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The T-cell costimulatory receptors, CD28 and the inducible costimu-
lator (ICOS), are required for the generation of follicular B helper
T cells (TFH) and germinal center (GC) reaction. A common signal
transducer used by CD28 and ICOS is the phosphoinositide 3-kinase
(PI3K). Although it is known that CD28-mediated PI3K activation is
dispensable for GC reaction, the role of ICOS-driven PI3K signaling
has not been defined. We show here that knock-in mice that
selectively lost the ability to activate PI3K through ICOS had severe
defects in TFH generation, GC reaction, antibody class switch, and
antibody affinity maturation. In preactivated CD4� T cells, ICOS
delivered a potent PI3K signal that was critical for the induction of
the key TFH cytokines, IL-21 and IL-4. Under the same settings, CD28
was unable to activate PI3K but supported a robust secondary
expansion of T cells. Thus, our results demonstrate a nonredundant
function of ICOS-PI3K pathway in the generation of TFH and
suggest that CD28 and ICOS play differential roles during a mul-
tistep process of TFH differentiation.

CD28 � follicular B helper T-cell � germinal center � ICOS � PI3K

Follicular B helper T cells (TFH) are a subset of CD4� T cells
that facilitates germinal center (GC) reaction, B cell prolif-

eration, and B cell differentiation (1). TFH cells have an ability
to migrate into B cell area using chemokine receptor CXCR5,
and they abundantly express costimulatory molecules such as
ICOS, PD-1, and CD40L. TFH cells can arise in the absence of
factors that mediate Th1, Th2, or Th17 differentiation, but
depend on Bcl-6 (2–5). TFH cells express a high level of IL-21,
which provides a robust stimulus for proliferation and differen-
tiation of B cells (6, 7). IL-21 also plays an indispensible role in
the generation of TFH cells, probably by enhancing Bcl-6 expres-
sion (3). Recent studies also revealed an exquisite regulation of
IL-4 transcription and translation that allows highly targeted
secretion of IL-4 by TFH cells while they form conjugates with
cognate B cells (8). Thus, IL-21 and IL-4 appear to be crucial for
differentiation and/or function of TFH cells.

ICOS is a CD28 family costimulatory receptor that is ex-
pressed in recently activated or antigen-experienced T cells (9,
10). By binding to ICOS ligand (ICOS-L) expressed on antigen
presenting cells (APCs), ICOS delivers costimulatory signals
that augment T-cell proliferation and expression of an array of
cytokines including IL-4, IL-10, and IL-21 (10–12). Both in mice
and humans, interruption of ICOS-ICOS-L interaction leads to
impaired GC reaction, Ab class switch, and affinity maturation
(13–16). Recent findings suggested that these defects in humoral
immune responses in ICOS-deficiency are due to the lack of TFH
cells (17–19). Conversely, dysregulated overexpression of ICOS
in sanroque mice causes a lupus-like autoimmune disease that is
associated with an increased number of TFH cells, spontaneous
GC reaction, and augmented IL-21 production (20–22).

The prototype T-cell costimulator CD28 is also required for
GC reaction, humoral immunity, and generation of TFH cells (23,
24). It is puzzling that the generation of TFH requires both CD28

and ICOS, although the two costimulators have a seemingly
redundant function in activating PI3K (25, 26). Whether CD28-
mediated PI3K pathway plays significant roles in T-cell prolif-
eration, cytokine production, and survival has been a matter of
hot debate (27). Recent data from knock-in mice showed that
CD28-mediated PI3K pathways do not have any obvious non-
redundant role in T-cell functions and humoral immune re-
sponses (28).

To address the role of ICOS-mediated PI3K signal transduc-
tion pathways in the context of the overall ICOS function, we
generated a knock-in mouse strain in which the cytoplasmic tail
of ICOS cannot recruit PI3K. Here, we show that the generation
of TFH cells critically depends on the PI3K signaling initiated by
ICOS. Consequently, GC reaction, Ab class switch, and affinity
maturation are drastically diminished in the knock-in mice. We
find evidence that in preactivated CD4� T cells, expression of
IL-21 and IL-4 is heavily dependent on PI3K and that the
dominant activator of PI3K in this context is ICOS, not CD28.

