The EMBO Journal (2006) 25, 2623-2633 | © 2006 European Molecular Biology Organization | All Rights Reserved 0261-4189/06

www.embojournal.org

THE

EMBO

JOURNAL

T-cell tolerance or function is determined
by combinatorial costimulatory signals

Roza Nurieva', Sunil Thomas?*,

Thang Nguyen®*, Natalia Martin-Orozco",
Ying Wang?, Murali-Krishna Kaja?,
Xue-Zhong Yu® and Chen Dong™*

'Department of Immunology, University of Texas MD Anderson Cancer
Center, Houston, TX, USA, 2Department of Immunology, University

of Washington, Seattle, WA, USA and *H Lee Moffitt Cancer Center

& Research Institute, University of South Florida, Tampa, FL, USA

Activated in immune responses, T lymphocytes differenti-
ate into effector cells with potent immune function. CD28
is the most prominent costimulatory receptor for T-cell
activation. However, absence of CD28 costimulation did
not completely impair effector function of CD4 or CD8
T cells. Moreover, increasing number of costimulatory
molecules are recently found on antigen-presenting
cells to regulate T-cell activation. To understand the mo-
lecular mechanisms that determine T-cell function or
tolerance, we have collectively examined the roles of
positive and negative costimulatory molecules. Antigen-
specific naive CD4 and CDS8 T cells, only when activated
in the absence of both CD28 and ICOS pathways, were
completely impaired in effector function. These tolerant
T cells not only were anergic with profound defects in
TcR signal transduction but also completely lacked
expression of effector-specific transcription factors.
T-cell tolerance induction in this system requires the
action by negative costimulatory molecules; T-cell prolif-
eration and function was partially restored by inhibi-
ting PD-1, B7-H3 or B7S1. This work demonstrates
that T-cell function or tolerance is controlled by costimu-
latory signals.
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Introduction

During infection, naive pathogen-specific CD4 and CD8
T cells activated by antigen-presenting cells (APC) produce
IL-2, undergo clonal expansion and subsequently differenti-
ate into effector cells. T-cell differentiation is established and
maintained via the induction and action of various transcrip-
tional regulators. Thl and CD8 effector generation requires
T-bet and Eomes (Szabo et al, 2000; Pearce et al, 2003;
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Sullivan et al, 2003), whereas GATA-3 is the master regulator
for Th2 differentiation (Zheng and Flavell, 1997).

In contrast to the robust responses to pathogen-associated
antigens, presentation of self-antigens to T cells can result
in T-cell tolerance, such as clonal deletion or anergy (Heath
and Carbone, 2001; Steinman et al, 2003). Anergy was first
discovered in Thl clones when the TcR/CD3 complex was
engaged in the absence of costimulation, which resulted in
hyporesponsiveness to secondary TcR stimulation (Mueller
et al, 1989; Schwartz, 2003). Based on this phenomenon,
a two-signal model for T-cell activation was proposed, in
which, in addition to the MHC-peptide complexes, a costi-
mulatory ‘second’ signal is required for T-cell activation
(Mueller et al, 1989; Schwartz, 2003).

CD28 receptor on naive T cells has long been regarded
to deliver such signal (Janeway and Medzhitov, 2002). Naive
T cells costimulated with anti-CD28 exhibited greatly en-
hanced proliferation and IL-2 production. Consistently, mice
deficient in CD28 or both of its ligands B7.1 and B7.2 (here-
after as B7-deficient mice) were severely impaired in CD4
T-cell proliferation (Shahinian et al, 1993; Borriello et al,
1997). In these mice, however, reduced levels of effector
cytokines were still produced (Schweitzer and Sharpe,
1998; Tada et al, 1999; Girvin et al, 2000). Moreover,
CD8 T-cell activation and function are less dependent on
CD28 costimulation (Suresh et al, 2001). Thus, effector
differentiation program of T cells was not completely
impaired when naive primary T cells were activated in the
absence of CD28 pathway.

ICOS is the third member of the CD28 family expressed
on activated T cells (Hutloff et al, 1999; Yoshinaga et al,
1999). Analysis of mice deficient in ICOS or its ligand, B7h,
revealed that this pathway, although not globally required
for CD4 T-wcell activation and effector differentiation,
regulates their selective effector function (Dong et al, 2001;
Dong and Nurieva, 2003; Nurieva et al, 2003a, b). Blockade of
ICOS pathway did not result in impaired CD8 function
in vivo (Bertram et al, 2002).

