
RESEARCH ARTICLE SUMMARY
◥

IMMUNOLOGY

WAVE2 suppresses mTOR activation to maintain
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INTRODUCTION: The essential role of actin cyto-
skeletal regulatory proteins in expression of
effective immune responses is exemplified by
the impaired immunity manifested by patients
deficient for the Wiskott-Aldrich syndrome
actin modulatory protein (WASp). Among
otherWASp-related drivers of actin rearrange-
ment, the WASp family verprolin homologous
protein 2 (WAVE2) is predominantly expressed
in hematopoietic cells and has been implicated
in the cytoskeletal remodeling required for
T cell adhesion and organization of the immu-
nological synapse. However, the precise roles
ofWAVE2 inmodulating T cell functions that
govern immunity remain unknown.

RATIONALE:WAVE2 stability and subcellular
localization depend on its constitutive associ-
ation with the ABI1/2 (Abelson interactor 1/2),

HEM1 (hematopoietic protein 1), HSPC300
(haematopoietic stem/progenitor cell protein
300), and CYFIP1 (cytoplasmic FMR1 interact-
ing protein 1) proteins, which together consti-
tute a pentameric WAVE regulatory complex
(WRC) that supports WAVE2 activation by the
Rac guanosine triphosphatase and other
stimulatory signals that triggerWAVE2-driven
actin-related protein-2/3 (Arp2/3)–dependent
actin nucleation. Genetic data implicating sev-
eral WAVE2-associated WRC proteins in auto-
immune disease and the established link between
cytoskeletal regulator dysfunction and immune
deficiency raise the possibility that WAVE2
represents an important effector of T cell contri-
butions to immunecompetence.Thus,wederived
WAVE2 T cell conditional knockout (Wave2cKO)
mice to enable investigation of WAVE2 influence
on T cell homeostasis and function.

RESULTS: Characterization ofWave2cKO mice
expressing WAVE2-deficient T cells revealed
numbers of peripheral T cells to be reduced
in young (<4 weeks old) mice but progres-
sively increased and surpassed those of con-
trolmice by age 8weeks. Although thymic T cell
development appeared normal,Wave2cKO mice
manifested progressive severe autoimmune
and inflammatory disease characterized by
splenomegaly, lymphadenopathy,multiorgan
lymphocyte infiltration, and early death. Sig-
nificant increases in proinflammatory cyto-
kine and autoantibody expression were also
detected in these mice and were accompa-
nied by spontaneous activation and accel-
erated differentiation of peripheral T cells.
Wave2cKO mice also exhibited markedly im-
paired antigen-specific immune responses
associated with exhausted T cells, showing
increases in T cell inhibitory receptor expres-
sion, dysregulated mitochondrial function,
and increased activation-induced cell death.
T cell antigen receptor (TCR)–driven actin
polymerization and chemotaxis were also im-
paired in WAVE2-deficient T cells, with aber-
rant trafficking of these cells to nonlymphoid
organs. WAVE2 deficiency had negligible ef-
fects on proximal TCR signaling but was asso-
ciated with significantly increased activation of
the mammalian target of rapamycin (mTOR)
in response to antigen receptor or cytokine
stimulation. Mechanistically, WAVE2 bound
mTOR and constrained mTOR binding to
RAPTOR (regulatory-associated protein of
mTOR) and RICTOR (rapamycin-insensitive
companion of mTOR), key components of the
mTOR complexes 1 and 2, respectively. Con-
sistent with WAVE2’s suppressive effect on
mTOR activation, pharmacologic inhibition
ofmTORameliorated the T cell anomalies and
the immunodysregulatory phenotypes man-
ifested in Wave2cKO mice.

CONCLUSION: Our findings identify a critical
role forWAVE2 in restraining T cell activation
and effector differentiation,with T cell–selective
WAVE2 ablation leading to combined immu-
nodeficiency and autoimmune disease. The
enhancedmTORactivationobserved inWAVE2-
deficient T cells and the suppression of disease in
Wave2cKO mice treated with an mTOR inhibitor
establish WAVE2 restriction of mTOR activity
as a critical mechanistic pathway supporting
T cell quiescence so as to maintain immune
homeostasis and prevent inflammation and
autoimmunity.▪
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WAVE2 suppresses mTOR activity to maintain immune homeostasis. Mice expressing WAVE2-deficient
T cells develop severe immunodysregulatory disease. In normal T cells, WAVE2 represses mTOR
activation by restricting RAPTOR/RICTOR recruitment to mTOR. In the absence of WAVE2, enhanced mTOR
signaling engenders spontaneous T cell activation, hyperproliferation, and accelerated differentiation,
along with impaired antigen-evoked responses and an exhaustion phenotype. These T cell aberrancies and
the concomitant autoimmune phenotype are ameliorated by pharmacological inhibition of mTOR.
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T cell homeostasis and prevent autoimmunity
Ming Liu1,2,4*, Jinyi Zhang1,2,4*, Benjamin D. Pinder1,2,3,5, Qingquan Liu1,2, Dingyan Wang1,2,3,5,
Hao Yao1,2,3,5, Yubo Gao2, Aras Toker6,7, Jimin Gao4, Alan Peterson8,9,10,
Jia Qu4†, Katherine A. Siminovitch1,2,3,5,6†

Cytoskeletal regulatory protein dysfunction has been etiologically linked to inherited diseases
associated with immunodeficiency and autoimmunity, but the mechanisms involved are incompletely
understood. Here, we show that conditional Wave2 ablation in T cells causes severe autoimmunity
associated with increased mammalian target of rapamycin (mTOR) activation and metabolic
reprogramming that engender spontaneous activation and accelerated differentiation of peripheral
T cells. These mice also manifest diminished antigen-specific T cell responses associated with
increased inhibitory receptor expression, dysregulated mitochondrial function, and reduced cell
survival upon activation. Mechanistically, WAVE2 directly bound mTOR and inhibited its activation
by impeding mTOR interactions with RAPTOR (regulatory-associated protein of mTOR) and RICTOR
(rapamycin-insensitive companion of mTOR). Both the T cell defects and immunodysregulatory
disease were ameliorated by pharmacological mTOR inhibitors. Thus, WAVE2 restraint of mTOR
activation is an absolute requirement for maintaining the T cell homeostasis supporting adaptive
immune responses and preventing autoimmunity.

W
iskott–Aldrich immune deficiency
syndrome (WAS) is caused by the
dysfunction or deficiency of an actin
cytoskeletal regulatory protein,WASp,
highlighting the critical contribution

of actin dynamics to immune cellular re-
sponses. The WASp-related family of proteins
use a C-terminal verprolin homology–central–
acidic (VCA) domain to bind and activate the
actin-nucleating actin-related protein-2/3
(Arp2/3) complex (1, 2). Within this family
are threeWASp family verprolin homologous
proteins (WAVE1-3) that are distinguished
from other family members by their consti-
tutive association with ABI1 (Abelson inter-
actor 1)/ABI2,HEM1 (hematopoietic protein 1)/
HEM2/NCKAP1L, HSPC300 (haematopoietic
stem/progenitor cell protein 300), and CYFIP1
(cytoplasmic FMR1 interactingprotein 1)within
a WAVE regulatory complex (WRC). These in-

teractions are key to WAVE stability and to its
inducible associationwith activated Rac, phos-
phorylation, and other intra- and intermolecu-
larmodifications that promoteWAVE2-driven
Arp2/3 activation (3, 4). Among the WAVE
proteins, only WAVE2 is predominantly ex-
pressed in hemopoietic cells. WAVE2 plays a
role inT cell antigen receptor (TCR)–stimulated
integrin clustering and in the actin remodel-
ing required for immunologic synapse forma-
tion (5). Recent association data implicating
variants in the ABI1/2, HEM1, and ARP2/3
gene loci in autoimmune disease raise the
possibility that WAVE2 roles in T cells may
also be relevant to the immune dysfunction
underpinning such conditions (6, 7). However,
the extent to which WAVE2 modulates T cell
contributions to immunity and the mecha-
nisms by which it subserves such roles remains
largely unknown.

WAVE2 deficiency is associated with enhanced
T cell activation and autoimmunity

Because germline ablation ofWave2 in mice
leads to embryonic death (8), WAVE2 contri-
butions to T cell functions were investigated
by breeding mice carrying a germline loxP-
flankedWave2 gene with mice expressing Cd4-
promoter–driven Cre recombinase (fig. S1,
A and B). Immunoblotting analysis confirmed
that WAVE2 protein expression was undetect-
able in CD4+CD8+ double-positive (DP) and
CD4+ and CD8+ single-positive (SP) thymocytes
and peripheral T cells in theWave2 T cell con-
ditional knockout (Wave2cKO) mice (fig. S1, C
and D). By contrast, WAVE2 was normally

expressed in other immune cell lineages. Com-
pared with control (Wave2fl/fl) mice,Wave2cKO

mice displayed normal thymic cellularity, with
minor increases in frequencies and numbers
of CD4+ and CD8+ SP thymocytes (fig. S2, A
to C). The expression of developmental mark-
ers such as TCRb, CD3, CD5, CD25, and CD44
(fig. S2D) and proportions of CD69hiCD5hi

cells, which primarily represent positively se-
lected TCRab SP thymocytes, were normal in
the Wave2cKO mice (fig. S2E). Furthermore,
positive and negative selection of CD4+ and
CD8+ T cells were comparable in Wave2cKO

and control mice carrying either OT-II or
H-Y TCR transgenes (fig. S2, F and G). Thus,
WAVE2 is not required for intrathymic T cell
selection and development.
Despite near-normal T cell development,

Wave2cKOmicemanifested early onset inflam-
matory autoimmune disease, which is char-
acterized by progressive enlargement of the
spleen and peripheral lymph nodes; extensive
T cell infiltration in the liver, lung, kidney, and
other organs by age 8 weeks; and early death
(Fig. 1, A to C, and fig. S3, A to C). Immuno-
globulin G (IgG) immune complex deposi-
tion in the kidney was also observed in about
20% of these mice (fig. S3, D and E). The
frequencies and absolute numbers of CD4+

and CD8+ T cells in the spleen and lymph
nodes were significantly decreased in young
Wave2cKO compared with control mice (Fig. 1,
D and E), but numbers of T cells progressively
increased in theWave2cKO mice, significantly
surpassing those of controlmice by age 8weeks
(Fig. 1E). The frequency of CD44hiCD62Llo ef-
fectormemoryT cellswasparticularly increased
in the Wave2cKO mice, with CD44loCD62Lhi

naïve T cell frequency concomitantly decreased
in both lymph nodes and spleen (Fig. 1F). Con-
sistent with an activated phenotype, Ki-67+