Results
Normal Inducible Expression Pattern of ICOS-YF with Altered Signaling
Capacities. We generated knock-in mice, termed ICOS-YF here-
after, possessing a tyrosine-to-phenylalanine mutation at amino
acid residue 181 in the cytoplasmic tail of ICOS, a mutation
known to abrogate ICOS-mediated PI3K recruitment (29) (de-
tails in SI Text and Fig. S1). We compared littermates of
ICOS-WT (�/�) and ICOS-YF (yf/yf ) mice along with nonlit-
termate ICOS-KO (-/-) mice that have �2 weeks of age differ-
ence. All of these mice have been backcrossed five generations
into C57BL/6.

Since tyrosine residues in the cytoplasmic tails of membrane
proteins are often involved in protein trafficking and recycling,
we tested whether ICOS-YF maintained its expression pattern
on the cell surface. As shown in Fig. S2 A, WT and YF-mutant
ICOS displayed an identical inducible expression pattern. Thus,
the tyrosine-to-phenylalanine mutation does not alter the ex-
pression pattern of ICOS, and all of the phenotypic outcomes
should be attributable to the altered signaling capacities of the
mutant ICOS.

In vitro binding assays using GST fusion proteins have shown
that the Tyr 181 residue of ICOS is critical for recruiting PI3K
(29). Consistently, anti-ICOS immunoprecipitates from WT
CD4� T-cell blasts contained the regulatory subunit of PI3K,
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p85� (Fig. S2B, WT). There was a basal level of p85� associated
with ICOS that increased upon ligation of TCR or ICOS. The
TCR-independent ICOS-mediated p85� recruitment may re-
flect a potential antigen-independent function of ICOS on
cytoskeletal rearrangement of T cells (30). However, the amount
of p85� was maximal when the T cells were activated by a
combination of anti-CD3 and anti-ICOS mAb. Importantly, the
ICOS-p85� interaction was abrogated when the Tyr 181 was
mutated to phenylalanine (Fig. S2B, YF).

It has been shown that ligation of ICOS strongly enhances
TCR-mediated activation of AKT and, to some extent, MAPKs
(ERK, JNK, and p38) (25, 26). We examined these signal
transduction events in primary T-cell blasts derived from WT or
ICOS-YF mice. In keeping with the PI3K activation, ICOS
engagement dramatically augmented TCR-mediated AKT acti-
vation as judged by the increase phosphorylation of AKT at
Ser-473 in WT T cells (Fig. 1, AKT, WT). The ability of ICOS
to enhance TCR-mediated AKT activation was completely ab-
rogated in ICOS-YF T cells (Fig. 1, AKT, YF). ERK phosphor-
ylation was moderately enhanced by ICOS ligation in WT but not
in ICOS-YF. This is consistent with the observations that PI3K
can activate Ras-MAPK pathway (31, 32). ICOS did not aug-
ment phosphorylation of JNK and p38 in primary CD4� blasts
under our experimental settings (Fig. S3). As shown by others
(25, 26), CD28-costimulation strongly enhanced JNK activation
with a moderate level of AKT phosphorylation (Fig. S4).

It was shown that ligation of ICOS can facilitate Ca2� mobi-
lization when TCR signal is suboptimal, possibly through PI3K
(25, 29). As shown in Fig. S5, both WT and Y181F mutant ICOS
were able to augment TCR-mediated Ca2� f lux in CD4� T
blasts. Thus, ICOS can augment TCR-mediated Ca2� f lux in a
PI3K-independent manner.

Collectively, the Y181F mutation selectively disrupts PI3K-
dependent signaling pathways, AKT and ERK, without affecting
Ca2� signaling.

