cytokines TNF-α, IL-6 and GM-CSF in the CD4+ T-cell 
culture supernatant from Nlrc4−/− mice were also elevated (Fig. 1e). 
These data indicate that NLRC4 activation by Salmonella specifi-
cally restricts CD4+ T-cell-mediated memory immunity.

We then quantified the number of CD4+ T cells secreting 
IFN-γ in response to bacterial extract using ELISpot and cyto-
kine secretion assays. Both assays showed a larger population of 
IFN-γ-secreting cells in Nlrc4−/− mice (Fig. 1f,g). We also anal-
ysed the surface expression of CD62L and CD44 in IFN-γ+cells 
and found that over 90% in both wild-type and Nlrc4−/− mice had 
an effector memory T-cell profile (CD44high CD62L−) with central 
memory cells (CD44high CD62L+) representing less than 5% of the 
population (Extended Data Fig. 3). These data indicate that NLRC4 
restricts T-cell memory immunity against Salmonella by reducing 
the size of antigen-specific memory pool.

To test whether NLRC4 could also affect protection against lethal 
rechallenge in vivo, wild-type and Nlrc4−/− mice were systemically 
challenged with S. Typhimurium M525P and, after clearing the pri-
mary infection, rechallenged orally with fully virulent Salmonella. 
Nlrc4−/− mice were only marginally better protected than their 
wild-type counterparts (Extended Data Fig. 4b, mean survival 
time of 9 versus 8 d, respectively), an outcome that may have been 
affected by the different routes of infection between primary chal-
lenge (i.v.) and rechallenge (orally). In the same trial, however, 
naïve Nlrc4−/− mice lethally challenged with Salmonella had shorter 
survival times than naïve wild-type mice (Extended Data Fig. 4a, 
6 versus 8 d, respectively). These data indicate that, in the absence  
of NLRC4, the compromised innate immune control of microbial 
dissemination presumably counteracts any benefits arising from 
augmented T-cell memory immunity.

NLRC4 restricts Th1 effector responses during microbial clear-
ance of a primary infection. To determine whether NLRC4 also 
affects the development of Th1 effector immunity, we isolated 
splenic CD4+ T cells from infected wild-type and Nlrc4−/− mice dur-
ing an active primary infection and measured the amount of IFN-γ 
released ex vivo. Production of IFN-γ in response to bacterial extract 
was comparable between the two genotypes when CD4+ T cells were 
isolated early during infection (Figs. 2a, 1 and 7 d). Notably, as the 
infection progressed into the phase of CD4+ T-cell-mediated bacte-
rial clearance, T cells from Nlrc4−/− mice secreted significantly more 
IFN-γ than cells from wild-type mice (Fig. 2a, 14 and 21 d). By the 
end of microbial clearance, however, there were no difference in 
Th1 responses between Nlrc4−/− and wild-type mice (Fig. 2a, 35 d). 
Salmonella-induced Th1 CD4+ T-cell responses can also affect the 
development of B-cell-dependent immunity24, so we measured the 
levels of serum antibodies against S. Typhimurium LPS at 90 d after 
primary infection. We found no difference in the levels of IgG2c, 
IgG2b and IgM between wild-type and Nlrc4−/− mice (Fig. 2b). 
These data collectively show that NLRC4 restricts both Th1 CD4+ 
T-cell-mediated effector and memory immune responses against 
Salmonella, but has no effect on B-cell-mediated immunity.

Negative regulation of CD4+ T-cell-mediated memory responses 
by NLRC4 is NLRP3-dependent. NLRC4 is not expressed in naïve 
or activated CD4+ T cells25,26. We proposed, therefore, that any 
effect on CD4+ T-cell memory immunity is most likely to occur 
in response to inflammasome signalling by APCs. NLRC4 and 
NLRP3 are both activated in murine macrophages infected with 

Salmonella22. We, therefore, assessed ex vivo the memory T-cell 
responses in Nlrp3−/− and Nlrp3−/−Nlrc4−/− mice. Secretion of both 
IFN-γ and IL-2 was comparable between wild-type, Nlrp3−/− or 
Nlrp3−/−Nlrc4−/− mice (Fig. 3a,b) and, as expected, we saw no differ-
ence in the numbers of CD4+ T cells secreting IFN-γ in response to 
bacterial extract (Fig. 3c,d). To confirm that our independent com-
parisons between wild-type and Nlrc4−/− (Fig. 1c), wild-type and 
Nlrp3−/− (Fig. 3a) and wild-type and Nlrp3−/−Nlrc4−/− mice (Fig. 3b) 
do not suffer from interexperimental variation, we compared IFN-γ 
production between the different groups of wild-type mice used in 
these experiments and found no significant difference (Extended 
Data Fig. 5, P = 0.25 via one-way analysis of variance (ANOVA)). 
These data indicate that the amplification of memory CD4+ T-cell 
responses seen the absence of Nlrc4−/− is driven by NLRP3 activa-
tion, while NLRP3 does not have an effect when NLRC4 is active.

NLRC4 restricts NLRP3-dependent production of IL-18 and IFN-γ.  
In macrophages infected with Salmonella SL1344, NLRC4 is acti-
vated rapidly to induce caspase-1-mediated pyroptosis and IL-1β and 
IL-18 release27, while NLRP3 activation is delayed to optimize IL-1β 
and IL-18 production without inducing pyroptosis15,22. Infection of 
wild-type and Nlrp3−/− macrophages with S. Typhimurium M525P 
resulted in pyroptotic cell death within 2 h of infection, while  
Nlrc4−/− and Nlrc4−/−Nlrp3−/− cells lysed between 6 and 12 h (Extended 
Data Fig. 6a). In the absence of NLRC4, cells produced IL-1β via 
NLRP3 and because these cells do not rapidly die, they secrete large 
amounts of IL-1β between 6 and 24 h (Extended Data Fig. 6b).