T cell numbers were increased in the lymph
nodes ofWave2cKO mice (Fig. 1G), and ex vivo
stimulation of CD4+ T cells purified from
Wave2cKO lymph nodes elicited aberrantly in-
creased expression of proinflammatory cyto-
kines such as interferon-g (IFN-g), interleukin-2
(IL-2), IL-4, IL-17a, and tumor necrosis factor–a
(TNF-a) (Fig. 1H). CD8+ T cells from these mice
also expressed increased amounts of IFN-g,
IL-2, granzyme B, and TNF-a compared with
control cells (Fig. 1I). Expansion of B cell, den-
dritic cell, and myeloid cell populations was
observed in the Wave2cKO mice (fig. S3F)
together with elevated levels of serum IgG1
and IgE antibodies as well as antinuclear,
anti–double-strandedDNA, and anti–Sjögren’s
syndrome–related antigen A autoantibodies
(Fig. 1, J and K). Thus, the selective deficiency
of WAVE2 in T cells is associated with their
aberrant activation in the periphery, with likely
bystander effects on other immune cell pop-
ulations and consequent inflammation and
autoimmunity.
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WAVE2 deficiency promotes cell-intrinsic
spontaneous T cell activation and
accelerated differentiation
To further characterize the effects of WAVE2
deficiency onT cell biology,we comparedglobal
gene expression profiles in sorted Wave2cKO

versus control CD4+ T cells. Consistent with
enhanced activation, analysis of themore than
900 genes differentially expressed inWAVE2-
deficient T cells revealedT cell activationmarks,

proinflammatory cytokines and chemokines,
and effectors of cell cycle progression to be the
most significantly up-regulated genes in the
Wave2cKO T cells (Fig. 2A), with gene set
enrichment analysis identifying cell cycle pro-
gression pathways as the most up-regulated
gene set (fig. S4, A andB). Consistently,WAVE2
deficiency promoted T cell proliferation, with
in vivo bromodeoxyuridine (BrdU) pulse-
labeling studies revealing a more than three-

fold increase in BrdU uptake in Wave2cKO

comparedwith control T cells (Fig. 2B). There
were also significantly higher proportions of
naïve and effector memory T cells in the S
phase and far fewer cells in the G0 and G1

phases in the lymph nodes ofWave2cKOmice
(fig. S5A). WAVE2-deficient T cells also ex-
pressed increased levels of c-Myc, CDK2, and
cyclin E1 (fig. S5, B and C). Thus, the spon-
taneous activation of these cells is associated
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Fig. 1. Wave2cKO mice develop auto-
immunity and spontaneous T cell
activation. (A) Representative images
and (B) total cell numbers of peripheral
lymph nodes (LNs) and spleen (SP).
(C) Hematoxylin and eosin staining of lung,
liver, and kidney and (D) frequencies
of CD4+ and CD8+ T cells in LNs and SP
of 8- to 12-week-old control and Wave2cKO

mice. (E) Absolute numbers of CD4+

and CD8+ T cells in the LNs of juvenile
and adult control or Wave2cKO mice.
(F) Representative flow cytometry plots
(left) and proportions (right) of naïve
(CD44loCD62Lhi) and effector memory
(CD44hiCD62Llo) CD4+ or CD8+ T cells and
(G) frequencies of Ki-67+ CD4+ or
CD8+ T cells from LNs in 8- to 12-week-old
control and Wave2cKO mice. (H and
I) Frequencies of (H) control and Wave2cKO

CD4+ and (I) CD8+ T cells expressing
indicated cytokines after phorbol 12-myristate
13-acetate (PMA) (20 ng/ml)/ionomycin
(500 ng/ml) stimulation. (J and K) Enzyme-
linked immunosorbent assay (ELISA)
quantification of (J) serum IgG1 and IgE
and (K) anti-SSA, ANA, and anti-dsDNA
autoantibodies in 3- to 4-month-old control
and Wave2cKO mice. Scale bars, (A) 1 cm and
(C) 200 mm. All data represent four or
more independent experiments and are
shown as mean ± SD. Two-tailed Student’s
t test [(B), (D), and (F) to (K)] and two-way
analysis of variance ANOVA (E); *P < 0.05,
**P < 0.01, ***P < 0.001; NS, not significant.
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with accelerated cell cycle progression as well
as aberrantly increased proliferative activity.
Moreover, when adoptively transferred into
Rag2-deficient (fig. S5, D and E) or C57BL/6
(fig. S5F) mice,Wave2cKO T cells divided and

expanded much more rapidly than did con-
trol T cells. The hyperproliferative phenotype
of adoptively transferredWave2cKO T cells was
dramatically reduced by treating C57BL/6 re-
cipient mice with antibodies against major

histocompatibility complex II (MHC-II) or the
IL-7 receptor or by transferring these cells into
MHC-II–deficientmice (fig. S5, F andG). Thus,
WAVE2 plays a key role in attenuating the
homeostatic T cell proliferation normally

Liu et al., Science 371, eaaz4544 (2021) 26 March 2021 3 of 14

Fig. 2. WAVE2 deficiency causes cell intrinsic
increases in T cell activation and effector
differentiation. (A) Heatmap showing genes
differentially expressed (log2-fold change >
1.5 and Padj < 0.05) in control and Wave2cKO

CD4+ T cells sorted from LNs and SP of 8- to
12-week-old control and Wave2cKO mice.
Twenty-six of the most enriched genes are
indicated. (B) Frequencies of BrdU+ CD4+ and
CD8+ T cells in control or Wave2cKO LNs
and SP 24 hours after in vivo BrdU labeling.
(C) Frequencies of T-bet+ and GATA3+

populations in LN CD4+ T cells from 8-week-old
control and Wave2cKO mice. (D) Levels
of IFN-g and IL-4 in the supernatants and
(E) expression of T-bet and GATA3 in
differentiating control and Wave2cKO CD4+ T cells
cultured in TH1 or TH2 cell–polarizing conditions.
(F to I) Representative flow cytometry plots
(left) and bar graph showing frequencies (right)
of (F) CD44hiCD62Llo, (G) BrdU+, (H) IL-4+ and
IFN-g+, and (I) T-bet+ and GATA3+ population in
wild-type (CD45.1+) and Wave2cKO (CD45.2+)
CD4+ T cells from mixed (1:1) wild-type and
Wave2cKO BM reconstituted chimeric mice.
(J) Flow cytometry analysis of WAVE2
expression and isotype control (IC) in CD4+

T cells purified from Wave2fl/flCd4CreERT2 (iKO)
and Wave2fl/fl (CTL) mice treated with tamoxifen.
(K to N) Frequencies of (K) CD44hiCD62Llo,
(L) Ki-67+, and (M) IFN-g+ and IL-4+, and
(N) T-bet+ and GATA3+ CD4+ T cells from the
LNs of Wave2fl/flCd4CreERT2 (iKO) and Wave2fl/fl

(CTL) mice treated with tamoxifen. Mice used in
(D) to (N) were 4 to 6 weeks old. Data are
representative of three or more independent
experiments and shown as mean ± SD. Two-
tailed Student’s t test; **P < 0.01, ***P < 0.001.
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modulated by tonic signals from self-peptide–
MHC–TCR complex interactions and g-chain
cytokines (9, 10).
Comparedwith control cells,WAVE2-deficient

CD4+ T cells expressed significantly higher levels
of T-bet and GATA-binding protein 3 (GATA3),
in response to ex vivo stimulation (Fig. 2C).
Moreover, under T helper 1 (TH1) or TH2 cell–
polarizing conditions,Wave2cKO CD4+ T cells
expressed abnormally high levels of IFN-g,
IL-4, T-bet, and GATA3 (Fig. 2, D and E). The
KLRG1hiCD127lo terminal effector CD8+ T cell
population also expanded inWave2cKO mice
comparedwith control counterparts (fig. S5, H
and I). Thus, WAVE2 deficiency is associated
with skewed differentiation of TH1 and TH2
CD4+ T cells and an acceleration of terminal
differentiation of CD8+ T cells.
To test whether the T cell defects imbued

byWAVE2deficiencywere cell intrinsic,mixed
bone marrow (BM) chimeric mice were de-
rived by adoptively transferring equal ratios
of CD45.1+ wild-type BM cells and CD45.2+

Wave2cKO BM cells into irradiated Rag2−/−

mice. In contrast to control mice reconsti-
tuted with only wild-type BM, the mixed BM
chimeras developed a lymphoproliferative
phenotype similar to but milder than the phe-
notype ofWave2cKO mice. The frequencies of
CD44hiCD62lo and BrdU+ post-pulse–labeled
T cells were higher, and expression of IFN-g
and IL-4 as well as T-bet/GATA3 was also
increased in theWAVE2-deficient T cells com-
pared with wild-type BM-derived CD4+ T cells
(Fig. 2, F to I). The T cell–intrinsic effects of
WAVE2 deficiency were further tested in mice
derived by crossingWave2fl/fl with Cd4CreERT2

mice so as to enable tamoxifen-induced dele-
tion of WAVE2 in peripheral CD4+ T cells (11).
Tamoxifen treatment resulted in a peripheral
CD4+ T cell population lacking WAVE2 and
exhibiting more rapid cycling and increased
expression of CD44, Ki-67, IFN-g, IL-4, T-bet,
and GATA3 relative to cells from similarly
treated control mice (Fig. 2, J to N). Thus,
WAVE2 plays an essential, cell-intrinsic role
in restraining T cell activation and effector dif-
ferentiation so as tomaintain T cell quiescence
and homeostasis.
Because WAVE2 regulates actin remodeling

(12, 13), the extent to which impaired actin
cytoskeletal dynamics contributes to the dis-
ruption of T cell homeostasis in Wave2cKO

mice was also explored. TCR- and cytokine-
induced actin polymerization (fig. S6, A and
B), in vivo cell displacement and migration
speed (fig. S6, C and D), and in vitro chemo-
taxic responses (fig. S6E) were decreased in
WAVE2-deficient T cells. Export of fluorescein
isothiocyanate (FITC)–labeled thymocytes to
the periphery was comparable in Wave2cKO

and control mice (fig. S6F). However, when
adoptively transferred into C57BL/6 mice, the
Wave2cKO T cells showed reduced ability to

home to lymphoidorgans butmanifestedmark-
edly increased trafficking to the liver, lung, and
other nonlymphoid organs (fig. S6G). Con-
sistently, expression of CXCR3, a chemokine
receptor critical for T cell trafficking to non-
lymphoid organs (14), was relatively high (fig.
S6, H and I), and expression of CD62L, a re-
ceptor that supports T cell localization in sec-
ondary lymphoid organs (15), was relatively
low (Fig. 1F) inWave2cKO compared with con-
trol T cells. WAVE2 is therefore dispensable
for T cell egress from the thymus but plays a
substantial role in regulating the homing and
migration of mature T cells.