Reduced Basal Serum Ig Levels in ICOS-YF Mice. One of the hallmarks
of ICOS-deficient mice or humans is a reduction of class-

switched immunoglobulins in serum, a reflection of defective
GC reaction (13–16). Thus, we quantified the basal serum Ig
levels by ELISA from 2-month-old mice of WT, YF, and KO
mice (Fig. 2). As previously documented, ICOS-KO mice dis-
played up to 10-fold reduction in serum concentrations of IgG1,
IgG2b, and IgG2c without any difference in IgM compared with
WT control. Remarkably, ICOS-YF mice had an identical serum
IgG1 level as that of ICOS-KO. Serum IgG2b and IgG2c
concentrations in ICOS-YF mice were also reduced to levels
close to those of ICOS-KO mice. These results suggest that the
ICOS function in supporting Ig class switch critically relies on
signaling mechanisms dependent on the Tyr 181.

Defective GC Reaction in Peyer’s Patches of ICOS Mutants. Peyer’s
patches (PPs) are part of gut-associated immune tissue in which
ongoing humoral immune responses against the intestinal mi-
croflora are taking place. It has been shown that, in ICOS-KO
mice, the number of PPs is normal, but the size and cellularity
of PPs are dramatically reduced, and the active GCs are not
detected (33). However, the basis of these defects has been
unknown. We chose to analyze the PPs of ICOS mutant mice to
gain insights into the cellular basis of GC defects. ICOS-YF mice
had a normal number of PPs, as do ICOS-KO mice (Fig. S6A).
However, the total cellularity of PP was substantially reduced in
ICOS-YF mice to a level similar to that of ICOS-KO mice (Fig.
S6B). Accordingly, the GC area was greatly reduced in both
ICOS-YF and KO mice (Fig. S6C). Flow cytometric analysis
revealed that there is a drastic reduction in the percentage of GC
B cells over the total B cells (Fig. 3 Top). Importantly, the
percentages of TFH cells over the total CD4� T cells in the PPs
of ICOS-YF and KO were reduced by 5- to 9-fold compared with
that of WT mice (Fig. 3 Bottom). Consistent with the GC defects,
the content of secreted IgA in the feces was dramatically reduced

Fig. 1. Defective AKT and ERK activation by ICOS-YF. CD4� T blasts were
stimulated with antibodies against CD3 and/or ICOS, and the activation of AKT
or MAPKs was measured by immunoblotting using phospho-specific antibod-
ies. A representive of three independent experiments is shown.

Fig. 2. ICOS-YF and KO mice have reduced levels of class-switched immu-
noglobulins in serum. Sera were obtained from nonimmunized mice of ICOS
WT, YF, and KO mice at 8 weeks of age. Concentrations of IgM, G1, G2a, G2c,
G3, and A were determined by isotype specific ELISA. Each data point repre-
sents a serum Ig level of an individual mouse (n � 10 WT, 14 YF, and 10 KO).

*, P � 0.01.
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in YF and KO mice (Fig. S6D). This is in contrast to the normal
serum IgA levels in ICOS mutant mice (Fig. 2), suggesting that
the serum IgA level is mainly controlled by T-independent
mechanisms (34). Thus, the Tyr 181 motif of ICOS plays a critical
role in TFH differentiation and GC reaction in the PP.

Defective Humoral Immunity in ICOS Mutants. It has been shown that
ICOS-KO mice have impaired GC reaction, Ab class switch, and
affinity maturation upon immunization (13–15). We immunized
mice with alum-precipitated NP-CGG to examine the role of
ICOS-PI3K pathway in humoral immune responses. Both
ICOS-YF and KO mice had severely impaired GC reaction along
with reduced TFH cells in the spleen (Fig. 4 A and B). Anti-NP
IgG1 antibody titers in serum were substantially reduced in both
ICOS-YF and KO mice (Fig. 4C). The difference in anti-NP
IgG1 titer was more pronounced in high-affinity Ab (Fig. 4C,
NP3) as opposed to the total Ab (Fig. 4C, NP33). It was also clear
that the difference in high-affinity Ab titers became bigger upon
secondary immunization (Fig. 4C, NP3 1 ° vs. 2 °). We assessed
affinity maturation process more precisely by measuring anti-NP
antibodies after a differential washing step using NaSCN solu-
tions during ELISA (SI Text). As depicted in Fig. 4D, a shift from
lower to higher affinity anti-NP IgG1 was readily seen in WT
mice upon secondary immunization, but this was not observed