Both IL-1β and IL-18 are involved in initiation and propagation 
of antigen-specific immunity against bacterial pathogens, therefore, 
we examined whether NLRC4 and NLRP3 affect the production of 
these cytokines in vivo during infection with S. Typhimurium M525P. 
Serum IL-1β levels were below the detection limit, as expected22, 
throughout the course of infection. In Nlrc4−/− mice, levels of IL-18 
were lower 1 d after challenge, but as the sublethal infection pro-
gressed, they markedly increased when compared to those detected 
in wild-type mice (Fig. 4b). This increase coincided with the onset of 
effector CD4+ T-cell-driven microbial clearance with IL-18 remaining 
elevated in Nlrc4−/− mice for a total of 3 weeks (Fig. 4b, days 7 to 28).  
This corresponds to the time that Nlrc4−/− mice have heightened 
effector CD4+ T-cell responses (Fig. 2a) suggesting a link between 
the increased levels of IL-18 and increased Th1 immunity.

We tested whether this rise in serum IL-18 seen in Nlrc4−/− mice 
was NLRP3-dependent. Nlrp3−/− and Nlrp3−/−Nlrc4−/− mice, such as 
Nlrc4−/− mice, had decreased serum IL-18 levels very early during  
infection (Fig. 4b, day 1), but, unlike Nlrc4−/− mice, did not have 
increased IL-18 response as the infection progressed further  
(Fig. 4b, days 7–28). Nlrc4−/− and Nlrp3−/−Nlrc4−/− mice had similar  
bacterial burdens (Fig. 4a), but different IL-18 profiles (Fig. 4b), 
suggesting that this surge in serum IL-18 in the absence of NLRC4 
depends on NLRP3 activation. IL-18 is a potent inducer of IFN-γ28, 
which is indispensable for protection against Salmonella20,29. IFN-γ 
levels in Nlrc4−/− mice remained elevated for 3 weeks compared to 
those in the Nlrp3−/−Nlrc4−/− mice (Fig. 4c, days 7–28) matching that 
of the serum IL-18 production. During the early stages of infection, 
cells such as natural killer cells are the main source of serum IFN-γ30 
explaining why at day 7 Nlrc4−/− mice have higher levels of IFN-γ in 
the serum (Fig. 4c), but not when their CD4+ T cells are stimulated 
with bacterial extract ex vivo (Fig. 2a). Our data collectively indicate 
that, consistent with its role in downregulating CD4+ T-cell memory 
responses, NLRC4 activation suppresses NLRP3-driven amplifica-
tion of serum IL-18 and IFN-γ.

S. Typhimurium expressing flagellin from non-pathogenic E. coli  
evades NLRC4 recognition. Flagellin activates both TLR5 and  
NAIP/NLRC4 with the latter also recognizing Salmonella type III  
secretory proteins such as PrgJ. TLR5 is important for generating 
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T-cell immunity against S. Typhimurium31, but our data indicate 
that NLRC4 downregulates CD4+ T-cell-mediated memory, while, 
at the same time, enhancing host survival during the early stages of 
a lethal infection (Extended Data Fig. 4a). We considered that pri-
mary challenge with Salmonella genetically engineered to partially 
evade recognition by NLRC4, by mutating rather than deleting  
fliC, should retain TLR5 activation, enhance memory immunity 
and, therefore, potentially increase resistance to lethal rechallenge.

We genetically modified the wild-type M525P strain, which 
naturally lacks fljB, by replacing its native fliC with that from 
non-pathogenic E. coli K-12 substrain MG1655, to generate  
S. Typhimurium M525P ΔfliC::fliCMG1655 (M525P fliCMG1655). Com
parison of the predicted FliC proteins from S. Typhimurium and 
E. coli K-12 MG1655 showed high sequence homology at the  
N- and C-terminal regions of the protein, but with a variable cen-
tral domain (Extended Data Fig. 7). Flagellin from this E. coli strain  
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mice were challenged i.v. with 7.2 × 103 − 1 × 104 c.f.u. of S. Typhimurium M525P and T-cell-mediated responses were analysed over time. CD4+ T cells  
were cocultured ex vivo with feeder cells in the presence of medium only (w/o stim.), antimouse CD3e (anti-CD3e) or whole bacterial cell extract  
(extract) and IFN-γ was measured by ELISA in the cell culture supernatant after 72 h. b, Wild-type and Nlrc4−/− mice were challenged i.v. with 7 × 103 c.f.u.  
S. Typhimurium M525P and levels of IgG2b, IgG2c and IgM antibodies against S. Typhimurium LPS were measured in the serum at 90 d post-challenge via 
ELISA. Data are shown as mean ± s.e.m. in a. Each symbol represents one mouse with horizontal lines delineating the mean in b. Statistical significance 
was assessed by a two-tailed Mann–Whitney test. Data are pooled from two independent experiments for a, day 7 and generated from one experiment in 
a, days 1, 14, 21 and 35. Data are representative of two independent experiments for b.

Nature Microbiology | VOL 5 | December 2020 | 1588–1597 | www.nature.com/naturemicrobiology 1591

http://www.nature.com/naturemicrobiology


Articles NATuRE MiCRobioLogy

activates TLR5 as efficiently as flagellin from S. Typhi but is impaired 
in activating NLRC4 (ref. 32). M525P fliCMG1655 also retains bacte-
rial motility (Extended Data Fig. 8a), which may be important to 
facilitate infection and spread into the tissues. When tested in vitro, 
this mutant induced less cell death and IL-1β production than the 
wild-type strain in wild-type but not in Nlrc4−/− macrophages, but 
could still activate NAIP1/2-NLRC4 signalling presumably via its 
type III secretion system (Extended Data Fig. 8b,c). TNF-α produc-
tion by wild-type macrophages infected with M525P fliCMG1655 or 
M525P were comparable (Extended Data Fig. 8d) suggesting no defi-
cit in TLR activation. These data indicate that M525P fliCMG1655 shows 
reduced, but not obliterated, NLRC4 inflammasome recognition.