WAVE2 ablation results in aberrant AKT-mTOR
activation and metabolic reprogramming

To delineate themechanisms bywhichWAVE2
affects T cell homeostasis, we next investigated
the effects of WAVE2 deficiency on signaling
pathways integral to T cell activation. Although
WAVE2 is transiently recruited to the TCR after
TCR engagement (5), LCK, ZAP70, and PLC-g
phosphorylation as well as intracellular Ca2+

influx induced by antibodies to CD3/CD28
or ovalbumin peptide 323-339 (OVA323-339)–
pulsed antigen presenting cells (APCs) were
all comparable inWave2cKO and control T cells
(fig. S7, A to C).
Because themTOR signaling cascade plays a

central role in the regulation of T cell activa-
tion and homeostasis (16, 17), we explored
the possibility that WAVE2 deficiency affects
mTORactivity. Phosphorylation of themTORC1
targets S6K, S6 (Ser240/244), and 4E-BP1 and the
mTORC2 target AKT (Ser473) was dramatically
increased in both anti-CD3/CD28–stimulated
(Fig. 3, A and B) and OVA323-339 peptide–
stimulated (fig. S8A)Wave2cKO T cells relative
to control T cells. Stimulation with g-chain
cytokines such as IL-2 and IL-7, which are
critical regulators of T cell homeostasis, also
elicitedmarkedly greater phosphorylation of
S6 (Ser240/244) and AKT (Ser473) in WAVE2cKO

relative to control T cells (Fig. 3, C and D).
However, phosphoinositide 3 kinase (PI3K)
activation was not significantly affected in
T cells by WAVE2 deficiency (fig. S8B), sug-
gesting that WAVE2 effects on mTOR are pri-
marily realized by molecular interactions
occurring downstream of membrane proxi-
mal stimulatory signals. Consistent with these
findings, the hyperactivation of AKT-mTOR
signaling observed in Wave2cKO T cells af-
ter anti-CD3/CD28 (Fig. 3E and fig. S8C) or
OVA323-339 peptide (fig. S8D) stimulation was
significantly reduced by treatment with the
mTORC1/mTORC2 inhibitor Torin 2 (18).
Overexpression of WAVE2 in Jurkat cells also
resulted in marked reduction of anti-CD3/
CD28–induced AKT-mTOR activation (fig.
S8E). Thus, WAVE2 plays an essential role in
restraining mTOR activation in response to
tonic and stimulatory activating signals.

Given the critical roles for mTOR in regulat-
ing themetabolic reprogramming required for
T cell activation and differentiation (17, 19), we
examined the effects of WAVE2 deficiency on
selected outputs of T cell metabolic pathways.
In line with increased mTOR activity, cell size,
basal aerobic glycolysis, and glucose uptake as
well as oxygen consumption rates were signif-
icantly increased inWave2cKO compared with
control cells (Fig. 3, F to I). Moreover, TCR
(anti-CD3/CD28 or OVA)–induced phospho-
rylation of FOXO1 (forkhead box O1), a tran-
scription factor that modulates metabolic
pathways so as to promote T cell quiescence
and is inactivated by AKT-mediated phos-
phorylation and nuclear exclusion (20), was
dramatically enhanced in WAVE2-deficient
compared with control T cells (Fig. 3J and fig.
S8, F and G). This alteration was essentially
normalized in the Wave2cKO T cells through
Torin 2 treatment (Fig. 3K and fig. S8, H and I).
Thus, WAVE2 deficiency engenders aberrantly
increased mTOR activation in naïve T cells
along with metabolic reprogramming and
FOXO1 inactivation, alterations that are
known to promote the transition of T cells
from quiescence to activation and functional
differentiation (21).
To confirm that WAVE2 effects on T cell

activation and effector differentiation relate to
aberrant mTOR signaling, naïve CD4+ T cells
fromWave2cKO mice were activated with sub-
optimal doses of antibodies to CD3/CD28 and
cultured in the presence of IL-2. Again,WAVE2-
deficient T cells displayed dramatic increases
in cell size; proliferation; T-bet and GATA3
expression; and AKT (Ser473), S6 (Ser240/244),
and FOXO1 phosphorylation (Fig. 3, L to O).
These defects were normalized by treating the
cells with Torin 2, suggesting that suppres-
sion ofmTOR signaling is essential toWAVE2-
mediated restraints on the activation and
differentiation of naïve T cells.

WAVE2 is required for antigen-specific T cell
immune responses

Disruption of T cell homeostasis and un-
restrained T cell activation are known to be
associated with impaired immune responses
to antigen (22). A comparison of OVA-specific
T cell responses inWave2cKO to control OT-II
T cells revealed markedly reduced prolifera-
tive response of theWave2cKO cells to ex vivo
stimulationwithOVA323-339 peptide (Fig. 4A).
In vivo proliferative responses of Wave2cKO

OT-II T cells to OVA immunization were also
reduced compared with that of control cells
(fig. S9, A and B). Similarly, lymphocytic
choriomeningitis virus (LCMV) infection
yielded reduced cytotoxic T cell responses in
Wave2cKO mice as evidenced by reduced fre-
quencies andnumbers of antigen-reactive CD8+

cells and of IFN-g– and of TNF-a–producing
CD8+ T cells (Fig. 4, B and C). Thus, the T cell
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dysfunction engendered by WAVE2 deficien-
cy is associated with compromised antigen-
specific immune responses.
Although TCR- and cytokine-induced AKT-

mTOR signaling as well as steady-state meta-

bolic activities are up-regulated inWave2cKO

T cells, sustained mTOR hyperactivation has
been associated with mitochondrial bioener-
getic insufficiency that may be relevant to
the impaired antigen responses observed in

Wave2cKO mice (23). Consistent with this pos-
sibility, mitochondrial membrane potential,
mass, and adenosine 5′-triphosphate (ATP) pro-
duction were markedly reduced in activated
T cells fromOVA-immunizedWave2cKO relative

Liu et al., Science 371, eaaz4544 (2021) 26 March 2021 5 of 14

Fig. 3. WAVE2 ablation engenders increases in
AKT-mTOR activation and cell metabolism.
(A) Immunoblot of indicated proteins in lysates of
control and Wave2cKO T cells stimulated with
antibodies to CD3/CD28 (2.5 mg/ml each).
(B to D) Flow cytometry analysis of phospho-AKT
(Ser473) and phospho-S6 (Ser240/244) levels in
control or Wave2cKO naïve CD4+ T cells stimulated
with (B) antibodies to CD3/CD28, (C) IL-2
(10 ng/ml), or (D) IL-7 (10 ng/ml) for indicated
times. (E) Immunoblot of phospho-S6 (Ser240/244)
and phospho-AKT (Ser473) in control and Wave2cKO

naïve T cells stimulated with antibodies to
CD3/CD28 in the presence of Torin 2 (50 nM)
or vehicle (quantified in fig. S8C). (F) Flow
cytometry analysis comparing sizes of control and
Wave2cKO T cells based on forward-scatter area
(FSA). (G to I) Quantification of (G) ECAR,
(H) 2-NBDG uptake, and (I) OCR in control and
Wave2cKO CD4+ T cells treated at indicated times.
(J and K) Representative immunoblots of
phospho-FOXO1 in control and Wave2cKO T cells
stimulated with antibodies to CD3/CD28 (J)
and in the presence of Torin 2 or vehicle (K)
(quantified in fig. S8, F and H). (L to O) Flow
cytometry analysis of (L) cell size, (M) T-bet and
GATA3 expression, (N) phospho-S6 (Ser240/244)
and phospho-AKT (Ser473) expression, and (O)
phospho-FOXO1 expression in control and Wave2cKO

naïve CD4+ T cells stimulated with antibodies
to CD3 (0.1 mg/ml)/CD28 (0.5 mg/ml) and IL-2
(5 ng/ml) for 5 days in the presence of Torin 2 or
vehicle. All mice were 4 to 6 weeks of age. Data
are representative of three or more independent
experiments and are shown as mean ± SD.
Two-tailed Student’s t test [(G) to (I)] and two-
way ANOVA [(B) to (D) and (M) to (O)]; *P < 0.05,
**P < 0.01, ***P < 0.001; NS, not significant.
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to control mice (fig. S9, C to E). In addition,
the frequencies of apoptosis and caspase ac-
tivation were significantly greater in activated
T cells from OVA-immunized Wave2cKO com-
pared with control mice (fig. S9, F and G),
although expression of apoptotic-regulatory
factors B cell lymphoma 2 (BCL-2) and BCL-
2–interacting mediator of cell death (BIM)
were unaffected by a lack ofWAVE2 (fig. S9, H
and I). T cells from LCMV-infected Wave2cKO

mice also exhibited substantially increased
expression of interferon regulatory factor 4
(IRF4) (Fig. 4D), a transcription factor that
is induced by mTOR activation and promotes
the expression of the programmed cell death
protein 1 (PD-1) coinhibitory receptor impli-
cated in T cell exhaustion (24–26). The PD-1,
T cell immunoglobulin and mucin domain 3
(TIM-3), and lymphocyte activation gene 3
(LAG-3) coinhibitory receptors were also ab-
errantly up-regulated in CD8+ T cells from
LCMV-infectedWave2cKO mice (Fig. 4E). PD-1
expression was also modestly up-regulated in
effector memory, but not naïve T cells of
uninfected Wave2cKO mice (Fig. 4F). Torin 2
treatment of LCMV-infected Wave2cKO mice
significantly reduced PD-1 and IRF4 expres-
sion levels and rescued T cell mitochondrial
membrane potential (Fig. 4, G to I). Thus,
these aberrations appear to reflect highmTOR
activity as is consistent with the known role
for chronic mTOR activation in promoting
PD-1 up-regulation and downstreammetabolic
changes that engender T cell exhaustion (27).

Together, these findings identify WAVE2 as a
critical player in the coupling of antigen and
cytokine stimulation to T cell effector responses
because a lack of WAVE2-mediated mTOR in-
hibition engenders up-regulated co-inhibitory
receptor expression,metabolic dysfunction, and
consequent T cell exhaustion.