in ICOS-YF and KO mice. Collectively, these data demonstrate
that ICOS-YF mice have severely impaired GC reaction, TFH
generation, Ab class switch, and affinity maturation.

ICOS Promotes Expression of IL-21 and IL-4 in a PI3K-Dependent
Manner. The lack of CXCR5�CD4� TFH cells during humoral
immune reaction in ICOS mutant mice prompted us to examine
if ICOS is directly involved in upregulation of CXCR5. When T
cells were activated by soluble anti-CD3 Ab in the presence of
APCs, there was no difference in the expression levels of OX40
and CXCR5 on CD4� T cells (Fig. S7A). This result is consistent
with the notion that CXCR5 is mainly induced by OX40, whose
expression is enhanced by CD28 costimulation (35). Thus, ICOS
is not required for the induction of CXCR5, and the lack of
CXCR5�CD4� cells in ICOS mutants probably reflects a failed
TFH differentiation program.

Next, we sought to examine the impact of ICOS costimulation
on cytokine gene expression in the CD4� T cells. We activated
highly purified CD4� T cells for 2 days in vitro using antibodies
against CD3 and CD28, rested them 1 day in the absence of
stimuli, and then restimulated the cells with a combination of
TCR and costimulatory signals. This regimen allowed us to use
CD4� T cells with maximal surface ICOS expression within a
time frame when primed CD4� T cells migrate to B cell follicles
in secondary lymphoid organs (day 3 postimmunization) (36).
Under these conditions, ICOS played a dominant role over
CD28 in augmentation of IL-21 and IL-4 expression (Fig. 5A).
Further, pharmacological inhibition of PI3K activity during the
restimulation period negated all of the costimulatory impacts of
ICOS on IL-21 and IL-4 expression. In contrast, IL-10 expression
was marginally increased by ICOS and CD28, but largely unaf-
fected by PI3K inhibition. Consistent with results from PI3K
inhibition experiments, ICOS-mediated upregulation of IL-21
and IL-4 was abrogated in ICOS-YF T cells to levels close to
those of ICOS-KO T cells (Fig. 5B). In parallel, the differences
in cytokine induction capacity of ICOS vs. CD28 in the primed
CD4� T cells well correlated with their abilities to activate PI3K,
a potent AKT phosphorylation by ICOS but not by CD28 (Fig.
S7B). Despite the weak costimulatory activity in cytokine ex-
pression, CD28 had a major impact on the secondary expansion
of primed CD4� T cells, whereas ICOS played minor contribu-
tion (Fig. S7C). Interestingly, the ICOS-mediated proliferation
is disrupted in ICOS-YF T cells, suggesting that the ICOS-PI3K
pathway may have an additional role in the secondary expansion
of primed CD4� T cells. Taken together, these data show that
ICOS-PI3K signaling plays a dominant role in augmenting
expression of IL-21 and IL-4 during secondary activation of
CD4� T cells and that CD28 is not able to substitute ICOS.

Discussion
In this study we show that ICOS potently activates PI3K in
synergy with the TCR. When its ability to activate PI3K is
selectively abrogated, ICOS cannot support the generation of
TFH cells, GC reaction, Ab class switch, and affinity maturation.
We found a nonredundant role of ICOS-PI3K pathway in
upregulation of IL-21 and IL-4, key cytokines crucial for TFH
generation and function.