Wild-type mice infected with M525P fliCMG1655 had a higher 
bacterial burden than those infected with M525P (Fig. 5a), compa-
rable to that seen in Nlrc4−/− mice challenged with M525P (Fig. 1a).  
Bacterial loads of M525P and M525P fliCMG1655 were similar in 
Nlrc4−/− mice confirming that the increased spread of M525P 
fliCMG1655 into the tissues was NLRC4-dependent (Fig. 5b). Serum 
levels of IL-18 and IFN-γ were significantly increased for 2 weeks 
(Fig. 5c,d, day 7 to 21) in mice infected with M525P fliCMG1655 when 
compared to mice infected with M525P, again comparable to the 
differences seen between wild-type and Nlrc4−/− mice infected with 
M525P (compare Fig. 4b,c with Fig. 5c,d). Infection of wild-type 
mice with M525P fliCMG1655 did not, however, induce as high levels,  
or as sustained production, of IL-18 as seen in Nlrc4−/− mice 
infected with M525P (compare Fig. 4b with Fig. 5c). This is con-
sistent with M525P fliCMG1655 retaining some residual capacity to 
activate NLRC4.

Primary challenge with S. Typhimurium M525P fliCMG1655 
enhances CD4+ T-cell memory responses and improves protec-
tion against lethal rechallenge. We compared the CD4+ T-cell 
memory responses between wild-type mice challenged with M525P 
or M525P fliCMG1655 and found them to be higher in the M525P 
fliCMG1655 group (Fig. 6a), comparable to those seen in Nlrc4−/− 
mice (Fig. 1c). To determine whether primary challenge with  
S. Typhimurium M525P fliCMG1655 would confer any resistance 
against lethal rechallenge, wild-type mice were systemically infected 
with M525P or M525P fliCMG1655 and allowed to clear the infec-
tion before rechallenge with fully virulent SL1344. Mice initially 
infected with M525P survived for 8.5 d while the survival rate of 
mice infected with M525P fliCMG1655 was markedly increased with 
approximately 75% of them surviving up to 21 d postlethal rechal-
lenge (Fig. 6b). Mice in the M525P fliCMG1655 group also lost less 
weight from days 4 to 6 after rechallenge when compared to mice 
in the M525P group (Fig. 6c). These data indicate that reduced 
NLRC4 activation during primary challenge promotes protection 
against rechallenge, although the mechanism by which this occurs 
is unclear.

Increased levels of serum IL-18 correlated with increased  
effector immunity (Figs. 2a and 4b), we, therefore, tested whether 
IL-18 contributes to the amplification of CD4+ T-cell immu-
nity seen when NLRC4 activation is impaired. We compared the  
ex vivo memory responses between wild-type and IL-18−/−mice 
challenged with M525P and found no difference suggesting that, 
when NLRC4 is fully activated, IL-18 does not affect the potency 
of the response (Fig. 6d). When mice were challenged with  
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Fig. 3 | NLRC4 restricts the potency of CD4+ T-cell-mediated memory responses against Salmonella in a NLRP3-dependent manner. The Th1 memory 
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(extract). a, CD4+ T cells from wild-type and Nlrp3−/− mice 100 d after challenge with 2.2 × 104 c.f.u. S. Typhimurium M525P and IFN-γ and IL-2 were 
measured by ELISA in the cell culture supernatant after 72 and 24 h, respectively. b, CD4+ T cells from wild-type and Nlrp3−/−Nlrc4−/− mice 90 d after 
challenge with 1.72 × 104 c.f.u. S. Typhimurium M525P and IFN-γ was measured as in a. c, Same experiment as a, the percentage of CD4+ T cells secreting 
IFN-γ in response to bacterial extract was determined via a cytokine secretion assay. d, Same experiment as b, the percentage of CD4+ T cells secreting 
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M525P fliCMG1655, however, the IFN-γ response was reduced in IL-18−/−  
mice and, although this did not meet statistical significance  
(Fig. 6e, P = 0.0513) is, nevertheless, suggestive of a link between 
NLRC4, IL-18 and CD4+ T-cell-mediated Th1 memory.

Discussion
Pathogen-mediated activation of PRRs should determine the speci-
ficity of, and enhance the production of, antigen-specific immunity, 
yet here we show that activation of the PRR NLRC4 supresses mem-
ory CD4+ T-cell-mediated responses against Salmonella. The CD4+ 
T-cell-mediated immunity is critical for host control and long-term 
protection against intraphagosomal pathogens such as Salmonella. 
Equally important is the fact that mice initially challenged with a 
Salmonella strain that evades detection by NLRC4 were protected 
against an otherwise lethal rechallenge. This work, therefore, has 
important implications for vaccine development against patho-
gens that efficiently activate the NLRC4 inflammasome, such as 
Legionella33, Pseudomonas34 and Shigella35.

We used inflammasome-deficient mice to show that activa-
tion of NLRC4 by S. Typhimurium curtails antigen-specific CD4+ 
T-cell-mediated memory responses and confirmed this phenotype 
by using a Salmonella mutant defective in activating NLRC4. In 
the wild-type strain we replaced native flagellin with flagellin from  
E. coli that is impaired in activating NLRC4, but can still activate 

TLR5 and keep the mutant motile, both of which could poten-
tially affect the development of immunity against Salmonella. This 
mutant enhanced antigen-specific immunity, most probably by its 
clear ability to evade NLRC4 activation, but it would be interesting 
to test if a flagellin-deficient mutant would induce similar effects 
in vivo.

Relatively little is known about whether NLRC4 can affect the 
development of antigen-specific immunity against pathogens. 
Studies investigating the effect of NLRC4 on CD8+ T-cell immunity 
have shown contrasting results. Listeria monocytogenes constitutively 
expressing flagellin from Legionella pneumophila suppressed CD8+ 
T-cell immunity in mice and failed to protect them against rechal-
lenge36. Flagellin recognition by NLRC4 during Salmonella infec-
tion, in contrast, induces IFN-γ release by memory CD8+ T cells19. 
A similar phenomenon has been described in Salmonella-induced 
CD4+ Th1 effector cells that require both NLRC4 and NLRP3 to 
optimally secrete IFN-γ in response to LPS and flagellin18. Unlike 
our work, however, both these studies describe a role for NLRC4 
in non-antigen-specific immune responses and suggest that NLRC4 
activation drives the induction, rather than downregulation, of 
T-cell responses.