WAVE2 binds and regulates mTOR to support
T cell homeostasis and function

To define the molecular basis for WAVE2 ef-
fects onmTOR signaling, we explored the pos-
sibility that WAVE2 interacts with the mTOR
complex. WAVE2 colocalized with mTOR in
the cell perinuclear region (fig. S10, A and B)
and coimmunoprecipitated with mTOR in
T cells and with MYC-tagged mTOR in trans-
fected cells (Fig. 5A). This association appears
to be direct because glutathione S-transferase
(GST)–tagged WAVE2 recombinant protein
also precipitated recombinant MYC-tagged
mTOR in vitro (Fig. 5B). To delineate the
structural basis for WAVE2-mTOR associa-
tion, we explored the ability of specific mTOR
or WAVE2 domains to pull down WAVE2 or
mTOR, respectively. The association was me-
diated by binding of the WAVE2 N-terminal
WHdomain to a region (residues 1271 to 2008)
withinmTORcontaining theFAT (FRAP/ATM/
TRRAP) domain, which is known to facilitate
protein-protein interactions (Fig. 5, C to E).
In addition to mTOR, RAPTOR (regulatory-
associated protein of mTOR) and RICTOR
(rapamycin-insensitive companion ofmTOR)—

key components of mTORC1 and mTORC2,
respectively—also coimmunoprecipitated
WAVE2 (Fig. 5F), suggesting that WAVE2
associates with both mTORC1 and mTORC2
in vivo.The overexpression of WAVE2 was
associated with a reduction in the amounts of
RAPTOR or RICTOR coimmunoprecipitated
with mTOR (Fig. 5, G and H, and fig. S11, A
and B) and with a reduction in mTOR acti-
vation, as gauged by S6K and AKT (Ser473)
phosphorylation (Fig. 5I and fig. S11C). Con-
versely, coprecipitation ofmTORwithRAPTOR
andRICTORwas increased inWAVE2-deficient
T cells (Fig. 5, J and K, and fig. S11D).WAVE2’s
inhibitory effect on mTOR activation was fur-
ther demonstrated in an in vitro kinase assay
showing that recombinant WAVE2 reduces
mTOR-evoked 4E-BP1 and AKT (Ser473) phos-
phorylation (Fig. 5, L andM, and fig. S11, E and
F) and by the finding that GFP-Cre–triggered
acute deletion ofWAVE2 in primaryWave2fl/fl

T cells resulted in enhanced mTOR phospho-
rylation associated with increased T cell activa-
tion in response to anti-CD3/CD28 stimulation
(fig. S12, A to C). Thus, WAVE2 and mTOR are
binding partners in T cells, and their interac-
tion is associatedwith the repression ofmTOR
activity, possibly by WAVE2-mediated imped-
ance of other effector interactions that are key
to mTOR activation.
To validate the central role for dysregulated

mTOR activation in the immune dysfunction
manifested by Wave2cKO mice, these animals
were treated with rapamycin at a dose known
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Fig. 4. WAVE2 deficiency disrupts antigen-
specific T cell responses in vivo. (A) Proliferative
responses were measured after 16-hour [3H]
thymidine pulse in naïve CD4+ T cells purified from
LNs of control and Wave2cKO OT-II mice and
stimulated 48 hours with irradiated OVA323-339
peptide-loaded splenocytes. (B and C) Frequencies
and numbers of (B) LCMV np396-specific CD8+

T cells and (C) IFN-g+ and TNF-a+ CD8+ T cells in the
SP of control and Wave2cKO mice 8 days after LCMV
infection. (D) Representative flow cytometry plot
showing the expression of IRF4 and (E) quantifica-
tion of mean fluorescence intensities (MFIs) of
PD-1, LAG-3, and TIM-3 in CD8+ splenic T cells from
control and Wave2cKO mice 8 days after LCMV infection.
(F) Expression of PD-1 in naïve (CD44loCD62Lhi)
and effector memory (CD44hiCD62Llo) CD8+ T cells
from LNs of control and Wave2cKO mice. (G to
I) Levels of (G) IRF4, (H) PD-1, and (I) mitochondrial
membrane potential in CD8+ T cells from SP of
LCMV-infected control and Wave2cKO mice treated
every other day with vehicle or Torin 2 (5 mg/kg).
Data represent three or more independent
experiments on 4- to 6-week-old mice and are
shown as mean ± SD. Two-way ANOVA analysis
[(A) and (G) to (I)] and two-tailed Student’s t test
[(B), (C), (E), and (F)]. *P < 0.05, **P < 0.01,
***P < 0.001; NS, not significant.
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to inhibit both mTORC1 and mTORC2 in vivo
(28, 29). This pharmaceutical treatment res-
cued both body weight and survival in these
mice (Fig. 6, A and B); dramatically reduced
lymphocytic tissue infiltration and serum
IgE and antinuclear antibodies (ANA) levels
(Fig. 6, C to E); and suppressed the spontane-
ous activation, hyperproliferation, and skewed
TH1 and TH2 cell differentiation of WAVE2-
deficient T cells (Fig. 6, F to J). These findings
are consistent with a critical role for mTOR
hyperactivation in the disruption of T cell
quiescence and induction of spontaneous
T cell activation, effector differentiation, and
autoimmunity engendered by WAVE2 defi-
ciency. These results also reinforce the impor-
tance of the WAVE2-mTOR signaling axis to

the regulation of T cell activation and differen-
tiation required for normal immune homeo-
stasis and antigen-specific immune responses.

Conclusion

Inherited human immunodeficiency diseases
caused by cytoskeletal regulatory protein
defects are often associated with clinically
relevant autoimmunity, but the mechanistic
underpinnings of this association are unclear
(30–32). We show that selective ablation of the
actin-modulatory WAVE2 protein in T cells
engenders both multiorgan autoimmune dis-
ease and impaired antigen-specific responses,
which arise, respectively, in conjunction with
profound increases in the spontaneous activa-
tion and accelerated effector differentiation of

peripheral T cells and in the exhaustion and
apoptosis of antigen-reactive T cells during
antigen-driven immune responses. These de-
fects are cell-intrinsic, are present despite nor-
mal thymic cell maturation and selection, and
collectively identify an essential role forWAVE2
in supporting the peripheral T cell quiescence
and immune homeostasis that underpin adap-
tive immune responses.
Our data also reveal the association of

WAVE2 deficiency with enhanced activation
of AKT-mTOR signaling. In naïve T cells, this
alteration engenders up-regulation of pro-
cesses such as metabolic reprogramming and
FOXO1 inactivation that control T cell quies-
cence and homeostasis. In antigen-reactive
Wave2cKO T cells, however, development of
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Fig. 5. WAVE2 associates with mTORC1 and
mTORC2 and suppresses mTOR activation.
(A) Immunoblots showing (top) WAVE2 presence
in anti-mTOR immunoprecipitates from control
LN T cells and (bottom) MYC-mTOR presence in
anti-WAVE2 immunoprecipitates from Myc-mTOR–
transfected HEK293 cells. (B) Immunoblots
showing that recombinant GST-WAVE2 pulls down
recombinant MYC-mTOR in a cell-free system.
(C) Schematic showing structural domains of mTOR
and WAVE2. (D and E) Immunoblot analysis of
mTOR domains immunoprecipitated with GST-WAVE2
in (D) Myc-mTOR domain–transfected HEK293 cells
or (E) FLAG-WAVE2 domains immunoprecipitated
with MYC-mTOR from cotransfected HEK293 cells.
(F) Immunoblot analysis of mTOR and WAVE2 in anti-
RAPTOR or anti-RICTOR immunoprecipitates from
FLAG-Wave2–transfected cells. (G) Immunoblot
analysis of (left) RAPTOR or (right) RICTOR in anti-
mTOR immunoprecipitates from GFP- or GFP-Wave2–
transfected cells. (H) Immunoblot analysis of mTOR in
anti-RAPTOR and anti-RICTOR immunoprecipitates
from GFP-Wave2–transfected cells. (I) Immunoblots
showing phospho-S6K and phospho-AKT (Ser473)
in FLAG-Wave2– or FLAG-transfected cells.
(J) Immunoblot analysis of RAPTOR and RICTOR
in anti-mTOR immunoprecipitates in lysates of T cells
from control and Wave2cKO mice. (K) Immunoblots
showing mTOR in anti-RAPTOR or anti-RICTOR
immunoprecipitates in T cells from control and
Wave2cKO mice. (L) Anti-RAPTOR or (M) anti-RICTOR
immunoprecipitates from insulin (100 nM)–stimulated
HEK293 cells were subjected to an in vitro kinase
assay in the presence of recombinant WAVE2 (50 ng)
by using recombinant 4E-BP1 (100 ng) or AKT
(100 ng) as mTORC1 and mTORC2 substrates.
Phosphorylation of 4E-BP1 and AKT was detected
by means of immunoblotting with antibodies to
phospho-4E-BP1 and antibodies to AKT (Ser473).
All panels represent three or more independent
experiments. Mice were 6 to 8 weeks old, and data
are quantified in fig. S11.
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mitochondrial bioenergetic insufficiency and
increased expression of coinhibitory receptors
drive cell exhaustion and antigen-induced
cell death. Although the in vivo trafficking of
T cells to lymphoid organs was diminished by
WAVE2 deficiency, trafficking of these cells
to nonlymphoid organs was increased in the
Wave2cKO mice, suggesting that mechanisms
beyond actin polymerization are primarily
responsible for the disruption of immune
homeostasis in these animals. This conclusion
is supported by our biochemical data showing
that WAVE2 directly suppresses mTOR activ-
ity and not only physically bindsmTORwithin
the mTORC1 and mTORC2 complexes but

may also impede mTOR from interacting with
two effectors, RAPTOR and RICTOR, that
are key to mTOR activation. These findings,
together with the rescue of T cell homeostasis
and function inWave2cKO mice treated with
mTOR inhibitor, identify dysregulated AKT-
mTOR signaling as a critical mechanistic
factor underpinning the autoimmunity and
impaired adaptive immune responses evoked
by T cell–selective ablation of WAVE2.
The importance of WAVE2 to immune ho-

meostasis has also been suggested by recent
data identifying WAVE2 as a substrate for the
leucine-rich repeat kinase 2 (LRRK2), variants
of which are associated with risk for autoim-

mune and neurodegenerative diseases (33, 34).
The Rac guanosine triphosphatase, an up-
stream activator or WAVE2, as well as several
other WRC components have also been impli-
cated in autoimmune disease (7, 32). Among
these latter proteins, HEM1 (also known as
NCKAP1L) has very recently been linked to an
inherited human immunodysregulatory dis-
ease, with recessive loss-of-functionmutations
in the HEM1 gene leading to a syndrome of
immunodeficiency and autoimmunity that
closely resembles theWave2cKO clinical phe-
notype (35–37). The T cell anomalies detected
in these patients also resemble those found in
Wave2cKO mice—including, for example, the
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Fig. 6. Pharmaceutical inhibition of mTOR
ameliorates the inflammatory autoimmune
phenotype in Wave2cKO mice. (A and
B) Rapamycin treatment restores survival and
body weight of Wave2cKO mice. (A) Survival
curve and (B) body weight (percentage of
original) of control and Wave2cKO mice
(8 to 12 weeks old) treated with rapamycin
(4 mg/kg, intraperitoneally) or vehicle
for 7 to 8 weeks (19 mice per group).
(C to E) Rapamycin ameliorates inflammatory,
autoimmune phenotype of Wave2cKO mice.
(C) Representative images (left) and total
T cell number (right) of LNs. (D) Hematoxylin
and eosin–stained skin and lung in control and
Wave2cKO mice treated with rapamycin or
vehicle. Scale bar, 50 nm. (E) Serum IgE and
ANA levels in control and Wave2cKO mice treated
with rapamycin or vehicle. (F to J) Rapamycin
suppresses the hyperactivation and accelerated
effector differentiation of Wave2-deficient
T cells. Shown are frequencies of (F) naïve,
(G) BrdU+, and (J) T-bet+ (left) and GATA3+

