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INTRODUCTION:The inflammasomes and the
complement system are traditionally viewed
as quintessential components of innate immu-
nity required for the detection and elimination
of pathogens. Assembly of the NLRP3 inflam-
masome in innate immune cells controls the
maturation of interleukin (IL)–1b, a proinflam-
matory cytokine critical to host defense,whereas
activation of the liver-derived complement key
components C3 and C5 in serum leads to op-
sonization and removal of microbes and induc-
tion of the inflammatory reaction. Recent studies,
however, have highlighted an unanticipated di-
rect role for complementC3 also inhumanTcell
immunity:TheanaphylatoxinC3a receptor (C3aR)

and the complement regulator CD46 (which
binds C3b) are critical checkpoints in human
T cell lineage commitment, and they control
initiation and resolution of T helper 1 (TH1) re-
sponses in an autocrine fashion via T cell–derived
and intracellularly activated C3. We explored a
novel functional cross-talk of complement with
the NLRP3 inflammasome within CD4+ T cells
and determined how the cooperation between
these two “classically” innate systems directly af-
fects interferon-g (IFN-g) production by adapt-
ive immune cells.

RATIONALE: Given the critical role of intracel-
lular C3 activation in human TH1 responses and

the importance of C5 activation products in in-
flammation, we investigated whether human
CD4+ T cells also harbor an “intracellular C5
activation system” andbywhatmeans this system
may contribute to effector responses by using
C5aR1 and C5aR2 agonists and antagonists,
T cells from patients with cryopyrin-associated
periodic syndromes (CAPS), andmousemodels
of infection and autoimmunity.

RESULTS: Human CD4+ T cells expressed C5
and generated increased intracellular C5a upon
T cell receptor activation and CD46 autocrine

costimulation. Subsequent
engagement of the intra-
cellular C5aR1 by C5a in-
duced the generation of
reactive oxygen species
(ROS) and the unexpected
assembly of a functional

NLRP3 inflammasome in CD4+ T cells, where-
as the surface-expressedC5aR2 negatively con-
trolled this process.
NLRP3 inflammasome–dependent autocrine

IL-1b secretion and activity were required for
optimal IFN-g production by T cells; conse-
quently, dysregulation of NLRP3 function in
these cells affected their normal effector re-
sponses. For example, mutated, constitutively
active NLRP3 in T cells from patients with
CAPS induced hyperactive TH1 responses that
could be normalized with a NLRP3 inhibitor.
The in vivo importance of a T cell–intrinsic
NLRP3 inflammasomewas further supported
by the finding that IFN-g production byNlrp3–/–

CD4+ T cells was significantly reduced dur-
ing viral infections in mice and that dimi-
nished TH1 induction due to lack of NLRP3
function in a CD4+ T cell transfer model of
colitis led to uncontrolled TH17 infiltration
and/or expansion in the intestine and ag-
gravated disease.

CONCLUSION: Our results demonstrate that
the regulated cross-talk between intracellu-
larly activated complement components (the
“complosome”) and the NLRP3 inflamma-
some is fundamental to human TH1 induction
and regulation. The finding that established
innate immune pathways are also operative
in adaptive immune cells and orchestrate
immunological responses contributes to our
understanding of immunobiology and im-
mune system evolution. In addition, the re-
sults suggest that the complement-NLRP3 axis
in T cells represents a novel therapeutic tar-
get for the modulation of TH1 activity in
autoimmunity and infection.▪
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An intrinsic complement-NLRP3 axis regulates human TH1 responses.Tcell receptor activation
and CD46 costimulation trigger NLRP3 expression and intracellular C5a generation. Subsequent
intracellular C5aR1 engagement induces ROS production (and possibly IL1B gene transcription) and
NLRP3assembly,which in turnmediates IL-1bmaturation. Autocrine IL-1b promotesTH1 induction (IFN-
g production) but restricts TH1 contraction (IL-10 coexpression). C5aR2 cell surface activation by
secreted C5a negatively controls these events via undefined mechanisms. Dysfunction of this
system contributes to impaired TH1 responses in infection or increased TH17 responses during in-
testinal inflammation.
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The NLRP3 inflammasome controls interleukin-1b maturation in antigen-presenting cells, but
a direct role for NLRP3 in human adaptive immune cells has not been described.We found that
the NLRP3 inflammasome assembles in humanCD4+ Tcells and initiates caspase-1–dependent
interleukin-1b secretion, thereby promoting interferon-g production and T helper 1 (TH1)
differentiation in an autocrine fashion. NLRP3 assembly requires intracellular C5 activation and
stimulation of C5a receptor 1 (C5aR1), which is negatively regulated by surface-expressed
C5aR2. Aberrant NLRP3 activity in Tcells affects inflammatory responses in human
autoinflammatory disease and in mouse models of inflammation and infection. Our results
demonstrate that NLRP3 inflammasome activity is not confined to “innate immune cells” but is
an integral component of normal adaptive TH1 responses.

T
he complement system is an ancient innate
immune sensor system that is essential for
elimination of pathogens by the host. Pro-
cessing in serumof liver-derived C3 into C3a
and C3b and of C5 into C5a and C5b acti-

vation fragments leads toopsonizationandremoval
of invading microbes, mobilization of innate im-

mune cells, and induction of inflammatory reac-
tions (1). However, complement also profoundly
regulates adaptive immunity: In addition to T cell
receptor (TCR) activation, costimulation, and the
presence of interleukin (IL)–12 (2), human CD4+

T cells also depend on the activation of T cell–
expressed complement receptors binding C3 ac-
tivation fragments for normal T helper 1 (TH1)
induction (3). Unexpectedly, the engagement of
complement receptors on T cells is independent
of systemic complement but instead is mediated
in an autocrine manner by complement activa-
tion fragments produced by the T cell itself. In
particular, C3a and C3b are generated intracel-
lularly via cathepsin L–mediated cleavage of C3
in T cells upon TCR activation (4). These engage
their respective receptors—a G protein–coupled
receptor (GPCR) C3a receptor (C3aR) and the com-
plement regulator CD46 (which binds C3b)—and
induce autocrine interferon-g (IFN-g) (5, 6). Mech-
anistically, C3aR- and CD46-mediated signals
(i) regulate IL-2R assembly, (ii) up-regulate the
glucose transporter GLUT1 and the amino acid
transporter LAT1, and (iii) up-regulate mTORC1
activation, which is required for the metabolic
programming essential for IFN-g induction (7).
However, CD46 costimulation is not only essen-

tial for IFN-g production and human TH1 induc-
tion; it also contributes to the negative control of
TH1 responses. Together with IL-2, CD46-mediated
signals drive the coexpression of immunosuppres-
sive IL-10 in TH1 cells and initiate their switch into
a (self-)regulatory and contracting phase (3). Ac-
cordingly, C3- and CD46-deficient patients suffer
from recurrent infections andhave severely reduced

TH1 responses in vitro and in vivo, whereas TH2
responses remain intact (5, 8). Conversely, uncon-
trolled intracellular C3 activation (or dysregulated
CD46 engagement) in T cells contributes to hy-
peractive TH1 responses observed in autoimmunity
(3, 4, 9) that can be normalized pharmacologically
by targeting intracellular cathepsin L function (4).
Of note, CD46 is not expressed on somatic tissue
in rodents and a functional homolog has not yet
been identified. This indicates the existence of
substantial differences in the complement receptor–
driven pathways regulating T cell responses be-
tween species [reviewed in (6)].
Given the critical role of intracellular C3 pro-

cessing in human TH1 induction and contraction
and the importance of C5a generation in inflam-
mation, we investigated whether human CD4+

T cells also harbor an “intracellular C5 activation”
system contributing to effector responses.