In addition to positive costimulation by CD28 and ICOS,
other costimulators exist to inhibit T-cell activation. A second
receptor for B7— CTLA4— is induced on activated T cells
and serves as a negative regulator of T-cell activation and
proliferation (Chambers and Allison, 1999). Mice deficient in
CTLA4 died at neonatal stage owing to massive T-cell activa-
tion and infiltration into tissues. Although CD28 and CTLA4
are both recognized by the B7 molecules, the correlation of
immune defects in B7 and CD28 knockout mice indicates
that CD28 is the predominant B7 receptor during naive
T-cell activation. PD-1 is an inhibitory receptor expressed
on activated T cells, which binds to PD-L1 (B7-H1) and PD-L2
(B7-DC) (Sharpe and Freeman, 2002). The spontaneous
autoimmunity observed in PD-1-deficient mice indicates its
critical function in immune tolerance (Sharpe and Freeman,
2002). B7-H3 is expressed in both lymphoid and non-
lymphoid tissues (Chapoval et al, 2001; Sun et al, 2002).
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Mouse B7-H3 is constitutively expressed by professional APC
and its expression on dendritic cells was further upregulated
following LPS treatment (Prasad et al, 2004). Human and
mouse B7-H3 bind to an unidentified receptor expressed on
activated but not naive T cells (Chapoval et al, 2001; Sun et al,
2002). Recent studies indicated that mouse B7-H3 is a nega-
tive regulator in T-cell activation; B7-H3 gene deletion or
blockade with an antibody enhanced autoimmune responses
in vivo (Suh et al, 2003; Prasad et al, 2004). B7S1/B7x/B7-H4
is the most recent addition in the B7 superfamily and is also
widely expressed in lymphoid and nonlymphoid tissues
(Prasad et al, 2003; Sica et al, 2003; Zang et al, 2003). B7S1
serves as a negative regulator of T cells by inhibiting their
proliferation and IL-2 production (Prasad et al, 2003; Sica
et al, 2003; Zang et al, 2003). Treatment of mice with an
antagonistic antibody to B7S1 greatly enhanced experimental
autoimmune encephalomyelitis (EAE) disease. Despite
rich literature on the role of CTLA4 in T-cell tolerance, the
contribution of new costimulatory pathways PD-1, B7-H3 and
B7S1 to T-cell tolerance has not been well understood.

In this study, we assess the collective role of positive and
negative costimulation in T-cell activation and functional
differentiation. We first found that naive CD4 and CD8
T cells activated in vitro in the absence of CD28 and ICOS
engagement entered a state of tolerance that is characterized
by anergy and complete absence of effector program. In
addition, we found that generation of these tolerant T cells
required negative costimulatory molecules PD-1, B7-H3 and
B7S1. This work indicates that the fate of T cells is regulated
by a combinatorial costimulatory signal.

Results

CD28 and ICOS compound deficiency completely
impairs effector CD4 T-cell function

Reductionism approaches on T-cell costimulation have not
fully elucidated the molecular signals that regulate T-cell
immunity or tolerance. We thus attempted to examine the
effects of combined mutations/blockade of costimulatory
pathways in T-cell activation and function. CD28 and ICOS
doubly deficient animals were recently reported to exhibit
greater humoral and cytokine defects than single knockout
mice (Suh et al, 2004; Park et al, 2005; Vidric et al, 2005);
whether T cells were permanently toleralized in these systems
was however not characterized. We first bred ICOS-deficient
mice with OT-II TcR transgenic mice. CD4 T cells from these
mice or their wild-type OT-II controls, all with similar

CD62LhiCD44-CD25- naive phenotypes (data not shown),
were activated with Ova peptide presented by either wild-
type or B7-deficient splenic APC. After 48h of activation,
ICOS+/+ and ICOS—/— Va2 + transgenic T cells activated
in the presence and absence of B7 all upregulated the activa-
tion markers CD69 and CD25, indicating their similar recog-
nition of the antigen (Figure 1A). On the other hand, antigen-
driven proliferation measured by CFSE division showed that
T cells activated in the absence of single or double costimu-
latory pathways exhibited different degrees of reduction in
proliferation (Figure 1B). Cells activated without B7 and ICOS
costimulation were most impaired in proliferation and only
underwent approximately 2-3 divisions.