(right) and levels of (H) CD69+ and (I) PD-1+ in
LN CD4+ T cells of control and Wave2cKO mice
treated with rapamycin or vehicle. Data are
representative of four or more independent
experiments and shown as mean ± SD.
(A) Log-rank (Mantel-Cox) test; (B) linear
regression analysis; [(C) and (E) to (K)]
two-way ANOVA; **P < 0.01,
***P < 0.001; NS, not significant.
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spontaneous activation with overexpression
of inflammatory cytokines, impaired actin-
dependent functions, and diminished antigen-
specific T cell responses. However, whereas
both TCR and cytokine-evoked mTOR acti-
vation are aberrantly increased inWave2cKO

T cells, TCR-inducedmTORC2-dependant AKT
phosphorylation was found to be reduced in
HEM1-deficient patient T cells. This effect of
HEM1 appears to involve its function outside
of the WRC, suggesting that HEM1’s influence
onmTORC2may be mediated, at least in part,
bymechanisms independent ofWAVE2.More-
over, the increases in inducible mTOR activa-
tion detected inWave2cKOT cellswere observed
in naïve cells andwould not be expected in the
context of a predominantly exhausted T cell
population that likely occurs inHEM1-deficient
patients. These possibilities require further in-
vestigation, but immunoregulatory inhibitory
effects of WAVE2 on mTOR activation are
consistent with the ability of mTOR inhibitor
treatment to ameliorate both the T cell defects
and the inflammatory and autoimmune phe-
notype of Wave2cKO mice. The similarities
of the clinical and biochemical phenotype
ofWave2cKO mice with that found in patients
with activated PI3Kd syndrome (APDS) caused
by activating mutations in genes involved in
PI3K signaling (38–40) further establishes
aberrantly activated AKT-mTOR signaling as
a mechanistic pathway leading to the expres-
sion of immune deficiency and autoimmunity.
Thus, the demonstration that WAVE2 inhibi-
tion of mTOR signaling is key to the critical
role for this cytoskeletal regulator in governing
T cell quiescence, homeostasis, and antigen-
driven immune responses identifies the blocking
of mTOR activation as a potential therapeutic
avenue for suppressing pathologic T cell re-
sponses that drive the immune dysregulation
underlying combined immunodeficiency and
autoimmune disease.

Materials and methods
Mice

TheWave2-targeting vector was derived by sub-
cloning a 14.5-kb exon 2- and exon 3-containing
genomic fragment of theWave2 gene isolated
from a C57BL/6 BAC library into the pG141
vector to create two Wave2 gene homology
regions bracketing a loxP-flanked neomycin
selection cassette. The linearized targeting con-
struct was transfected into C57BL/6 embryonic
stem (ES) cells. Cloneswere screened for target-
ing events by Southern blotting analysis of ApaI
digested ES genomic DNA, using polymerase
chain reaction (PCR) probes Wave2-A2_Fwd
5′-ttctccacaggacaaagaacgtcc-3′ andNeo-A4_Rev
5′-attcgcagcgcatcgccttctatcg-3′ to amplify a 469
base pair (bp) PCR fragment and PCR probes
Wave29_Fwd 5′-caaggagccatctcctgaaa-3′ and
Wave29_Rev 5′-gctgaccatgctggttcttt-3′ to am-
plify a 518-bp fragment. Successfully targeted

ES clones were verified by PCR-based screen-
ing using the 5′ primers Wave2-A2_Fwd 5′-
ttctccacaggacaaagaacgtcc-3′ and Neo-A4_Rev
5′-attcgcagcgcatcgccttctatc-3′ and 3′ primers
dLoxp-B1_Fwd 5′-cgagggacctaataacttcgtatagc-
3′ and Wave2_D1_Rev 5′-attctgcctctttaaacctc-
cagcgtg-3′. Following screening, selected ES
cells were injected into CD-1 embryos using
the eight-cell-aggregation technique. The
embryos were then transplanted into Ba1b/
C57BL/6 F1 foster mothers. Genotypes of the
chimeric progenywere confirmedbyPCRusing
primers:Wave211_Fwd (5′-ccacattctaaccggctttc-
3′ and Wave211_Rev 5′-cagggctggtccttacagaag-
3′ to assess the wild-type (201 bp) and targeted
(300 bp) alleles and primers Wave214_Fwd 5′-
aatttggcatctctgtgtgg-3′ and Wasf211_Rev 5′-
cagggctggtccttacagaag-3′ to assess the mutant
allele (392 bp).Mice carrying the floxedWave2
(Wave2fl/fl) alleles in the germline were used
as control mice and bred with Cd4Cre mice ex-
pressing the Cre recombinase under the T cell–
specific Cd4 promoter (Jackson Laboratory)
to generate conditional T cell WAVE2 knock-
out (Wave2cKO) mice in which WAVE2 was
specifically deleted in T cells.Wave2fl/+Cd4Cre

mice were also bred to OT-II-TCR and H-Y-
TCR transgenicmice (Jackson Laboratory, Bar
Harbor) to generateWave2cKOmice carrying
OT-II-TCR or H-Y-TCR transgenes. Wave2fl/fl

mice were also bred with Cd4CreERT2 mice
in which a gene encoding a fusion of Cre
recombinase and the estrogen receptor T2
moiety is recombined into the Cd4 locus (10)
to generate Wave2fl/flCd4CreCreERT2 mice. To
induce WAVE2 deletion in peripheral CD4+

T cells, tamoxifen (1 mg per mouse in 50 ml)
was delivered by gavage to both Wave2fl/fl

(control) andWave2fl/flCd4CreERT2 (iKO) mice
(4 to 6 weeks old) daily for 4 to 5 days and the
mice sacrificed and studied 5 days later. For
survival studies, the ages of mice at the time
euthanasia was mandated by moribund clin-
ical status was used to derive Kaplan–Meier
plots. Additional mouse strain information
is available in table S1. All mice were cared
for in pathogen-free facilities at the Ontario
Cancer Institute Animal Facility according to
the Institutional Animal Care Committee pro-
tocols and approval (AUP 1826.42).

Administration of mTOR inhibitors to mice

For in vivo inhibition of mTOR in mice,
rapamycin (4 mg/kg, Sigma-Aldrich) or vehi-
cle in 5% PEG400/5% Tween-80 was adminis-
tered to 8- to 12-week-old control (Wave2fl/fl)
and Wave2cKO mice by intraperitoneal (i.p.)
injection every other day thereafter for 7 to
8 weeks. Body weights were measured weekly
after starting rapamycin or vehicle treatment
and normalized with body weights at treat-
ment start date. For LCMV infection studies,
control orWave2cKOmice were given Torin 2
(5 mg/kg, ApeXbio Tech) or vehicle by i.p.

injection every other day for 2 days prior to
infection. Additional reagent information is
available in table S1.

Bone marrow (BM) chimeras and T cell adoptive
transfer model

BM chimeras were derived from BM cells of
CD45.1+ wild-type and CD45.2+Wave2cKO mice
(4 to 6 weeks old) depleted of T cells by
incubationwithbiotin anti-CD4andbiotin anti-
CD8 antibodies and subsequent streptavidin
magnetic bead-based negative selection (Stem
Cell Technology). Additional reagent and anti-
body information including dilutions, and
concentrations can be found in table S1. The
T cell–depleted BM cells mixed in 1:1 ratios
were intravenously injected into irradiated
Rag2-deficient mice and engraftment es-
tablished by weekly flow cytometry anal-
ysis of peripheral blood cells stained with
fluorophore-conjugated anti-CD45.1 and anti-
CD45.2 antibodies. Reconstituted mice were
further analyzed 8-12 weeks after adoptive
transfer.
For adoptiveT cell transfer intoRag2-deficient

mice, naïve CD8+ T cells (CD44loCD62Lhi) were
enriched from single cell suspension of lymph
nodes and spleens of control andWave2cKO

mice (4 to 6 weeks old) by negative selection
(Stem Cell Technologies) and cell sorting to
99% purity. The purified control andWave2cKO

CD8+ T cells were labeled with 2 mM carboxy-
fluorescein succinimidyl ester (CFSE) and
1× 106 to 2 × 106 cells then adoptively trans-
ferred intoRag2-deficientmice by intravenous
injection. The numbers of donor CD8+ T cells
recovered from lymph nodes of recipient mice
were determined by flow cytometry at day 7
after adoptive transfer. To assess effects of
pMHC/TCR or cytokine signaling on homeo-
static proliferation of Wave2cKO T cells, Cell
Trace Violet (CTV)-labeled wild-type (CD45.1+)
andWave2cKO (CD45.2+) naïve CD4+ T cells
(5 × 105) were mixed (1:1) and adoptively
transferred into C57BL/6mice. Recipient mice
were treated with anti-MHC-II (300 mg; clone
Y-3P, BioXcell) or anti-IL7Ra antibodies (500 mg;
clone A7R34, BioXcell) or control IgG (300 mg,
BioXcell) every other day starting on the day
of adoptive transfer. Splenocytes were har-
vested 5 days later and proliferation analyzed
by flow cytometry. Alternatively, CTV-labeled
wild-type and Wave2cKO CD4+ T cells (5 ×
105) were injected intravenously into control
(C57BL/6) and MHC-II-deficient (B6.129S2-
H2dlAb1-Ea/J) recipient mice and donor cell
staining analyzed 5 days later by flow cytom-
etry. Additional reagent and antibody informa-
tion including dilutions, and concentrations
can be found in table S1.