Autocrine activation of C5a receptors
regulates IFN-g production by human
CD4+ T cells

Human CD4+ T lymphocytes isolated from healthy
donors contained intracellular stores of C5 and
produced low levels of C5a in the resting state. TCR
activation, inparticularTCR+CD46costimulation,
increased the amounts of intracellular C5a, and
this was associated with the secretion of C5a to
the cell surface (Fig. 1, A and B). C5a, as well as
the C5a “des-arginized” form of C5a (C5adesArg)
generated by carboxypeptidase processing, can
bind two distinct GPCR receptors, C5aR1 (CD88)
and C5aR2 (GPR77, C5L2) (10, 11). Binding of C5a
to C5aR1 preferentially mediates proinflamma-
tory responses. The function of C5aR2 varies with
cell type; C5aR2 can act either as a nonsignaling
decoy receptor antagonizing C5aR1 or as an ac-
tive transducer of pro- or anti-inflammatory sig-
nals (11–14).
Both extra- and intracellular localization of

C5aR1 and C5aR2 on human monocytes have
been reported (14, 15), but expression patterns in
human CD4+ T cells have not been described in
detail. We detected expression of both C5AR1 and
C5AR2 mRNA in human CD4+ T cells (Fig. 1C)
and protein by immunoblotting (fig. S1A), con-
focal microscopy (Fig. 1D), and flow cytometry
(Fig. 1, E and F). Although mRNA amounts for
C5aR1 and C5aR2 vary in T cells (Fig. 1C) (16), the
protein levels for these receptors are comparable
among donors (Fig. 1E). In resting and activated
CD4+ T cells, C5aR1 is expressed exclusively intra-
cellularly and in low amounts, whereas the C5aR2
receptor is abundantly present inside and to a
lesser degree on the cell surface (Fig. 1F). Using
human embryonic kidney (HEK) 293 cells that
had been stably transfected to express C5aR1,
C5aR2, or no receptor, we corroborated the spec-
ificity of reagents used for C5a receptor detection
(fig. S1, B and C). Competitive binding studies of
C5a labeled with radioactive 125I (Fig. 1G and fig.
S1D) confirmed the ability of resting and activated
human CD4+ T cells to bind C5a.
To determine whether autocrine engagement

of the C5a receptors on T cells regulates TH1
induction, we activated human CD4+ T cells with
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Fig. 1. Autocrine activation of C5a receptors regulates IFN-g production
by human CD4+ T cells. (A and B) Intracellular C5 and C5a generation in
CD4+ T lymphocytes, left nonactivated or activated (36 hours) with anti-CD3
(a-CD3), a-CD3 + a-CD28, or a-CD3 + a-CD46 by flow cytometry (A) and
confocal microscopy (B) (data representative of n = 3). (C) RT-PCR analysis
for C5AR1 and C5AR2mRNA in resting human CD4+ cells andmonocytes (n =
4, donors D1 to D4, endogenous control ACTB). (D) Intracellular immuno-
fluorescence on resting T cells and monocytes with antibodies to C5aR1
(green) and C5aR2 (red) (data are representative of n = 3). (E) C5aR1 and
C5aR2 protein amounts in Tcells with expression normalized to respective
isotype control staining for each donor (change in mean fluorescence intensity

DMFI ± SEM, n = 6). (F) Flow cytometry for C5aR1 and C5aR2 on resting Tcells
andmonocytes,with representative histogramplots shown (n=6). (G) Binding
of radioactively labeled 125I-C5a in absence or presence of nonlabeled “cold”
C5a as competitor to resting or a-CD3+ a-CD46 activated (4 hours) Tcells (n=
6). (H) IFN-g secretion in nonactivated (NA) and activated (36 hours) CD4+ T
cells in the absence or presence of a C5aR1/C5aR2 double receptor antagonist
(n = 9), a C5aR2 agonist (n = 8), or a C5aR1 antagonist (n = 7). (I) IFN-g
production by Tcells transfected with C5aR1-specific siRNA or a scrambled
control siRNA (Ctrl. siRNA) 36 hours after activation (n =7). Data aremeans
± SEM. *P < 0.05, **P < 0.01, ****P < 0.0001. (G), paired t test; (H) and (I),
two-way ANOVA with Bonferroni multiple comparison test.
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immobilized antibodies to CD3, CD3 and CD28,
or CD3 and CD46 in the presence or absence of
(i) a specific antagonist to C5aR1 [PMX53 (17)];
(ii) the C5aR1/C5aR2 receptor double antagonist
A8D71-73 [dRA (18)], targeting only C5aR2 (as the
C5aR1 is expressed intracellularly); or (iii) a spe-
cific C5aR2 agonist (19). All reagents were cell-
impermeable. Blocking C5aR2 activity significantly
increased TH1 induction (Fig. 1H, left), and acti-
vating C5aR2 with the agonist or with C5a or
C5adesArg reduced TH1 responses (Fig. 1H, mid-
dle, and fig. S1E). Blockade of C5aR2 also led to
increasedTH17 (IL-17) but not TH2 (IL-4) responses
(fig. S1F) without altering cell viability (fig. S1G).
Consistent with the solely intracellular localiza-
tion of C5aR1, the C5aR1-specific antagonist had
no effect on IFN-g production because it could
not “reach” and block intracellular C5aR1 (Fig.

1H, right). However, reduction of intracellular
C5aR1 by small interfering RNA (siRNA) gene tar-
geting led to a commensurate decrease in IFN-g
production (Fig. 1I and fig. S1H). Together, these
data show that intracellular C5 activation contrib-
utes to induction of IFN-g production in CD4+

T cells via intracellular C5aR1 engagement, and
that the surface-expressed C5aR2 exerts negative
control of IFN-g, possibly via suppression of in-
tracellular C5aR1 signals.