It has been shown that in murine Th2 clones, ICOS is
constitutively bound to PI3K, and ICOS ligation further in-
creases PI3K recruitment (37). We confirmed these results in
activated CD4� T blasts. The finding that ligation of ICOS
without TCR stimulation can activate PI3K signaling cascades
explains TCR-independent, yet PI3K-dependent ICOS function
in cytoskeletal rearrangement that may have a potential role in
T-cell adherence and migration (30). However, it has been shown
that interruption of ICOS function does not affect T-cell traf-
ficking itself in vivo (38, 39). Regardless, it is clear that co-
ligation of the TCR and ICOS gives rise to a maximal PI3K

Fig. 3. ICOS-YF as well as KO mice have severely impaired humoral immune
responses in the PP. GC B cells and TFH cells in the PP were analyzed by flow
cytometry. The (Top) two were gated on B220� B cells and the (Bottom) two
on CD4� T cells. Numbers represent mean � SD of data pooled from four mice
per genotype.
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signaling. Biochemical and imaging data have indicated that
ICOS is in complex with TCR complexes, and it gets recruited
into the immunological synapses, supporting the view that ICOS
probably functions in conjunction with the TCR (40–42).

The mechanism by which ICOS enhances TCR-mediated
Ca2� mobilization is not clear. It was proposed that the ICOS-

mediated PI3K pathway can enhance PLC�1 function through
ITK leading to sustained Ca2� f lux (29). Since ICOS-YF T cells
have intact Ca2� f lux, we conclude that ICOS can mediate Ca2�

f lux through a yet unknown mechanism, but clearly in a PI3K-
independent manner. Although the overall defects in humoral
immunity in ICOS-YF mice are very close to those of ICOS-KO
mice, we observed marginally higher levels of serum IgG2b and
IgG2c in ICOS-YF mice compared to ICOS-KO mice (Fig. 2).
Also, preactivated ICOS-YF CD4� T cells produced slightly
higher levels of IL-21 and IL-4 compared to ICOS-KO coun-
terparts (Fig. 5B). The intact capacity of ICOS-YF to augment
TCR-mediated Ca2� f lux may explain these residual T-cell
functions.

Our finding that PI3K plays a key role in ICOS-mediated TFH

cells is very relevant to the results that inactivation of the p110�
isoform of PI3K leads to impaired humoral immunity and
reduced size of PPs in the gut (32). It will be interesting to see
whether a lack of TFH underlies these phenotypes and whether
the p110� isoform is the PI3K under the control of ICOS.

Similar to ICOS, CD28 can activate PI3K through its Tyr-
based motif (YMNM) in the cytoplasmic tail (27). Why is CD28
unable to compensate the lack of ICOS-PI3K signaling pathway?
Our data show that it is due to an intrinsic weak capacity of CD28
to activate PI3K compared with that of ICOS. It has been shown
that the membrane proximal segment containing the YMFM
motif of the ICOS tail is much stronger than its CD28 counter-
part (containing the YMNM motif) in the ability to activate PI3K
when chimeric receptors were compared in transfected human
CD4� T cells (25). The same observation was made in murine
CD4� T cells upon ligation of endogenous CD28 and ICOS (26).
Particularly, in CD4� T cells that rested for 1 day after a 2-day
stimulation, CD28 did not evoke any PI3K activity above the
TCR stimulation, whereas it could still strongly enhance sec-
ondary expansion of T cells (Fig. S7 B and C). Recent results
from CD28 knock-in mice reinforced the notion that CD28-
mediated PI3K does not play any nonredundant function in
T-cell proliferation, cytokine production, and survival; it is,