In vivo antigen-specific T cell immune responses

To study antigen-specific T cell responses
in vivo, CTV-labeled control or Wave2cKO
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OT-II naïve CD4+ T cells (5 × 105) were adop-
tively transferred into C57BL/6 mice fol-
lowed by immunization with 100 mg/mouse
ovalbumin (OVA, Sigma-Aldrich) in 2.0 mg
of alum adjuvant (Sigma-Aldrich) or vehicle
[phosphate-buffered saline (PBS) in alum] by
intraperitoneal injection. Lymph node T cells
from recipient mice were harvested 3 days
post immunization and immunostained with
fluorophore-conjugated anti-CD4, anti-IL-2,
and anti-TCR-Va2+ (specific for OT-II-TCR)
antibodies. The proliferation and IL-2 expres-
sion of donor OT-II T cells were measured by
flow cytometry. Alternatively, mice received
serial (day 0, 7, 18, and 21) intraperitoneal in-
jections of 25 mg OVA complexed with alum ad-
juvant (Sigma-Aldrich) and were re-challenged
on day 26 by 30-min treatment with 1% aero-
solized OVA delivered in a 60-liter inner expo-
sure chamber andnebulizer (AlliedHealthcare).
Shammice received intraperitoneal injections
of alum/saline and then aerosolized saline.
Mice were euthanized 24 hours after aerosol
challenge and tissues harvested for analysis.
For LCMV infection model, control and

Wave2cKO mice (4 to 6 weeks old) were in-
fectedwithLCMVArmstrong strain (2000PFU)
intravenously. Mice were sacrificed 8 days later
and splenocyte suspensions stainedwithH-2Db/
gp33-41 or H-2Db/np396-404 tetramers along
with fluorophore-conjugated anti-CD8 (53-6.7),
anti-PD-1 (J43), anti-TIM-3 (RMT3-23), anti-
LAG-3 (C9B7W), or intracellular staining with
fluorophore-conjugated anti-IRF4 (3E4) anti-
body for flow cytometry analysis. Splenocytes
were further restimulated in vitro with gp33-
41, np396-404, or unrelated control peptides
for 5 hours in the presence of brefeldin A and
monensin (1:1000 each; BD Bioscience), then
stained with anti-CD8 antibody followed by
fixation/permeabilization, staining with anti-
IFN-g (XMG1.2), and anti-TNF-a (MP6-XT22)
antibodies and flow cytometry analysis. Addi-
tional reagent and antibody information in-
cluding dilutions, and concentrations can be
found in table S1.

Histology and immunofluorescence microscopy

Tissue sections were fixed in 10% paraformal-
dehyde, embedded in paraffin, sectioned at
5-mm thickness and then stained with hema-
toxylin and eosin. Sections were viewed using
an Olympus BX61 microscope with dry 20/0.75
lens and Aperio ImageScope software. Cryosec-
tions prepared from liver, lung, or kidney were
also fixed in 3% formaldehyde, permeabilized,
and incubated with fluorophore-labeled anti-
CD3 (1:150, Abcam) or anti-IgG (1:150) anti-
bodies (Jackson Labs). Images were acquired
on the Olympus BX-61 confocal microscope
with a dry 20/0.75 lens and the fluorescence
intensity (mean gray value) of anti-CD3 and
anti-IgG immunostaining were calculated
using ImageJ at 8-bit greyscale. For immuno-

fluorescence microscopy, human embryonic
kidney (HEK) 293 cells transfected with GFP-
Wave2 or DsRed-mTOR were fixed with 4%
paraformaldehyde (PFA) in PBS for 15min at
room temperature (RT) and permeabilized in
0.2% Triton-X100 in PBS supplemented with
5% rat serum for 30 min. Subsequent incuba-
tions were carried out in the permeabilization
buffer were incubated with appropriate pri-
mary antibodies for 16 hours at 4°C, washed
4 times in PBS and incubated with Alexa
Fluor 488-, Alexa Fluor 568-, and Alexa Fluor
647-conjugated secondary antibodies at a con-
centration of 0.2 mg/ml each for 60min at RT.
Samples were following washes by PBS and
DAPI staining, then mounted in mounting
medium (Southern) and imaged on a Nikon A1
Ti2 microscope confocal microscope equipped
with a standard set of lasers through a 63X oil
objective. The imaging system was controlled
by the Acquisition NIS Elements AR 5.20.02
Nikon software. Regions of interest sized 1024
by 1024 pixels (65.8 nm/pixel) were imaged
at speed 7 with the averaging setting 2. Ad-
ditional reagent and antibody information in-
cluding dilutions, and concentrations can be
found in table S1.

Quantification of autoantibodies,
immunoglobulins and selected cytokines

Serum samples or supernatants of cultured
T cell from control andWave2cKO mice (3- to
4-month-old) were diluted in PBS (1:200) and
incubated for one hour at room temperature
in 96-well plates precoated with anti-IgG1,
anti-IgE, nuclear antigen, double-stranded
DNA (dsDNA), or succinate semialdehyde
(SSA) (ELISA kits from Alpha Diagnostic Int)
or with anti-IFN-g or anti-IL-4 antibodies
(ELISA kits from BD Bioscience). Additional
reagent and antibody information including
dilutions, and concentrations can be found in
table S1.

Preparation of single-cell suspensions,
immunostaining, and flow cytometry

Single-cell suspensions were prepared from
thymus, spleens, and lymph nodes of control
andWave2cKOmice. Lung, liver, spleen, kidney,
and pancreas were minced to 1 mm in size and
digested in RPMI-1640 buffer [supplemented
with 10% fetal bovine serum (FBS)] contain-
ing 1 mg/ml of Collagenase/Dispase (Millipore
Sigma, catalog #10269638001) and 0.1 mg/ml
of DNase (Sigma-Aldrich) for 45min at 37°C to
obtain single-cell suspensions. After filtering
through 70-mm cell strainer (Thermo-Fisher),
contaminating erythrocytes were lysed in
ammonium-chloride-potassium(ACK) lysis buf-
fer, pelleted and resuspended in PBS (pH 7.4).
For immunostaining of T cell surface markers,
cells were blocked with anti-CD16/CD32 (BD
Bioscience) at 4°C for 20 min followed by
incubation on ice for 30 min with various

combinations of fluorophore-conjugated anti-
bodies specific for CD4 (GK1.5), CD8 (53-6.7),
B220 (RA3-6B2), CD44 (IM7), CD62L (MEL-14),
CD69 (H1.2F3), CD127 (A7R34), CXCR3 (CXCR3-
173), CCR7 (4B12), PD-1 (J43), TIM-3 (RMT3-23),
LAG-3 (C9B7W), CD45.1 (A20), CD45.2 (104),
CD25 (PC61.5), KLRG1 (2F1), CD11b (M1/70), and
CD11c (N418) (eBioscience, and BD Bioscience).
H-2Db/gp33-41andH-2Db/np396-404 tetramers
(NIH Tetramer Core Facility) were used in ex-
periments on LCMV infected mice. Additional
reagent and antibody information including
dilutions, and concentrations can be found in
table S1.
For intracellular and nuclear protein stain-

ing, single-cell suspensions were fixed in 4%
paraformaldehyde for 10 min at room tem-
perature and permeabilized for 20 min using
ice-coldmethanol. Cells were then stained for
30min at room temperature using antibodies
against FOXP3 (FJK16s), GATA3 (TWAJ), ROR-g
(AFKJS-9), c-Myc (D84C12), T-bet (4B10), Ki-67
(SolA15), and BCL-2 (10C4) (eBioscience and
Cell Signaling). For intracellular phospho-
protein analysis, cells were stained using anti-
phospho-antibodies specific for: pmTOR-Ser2448
(D9C2), pS6K-Thr389 (108D2), pS6-Ser235/236
(D57.2.2), pS6-Ser240/244, pAKT-Thr308 (D25E6),
pAKT-Ser473 (D9E), pFOXO1-Thr24, pLCK-
Tyr505, pZAP70-Tyr319 (65E4) and pPLCg1-
Tyr783 (D6M9S) (Cell Signaling Technology)
followed by Alexa Flour 488-conjugated goat
anti-rabbit antibody immunostaining and flow
cytometry analysis. For intracellular WAVE2
staining, cells were stained for anti-WAVE2
(D2C8) followed by Alexa Flour 488-conjugated
goat anti-rabbit antibody immunostaining
and flow cytometry analysis. All flow cytome-
try data were acquired on a FACScanto or LSR
Fortessa flow cytometer (BD Biosciences) and
analyzed using FlowJo software (Tree Star).
Additional reagent and antibody information
including dilutions, and concentrations can be
found in table S1.

T cell isolation, in vitro proliferation,
and differentiation

TotalCD4+Tcellsornaïve (CD25−CD62LhiCD44lo)
CD4+ T cells were enriched from single cell
suspensions of periphery lymph nodes using
T cell isolation kits (Stem Cell Technologies)
followed by sorting on MoFlow (Beckman-
Coulter) or FACSAria (BD Biosciences) cell
sorters (>99% purity). The purified T cells
were cultured in RPMI-1640 supplemented
with 10% FBS, 1% penicillin streptomycin,
50 mM2-mercaptoethanol, 2 mML-glutamine,
and 1 mM sodium pyruvate. For OVA antigen-
induced T cell proliferation assays, purified
control orWave2cKO OT-II naïve CD4+ T cells
(2.5 × 104 cells per 200 ml of medium) were
cultured with 2.5 × 105 irradiated (3300 rad)
and depleted of T cells by incubation with bio-
tin anti-CD4 and biotin anti-CD8 antibodies
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and subsequent streptavidin magnetic bead-
based negative selection). Irradiated T cell–
depleted splenocytes were then loaded at 37°C
for 48 hours with varying concentrations
(0, 0.1, 0.5, 1.0, and 2.0 mg/ml) of OVA323-339

peptide. Cells were then pulsed with 1 mCi [3H]
thymidine for another 16 hours and incorpo-
rated radioactivity measured by scintillation
counting. For in vitro T cell activation and
differentiation (under suboptimal stimulatory
conditions), purified T cells were stimulated
with plate-bound anti-CD3 (0.1 mg/ml), anti-
CD28 (0.5 mg/ml) antibodies, and 5 ng/ml of
recombinant murine (rm)IL-2 for 5 days. For
mTOR inhibition, T cells were cultured in
the presence of 50 nM Torin 2. T cells were
then immunostained with anti-CD4 antibody,
fixed, and permeabilized and then subjected
to staining with fluorophore-conjugated anti-
T-bet and anti-GATA3 antibodies or anti-
phospho-S6 (Ser240/244), AKT (Ser473) and
FOXO1 (Thr24) antibodies followed by stain-
ing with goat anti-rabbit antibody. T cell sizes
were determined by forward-scatter area
(FSA). Data were acquired by flow cytom-
etry and analyzed by Flowjo. Additional re-
agent and antibody information including
dilutions, and concentrations can be found
in table S1.