Canonical NLRP3 inflammasome
activation in CD4+ T cells enhances
IFN-g production

Todelineate the autocrine C5-driven pathways con-
tributing to regulation of IFN-g in CD4+ T cells,
we performed a transcriptome analysis using T
cells from three healthy donors activated, or not,

with anti-CD3 and anti-CD46 in the presence or
absence of the C5aR1/C5aR2 antagonist. Surpris-
ingly, we observed enrichment of transcripts as-
sociatedwith inflammasome activation, including
NLRP3 and IL1B (Fig. 2, A and B, and table S1), in
cells activated with anti-CD3 and anti-CD46. In-
hibition of C5aR2 during these activation con-
ditions further increased someof these transcripts,
notably IL1A and IL1B (fig. S2A and table S2); this
finding offers further support for the idea that
blockingC5aR2 leads to unrestrained or increased
engagement of intracellular C5aR1 driven by the
anti-CD3– and anti-CD46–induced increase in in-
tracellular C5a generation.
IL-1a and IL-1b are prototypical proinflamma-

tory cytokines involved in innate immune re-
sponses and contributing to the development of
several pathogenic autoimmune diseases, including

SCIENCE sciencemag.org 17 JUNE 2016 • VOL 352 ISSUE 6292 aad1210-3

Fig. 2. NLRP3 inflammasome activation occurs in CD4+ T cells and en-
hances IFN-g production. (A) Gene set enrichment analysis (GSEA) for
inflammasome-related genes in CD4+ Tcells after a-CD3 + a-CD46 activation
(2 hours) compared to resting cells (donors D1 to D3). (B) Heat map depicting
leading edge analysis (the core enriched genes) of the data in (A). (C) NLRP3
immunoblot (upper panel) and immunofluorescence (lower panel) on CD4+

lymphocytes andmonocytes (data representative of n=3). (D)NLRP3, activated
caspase-1 and total IL-1b protein expression in activated CD4+ cells (data rep-

resentative of n = 3). (E) Representative immunofluorescence costaining for
NLRP3 (green) andASC (red) on restinganda-CD3+a-CD46activatedTcells (r=
Pearson correlation coefficient between NLRP3 and ASC fluorescence, n = 3).
(FandG) IFN-g productionby resting (NA)andactivatedCD4+Tcellswithorwithout
MCC950 addition (n=7) (F) andwith or without rhIL-1b supplementation (n= 3)
(G). (H) IFN-g production in presence of the specific caspase-1 inhibitor Z-YVAD-
FMKwith orwithout rhIL-1b addition. *P<0.05, **P<0.01, ***P<0.001, ****P<
0.0001. (F) to (H), two-way ANOVA with Bonferroni multiple comparison test.
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type 1 diabetes andarthritis (20–22). Both IL-1a and
IL-1b bind to IL-1 receptor 1 (IL-1R1). Antigen-
presenting cell (APC)–derived IL-1b supports T
cell priming and imprinting of T helper effector
function (23), including enhancement of IFN-g and
IL-17 production from CD4+ T cells (24–26). Fur-
ther, mice with deletion of the IL-1b signal trans-
ducer MyD88 in T lymphocytes cannot generate
memory T cells (27). Pro–IL-1b is synthesized as a
31-kDa precursor and converted tomature 17-kDa
IL-1b via caspase-1 cleavage (28). Caspase-1 is regu-
latedbyproteolyticactivationduringoligomerization
with NLRP3 and the adaptor ASC (apoptosis-
associated speck-like protein containing a caspase
recruitmentdomain),which is triggered in response
to danger signals (29, 30). NLRP3 inflammasome
function requires a priming signal 1 (which induces
NLRP3 and IL1B gene transcription) and a signal 2
that induces functional inflammasome assembly
(30) and has been described in myeloid innate im-
mune cells, with monocytes as the main source of
IL-1b (25, 31), and in several nonimmune cell types
(such asmicroglia, endothelial cells, and retinal pig-
ment epithelial cells) (32–34). However, canonical
NLRP3 inflammasome activity has not been dem-
onstrated in lymphoid adaptive immune cells.
We confirmed the presence of an “NLRP3 sig-

nature” in T cells by demonstrating NLRP3 and
IL1B gene (fig. S2B) and protein expression, as well
as generation of activated caspase-1 and mature
IL-1b, in activated human CD4+ T cells (Fig. 2, C
andD, and fig. S2, C to F). Consistentwith our gene
array data, anti-CD3 and anti-CD46 activation
ledtorobustNLRP3activationandIL-1b generation
(Fig. 2D) and increased colocalization of NLRP3
and ASC (Fig. 2E). Notably, both resting naïve

and memory CD4+ T cells expressed NLRP3 pro-
tein (fig. S2, C and D).
Because IL-1b supports TH1 induction (35) and

is most strongly induced by the TH1 driver CD46,
we next assessed whether inhibition of NLRP3
activity in CD4+T cells perturbs IFN-g production.
To this end, CD4+ T cells were activated in the
presence of MCC950, a specific NLRP3 inhibitor
(36), and TH1, TH2, and TH17 cytokine production
was measured 36 hours after activation. NLRP3
inhibition during T cell activation specifically
attenuated IFN-g (Fig. 2F), whereas differences
in IL-4 and IL-17 production did not reach signif-
icance (fig. S2G) and cell viability was unaffected
(fig. S2H). The effects of the NLRP3 inhibitor
could be fully reversed by the addition of recom-
binant human IL-1b (rhIL-1b) to cultures (Fig. 2G).
Similarly, reduction of active caspase-1 activity by
the specific inhibitor Z-YV AD-FMK repressed IL-
1b and IFN-g secretion (Fig. 2H and fig. S2I), and
rhIL-1b provision normalized TH1 induction in
these cultures. The role for IL-1b as critical auto-
crine “TH1 supporter” is reinforced by our obser-
vation thatno IL-18 [whichalsodependsonNLRP3
activation and can support TH1 responses (37)]
was measurable in our cultures and that addi-
tion of IL-18 binding protein had no effect on
cytokine production (fig. S2J).

The hyperactive in vitro TH1 response
in CAPS patients is normalized by
NLRP3 inhibition

To further explore this pathway, wemeasured the
effects of NLRP3 hyperactivity in CD4+ T cells
isolated from the blood of patients with distinct
gain-of-functionmutations inNLRP3 (patient char-

acteristics are summarized in table S3). This class of
NLRP3mutations is associated with a group of her-
itable monogenic syndromes known as cryopyrin-
associatedperiodic syndromes (CAPS), characterized
by excessive production of IL-1b from APCs with
recurrent fevers, skin rashes, joint and ocular in-
flammation, and amyloidosis (38). Therapeutic
suppression of the inflammatory responses can
be achieved by IL-1R blockade with anakinra, an
IL-1R antagonist, or canakinumab, a monoclonal
antibody (mAb) targeting IL-1b (38, 39). Despite
their medication regimen and the fact that cyto-
kine production by immune cells from CAPS pa-
tients can varywith their respective “flare status”
(40), T cells from a first cohort of CAPS patients
that we assessed had significantly increased IL-
1b secretionrelative to sex- andage-matchedhealthy
donors (Fig. 3A), indicating that increasedNLRP3
activity in CD4+T cells indeed induces heightened
IL-1b secretion.
We next performed a more in-depth analysis

of T cell in vitro responses from another cohort
of seven CAPS patients (table S4). All patients
had a naïve versus memory T cell distribution
comparable to those of healthy donors (fig. S3A),
and T cells from five patients of this second co-
hortalsoshowedsignificantly increasedIL-1b secre-
tion upon activation (Fig. 3B). Furthermore, CD4+

T cells from these patients trended toward sub-
stantially increased IFN-g relative to T cells from
sex- and age-matched healthy donors, and we ob-
served a statistically significant correlation be-
tween increased IL-1b and IFN-g secretion (Fig. 3,
C and D).
T cells from CAPS patients displayed signifi-

cantly reduced in vitro IL-17 responses (Fig. 3E).