Our data show that NLRC4 activation negatively regulates 
CD4+ T-cell-mediated memory immunity against Salmonella via 
an NLRP3-dependent mechanism. Salmonella engages first NLRC4 
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time with the same number of mice as in b apart from day 1 pre-challenge (n = 5 for wild-type and n = 4 for all other genotypes). Each symbol represents 
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one-way ANOVA for each interval separately. For wild-type versus Nlrc4−/− mice, data are representative of three independent experiments. For wild-type 
versus Nlrp3−/− and Nlrp3−/−Nlrc4−/− mice, data are representative of two independent experiments.

Nature Microbiology | VOL 5 | December 2020 | 1588–1597 | www.nature.com/naturemicrobiology 1593

http://www.nature.com/naturemicrobiology


Articles NATuRE MiCRobioLogy

and subsequently NLRP3, which maximizes IL-1β/IL-18 production 
in vitro15,22 and is particularly important when NLRC4 activation is 
impaired. Our work shows that mice lacking NLRC4 have increased 
serum IL-18 levels only when they have functional NLRP3, while 
deficiency in both PRRs prevents IL-18 amplification in the serum. 
We propose that during S. Typhimurium infection, NLRC4 prevents 
NLRP3 from amplifying cytokine production by APCs and this, in 
turn, restricts the potency of pathogen-specific immune responses. 
Defective NLRC4 activation by increasing the levels of Th1-related 
cytokines in the serum enhances the expansion of antigen-specific 
CD4+ T cells and, consequently, this would give rise to a larger pool 
of memory cells. These cytokines could either be produced by the 
APCs during their interaction with naive T cells or by cells other 
than APCs at a later stage to act on activated effector T cells4.

The NLRP3-dependent mechanism by which NLRC4 suppresses 
T-cell memory responses is unclear but our data indicate that IL-18 
could be important. IL-18 enhances Th1 antigen-specific immunity 

by increasing IFNγ production from Th1 CD4+ T cells and natu-
ral killer cells37. It is also important for the maintenance of potent  
Th1 responses against Listeria38 and promotes antigen-specific 
clonal expansion and survival of effector CD4+ T cells in response 
to flagellin39. In our model, elevated serum IL-18 coincides with 
increased CD4+ T-cell effector responses and persists for two to 
three weeks during the microbial clearance phase when most effec-
tor cells die and only a small fraction survive to become quiescent, 
long-lived memory cells40. We saw that when NLRC4 activation is 
defective, IL-18 deficiency partially prevents the amplification of 
memory responses. Other mechanisms may be important, however, 
such as the production of IL-1β that can enhance Th1 cell expan-
sion41 or cytokine-independent mechanisms, such as phagosome 
acidification, which can affect the development of adaptive immu-
nity against Gram-positive bacteria42.

In conclusion, here we describe an unknown mechanism by which 
reduced activation of a PRR, NLRC4, enhances antigen-specific 
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memory responses and promotes long-term protection against 
rechallenge. This reveals a clear link between NLRC4 activation and 
restriction of pathogen-specific immunity within a physiological 
setting. Whether this phenomenon is induced by the pathogen as a 
strategy to impede the development of optimal memory responses 
or by the host to avoid immunopathology by tightly regulating  
levels of proinflammatory cytokines remains to be determined.

Methods
Mice. Wild-type C57BL/6J mice were obtained from Charles River. Nlrc4−/− and 
Nlrp3−/− mice on a C57BL/6J background (after at least eight back crosses onto 
the C57BL/6J background) were kindly provided by K. Fitzgerald (University 
of Massachusetts Medical School). The Nlrc4−/−Nlrp3−/− mice were generated 
in-house by crossing Nlrc4−/− with Nlrp3−/− mice. All mouse colonies were 
bred independently. Mice were genotyped by PCR using standard protocols. 
All mice were maintained in a specific pathogen-free facility according to the 
Animals Scientific Procedures outlined by the UK Home Office regulations. All 
work involving live animals complied with the University of Cambridge Ethics 
Committee regulations and was performed under the Home Office Project Licence 
numbers 80/2572 and P48B8DA35. Both male and female mice between 8 and 
24 weeks of age were used in infection trials and as donors for primary bone 
marrow-derived macrophages (BMDMs).

Bacterial strains and animal infections. S. Typhimurium strains SL1344 and 
M525P43, strains of high and intermediate virulence, respectively, were used in 
this study. For in vitro studies, S. Typhimurium was grown from single colonies 

to exponential phase, by inoculating a 17.5 h overnight culture 1 in 10 into 
LB medium and incubating at 37 °C, 200 r.p.m. for 2 h. For in vivo infections, 
stationary phase S. Typhimurium cultures were washed and resuspended in 
Dulbecco’s PBS (D-PBS, Sigma). For i.v. challenge experiments, 0.2 ml of the 
inoculum were administered systemically via the lateral tail vein. For oral  
challenge experiments, mice were lightly anaesthetized with isoflurane and 
then inoculated with 0.2 ml of the inoculum via oral gavage. Control mice were 
inoculated with sterile PBS only. The exact dose of Salmonella administered 
was determined by serial dilution and plating the inoculum on LB plates before 
and after infection. Primary challenge in all experiments was performed by i.v. 
administration of approximately 104 c.f.u. S. Typhimurium 525P wild-type or 
mutant per mouse unless mentioned otherwise. Exact doses for each experiment 
are given in the legends of the respective graphs. All experiments were performed 
after approval from the University of Cambridge ethical review committee and 
under the UK Government Home Office regulations licence numbers 80/2135, 
80/11763, PF86EABB1 and P48B8DA35. In this work, no statistical methods were 
used to predetermine the sample size. The experiments were not randomized, 
and the investigators were not blinded to allocation during the experiments and 
outcome assessments.