In vitro TH1 and TH2 cell differentiation

Naïve CD4+ T cells (2 × 104/well) purified by
sorting from LNs of control and Wave2cKO

mice were primed by a 5-day incubation at
37°C with anti-CD3 (2 mg/ml) and anti-CD28
(0.5 mg/ml) antibodies coated on 96-well plates.
For Th1 cell differentiation, cells were cultured
in thepresenceof anti-IL-4neutralizing antibody
(10 mg/ml, 11B11, Biolegend), rmIL-2 (5 ng/ml,
Biolegend), and rmIL-12 (5 ng/ml, Biolegend).
For TH2 cell differentiation, cells were cultured
in the presence of anti-IFN-g neutralizing anti-
body (10 mg/ml, XMG1.2, Biolegend), rmIL-2
(5 ng/ml, Biolegend), and rmIL-4 (4 ng/ml,
Biolegend). Cytokine levels in culture super-
natants were measured by ELISA and the
expression of T-bet and GATA3 in differ-
entiating T cells assessed by intracellular
staining and flow cytometry. Additional re-
agent and antibody information including
dilutions, and concentrations can be found in
table S1.

Cytokine analysis following ex vivo stimulation

Cytokine expression was measured in T cells
purified from lymph nodes of control and
Wave2cKO mice and stimulated ex vivo with
PMA (20 ng/ml) and ionomycin (500 ng/ml,
Sigma-Aldrich) for 6 hours, or anti-CD3/CD28
(2.5 mg/ml each) antibodies, or antigen pep-
tides (OVA323-339, LCMVgp33-41, np396-404,
and unrelated control peptides, GenScript),
with brefeldin A and monensin added for the
last 4 hours before cell harvest. Cells were then

surface-labeled prior to fixation, permeabiliza-
tion and intracellular staining for anti-IFN-g
(XMG1.2), anti-TNF-a (MP6-XT22), anti-IL-2
(JES6-5H4), anti-IL-4 (11B11), anti-IL-17a
(eBio17B7), and anti-granzyme B (NGZB, 1:200)
(BD Bioscience and eBioscience). Additional
reagent and antibody information including
dilutions, and concentrations can be found
in table S1.

T cell signaling

Naïve CD4+ T cells purified by cell sorting
from the lymph nodes of control andWave2cKO

mice (4-6 weeks old) were stimulated for vary-
ing times with anti-CD3/CD28 (2.5 mg/ml
each), OVA323-339 (5 mg/ml) loaded-APCs or
10 ng/ml of rmIL-2 and rmIL-7. Cells were
then immunostained and assessed by flow
cytometry. For Torin 2 treatment, cells were
stimulated for varying times in the presence
of 50 nM Torin 2. Additional reagent and
antibody information including dilutions,
and concentrations can be found in table S1.

Calcium flux

Purified control orWave2cKO naïve T cells (5 ×
106 cells/ml) were labeled with Indo-1 (5 mM)
and fluorophore-conjugated anti-CD4 and anti-
CD8 antibodies and then incubated with anti-
CD3/CD28 (2.5 mg/ml each) antibodies for
30 min at 4°C, washed and resuspended in
RPMI-1640 medium containing 2% FBS and
10mMHEPES pH7.4. Cells were thenwarmed
and subjected to anti-hamster IgG (10 mg/ml)
crosslinking and the calcium influx then moni-
tored using flow cytometry to assay the ratio
of Indo-1 violet/Indo-1 blue fluorescence.
Additional reagent and antibody information
including dilutions, and concentrations can
be found in table S1.

Apoptosis assay

Freshly isolated naïve T cells were immu-
nostained for selected surface markers and
fluorophore-conjugated Annexin V and 7-AAD
(BD Bioscience) to assess cell survival or with
FITC-conjugated caspase inhibitor Z-VAD-FMK
(10 mM, Promega) to measure caspase activity
by flow cytometry analysis. Additional reagent
and antibody information including dilutions,
and concentrations can be found in table S1.

In vivo BrdU labeling and cell cycle analysis

Control andWave2cKOmice (8 to 12 weeks old)
were intraperitoneally injected with 2 mg
BrdU (BD Biosciences) per mouse 24 hours be-
fore sacrifice. Lymph node and spleen T cells
were first immunostained with fluorophore-
conjugated antibodies specific for anti-CD4,
anti-CD8, anti-CD44, and anti-CD62L, fixed,
permeabilized, and stained with anti-BrdU
antibody and 7-AAD and assayed G0/G1 and
S phase by flow cytometry. Additional re-
agent and antibody information including

dilutions, and concentrations can be found
in table S1.

Plasmids and cell transfection

Expression constructs were derived by sub-
cloning cDNAs encoding full-length-Wave2,
Wave2-WHD (amino acids 1 to 171), Wave2-
WHD/GBD (amino acids 1 to 200), Wave2-
WHD/GBD/PR (amino acids 1 to 270) and
Wave2-DWHD (del amino acids 1 to 170) into
the pcDNA3-FLAG vector (Invitrogen); sub-
cloning the Wave2 cDNA into the pEGFPC3
vector to derive GFP-Wave2 (Clonetech) and
subcloning the mTOR cDNA into pcDNA3-
DsRed vector (Clonetech) to derive DsRed-
mTOR. TheCMV-Myc-mTOR,CMV-Myc-mTOR
(aminoacids 1 to 1482),CMV-Myc-mTOR (amino
acids 1271 to 2008) andCMV-Myc-mTOR (amino
acids 1750 to 2549) vectors were provided by
D.M. Sabatini (Whitehead Institute for Bio-
medical Research, Massachusetts Institute
of Technology). CAG-GFP-Cre and CAG-GFP
vectors were provided by C. Cepko (Howard
Huges Medical Institute, Harvard Medical
School). Plasmids were transfected into pri-
mary mouse T cells or Jurkat T cells by elec-
troporation using Nucleofector system (Lonza)
or intoHEK293 cells using Lipofectamine 2000
(Invitrogen). For activation of HEK293 cells,
cells were serum starved in FBS-free Dulbecco’s
modified Eagle’s medium (DMEM) for 14 to
16 hours and stimulated for 30minwith insulin
(100 nM, Invitrogen). Additional cell line infor-
mation is available in table S1.

Immunoblotting, immunoprecipitation, and in
vitro binding assays

To prepare cell lysates, primary mouse T cells,
Jurkat, or HEK293 cells were suspended in
either CHAPS lysis buffer (40 mM HEPES
pH7.4, 10 mM b-glycero-phosphate, 2 mM
EDTA, and 0.3% CHAPS) to preserve mTOR
complex integrity or in RIPA buffer (50 mM
Tris, pH8.0, 150 mMNaCl, 0.5% sodium deoxy-
cholate, 0.1%SDS, and 1%NP-40) supplemented
with protease and phosphatase inhibitors
(Calbiochem). For immunoprecipitation, cell
lysates were incubated for 4 to 6 hours with
specific antibody followed by 30 min at 4°C
with protein A/G sepharose beads. Immu-
noprecipitated or cell lysate proteins were
subjected to SDS–polyacrylamide gel electro-
phoresis (SDS-PAGE), transferred to polyvinyl-
idene difluoride (PVDF)membranes (BioRad),
and the blockedmembranes then sequentially
incubated with primary antibody, followed
by horseradish peroxidase (HRP)–conjugated
secondary antibody and washed and visual-
ized by chemiluminescence (ECL Plus).
To define the domains mediating WAVE2-

mTOR interaction, HEK293 cells were cotrans-
fected with Myc-tagged full-length (FL)-mTOR
and either FLAG-tagged FL-Wave2, FLAG-
Wave2 (amino acids 1 to 171), FLAG-Wave2
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(amino acids 1 to 200), FLAG-Wave2 (amino
acids 1 to 270) or FLAG-Wave2-DWHD (del
amino acids 1 to 170) constructs. Transfected
cells were lysed 36 hours post transfection
in CHAPS buffer and subjected to anti-MYC
antibody immunoprecipitation followed by
immunoblotting analysis with the relevant
antibodies. To define the mTOR domain me-
diating binding toWAVE2, constructs enabling
Myc-tagged-mTOR (amino acids 1 to 1482),Myc-
mTOR (amino acids 1271 to 2008), and Myc-
mTOR (amino acids 1750 to 2549) expression
were transfected into HEK293 cells. The ly-
sates then incubated with recombinant GST-
WAVE2 (2 ug) for 1 hour at 4°C and then
with Glutathione Sepharose 4B resin (GE
Healthcare). The immune complexes were
resolved by SDS-PAGE and immunoblotting
analysis with anti-GST antibody or anti-MYC
antibody. Additional reagent and antibody in-
formation including dilutions, and concentra-
tions can be found in table S1.
For in vitro protein binding assays, 2 mg of

recombinant GST-WAVE2 protein or 2 mg of
GST and 1.5 mg of recombinant MYC-mTOR
protein were incubated for 1 hour at 4°C
with glutathione sepharose 4B beads (GE
Healthcare), and the protein complexes then
resolved by SDS-PAGE and immunoblotting
analysis with rabbit anti-GST antibody and
mouse anti-MYC antibody. Antibodies used
in immunoblotting and immunoprecipita-
tion are purchased from Cell Signaling Tech-
nology except specified anti-mTOR (Ser2448)
(#5536S), anti-mTOR (#2972S), anti-RAPTOR
(#2280S), anti-RICTOR (#9476S), anti-WAVE2
(#3659S), anti-MYC-tag (#05-724, Millipore-
Sigma), anti-pS6 (Ser240/244) (#2215S), anti-
pS6 (Ser235/236) (#4858S), anti-S6 (#2217S),
anti-pAKT (Ser473) (#4060S), anti-pAKT (Thr308)
(#13038S), anti-pan-AKT (#4685S), anti-p4E-
BP1 (#2855S), anti-4E-BP1 (#9452S), anti-pS6K
(#9234S), anti-S6K (#2708S), anti-pFOXO1 (Thr24)
(#2599S), anti-FOXO1 (#2880S), anti-GST (#SC-
459, Santa Cruz), anti-b-actin (#A5441, Sigma),
and anti-tubulin (#T5168, Sigma) antibodies.
Quantification of westerns was performed by
densitometry using ImageJ, with relative gray
values calculated and normalized to control
values. Additional reagent and antibody in-
formation including dilutions, and concen-
trations can be found in table S1.