aad1210-4 17 JUNE 2016 • VOL 352 ISSUE 6292 sciencemag.org SCIENCE

Fig. 3. T cells from CAPS patients have increased NLRP3 in-
flammasome activity and hyperactive TH1 responses. (A) IL-
1b production from CD4+ Tcells activated with a-CD3 + a-CD46 for
36 hours from four healthy donors (HD1 to HD4) and seven patients
with CAPS (cohort 1, P1 to P7). (B) IL-1b secretion from resting and
a-CD3+ a-CD46activatedCD4+ cells from seven patientswithCAPS
(P8 to P14, individual values) and five healthy sex- and age-matched
donors (HD5 to HD9, combined values). (C) IFN-g secretion from
resting and activated CD4+ cells from seven patients with CAPS (P8
to P14) and seven healthy sex- and age-matched donors (HD5 to
HD11). (D) Correlation between IL-1b and IFN-g production in Tcells
frompatients P8 to P14 upon a-CD3 + a-CD46 activation (Spearman
correlation analysis). (E) IL-17 production by resting and activated Tcells fromCAPS patients P8 to P14 and healthy donors H5 to H11. (F) IFN-g and IL-1b secretion
by CD4+ Tcells from P8, P11, and P14 after a-CD3 + a-CD46 activation with or without MCC950 treatment (% normalized to nontreated). Analyses on (A) to (F)
were performed at 36 hours after activation.Values correspond to two technical replicates for every patient and healthy control sample in each experiment. Data
are means ± SEM. *P < 0.05, **P < 0.01. (A), unpaired t test; (C) and (E), two-way ANOVA with Bonferroni multiple comparison test; (D), Spearman correlation
test; (F), paired t test.
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Although caspase-1 activity was not significantly
increased in the patients’ T cells at the time point
assessed (36 hours), the patients with highest IL-
1b secretion also had the highest active caspase-
1 levels (fig. S3B). Activation of CD4+ T cells from
CAPS patients in the presence of the NLRP3
inhibitor MCC950 led to a reduction of both IL-
1b and IFN-g secretion (Fig. 3F). Together, these
data demonstrate that human CD4+ T cells pro-
duce IL-1b in an NLRP3-dependent manner, that
autocrine IL-1b generation supports IFN-g secre-
tion, and that dysregulation of this pathway oc-
curs in human autoinflammatory disease.

C5a receptors modulate NLRP3
inflammasome activity to regulate
IFN-g production

We next asked whether C5aR signaling could di-
rectly regulate NLRP3 activity in human CD4+

T cells. C5aR2 blockade in CD3 +CD46–activated
T cells further increased IL1BbutnotNLRP3mRNA
(fig. S4, A and B). Enhanced IFN-g secretion driven
byC5aR2blockage could be reversedby inhibition
of NLRP3 with MCC950 (Fig. 4A) without affect-

ing IL-17 or IL-4 production (fig. S4C). Pharma-
cological targeting of C5aR2 via either dRA
(blockage of C5aR2 signaling) or a C5aR2 agonist
(activation ofC5aR2 signaling) revealed that C5aR2
negatively regulates active caspase-1 and mature
IL-1b expression in T cells (Fig. 4, B to D) but does
not affect NLRP3 protein levels per se (fig. S4D).
Silencing of C5AR1 expression had also no effect
on NLRP3 protein levels (fig. S4E) but reduced ac-
tive caspase-1 (Fig. 4E) and IL-1b expression (Fig.
4F). Moreover, the reduction of IFN-g secretion
after C5AR1 gene silencing was “rescued” by addi-
tion of rhIL-1b (Fig. 4G). Together, these data sug-
gest that CD46-mediated signals increase NLRP3
mRNA expression in T cells, whereas C5aR1 sup-
ports subsequentNLRP3 assembly andC5aR2 is a
negative regulator of this process.
Reactive oxygen species (ROS) are “classical”

upstream stimulators (signal 2) of NLRP3 assem-
bly (41) and are strongly induced by C5aR1 in
monocytes and neutrophils (42). Furthermore,
generation of ROS within CD4+ T cells is required
for T cell activation and induction of IL-2, a key
cytokine for TH1 biology (43). We therefore as-

sessed whether autocrine C5aR1 engagement by
intracellular C5a generation in T cells induces
NLRP3 inflammasome assembly via ROS gener-
ation. We observed potent generation of ROS in
anti-CD3–andanti-CD46–inducedTH1cells (Fig. 5A)
and poor TH1 induction in the presence of a ROS
inhibitor (Fig. 5B). Further, reduction of C5aR1
protein expression by gene silencing decreased
ROS production (Fig. 5C, left), whereas inhibition
of C5aR2 surface activation significantly increased
ROS generation in T cells (Fig. 4C, right).
Enhanced IFN-g production by T cells induced

by C5aR2 blockade could be entirely reversed by
the presence of a ROS inhibitor (Fig. 5B and fig.
S5). This finding suggests that NLRP3 activation
in human T cells involves intracellular C5-driven
ROS production.

NLRP3 activity in CD4+ T cells is
required for optimal IFN-g responses
during viral infection

To address the biological importance of NLRP3-
driven autocrine IL-1b production by CD4+ T cells,
we analyzed CD4+ T cell responses of Nlrp3–/–,
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Fig. 4. C5a receptors modulate NLRP3 activation to regulate IFN-g responses. (A) IFN-g
production in CD4+ Tcells either left nonactivated (NA) or activated as depicted with or
without addition of the C5aR1/C5aR2 antagonist and/or MCC950 (n = 3). (B and C)
Measurement of active caspase-1–positive CD4+ T cells activated with a-CD3 + a-CD46
with or without MCC950, the C5aR1/C5aR2 antagonist or the C5aR2 agonist (n = 3) (B)
and statistical analyses of data obtained (C). (D) Corresponding IL-1b secretion in activated
CD4+ cells treated as in (B) (n = 5). (E and F) Active caspase-1 levels [(E), n = 4] and IL-
1b secretion [(F), n = 7] in Tcells after transfection with either C5aR1-specific siRNA or scrambled control (Ctrl.) siRNA. (G) IFN-g production in activated CD4+

T cells after transfection with C5aR1-specific siRNA or a scrambled control siRNA (Ctrl. siRNA) with or without addition of rhIL-1b (n = 3). Analyses were
performed at 36 hours after activation. Data are means ± SEM. *P < 0.05, **P < 0.01. (A), (D), and (G), two-way ANOVA with Bonferroni multiple comparison
test; (C), (E), and (F), paired t test.
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Il1a–/–/Il1b–/–, and Il1r1–/–mice initially in vitro and
subsequently in an established in vivo viral in-
fection model. Similar to human CD4+ lympho-
cytes, CD4+ cells fromwild-type mice expressed
NLRP3 and IL-1b; neither NLRP3 nor IL-1bmRNA
(Fig. 6A) and protein (fig. S6A) were detectable in
T cells from respective gene-deficient animals.
We observed no difference in the proportion of
naïve versus memory T cells or in T cell survival
betweenwild-type and knockout strains (fig. S6, B
and C). However, upon in vitro CD3 + CD28 ac-
tivation, CD4+ T cells fromNlrp3–/–, Il1a–/–/Il1b–/–,
and Il1r1–/– mice had a reduction of ~75% in
IFN-g productionwhen compared to T cells from
wild-type animals (Fig. 6B); in contrast, IL-10, IL-
4, and IL-17 production were unaffected in all
three mouse mutant lines (fig. S6D). Further, al-
though activation of T cells from wild-type mice
in the presence of the NLRP3 inhibitor MCC950
had no effect on cell viability (fig. S6E), only IFN-
g production was significantly reduced (Fig. 6C
and fig. S6F). These results indicate that di-
minished IFN-g secretion in the “knockout T cells”
was not due to a developmental defect, whereas
NLRP3 activity is required for normal IFN-g in-
duction.Moreover, both naïve andmemorymouse
CD4+ T cells displayed a requirement for NLRP3-
driven IL-1b activity for optimal IFN-g secretion
(fig. S6, G and H).
Using a lymphocytic choriomeningitis virus