Fig. 4. Impaired Ab responses in ICOS-YF and ICOS-KO mice upon immunization. (A) Defective GC reaction. Cryosections of spleens from mice immunized with
NP16-CGG/alum 12 days before were stained with PNA. (B) Decreased GC B cells and TFH cells in ICOS-YF and KO mice. Mice were immunized with NP16-CGG/alum,
and the splenocytes were analyzed 12 days later. Percentages represent mean � SD of data from three mice per genotype. A representative of two independent
experiments. (C) Impaired class switch. Sera were prepared from immunized mice at day 11 (1°) or day 7 (2°) postinjection, and antigen-specific IgG1 were
measured by ELISA using NP33-BSA vs. NP3-BSA. Numbers represent mean � SD of data from six mice per genotype. A representative of two independent
experiments. (D) Defective Ab affinity maturation. Mice were immunized at day 0 and boost injected at day 30. Serum samples were prepared at day 11 after
primary injection or day 7 after secondary injection, and the anti-NP IgG1 was measured after differential washes with increasing concentrations of NaSCN
solution. Each histogram represents mean � SD of data from six mice per genotype. A representative of two independent experiments.

Fig. 5. ICOS-YF and ICOS-KO CD4� T cells have defects in IL-21 and IL-4
expression. (A) ICOS induces IL-21 and IL-4 in a PI3K-dependent manner.
Preactivated CD4� T cells were restimulated with anti-CD3 plus hamster IgG
(H), anti-ICOS (I), or anti-CD28 (28) followed by goat anti-hamster IgG for 6 h
without or with LY 294002. The cytokine mRNA levels in the restimulated cells
were analyzed by qPCR. A representative of three independent experiments.
(B) Abrogation of IL-21 and IL-4 induction in ICOS-YF T cells. Cytokine gene
expression was analyzed in WT, YF, and KO T cells as described in A. Each data
point represents fold increase over hamster IgG control. Data pooled from six
independent experiments (n � 5–6 WT, 2–3 YF, and 2–3 KO). *, P � 0.02.
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rather, signals emanating from the carboxy terminal proline-rich
motif that play more important roles (28).

Deficiency of either CD28 or ICOS results in defective TFH
and humoral immunity, suggesting distinct roles for the two
costimulators (13–15, 23, 24, 35). What differential roles do they
play during the process of TFH generation? Based on our results
and the data in literature, we propose a model in which CD28
and ICOS support TFH cell differentiation in rather specialized
manners. During the first 2–3 days of antigenic exposure, CD4�

T cells interact with dendritic cells in the T-cell zone of second-
ary lymphoid organs (36). At this stage, antigen-specific T cells
rapidly proliferate producing IL-2, upregulate CXCR5 through
OX40, and induce ICOS. Since these processes are known to be
dependent on CD28 costimulation (35, 43, 44), CD28-deficiency
may heavily compromise TFH differentiation at this stage. The
primed CD4� T cells then migrate toward B cell follicles and
interact with cognate B cells. During this T:B interaction, T cells
make helper cytokines such as IL-21 and IL-4. IL-21 may play a
key role in facilitating full differentiation of TFH cells (3, 12),
whereas IL-4 and IL-21 induce B cell proliferation and differ-
entiation (6). Our data show that ICOS provides a unique
PI3K-mediated signal to enhance IL-21 and IL-4 at this stage,
and CD28 cannot substitute ICOS. Therefore, ICOS-deficiency
is likely to block this later stage of TFH differentiation. This
model is consistent with the finding that a transient activation of
CD28 at the early phase of immunization is sufficient for GC
formation (45). On the other hand, T cells primed in B cell-
deficient mice showed normal expansion, but failed to induce Ab
class switch during in vitro coculture with B cells, suggesting an
incomplete helper T differentiation in the absence of B cells (46).

In sum, we demonstrated here that the function of ICOS in
supporting TFH generation and humoral immunity critically
relies on the evolutionarily conserved tyrosine-based signaling
motif in its cytoplasmic tail. We provided evidence that ICOS
can induce key TFH cytokines by activating PI3K through this
signaling motif, probably when primed T cells contact with B
cells to complete the TFH differentiation program.

Materials and Methods
Animals. ICOS-YF knock-in mice were generated in 129 background and then
backcrossed into C57BL/6 background. ICOS-KO mice have been described
(13). The animals were housed in the Institut de Recherches Cliniques de
Montreal (IRCM) Animal Facility under specific pathogen-free conditions.
Animal experiments were performed according to animal use protocols ap-
proved by the IRCM Animal Care Committee.