Assay of mTORC1/2 in vitro kinase activity

RAPTOR or RICTOR immunoprecipitates from
insulin (100 nM) stimulatedHEK293 cells were
washed in kinase buffer (25mMHEPESpH7.4,
20 mM KCl, and 10 mM MgCl2) and 50 ng
of recombinant GST-WAVE2 or GST alone
were added to each sample. After 30min, the
complexeswere incubated for 30min inmTOR
kinase buffer (25 mM HEPES, 50 mM KCl,
10 mM MgCl2, and 500 mM ATP) contain-
ing 100 ng inactive 4E-BP1 (for mTORC1) or

100 ng inactive AKT (for mTORC2) substrate.
Reactionswere stopped after 30min by adding
30 ml of sample buffer and boiling for 5 min
and then resolved by SDS-PAGE followed by
immunoblotting with anti-phospho-4E-BP1
or anti-phospho-AKT (Ser473) antibodies. Esti-
mates of kinase activities were based on the
ratio of phosphorylated substrate to total in-
active substrate in each reaction. Densitometric
analysis of protein bands was performed using
Image J and the relative gray values of specific
bands calculated and normalized to control
values. Additional reagent and antibody in-
formation including dilutions, and concen-
trations can be found in table S1.

Metabolism assays

Extracellular acidification (ECAR) and oxygen
consumption (OCR) rates were assessed using
a Seahorse XFe96 Bioanalyzer (Agilent). T cells
purified from lymph nodes and spleens of
control andWave2cKO mice (4 to 6 weeks old)
were seeded into Cell-Tak-coatedXFe96 plates
(8 × 105 cells per well) in assay media con-
sisting of minimal unbuffered DMEM supple-
mentedwith 1mMsodiumpyruvate, and 2mM
L-glutamine and 1% bovine serum albumin
(BSA) (for OCR, supplemented with 25 mM
glucose). Profile plots of ECARwere measured
in T cells stimulatedwith 10mMglucose, 2 mM
oligomycin, 10 mM 2-deoxyglucose, and basal
glycolysis was calculated after subtraction
of non–glycolytic acidification and glycolytic
capacity was calculated following the addi-
tion of oligomycin. Profile plots of OCR were
measured in T cells stimulatedwith sequential
injections of 2 mMoligomycin, 2 mMFCCP, and
0.5 mM rotenone/antimycin A, and maximal
respiration was measured following the addi-
tion of FCCP. For flow cytometry analysis of
mitochondrial function, T cells were stained
with fluorophore-conjugated anti-CD4-PE-Cy7,
anti-CD8-BUV395, anti-CD44-APC, and anti-
CD62L-APC-Cy7 antibodies (BD Bioscience and
eBiosciecne) and then incubated with 100 mM
2-NBD-glucose (2-NBDG, Invitrogen) for
30min at 37°C to assess glucose uptake. Cells
were also loaded with 100 nM MitoTracker
Green or 250 nMMitoTracker Red (Invitrogen)
for 15 min at 37°C to assess mitochondria mass
and membrane potential, respectively. In-
tracellular ATP was measured using the
Luminescent ATP Detection Kit according
to manufacturer instructions (Abcam). Addi-
tional reagent and antibody information in-
cluding dilutions, and concentrations can be
found in table S1.

RNA sequencing

CD4+ T cells from LNs and spleens of control
andWave2cKO mice (8 to 12 weeks old) were
pre-enriched by immunomagnetic cell sorting
(StemCell negative selection) and FACS-sorted
to >99% purity. Total RNA was extracted using

TRIzol reagent (Invitrogen), according to man-
ufacturer’s instructions. RNAqualitywas tested
using the Nanodrop 1000 and Agilent 2100
Bioanalyzer (Agilent Technologies). Sequenc-
ing libraries were prepared using the TruSeq
RNA Library PrepKit v2 (Illumina) according
to manufacturer's instructions. Library qual-
ity was assessed by the Agilent 2100 Bio-
analyzer and quantified using the Qubit3
(ThermoFisher). Next generation sequencing
was performed on the Illumina HiSeq2500.

RNAseq Data Analysis

Initial quality analysis was performed on
FASTQ files using FastQC v0.11.0, trimmed
using Trimmomatic v0.36, and aligned against
Ensembl GRCm38 using HISAT2 v2.1.0. QC
alignments were performed using Qualimap
v2.2.1. Read counts were calculated using
HTSeq-count v0.11.0 and differential expres-
sion profiling employed DESeq2. Gene set
enrichment analysis (GSEA) was performed
on the ranked gene list using Broad Institute
software (www.broadinstitute.org/gsea).

In vivo T cell homing and two-photon microscopy

Naïve T cells (1 × 106 to 2 × 106) purified from
lymph nodes of control and Wave2cKO mice
(4 to 6weeks old)were labeledwith CTV (2 mM;
Invitrogen) or CFSE (2 mM; Invitrogen), respec-
tively, mixed at a 1:1 ratio and then injected
intravenously into C57BL/6 mice. The spleens,
lymph nodes, and blood, as well as lung, liver,
and pancreas of recipient mice were harvested
24 hours after injection and single-cell suspen-
sions then stained for anti-CD4 and anti-CD8
and analyzed by flow cytometry to determine
the ratio of CTV-labeled to CFSE-labeled T cells
in lymphoid organs and non-lymphoid tissues.
For live imaging of cellmigration, 5 × 106 T cells
purified from LNs of control and Wave2cKO

mice were labeled for 10 min at room temper-
ature with 5 mM CMTMR (Invitrogen) and
2 mM CFSE respectively, mixed at 1:1 ratio,
and intravenously injected into C57BL/6mice.
The recipient mice were sacrificed 18 hours
later and their lymph nodes collected and
placed into 10 cm petri dishes containing
RMPI-1640-Phenol-Red medium perfused
with 95%O2 and 5%CO2 at 37°C. Lymphnodes
were imaged on a heated stage (Zeiss LSM710
Two-photon/Confocal, with Plan-Apochromat
20X/1.0 DIC (UV) VIS-IR water immersion)
with a Chameleon pulsed femtosecond laser
excited at 810 nm, with emissions collected at
500-550 nm (CFSE) and 565-615 nm (CMTMR).
For 3-D imaging, each xy-plane spanned 256 ×
256 mm (3-mm spacing, 60-mm depth, 21xy-
planes/z-stack), z-stacks were imaged 40 s
apart for 20 min, and data were analyzed
using Imaris software (Bitplane). Additional
reagent and antibody information including
dilutions, and concentrations can be found
in table S1.
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Actin polymerization and chemotaxis
Naïve CD4+ T cells were purified from control
or Wave2cKO mice (4 to 6 weeks old) and
either left unstimulated or stimulated for
varying times with anti-CD3/CD28 (2.5 mg/ml
each) antibodies followed by cross-linking with
anti-hamster IgG (10 mg/ml) for indicate time,
or with CXCL10 (20 nM) for 5 min at 37°C.
Activation was terminated by fixing the cells
in 5% paraformaldehyde and cells were then
permeabilized, stained with 5 mg of Alexa
Fluor 488-phalloidin and analyzed by flow
cytometry. To assay chemotaxic responses,
purified naïve CD4+ T cells (5 × 104) were
suspended in RPMI-1640 medium supple-
mented with 0.5% BSA and seeded into the
upper chambers of 3 mm or 5 mm pore-size
transwell chemotaxis chambers (Corning)
maintained at 37°C. CCL19 (25 nM), CXCL10
(20 nM), or CXCL12 (20 nM) were added to
the lower chamber and cells in the lower
chamber were collected four hours later and
counted by microscopy. Additional reagent
and antibody information including dilutions,
and concentrations can be found in table S1.

Intrathymic (IT) injection

Control andWave2cKOmicewere anesthetized
and thymuses were labeled by intrathymic
injection of 10 ml of FITC (1 mg/ml, Sigma)
in PBS per thymic lobe. After IT injections,
mouse skins were sealed by surgery clips and
allowed to recover in cages for 30 min until
they showed normal behavior. The percent-
age of thymocytes labeled with FITC ranged
from 60 to 95%. Mice that displayed <60%
labeling were discarded from the experiments.
Thymic export was measured by quantifica-
tion of accumulated FITC+TCRb+ T cells in
lymph nodes and spleens 24 hours post IT
injection. Additional reagent and antibody
information can be found in table S1.

PIP3 kinase assay

Purified T cells from control andWave2cKO

mice (4 to 6 weeks old) were unstimulated
or stimulated with anti-CD3 and anti-CD28
(2.5 mg/ml each) and crosslinked with anti-
hamster IgG (10 ug/ml) for 10 min. Cells were
then lysed in Buffer-A (20mMTris-HCl, pH 7.4,
137 mM NaCl, 1 mM CaCl2, 1 mM MgCl2, and
0.1 mM sodium orthovanadate) plus 1%NP-40
and 1 mM PMSF for 30 min on ice. Four hun-
dred micrograms of control and Wave2cKO

T cell lysates was then immunoprecipitated
with anti-PI3K antibody (Cell Signaling Tech-
nology) and PI3K activity was measured using
a PI3K activity assay kit (Echelon). Additional
antibody information including dilutions, and
concentrations can be found in table S1.
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by pharmacological inhibitors of mTOR signaling.
(mTOR) binding to RAPTOR and RICTOR. Accordingly, the autoimmune phenotype of these mice could be ameliorated
of T cell activation was not mediated by the T cell receptor but rather by its inhibition of mammalian target of rapamycin 
and inflammatory disease associated with the activation and accelerated differentiation of T cells. WAVE2's suppression
WRC constituent WAVE2 (see the Perspective by Hambleton). These mice exhibited progressive severe autoimmune 

 characterized mice with a conditional knockout of theet al.such as HEM1 in certain human immunodeficiencies. Liu 
precise role for the WRC in immunity has not been established, although recent work has implicated WRC components 

The WAVE regulatory complex (WRC) is a pentameric complex that regulates actin cytoskeleton dynamics. The
WAVE-ing T cell activation off
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