(LCMV) model (Fig. 6D), we next demonstrated
an in vivo role forNLRP3-driven IL-1b generation
in TH1 responses during infection. Irradiatedmice
were reconstituted with equal parts bonemarrow
cells isolated fromwild-typemicemixedwith bone
marrow cells fromNlrp3–/–, Il1a–/–/Il1b–/–, or Il1r1–/–

mice before infection with LCMV. Analysis of
splenic CD4+ T cells 12 days after infection re-
vealed comparable numbers of GP66-77+Ki67+

LCMV tetramer+ cells generated by all animals
(Fig. 6,EandF), indicating thatNlrp3–/–, Il1a–/–/Il1b–/–,
and Il1r1–/– CD4+ T cells survived normally. How-
ever, T cells deficient in any of these components
displayed substantially reduced ability to gener-
ate IFN-g+ virus-specific cells in vivo (with an
average decrease of ~50%) (Fig. 6, G and H).
Together, these data demonstrate that autocrine
canonical NLRP3 inflammasome activity is
required for optimal protective IFN-g produc-
tion by CD4+ T cells during viral infection.

Autocrine NLRP3 activity in T cells
controls the TH1-TH17 balance during
intestinal inflammation

To further substantiate the in vivo importance of
NLRP3 inflammasomeactivity in CD4+T cells, we
also measured the effects of NLRP3 deficiency
in an autoimmune disease setting by assessing its
influence on disease outcome in a CD4+ T cell
transfer model of colitis, where IL-1b and both
TH1 and TH17 responses in the intestine have been
shown to be involved (44, 45). To this end, sorted
CD4+CD25–CD45RBhi T cells isolated from C57BL/
6 wild-type or Nlrp3–/– mice were injected intra-
peritoneally (i.p.) into age- and sex-matchedC57BL/
10 Rag2–/–mice. Body weight and disease score
were monitored and cytokine production by lam-

ina propria CD4+ T cells measured after animals
displayed disease symptoms and were killed. Un-
expectedly, relative to mice injected with wild-
type CD4+ T cells, mice that had receivedNlrp3–/–

CD4+ T cells developed more severe disease with
significantly increased weight loss, reduction in
colon length, and higher disease scores (Fig. 7, A
to C). Similar to our observation in the LCMV
model, colonic Nlrp3–/– T cells displayed a sub-
stantial reduction in IFN-g production (average
decrease ~45%); however, we also observed a con-
current significant increase in TH17 responses in
these animals (Fig. 7, D and E). These observa-
tions were confirmed using a CD4+ T cell–driven
model of graft-versus-host disease (GvHD) where
mice receivingNlrp3–/–T cells also displayedmore
severe illness with reduced TH1 but concurrently
increasedTH17 induction (fig. S7, A toD). Together,
these data demonstrate that the NLRP3 inflam-
masome mediates functionally important CD4+

T cell intrinsic effects that not only are required
for normal IFN-g production but also control the
TH1-TH17 balance during (at minimum) intestinal
inflammation. These latter findings alignwith our
observation that T cells fromCAPS patients indeed
have increased TH1 but also decreased in vitro
TH17 responses (Fig. 3, C and E).

Discussion

Our results show that canonical NLRP3 inflam-
masome function is not confined to innate im-
mune cells but is operative in adaptiveCD4+T cells
and, via autocrine IL-1b activity, is required for
the optimal production of the key host defense

factor IFN-g. Further, and unexpectedly, NLRP3
assembly in human T cells requires TCR-induced
intracellular C5 activation and stimulation of
intracellular C5aR1, which initiates the genera-
tion of ROS and thereby provides a critical signal
2 for inflammasome assembly (30). Secretion of
intracellularly generated C5a/C5ades-Arg engages
the surface-expressed “alternative” C5aR2, which
negatively controlsNLRP3activationeither through
inhibition of theC5aR1 or via a yet undefinedmech-
anism. Given that APCs provide generally ample
amounts of IL-1b during the cognate APC/T cell
interaction, our observation that normal IFN-g pro-
duction requires also T cell autocrine IL-1b produc-
tion is initially somewhat surprising. However,
we envisage that, whereas APC-derived NLRP3-
activated IL-1b supports initial TH1 priming, proper
“imprinting” ormaintenance of the TH1 phenotype
during differentiation and migration into the pe-
riphery may rely on autocrine NLRP3 activity. IL-
1b production by T cells, relative to myeloid cells,
is comparatively low and, as we have shown, tight-
ly regulated by an autocrine C5aR1 versus C5aR2
activation balance. The likely reason for this is that
rapid control of local IL-1b is critical to normal
termination of TH1 responses: Human TH1 cells
co-induce IL-10 secretion in a CD46-dependent
fashion during their contraction phase, and fail-
ure of this “IL-10 switch” underlies hyperactive
TH1 responses observed in rheumatoid arthritis
and multiple sclerosis (3, 9). IL-1b is a strong sup-
pressor of IL-10 production (23) and, accordingly,
we found that blockade of C5aR2 increased the
IFN-g/IL-10 ratio inCD4+T cells (fig. S8A),whereas
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Fig. 5. Intracellular C5aR1 activation induces ROS generation in CD4+ Tcells. (A) ROS production
in CD4+ Tcells activated under the depicted conditions (data shown are representative of n = 3). (B) IFN-g
production from CD4+ Tcells left nonactivated or activated as indicated with and without a specific ROS
inhibitor and/or the C5aR1/C5aR2 antagonist (n = 3). Data are from a two-way ANOVA with Bonferroni
multiple comparison test. (C) ROS production in a-CD3 + a-CD46 activated CD4+ cells after transfection
with C5aR1-specific siRNA (left panel) or with or without the C5aR1/C5aR2 double antagonist (right panel)
(data shown are representative of n = 3). Analyses were performed 36 hours after activation. Data are
means ± SEM. *P < 0.05, **P < 0.01, ***P < 0.001.
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IL-1b addition to cultures increased IFN-g (Fig. 2G)
but blockedproportional IL-10 secretion (fig. S8B).
Moreover, IFN-g to IL-10 switching was signif-
icantly reduced in T cells from CAPS patients
(fig. S8C).
Further supporting the notion that autocrine

T cell cytokine production needs to be carefully
controlled in the microenvironment is our ob-
servation that the reduction in IFN-g secretion
by T cells fromNlrp3–/–mice led to a concurrent
increase in colonic lamina propria TH17 cells and
increased intestinal inflammation. These findings
demonstrate that TH1 cells negatively control the
influx and/or expansion of TH17 cells during co-
litis and that TH17 induction at this location (and
in this model) is independent of intrinsic T cell
NLRP3 activity. These observations may also help
to explain why some groups observed protection
of Nlrp3–/– animals in models of inflammatory
bowel disease while others observed aggravated
disease (46, 47); these earlier studies had not
controlled for a T cell–intrinsic function of the