Humane endpoint curves. In animal trials that involved rechallenge with 
fully virulent S. Typhimurium, we constructed humane endpoint curves as an 
alternative to survival curves. To do this, mice were weighed once and assessed 
twice daily for manifestation of clinical signs associated with generalized infection. 
These include weight loss of over 15% of maximum body weight, marked 
piloerection, subdued behavioural pattern even when provoked and reduced 
exploration, isolation from peers, intermittent hunched posture and persistent 
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oculo-nasal discharge. Mice would be euthanized without delay when any of these 
signs persisted for more than 12 h.

Bacterial isolation and enumeration. Mice were euthanized at specific intervals 
following infection and their spleens and livers removed aseptically. Organs 
were homogenized in 10 ml sterile water using a Colworth stomacher. Organ 
homogenates were serially diluted and plated on LB agar plates. LB plates 
were incubated overnight at 37 °C followed by enumeration of c.f.u. In some 
experiments, spleens were first passed through a cell strainer to produce single 
cell suspensions in RPMI medium, a fraction of which was then used for bacterial 
enumeration.

Construction of S. Typhimurium M525PΔfliC::fliCE.coli and bacterial motility 
assays. To engineer S. Typhimurium that expresses the FliC protein of the 
non-pathogenic E. coli K-12 strain MG1655, a DNA fragment was synthesized 
by GeneArt Gene Synthesis (Life Technologies) encoding E. coli K-12 MG1655 
fliC adjacent to a chloramphenicol resistance cassette (CmR) and flanked by 
60 bp arms homologous to the sequence immediately upstream and downstream 
of S. Typhimurium M525P fliC. This fliCMG1655 cassette was transformed into 
electrocompetent S. Typhimurium M525P cells carrying the pBADλRed 
plasmid44,45. Transformants were selected on LB agar supplemented with 25 μg ml−1 
of chloramphenicol and positive clones were confirmed by sequencing. The growth 
rate of the mutant strain was assessed by performing viable bacterial counts and 
found to be similar to that of the wild-type strain (Supplementary Fig. 1).

To assess bacterial motility, overnight cultures grown in LB medium were diluted 
into fresh LB medium to an optical density (OD600) of 0.05 and grown at 37 °C until 
cultures reached an OD600 of 1.0. Two microlitres of culture were inoculated into 
0.25% tryptone agar (2.5 g l−1 of agar, 10 g l−1 of tryptone, 5 g l−1 of NaCl). Plates were 
incubated at 37 °C for between 4 and 6 h and swarm diameter was measured.

Cell culture and infections. BMDMs were prepared as previously described15. 
They were infected with S. Typhimurium grown to exponential phase as previously 
described46. Cell viability was assessed using the Cytotox 96 Non-Radioactive 
Cytotoxicity assay (Promega).

CD4+ T-cell ex vivo stimulation assays. Mice were euthanized, their spleens 
aseptically removed and, after mechanical disruption, passed through a 70-μm 
cell strainer (BD Biosciences) to obtain single cell suspensions in prewarmed 
RPMI containing 2% (vol/vol) FCS (Hyclone). Cell suspensions were washed once 
and resuspended in Red Blood Cell Lysis buffer (Sigma), mixed and incubated 
for 10 min on ice. Total splenocytes were washed twice and passed through a 
30-μm filter (Partec). CD4+ T cells were purified using CD4 microbeads and 
magnetic positive selection according to the manufacturer’s guidelines (Miltenyi 
Biotec). This routinely resulted in cell populations containing over 95% CD4+ 
cells. CD4+ T cells were resuspended in complete RPMI medium containing 
10% FCS (Hyclone), 5 mM l-glutamine, 100 U ml−1 of penicillin, 100 μg ml−1 of 
streptomycin, 1 mM HEPES and 0.02 mM β-mercaptoethanol. Cells were seeded 
at 2 × 105 cells per well in round bottom 96-well plates (Greiner Bio-One) together 
with wild-type naïve total splenocytes previously treated (1 h at 37 °C and 5% CO2) 
with Mitomycin C 25 μg ml−1 (Sigma) at a 1:1 ratio (total cell number of 4 × 105 
cells per well). Cocultures from each mouse were left unstimulated, stimulated 
with 2 μg ml−1 antimouse CD3e (clone 145-2C11, eBioscience) or 20 μg ml−1 
whole Salmonella cell extract, prepared as described previously47 and incubated 
at 37 °C and 5% CO2. In some experiments, the polyclonal stimulus was provided 
by concanavalin A (rather than antimouse CD3e), which was used at a final 
concentration of 5 μg ml−1. Cell culture supernatants were collected after 24 and 
72 h incubation for cytokine quantification.

When CD4+ T Cells were stimulated ex vivo to assess memory immunity, it 
was important to confirm that the primary infection has cleared and the effector 
immune response subsided. For this reason, any mice whose microbial load was 
above detection limit (20 c.f.u. for the spleen and 10 c.f.u. for the liver) were not 
included in the study.