At 4-7 days after activation, only Va2 + T cells remained
in all culture (data not shown), suggesting that antigen-
specific T cells activated in the absence of CD28 and ICOS
costimulation could survive over time. In fact, we did not
observe any major difference in cell death among different
culture conditions (Supplementary Figure 1A). To analyze the
effector T-cell function that resulted from different stimuli, we
recovered T cells 4 days after activation and restimulated
them with plate-bound anti-CD3 to examine their cytokine
expression. We found that B7 or ICOS deficiency alone resulted
in defects in effector cytokine expression (Figure 1C), consis-
tent with the literature. Without B7, all cytokines were reduced
but still well above the detectable levels. ICOS deficiency, as
we previously reported, had most significant impact on IL-4
expression (Dong et al, 2001; Nurieva et al, 2003a) (Figure 1C).
Most strikingly, OT-II cells activated in the absence of
both B7 and ICOS produced hardly any detectable effector
cytokine (Figure 1C). Restimulation with anti-CD3 and
anti-CD28 did not restore cytokine production in these T cells
(Supplementary Figure 2A). Therefore, CD4 T cells activated
only in the absence of both costimulations were globally
impaired in their effector function.

We also stimulated OT-II cells with wild-type APC or those
isolated from mice deficient in B7.1, B7.2 and B7h. We
previously showed that B7h and ICOS are the only ligand
and receptor for each other and mice deficient in either gene
exhibited identical phenotypes (Nurieva et al, 2003b). OT-II
cells activated by B7—/—B7h—/— APC were also found
completely deficient in effector function (data not shown),
similar to ICOS—/—OT-II cells activated in the presence of
B7—/— APC (Figure 1C). As B7.1 and B7.2 can bind to CD28
as well as CTLA4, we also analyzed wild-type or CD28-
deficient TEa TcR transgenic T cells activated in the presence
of wild-type or B7h—/— APC (Figure 1C). CD28—/— TEa cells

Figure 1 Defective CD4 and CD8 T-cell activation in vitro in the absence of ICOS and B7 costimualation. (A) CD4 + T cells purified from ICOS
+/+ or ICOS—/— OT-II mice were treated with Ova peptide in the presence of irradiated B7 + /+ or B7—/— APC for 2 days, and stained with
antibodies to Va2 (PE) and CD69 or CD25 (FITC). (B) CFSE-labeled ICOS + / + or ICOS—/— OT-II cells were activated as in (A) for 3 days. Cells
were stained with Vo2-PE antibody and analyzed by FACS. Histograms represent CFSE intensity of Va2 + populations. (C) ICOS +/+ or
ICOS—/— OT-II cells were activated with Ova peptide and irradiated B7 + / + or B7—/— APC for 4 days. CD28 + /+ or CD28—/— CD4 + cells
from TEa mice were treated with Ea peptide in the presence of BZh + /+ or B7h—/— APC. After 4 days, differentiated T cells were restimulated
with anti-CD3 for 24 h, and effector cytokine production was measured by ELISA. All cytokines are at ng/ml. (D) CD8 + Tcells from ICOS + / +
or ICOS—/— OT-I mice were stimulated with SIINFEKL peptide and irradiated B7+ /+ or B7—/— APC for 2 days. Cells were stained with
antibodies to Va2 (PE) and the activation markers CD69, CD25, CD62L or CD44 (FITC). (E) CFSE-labeled ICOS + /+ and ICOS—/— OT-I cells
were stimulated as in (D). CFSE division was analyzed by FACS on day 3 after T-cell activation. Cells were stained with anti-Va2 antibodies, and
analyzed by FACS. Histograms represent CFSE intensity of Va2 4+ populations. (F) ICOS+/+ or ICOS —/— CD8 OT-I cells were treated with
SIINFEKL peptide, and CD28 + / + or CD28 —/— CD8 2C cells with SIY peptide for 7 days in the presence of irradiated B7 + / + or B7—/— APC.
Differentiated T cells were then restimulated with plate-bound anti-CD3 for 24 h and effector cytokine production was measured by ELISA. All
parameters in Y-axis are ng/ml. For the CTL assay, OT-I T cells differentiated as above were incubated for 6 h with SIINFEKL peptide-pulsed EL-4
syngeneic targets. Specific lysis was calculated and shown. Differentiated OT-I T cells were analyzed for granzime B, perforin and B-actin mRNA
expression by RT-PCR.
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activated by BZh—/— APC, similar to ICOS—/—OT-II cells
activated with B7—/— APC and OT-II cells activated with
B7—/—B7h—/— APC, exhibited complete absence of effector
function (Figure 1C). Therefore, the phenotypes we observed
above with B7—/— APC were consistent with defective CD28
signaling. By use of these three in vitro systems, we conclude
that naive T-cell activation in the absence of CD28 and
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ICOS engagement resulted in complete impairments in
effector CD4 T-cell function.