NLRP3 inflammasome. Also, because IL-1b also
boosts the production of other cytokines includ-
ing IL-4 and IL-17 (35), the activation of theNLRP3
inflammasome in T cells and its functional out-
come could be context-dependent. For example,
Bruchard et al. recently observed a noncanonical
function for NLRP3 in mouse CD4+ T cells (they
did not assesses human T cells) independent of
inflammasome formation and IL-1b secretion,
during TH2 induction and tumor growth (48).
In addition, there are clear species-specific dif-

ferences in the relative contributions of comple-
ment receptor activities to IL-1b and/or IFN-g
induction in CD4+ T cells. Althoughwe found that
CD4+ T cells from C5ar2–/– mice have increased
in vitro IFN-g production, which was reduced to
normal levels by MCC950 treatment (fig. S9), and
C5ar1–/– mice have impaired in vitro and in vivo
TH1 responses (49), the role and expression of ana-
phylatoxin receptors onmouse T cells remains a
matter of controversy (49–51). But more impor-
tant,mice lack expression of CD46 on all immune

cells (6), whereas in humans, CD46 costimulation
is required for IL-2R assembly and the metabolic
reprogramming in CD4+ T cells that drives IFN-g
secretion (5, 7, 52). Further, we show here that
CD46 engagement, aside from amplifying intra-
cellular C5a generation and ROS production (sig-
nal 2), also delivers an important signal 1 for
NLRP3 inflammasome activation by mediating
increased transcription of the NLRP3 gene [this
likely occurs via CD46-induced increased NF-kB
nuclear translocation during T cell activation (6)].
Because a functional homolog for CD46 has not
been identified in rodents, the exact upstream sig-
nals controlling NLRP3 inflammasome activation
and IL-1b production in murine T cells remain to
be defined.
In summary, the regulated cross-talk between

intracellularly activated complement components
(“complosome”) and the NLRP3 inflammasome
emerges as fundamental to human TH1 induction
and regulation. That established innate immune
pathways previously not thought to be operative
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Fig. 6. NLRP3 function in
CD4+ Tcells drives optimal
IFN-g production during viral
infection. (A) RT-PCR analysis
on CD4+ Tcells isolated from
wild type (WT), Nlrp3–, com-
bined Il1a–/– and Il1b–/–

(Il1a/b–/–) and Il1r1–/– mice
for corresponding gene mRNA
expression. (B) Cytokine
secretion from CD4+ Tcells
isolated from wild-type and
knockout mice at 96 hours
after a-CD3 + a-CD28 activa-
tion (n = 3). (C) Cytokine
production from CD4+ Tcells
from wild-type and Nlrp3–/–

mice after a-CD3 + a-CD28
activation (96 hours) with or
without addition of MCC950
(n = 4). (D) Schematic of the
acute lymphocytic chorio-
meningitis virus (LCMV) infec-
tion model used in this study.
(E and F) Percentage of LCMV
tetramer-positive CD4+ Tcells
isolated from the spleens of the
three bone marrow chimeric
mice groups used 12 days after
infection (E) and percentages
of Ki67+GP66-77+/tetramer-
positive cells (F). (G and
H) Representative intracellular
IFN-g staining in splenic CD4+

Tcells of one mouse from each
group after LCMV peptide
restimulation (5 hours) [(G),
n = 6] with corresponding sta-
tistical analyses [(H), n = 6].
Data are means ± SEM. *P <
0.05, **P < 0.01. (B), one-way
ANOVAwith Tukeymultiple comparison test; (C), two-wayANOVAwith Bonferronimultiple comparison test; (E) to (H), paired t test. Data in (G) are representative
of two independent experiments; data in (E), (F), and (H) are pooled from two independent experiments.
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in adaptive immune cells are not only present but
also are key in directing immunological responses
is of substantial importance to our understanding
of immunobiology and immune system evolution.
Further, the possibility that this normal functional
cross-talk may also be target of viral immune eva-
sion strategies (53) suggests that the complement-
NLRP3 axis in T cells could represent a novel
therapeutic target for the modulation of IFN-g re-
sponses in autoimmunity and infection. In this re-
gard, it will be valuable to explore whether optimal
production of IFN-g by CD8+ T cells (54), natural
killer T (NKT) cells, and/or innate lymphoid type
1 (ILC1) cells also relies on autocrine complement-
NLRP3 inflammasome activity.

Materials and methods
Healthy donors and patients

Blood samples were obtained with ethical and
institutional approvals (Wandsworth Research
Ethics Committee, REC number 09/H0803/154).
T cells were purified blood samples from healthy
volunteers after informed consent. Fourteen adult
patients with CAPSwere recruited at theNational
AmyloidosisCentre,UniversityCollegeLondon(ethi-
cal approval REC reference number 06/Q0501/42)
with key information on the patients summarized
in tables S3 and S4. In all experiments that involved
Tcells fromCAPSpatients, T cells fromage- andsex-
matchedhealthy volunteerswere used as controls.

Mice used in the study

All mice used in this study are on a C57BL/6 back-
ground (with the exception of the GvHD exper-

iment, where Balb/c mice were used). Wild-type
and Il1r1–/–mice were purchased from Jackson
Laboratories and subsequently backcrossed to
B6 for 10 generations at NIH (Bar Harbor, ME).
The C5ar2–/– (human gene symbol GPR77) mice
were previously described (12), Nlrp3–/– animals
were provided by V. Dixit of Genentech, andmice
deficient in Il1a and Il1b (Il1a/Il1b–/– animals)
were kindly providedbyY. Iwakura (TokyoUniver-
sity) (55). The C57BL/10 RAG2–/– mice were ob-
tained fromTaconic. All animals weremaintained
inAALAC-accreditedBSL2 or BSL3 facilities at the
NIH or FDA and experiments performed in com-
pliance with an animal study proposal approved
by the NIAID or FDA Animal Care and Use
Committee.