ELISpot and cytokine secretion assay. The numbers of CD4+ T cells secreting 
IFN-γ were assessed by ELISpot and cytokine secretion assays. For ELISpot, 
capture and detection antibodies supplied by the mouse IFN-γ ELISpot 
Development Module (R&D Systems) were used according to the manufacturer’s 
guidelines. Briefly, cocultures of purified CD4+ T cells with syngeneic feeder cells 
were incubated in duplicate wells in the presence or absence of whole Salmonella 
cell extract for 12 h. Cell suspensions were then transferred in twofold serial 
dilutions to a capture antibody-coated 96-well filtration plate (Millipore) and 
incubated for a further 12 h. ELISpot Blue Colour Module (R&D Systems) analysis 
of the cell supernatant was performed according to the manufacturer’s guidelines. 
Data were expressed as IFN-γ spot-forming cells per 106 cells. The number of 
CD4+ T cells secreting IFN-γ was also determined using a flow cytometry-based 
cytokine secretion assay (Miltenyi Biotec) according to the manufacturer’s 
guidelines. To reduce non-specific background staining and increase sensitivity, 
cells were simultaneously stained with a fixable viability dye and antimouse 
CD4 antibody (clone GK1.5) (both from Invitrogen) while the sequential gating 

strategy used is shown in Supplementary Fig. 2. Data from 100,000 viable cells 
were acquired from each mouse using a DxP Multi-color updated FACSCan (BD) 
analysed with FlowJo Software (TreeStar). In subsequent experiments, cells were 
also stained with antimouse CD44 (clone IM7) and CD62L (clone MEL-14) during 
cytokine secretion assay to better characterize the class of memory CD4+ T cells 
secreting IFN-γ (effector or central memory). The sequential gating strategy for 
these analyses is shown in Extended Data Fig. 3. In this case, data from 100,000 
viable cells were acquired from each mouse using an Attune NxT Flow Cytometer 
(Invitrogen) and analysed with FlowJo Software (TreeStar).

Enzyme-linked immunosorbent assay (ELISA) and multiplex immunoassays 
for cytokine quantification. Cytokine levels were measured in the serum and 
cell culture supernatant by bead-based, multiple cytokine detection immunoassay 
and/or ELISA analysis. Mouse serum was analysed via ELISA for levels of IL-1β 
(BD OptEIA set) and IL-18 (MBL International) and via multiplex immunoassays 
(ProcartaPlex, Invitrogen) for IFN-γ and TNF-α. Cell culture supernatant collected 
from the CD4+ T-cell stimulation assays was analysed by ELISA for levels of 
IFN-γ and IL-2 (DuoSet Development kit, R&D Systems) and a flow cytometric, 
bead-based immunoassay (FlowCytomix, ebioscience) for simultaneous detection 
of mouse GM-CSF, IL-6 and TNF-α. IL-1β production from BMDMs infected with 
Salmonella was also analysed by ELISA. ELISAs and multiplex immunoassays were 
performed according to the manufacturer’s guidelines.

Detection of serum anti-LPS antibodies. Antibody (Ab) titres against  
S. Typhimurium LPS were measured in the serum of infected and control mice by 
ELISA as previously described48. Serum Ab titres were calculated on the basis a 
standard curve constructed by twofold serial dilutions of the same positive serum 
sample run on every plate. The dilution at which OD450–OD570 of the standard 
sample approximated the value of 1 was arbitrarily appointed as 1,000 U.

Statistical analyses. All statistical analyses were performed with GraphPad Prism 
v.8 with each specific analysis described in the appropriate figure legend. Exact  
P values are shown on each graph separately with P < 0.05 considered statistically 
significant.

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

Data availability
All data used to generate the figures presented in this work are available 
in Cambridge Research Repository Apollo with the identifier https://doi.
org/10.17863/CAM.41575. Source data are provided with this paper.
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Extended Data Fig. 1 | NLRC4 is required to restrict microbial spread during an oral sub-lethal but not an oral lethal infection with S. Typhimurium.  
a, Wild-type and nlrc4−/− mice were challenged orally with 4.4 × 109 CFU S. Typhimurium M525P to establish a sub-lethal infection and microbial burden 
was determined in the spleen and liver at 5 days (n = 6 for wild-type and Nlrc4−/−) and 14 days (n = 7 for wild-type and n = 6 for Nlrc4−/−) post-challenge. 
b, Wild type and Nlrc4−/− mice were challenged orally 8 × 108 CFU S. Typhimurium SL1344 to establish a lethal infection and microbial burden was 
determined in the spleen and liver at 4 days post-challenge. Each symbol represents one mouse and horizontal lines delineate the mean. Statistical 
significance was calculated by 2-way ANOVA followed by Sidak’s multiple comparisons test for a and two-tailed Mann Whitney test for b. Data are 
representative of two independent experiments.
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Extended Data Fig. 2 | The effect of infection dose on the potency of ex vivo CD4+ T cell-mediated responses. Wild-type mice were challenged with 
either 1.58 × 105 CFU, 1.72 × 104 CFU or 1.53 × 103 CFU S. Typhimurium M525P. Mice were euthanised 104-125 days after challenge and their splenic CD4+ 
T cells were stimulated with medium only (w/o stim.), anti-mouse CD3e (anti-CD3e) or whole bacterial cell extract (extract). a, IFN-γ measured by ELISA 
in the cell culture supernatant after 72 hours. b, IL-2 measured by ELISA in the cell culture supernatant after 24 hours. Data are shown as mean ± s.e.m. 
Statistical significance was calculated by a one-way ANOVA. Data were generated from one experiment.
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Extended Data Fig. 3 | Flow cytometric analysis reveals that CD4+ T cells secreting IFN-γ ex vivo have the profile of effector memory, rather than 
central memory, CD4+ T cells. CD4+ T cells isolated from the spleen of wild-type and Nlrc4−/− mice 100 days after primary challenge with 1.24 × 104 CFU 
S. Typhimurium M525P were stimulated ex vivo with whole bacterial cell extract and phenotypically characterised via flow cytometry. Viable cells were 
first selected using a fixable viability dye (FVD) and single cells only were further included in the analysis based on their forward scatter area vs. forward 
scatter height. Single viable cells expressing CD4 were then separated to IFN-γ- and IFN-γ+ with both groups analysed for expression of CD44 and CD62L. 
For CD4+IFN-γ- cells, the phenotype CD44+CD62−represents effector T cells, while the phenotype CD44−CD62+ represents naïve T cells. For CD4+IFN-γ+ 
cells, the phenotype CD44+CD62−represents effector memory T cells, while the phenotype CD44+CD62+ represents central memory T cells. Percentages 
shown in the respective quadrants are mean values ± SD from N = 5 wild-type and N = 6 Nlrc4−/− mice. Data were generated from one experiment.
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Extended Data Fig. 4 | NLRC4 does not affect protection against lethal re-challenge. Wild-type and Nlrc4−/− mice were challenged with either sterile 
PBS (naïve) or 1-1.15 × 104 CFU S. Typhimurium M525P and allowed to clear the primary infection for 90-106 days. They were then re-challenged orally 
with 1.37-7.2 × 107 CFU S. Typhimurium SL1344 to establish a lethal infection and inspected twice daily. They were euthanized upon detection of adverse 
signs and a humane end point curve was constructed for a, naïve mice and b, mice ‘immunised’ with Salmonella. Data has been pooled from 2 independent 
experiments. Statistical significance was calculated by a two-sided log-rank test.
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Extended Data Fig. 5 | Data variation between independent trials comparing CD4+ T cell-mediated responses in wild-type, Nlrc4-/-, Nlrp3-/- and Nlrp3-