Antibodies and Cytokines. Details of the reagents are described in SI Text.

In Vitro T-Cell Culture. All T cells were cultured in RPMI1640 medium (1 � 106

cells/mL) supplemented with 10% FBS, glutamine, penicillin, streptomycin,
�-mercaptoethanol. Total LN cells were activated by soluble anti-CD3 (1

�g/mL). For preparation of CD4� T blasts for biochemical analyses and Ca2�

flux experiments, CD4� T cells were positively selected (�95%) from single
cells suspensions of spleen and LN using CD4 selection kit (Stem Cell Technol-
ogies) and then activated by culturing with plate-bound anti-CD3 (3 �g/mL)
plus soluble anti-CD28 (1 �g/mL) for 2 days and expanded in media containing
recombinant IL-2 (100 �g/mL) for 3 days. For experiments described in Fig. 5
and Fig. S7 B and C, splenic CD4� T cells were negatively selected (�90%) using
the MACS CD4� T-cell isolation kit (Myltenyi). The CD4� T cells were stimulated
for 2 days as described above, except that 10 ng/mL IL-6 were added to
enhance IL-21 expression (47). Subsequently, the activated cells were col-
lected, washed once in complete medium, and rested for 1 day in complete
medium without IL-2 at 1 � 106 cells/mL in 6-well plates (2 mL/well) to avoid
overcrowding.

Acute T-Cell Activation, Lysis, and Immunoprecipitaton. The CD4� T-cell blasts
were harvested and stimulated by combinations of anti-CD3 (1 �g/mL), anti-
ICOS (2 �g/mL), and control hamster IgG. The bound antibodies were cross-
linked by goat anti-hamster IgG (20 �g/mL) at 37 °C. After washing, cells were
lysed in lysis buffer (1% Nonidet P-40, 20 mM Tris pH 7.4, 137 mM NaCl, 1 mM
CaCl2, 1 mM MgCl2, 1 mM PMSF, and 0.1 mM sodium orthovanadate) for 20
min on ice. After clearance of cell debris, lysates were boiled in Laemmli
sample buffer for immunoblot analysis. For immunoprecipitation of ICOS-
associated proteins, the lysates were incubated with anti-ICOS antibody (2
�g/mL) for 1 h at 4 °C, and the immune complexes were recovered by a mixture
of protein G-agarose beads (Thermo Scientific) and protein A-agarose beads
(Pierce).

T-Cell Restimulation Assays. Negatively selected CD4� T cells were stimulated
for 2 days and rested for 1 day in media alone. For cytokine qPCR, 5 million
CD4� T blasts were restimulated for 6 h in 400 �L media containing Ab
cocktails: Anti-CD3 (1 �g/mL) plus either hamster IgG, anti-ICOS, or anti-CD28
(2 �g/mL each), followed by goat anti-hamster IgG (20 �g/mL). For PI3K
inhibition experiments, cells were pretreated for 1 h with LY 294002 (50 �M;
Calbiochem) and then stimulated with the Abs in the continued presence of
the inhibitor. RNA was isolated using the TRIzol reagent (Invitrogen). cDNA
was prepared from the extracted RNA using the SuperScript First-Strand
Synthesis System for RT-PCR (Invitrogen). HGPRT, IL-21, IL-4, and IL-10 TaqMan
primers and probes were from Applied Biosystems. Quantitative real-time PCR
was performed by using a TaqMan 7300/7500 system and software (Applied
Biosystems). Fold expression was calculated using the ��CT method using
HGPRT as a reference gene. For proliferation assays, cells were restimulated in
U-bottom 96 wells (1 � 105 cells/well) with the Abs for 24 h. For the last 8 h of
incubation, 3H-thymidine was added at 1 �Ci/well.

Ca2� Flux, Immunization of Mice, and ELISA. Details are described in the SI Text.

Statistical Analysis. The significance of the data were tested by Student’s t test.
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