Cell isolation and activation

Human cells: CD4+ T cells and monocytes were
isolated from blood as previously published using
the MACS Human CD4+ Positive T cell Isolation
Kit or the MACS Human CD14+ Cell Positive Iso-
lation Kit (both Miltenyi Biotech, Bisley, UK),
respectively (7). Purity of bead-isolated T lym-
phocyte fractions was typically >98% and for
monocytes >95%. For naïve and memory CD4+

T cell sorting, cells were stainedwith appropriate
antibodies (naïve cells, CD4+, CD45RA+, CD45RO−,
andCD25−;memorycells,CD4+,CD45RA−,CD45RO+,
andCD25−) and sortedwith a BDFACSAria II Cell
Sorter (KCLFlowCore facility). CD4+ T cells were
activated in 48-well culture plates (2.5 × 105 to
3.0 × 105 cells per well) coatedwithmAbs to CD3,
CD28, or CD46 (2.0 mg/ml PBS each) and addi-

tion of rhIL-2 (25 U/ml), thus, under nonskew-
ing conditions. Monocytes were activated in 24-
well plates (2.5 × 105 to 5.0 × 105 cells per well) by
addition of LPS (50 ng/ml). Cell viability was
monitored by either propidium iodide (BD Bio-
sciences) or the LIVE/DEAD Cell Viability Assay
(Life Technologies).
Mouse cells: Single cell suspensions of spleen

cells were generated and red blood cells lysed
using ACK lysis buffer (Life Technologies). CD4+

T cells were isolated by negative selection using
the StemCell Technologies EasySepMouse CD4+

T Cell Isolation Kit (Tukwila, WA). To obtain pure
CD4+ T cell populations, CD4+ cells were sorted
using a FACSAria (BDBiosciences) based on CD4+

CD45.2+ staining and to separatenaïve versusmem-
ory CD4+ T lymphocytes. T cells were sort-separated
based on CD4+ CD44+ (memory) and CD4+ CD44-

(naïve) stainings. For in vitro T cell activation, 48-
or96-wellplateswerecoatedwithanti-CD3(2mg/ml)
overnight at 4°C, andCD4+ T cells (0.5 × 106 to 1.0 ×
106 per well of 48-well plates or 0.2 × 106 per well
of 96-well plates) were added to the appropriate
wells. Anti-CD28 (1 mg/ml) was added to themedia
to provide costimulation.

Lymphocytic choriomeningitis virus
(LCMV) infection in mice

Preparation ofmixed bonemarrow (BM) chimeric
mice: B6.SJL (CD45.1,1) mice were lethally irra-
diated (950 rad) and reconstituted with a total of
107 donor BM cells from C57BL/6 CD45.1,2 wild-
typemicemixed at equal parts with BM cells from
CD45.2,2 mice deficient (KO) in Nlrp3−/−, Il1r1−/−,
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Fig. 7. T cell intrinsic NLRP3 activity regulates the TH1-TH17 balance in
intestinal inflammation. (A to E) Naïve splenic CD25–CD45RBhi CD4+ Tcells
fromwild-type orNlpr3–/–micewere transferred into C57BL/10Rag2–/–mice.
(A) Weight change over the course of colitis induction. (B) Colon length at the
study endpoint. (C) Inflammation score of the colons according to blinded
histological analysis with assessment of inflammation (left panel), epithelial
damage (middle panel) and muscular immune cell infiltration (right panel).
(D and E) Intracellular IFN-g and IL-17A staining of colonic CD4+ Tcells at the

study endpoint after overnight a-CD3 + a-CD28 stimulation and brefeldin A
and monensin addition for 5 hours (gated on live CD4+ Thy1.2+ T cells).
Representative flow cytometric plots (D) with corresponding statistical
analysis shown from two combined independent experiments [(E), n = 13
wild-type, n = 15 KO]. Data are means ± SEM. *P < 0.05, **P < 0.01. (A) and
(B), one-way ANOVA with Sidak multiple-comparisons test; (C) and (E),
unpaired t test. Data are representative of two experiments [(A) to (C)] or
are combined from two experiments (E).
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or Il1a/Ilb−/−. Mice were allowed to reconstitute
for 10 weeks before infection with LCMV.
LCMV infection and assessment of antigen-

specific CD4+ T cell response: Ten weeks after re-
constitution, themice were infected i.p. with 105 pfu
of LCMV-Armstrong. On day 12 after infection,
the mice were killed and the spleens removed
for processing. For ex vivo cytokine staining of
mouse cells after LCMV infection, cells were in-
cubated with LCMV GP61-80 peptide (1 mg/ml)
in the presence of monensin and brefeldin for
5 hours at 37°C. Staining for LCMV-specific CD4+

T cells was performed using an APC-labeled 1Ab

LCMV GP66-77 tetramer (NIH tetramer core fa-
cility) as described (56). Data were acquired with
a FACS Calibur, Fortessa LSRIII, or FACS Aria cy-
tometer (BD Biosciences) and analyzed with FlowJo
10.0.8 software (Ashland, OR).

Induction of colitis and
colon cell isolation

Splenic CD4+ T cells were isolated from C57BL/6
or Nlpr3–/– mice using a negative selection CD4
T cell enrichment kit (Stemcell tech), were stained
with anti-CD45RBFITC, anti-CD25APC, and anti-
CD4 BV421, and sorted on a FACS Aria (BD bio-
sciences) for CD4+CD25–CD45RBhi (brightest 35%)
cells.Wild-type orNlpr3–/– cells (2× 105 each)were
injected i.p. into age- and sex-matched C57BL/10
RAG2–/– mice. The mice were killed when symp-
toms of clinical disease (5 to 10% weight loss of
original body weight and/or diarrhea) were ob-
served in at least one group, approximately 6 to
11 weeks after adoptive transfer. Colon lamina pro-
pria cells were isolated as described (57), with the
additional step of further purifying the cells over
a 44 and 67% Percoll gradient to enrich for the
mononuclear cells.

Scoring of intestinal inflammation

Samples of the proximal, mid-, and distal colon
were excised after feces were flushed from the
colons, placed into 3.7% formaldehyde solution,
and then paraffin-embedded. Cross-sectional sec-
tions were cut and stained with hematoxylin and
eosin (H&E). Colon pathology scores were based
on severity of mononuclear cell inflammation, in-
testinal wall thickening, including infiltration to
the muscularis, and epithelial damage, including
edema, degeneration, and necrosis on a graded
scale where 0 = normal, 0.5 = verymild, 1 =mild,
2 = moderate, 3 = severe. Samples were scored
blinded by a pathologist from the NIH Pathology
Score.

Induction of graft versus
host disease (GvHD)

Balb/c mice were lethally irradiated with 900 cGy
(two doses of 450 cGy 3 hours apart) on day –1.
C57BL/6 wild-type bone marrow was depleted of
T cells with the use of a CD90.2 Positive Selection
Kit (Stemcell tech), and 5 × 106 cells were trans-
ferred on the following day (day 0) alone (con-
trol), or in addition to 1 × 106 wild-type B6 or
Nlpr3–/– naïve CD4+ T cells isolated with the
Negative Selection Naïve CD4 T Cell Kit (Stem-
cell tech). Mice were killed upon clinical symp-

toms of disease (diarrhea andweight loss) on day
12 after cell transfer.

Detection of active caspase-1 and
reactive oxygen species (ROS)

Generation of cleaved and active caspase-1 in
cells was monitored by Western blotting for ap-
propriate active fragment generation andbyusing
the Green FLICA Caspase-1 Assay Kit (Immuno-
Chemistry Technologies, Bloomington,MN) accord-
ing to the manufacturer’s protocol with subsequent
FACS analysis. ROS staining was performed by
incubating cells to be assayed in dihydrorhod-
amine 123 (17 mg/ml) diluted in Hank’s balanced
salt solution with 10 mMHEPES (all from Sigma
Aldrich) for 15 min at 37°C. Data were acquired
onaFACSCaliburorFortessaLSRIII cytometer (BD
Biosciences) and analyzed with FlowJo software.