/-Nlrc4-/- mice is not statistically significant. Levels of IFN-γ produced by CD4+ T cells stimulated ex vivo with whole bacterial cell extract were compared 
between wild-type mice used in three independent trials shown in Fig. 1c, Fig. 3a and Fig. 3b. Each symbol represents one mouse and horizontal lines 
delineate the mean. The data was tested for statistical significance by one-way ANOVA.
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Extended Data Fig. 6 | In the absence of NLRC4, Salmonella-infected macrophages do not undergo early cell death enabling them to survive longer and 
secrete IL−1β via activation of NLRP3. Unprimed bone marrow derived macrophages (BMDMs) from wild-type, Nlrc4−/−, Nlrp3−/− and Nlrc4−/−Nlrp3−/− 
mice were infected with S. Typhimurium M525P in logarithmic growth at the MOI=50. a, Cytotoxicity was determined by measuring levels of LDH 
released in the cell culture supernatant. b, Levels of IL-1β were determined by ELISA in the cell culture supernatant. Data are shown as mean of triplicate 
wells ± s.e.m. Data are representative of two independent experiments.

Nature Microbiology | www.nature.com/naturemicrobiology

http://www.nature.com/naturemicrobiology


Articles NATuRE MiCRobioLogyArticles NATuRE MiCRobioLogy

Extended Data Fig. 7 | Pairwise Sequence Alignment of FliC from E. coli K-12 MG1655 and S. Typhimurium M525P. Comparison of the predicted FliC 
proteins from S. Typhimurium M525P and E. coli K-12 MG1655 by Clustal Omega (EMBL-EBI).
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Extended Data Fig. 8 | Salmonella expressing flagellin from non-pathogenic E. coli (M525P fliCMG1655) is motile but impaired at activating the NLRC4 
inflammasome in macrophages. a, Comparison of the motility diameter between S. Typhimurium M525P, M525P fliCMG1655 and SL1344. Data are 
expressed as % of the diameter achieved by the SL1344. b–d, Unprimed bone marrow derived macrophages from wild-type and Nlrc4−/− mice were 
infected for 1 h, 2 h, 6 h and 24 h with S. Typhimurium M525P or M525P fliCMG1655 in logarithmic growth. b, Cytotoxicity was determined by measuring levels 
of LDH released in the cell culture supernatant at an MOI of 50. c, Levels of IL-1β and d, TNF-α were determined by ELISA in the cell culture supernatant 
at an MOI of 1. Data has been pooled from 6 independent experiments and shown as mean ± s.e.m. in a. Data are representative of two independent 
experiments in b–d and shown as mean of triplicate wells ± s.e.m.
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system or method listed is relevant to your study. If you are not sure if a list item applies to your research, read the appropriate section before selecting a response. 

Materials & experimental systems
n/a Involved in the study

Antibodies

Eukaryotic cell lines

Palaeontology

Animals and other organisms

Human research participants

Clinical data

Methods
n/a Involved in the study

ChIP-seq

Flow cytometry

MRI-based neuroimaging

Antibodies
Antibodies used all antibodies have been described in Methods

Validation All of the antibodies used have been validated by the manufacturers and have been extensively used in the field.

Eukaryotic cell lines
Policy information about cell lines

Cell line source(s) State the source of each cell line used.

Authentication Describe the authentication procedures for each cell line used OR declare that none of the cell lines used were authenticated.

Mycoplasma contamination Confirm that all cell lines tested negative for mycoplasma contamination OR describe the results of the testing for 
mycoplasma contamination OR declare that the cell lines were not tested for mycoplasma contamination.

Commonly misidentified lines
(See ICLAC register)

Name any commonly misidentified cell lines used in the study and provide a rationale for their use.

Palaeontology
Specimen provenance Provide provenance information for specimens and describe permits that were obtained for the work (including the name of the 

issuing authority, the date of issue, and any identifying information).

Specimen deposition Indicate where the specimens have been deposited to permit free access by other researchers.

Dating methods If new dates are provided, describe how they were obtained (e.g. collection, storage, sample pretreatment and measurement), 
where they were obtained (i.e. lab name), the calibration program and the protocol for quality assurance OR state that no new 
dates are provided.

Tick this box to confirm that the raw and calibrated dates are available in the paper or in Supplementary Information.
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Animals and other organisms
Policy information about studies involving animals; ARRIVE guidelines recommended for reporting animal research

Laboratory animals mouse, C57BL/6J genetic background, wild-type and genetically altered, male and female, used at 8-24 weeks of age

Wild animals the study did not involve wild animals

Field-collected samples the study did not involve samples collected in the field

Ethics oversight All experiments were performed after approval from the University of Cambridge ethical review committee and under the UK 
government Home office regulations license numbers 80/2135, 80/11763, PF86EABB1 and P48B8DA35.

Note that full information on the approval of the study protocol must also be provided in the manuscript.

Human research participants
Policy information about studies involving human research participants

Population characteristics Describe the covariate-relevant population characteristics of the human research participants (e.g. age, gender, genotypic 
information, past and current diagnosis and treatment categories). If you filled out the behavioural & social sciences study design 
questions and have nothing to add here, write "See above."