Confocal microscopy

Cellswere fixedandpermeabilizedusing theCytofix/
Cytoperm Kit (BD Biosciences) and stained with
the indicated primary antibodies overnight and
with secondary antibodies for 30min at 4°C. Cells
were mounted using VECTASHIELD media with
DAPI (Vector Laboratories, Burlingame, CA) and
images were acquired with a Nikon A1R confocal
microscope (Nikon Imaging Centre, King’s Col-
lege London) and analyzed using NIS Elements
(Nikon) and ImageJ software (National Institutes
of Health).

Binding studies with recombinant human
125I-labeled C5a

CD4+ T cells from healthy donors were left non-
activated or activated for 4 hours with immobilized
antibodies to CD3 and CD46 and then incubated
for 2 hours at 4°C (1 × 107 cells/ml) with 10 ml of
0.1 nM 125I-rhC5a (PerkinElmer) and either 400nM
nonlabeled rhC5a in HAG-CM buffer (1 mM CaCl2,
1mMMgCl2, 0.25%bovine serumalbumin, 0.5mM
glucose, pH 7.4) or buffer without rhC5a addi-
tion. Cells were vacuum-transferred onto 96-well
MultiScreen-HVfilterplates (MAHVN4510;Millipore/
Merck), nonbound 125I-rhC5a removedbywashing
andcell-bound 125I-rhC5adetectedon the filtermem-
branes by 125I using a Packard Cobra II Gamma
Counter (PerkinElmer). For binding controls, HEK
293 cells (ATCC CRL 1573) were stably transfected
with the pQCXIN vector expressing hC5aR1 or
hC5aR2 (leading to expression of >1 Mio. of the
respective C5aR/cell) or with the “empty” vector
as control (58) (these cell lines also served as
specificity controls for the anti-C5a receptor anti-
bodies used in this study). In order to get com-
parable low CPM values as observed with purified
T cells, only 5 × 104 cells/ml of C5aR1- or C5aR2-
expressing HEK cells were applied. They were
diluted in buffer containing “no-C5aR-expressing
control” cells. The constant higher number of
cells (5 × 105 HEK cells/ml in the 30-ml volume
later used in the binding assay) permitted re-
petitivewashingwithout cell loss and ensured iden-
tical nonspecific binding in all samples containing
the same cell type. C5aR1-, C5aR2-expressing or
control HEK 293 cells were incubated for 1 hour
with or without 100 nM of nonlabeled rhC5a,

washed thoroughly and then incubated for an
additional 2 hourswith 10 ml of 0.1 nM 125I-rhC5a.
After removal of nonbound rhC5a, binding of
125I-C5a to the respective HEK 293 cell lines
was determined by measuring gamma radio-
activity. To exclude C5a-induced C5aR-internal-
ization during all binding studies all steps in the
binding experiments were performed at 4°C and
HEK 293 cells were additionally preincubated 15
min at 37°C with 0.1% NaAcid and Cytochala-
sin B (21 mg/ml) and then cooled on ice for 5 min
before their incubation with rhC5a.

Cytokine measurements

Cytokine production by cells in culture was quan-
tified from cell supernatants using either the
humanormouse TH1/TH2/TH17 Cytometric Bead
Array (BD Bioscience) or via intracellular cyto-
kine staining after treated for 4 hours with PMA
(50 ng/ml), ionomycin (1 mg/ml) (both Sigma
Aldrich), and 1× Golgi Plug (BD Biosciences).
Secreted human IL-1b and IL-18 were measured
using the Human IL-1b/IL-1F2 DuoSet Kit or the
Human IL-18 Platinum ELISA kit (R&D Systems
and eBiosciences, respectively) in combination
with SIGMAFAST OPD tablets (Sigma Aldrich) as
substrate for detection.

RNA extraction, reverse transcription
polymerase chain reaction (RT-PCR), and
quantitative RT-PCR

RNA was extracted with the RNeasy Mini Kit
including DNase digestion and DNA cleanup
(Qiagen), and reverse transcription was performed
with the One Step RT-PCR (Qiagen). For quan-
titative PCR, RNA was reverse-transcribed with
2.5 mM random hexamers, 1 mM dNTPs, 40 U of
RiboLock RNase inhibitor, and 400 U of RevertAid
H Minus Reverse Transcriptase (Thermo Scien-
tific). Quantitative PCR was performed using KI-Q
Hot Start Sybr Green Mix (Sigma Aldrich), with
150 pmol of forward and reverse primers and
data acquired on the CFX96 Touch Real-Time
PCR Detection System (Bio-Rad). Primer sequen-
ces are listed in table S5.

RNA silencing

SiRNA targetinghumanC5AR1mRNAand control
scrambled siRNA were purchased from Origene
(Rockville, MD) and delivered at a final concen-
tration of 15 nM (mixture of three different C5aR1
siRNA used at 5 nM each or scramble control at
15 nM) into primary human CD4+ T cells by trans-
fection with Lipofectamine RNAiMAX (Life Tech-
nologies) following themanufacturer’s instructions.
C5AR1 mRNA level reduction was consistently
about 30%.

Microarray data generation and analysis

Transcriptome profiling was performed by the
KCL Genomic Centre (London) using human
exon 1.0 ST arrays (Affymetrix) on CD4+ T cells
isolated from three different healthy donors that
were left either nonactivated or were activated
with antibodies to CD3 and CD46 for 2 hours in
the absence or presence of the C5aR1/C5aR2
antagonist. Expression data were analyzed using
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Partek Genomics Suite (Partek Inc., St. Louis,
MO) version 6.6 andGene Set Enrichment Analysis,
GSEA (59) (Broad Institute of MIT and Harvard)
with a normalized enrichment score of 1.8 to de-
rive normalized enrichment score (NES), nominal
P value, and FDR q value.Microarray data setswere
used in conjunction with the Qiagen-generated
inflammasomegene set (84members).Heatmaps
for the leading edge subsetwere drawnwith Partek
genomics suite. Table S1 shows thenormalized read
values frommicroarrays for Fig. 2, A and B. The list
of annotated genes differentially regulated by the
C5aR1/C5aR2 double antagonist (fig. S2) is given
in table S2.

Statistical analysis

Analyses were performed with GraphPad Prism
(La Jolla, CA). Data are presented as mean ± SEM
and compared using either paired t tests with
Bonferroni correction for multiple comparisons,
one- or two-way analysis of variance (ANOVA)with
a Tukeymultiple comparison post hoc test or with
Sidak multiple-comparisons test, as appropriate.
Correlation analysis (Fig. 3D and fig. S3B) was per-
formed with Spearman’s correlation test. P values
< 0.05 denote statistical significance.
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 T cells+inflammasome activity in CD4
T helper 1 immunity requires complement-driven NLRP3

 
Editor's Summary

 
 
 

, this issue p. 10.1126/science.aad1210Science
cells to differentiate into a specialized subset of T cells important for eliminating intracellular bacteria.
detect and eliminate microbes. In T cells, complement and inflammasomes work together to push T 

both critical components of innate immunity that help hosts−−assembly of NLRP3 inflammasomes
 cells. Activated T cells express components of the complement cascade, which in turn leads to the

 now show that innate and adaptive immunity converge in human and mouse T et al.respond. Arbore 
dendritic cells, recognize invading microbes and then alert adaptive immune cells, such as T cells, to 

The classical view of immune activation is that innate immune cells, such as macrophages and
Innate immune crosstalk in T cells
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