Recruitment Describe how participants were recruited. Outline any potential self-selection bias or other biases that may be present and how 
these are likely to impact results.

Ethics oversight Identify the organization(s) that approved the study protocol.

Note that full information on the approval of the study protocol must also be provided in the manuscript.

Clinical data
Policy information about clinical studies
All manuscripts should comply with the ICMJE guidelines for publication of clinical research and a completed CONSORT checklist must be included with all submissions.

Clinical trial registration Provide the trial registration number from ClinicalTrials.gov or an equivalent agency.

Study protocol Note where the full trial protocol can be accessed OR if not available, explain why.

Data collection Describe the settings and locales of data collection, noting the time periods of recruitment and data collection.

Outcomes Describe how you pre-defined primary and secondary outcome measures and how you assessed these measures.

ChIP-seq
Data deposition

Confirm that both raw and final processed data have been deposited in a public database such as GEO.

Confirm that you have deposited or provided access to graph files (e.g. BED files) for the called peaks.

Data access links 
May remain private before publication.

For "Initial submission" or "Revised version" documents, provide reviewer access links.  For your "Final submission" document, 
provide a link to the deposited data.

Files in database submission Provide a list of all files available in the database submission.

Genome browser session 
(e.g. UCSC)

Provide a link to an anonymized genome browser session for "Initial submission" and "Revised version" documents only, to 
enable peer review.  Write "no longer applicable" for "Final submission" documents.

Methodology

Replicates Describe the experimental replicates, specifying number, type and replicate agreement.

Sequencing depth Describe the sequencing depth for each experiment, providing the total number of reads, uniquely mapped reads, length of 
reads and whether they were paired- or single-end.

Antibodies Describe the antibodies used for the ChIP-seq experiments; as applicable, provide supplier name, catalog number, clone 
name, and lot number.
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Peak calling parameters Specify the command line program and parameters used for read mapping and peak calling, including the ChIP, control and 
index files used.

Data quality Describe the methods used to ensure data quality in full detail, including how many peaks are at FDR 5% and above 5-fold 
enrichment.

Software Describe the software used to collect and analyze the ChIP-seq data. For custom code that has been deposited into a 
community repository, provide accession details.

Flow Cytometry
Plots

Confirm that:

The axis labels state the marker and fluorochrome used (e.g. CD4-FITC).

The axis scales are clearly visible. Include numbers along axes only for bottom left plot of group (a 'group' is an analysis of identical markers).

All plots are contour plots with outliers or pseudocolor plots.

A numerical value for number of cells or percentage (with statistics) is provided.

Methodology

Sample preparation Single cell suspensions were prepared from mouse spleen as described in Methods. Non-specific binding was prevented by 
incubating cells with anti-mouse CD16/CD32. Directly conjugated antibodies were used at the concentration recommended by 
the manufacturer and cells were stained in V-bottom 96-well plates  

Instrument DxP Multi-color updated FACSCan (BD), Attune NxT Flow Cytometer (Invitrogen)

Software DxP Multi-color updated FACSCan (BD): FlowJo to collect and analyse. Attune NxT Flow Cytometer: Attune NxT software to 
collect, FlowJo to analyse. 

Cell population abundance no cell sorting was performed

Gating strategy the gating strategy is shown in Supplementary Fig 2 and Extended Data Fig 3

Tick this box to confirm that a figure exemplifying the gating strategy is provided in the Supplementary Information.

Magnetic resonance imaging
Experimental design

Design type Indicate task or resting state; event-related or block design.

Design specifications Specify the number of blocks, trials or experimental units per session and/or subject, and specify the length of each trial 
or block (if trials are blocked) and interval between trials.

Behavioral performance measures State number and/or type of variables recorded (e.g. correct button press, response time) and what statistics were used 
to establish that the subjects were performing the task as expected (e.g. mean, range, and/or standard deviation across 
subjects).

Acquisition

Imaging type(s) Specify: functional, structural, diffusion, perfusion.

Field strength Specify in Tesla

Sequence & imaging parameters Specify the pulse sequence type (gradient echo, spin echo, etc.), imaging type (EPI, spiral, etc.), field of view, matrix size, 
slice thickness, orientation and TE/TR/flip angle.

Area of acquisition State whether a whole brain scan was used OR define the area of acquisition, describing how the region was determined.

Diffusion MRI Used Not used

Preprocessing

Preprocessing software Provide detail on software version and revision number and on specific parameters (model/functions, brain extraction, 
segmentation, smoothing kernel size, etc.).
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Normalization If data were normalized/standardized, describe the approach(es): specify linear or non-linear and define image types 
used for transformation OR indicate that data were not normalized and explain rationale for lack of normalization.

Normalization template Describe the template used for normalization/transformation, specifying subject space or group standardized space (e.g. 
original Talairach, MNI305, ICBM152) OR indicate that the data were not normalized.

Noise and artifact removal Describe your procedure(s) for artifact and structured noise removal, specifying motion parameters, tissue signals and 
physiological signals (heart rate, respiration).

Volume censoring Define your software and/or method and criteria for volume censoring, and state the extent of such censoring.

Statistical modeling & inference

Model type and settings Specify type (mass univariate, multivariate, RSA, predictive, etc.) and describe essential details of the model at the first 
and second levels (e.g. fixed, random or mixed effects; drift or auto-correlation).

Effect(s) tested Define precise effect in terms of the task or stimulus conditions instead of psychological concepts and indicate whether 
ANOVA or factorial designs were used.

Specify type of analysis: Whole brain ROI-based Both

Statistic type for inference
(See Eklund et al. 2016)

Specify voxel-wise or cluster-wise and report all relevant parameters for cluster-wise methods.

Correction Describe the type of correction and how it is obtained for multiple comparisons (e.g. FWE, FDR, permutation or Monte 
Carlo).

Models & analysis

n/a Involved in the study
Functional and/or effective connectivity

Graph analysis

Multivariate modeling or predictive analysis
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