Generation of CD8 T-cell effector function requires CD28
and ICOS

Deficiency in CD28 or ICOS did not result in significant
defects in CD8 T-cell activation and function. To determine
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the redundancy of CD28 and ICOS pathways in CD8 cell
activation and function, we crossed ICOS-deficient mice
with OT-I TcR transgenic mice. ICOS+/+ and ICOS—/—
OT-I cells, all with naive CD62LhiCD44-CD25- phenotype
(data not shown), were activated with wild-type or B7-
deficient APC in the presence of SIINFEKL peptide. Similar
to the above observation on OT-I cells, OT-I cells activated
under all conditions for 48 h exhibited similar upregulation
of activation markers CD69 and CD25, and downregulation
of CD62L (Figure 1D). CD44 upregulation was moderately
reduced in OT-I cells activated in the absence of B7 and/or
ICOS (Figure 1D). Activation in the absence of B7 and/or
ICOS resulted in modest reduction of proliferation as mea-
sured by CFSE division (Figure 1E). Naive OT-I cells activated
in the absence of both CD28 and ICOS costimulation were
most defective in proliferation and only underwent 2-3
divisions (Figure 1E).

Similar to OT-II cells, OT-I cells activated in the absence of
both B7 and ICOS pathways survived 1 week after activation
with no increased apoptosis (Supplementary Figure 1A). We
examined their effector function after restimulation with anti-
CD3. Absence of one pathway during priming resulted in only
moderately reduced expression of cytokines IFNy and TNFa
(Figure 1F) and cytolytic enzymes Granzyme B and perforin
(Figure 1F) in response to anti-CD3. Most significantly,
deficiencies in both costimulation led to global impairment
in cytokine and cytolytic enzyme expression, and these T cells
could not kill peptide-pulsed EL4 cells (Figure 1F). Similarly,
we also found CD28—/— 2C CDS8 T cells, after activation
with B7h—/— APC, exhibited complete effector cytokine
deficiency (Figure 1F) in response to TcR stimulation. More-
over, CD28 costimulation did not restore proliferation
and cytokine production of CD8 T cells that had been
initially stimulated in the absent of CD28 and ICOS signals
(Supplementary Figure 2B). Therefore, CD8 cell activation in
the absence of both CD28 and ICOS also were completely
deficient in effector function.

Signaling and transcriptional defects in tolerant T cells
To further characterize the defects in tolerant T cells that were
activated in the absence of CD28 and ICOS engagement,
we first activated OT-II cells in the presence of wild-type or
B7—/—B7h—/— APC and then restimulated them with differ-
ent doses of anti-CD3. T cells activated without CD28 and
ICOS engagement exhibited greatly reduced proliferation
(Figure 2A) without increased cell death (Supplementary
Figure 1B). Similarly, CD28—/— TEa cells activated by
B7h—/— APC exhibited hypoproliferative response to TcR
restimulation (Figure 2A). They therefore were anergic to
TcR/CD3 restimulation.

We next examined TcR signal transduction in CD4 T cells
preactivated in the absence of CD28 and ICOS costimulation.
AP1, NF-xB and NFAT are three major signaling pathways
through which TcR regulates gene transcription. We thus
analyzed activation MAP kinase, NF-kB and NFAT pathways
after 4-h anti-CD3 treatment of activated T cells. Our results
indicated that in tolerant CD4 T cells primed in the absence
of both CD28 and ICOS pathways, nuclear accumulation of
NFATc1, p65 and ERK was greatly impaired (Figure 2B and C).
Degradation of IkBo was significantly reduced in tolerant
T cells compared to the effector T cells, further supporting an
NF-«B defect in these cells (Supplementary Figure 3A). The
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expression of ERK and p65 was not significantly altered in
effector and tolerant T cells before or after restimulation
(Supplementary Figure 3A). NFATcl expression was en-
hanced in effector T cells upon restimulation and tolerant T
cells expressed less NFATc1 protein compared to effector cells
(Supplementary Figure 3A). However, this difference was not
so dramatic as the reduction of nuclear NFATc1 in tolerant T
cells. Therefore, these cells had a global defect in TcR-
initiated signaling and gene regulation program.

PLCy1 and PKCO were recently found as targets of ubiqui-
tination-dependent protein degradation in ionomycin-in-
duced anergic T cells (Heissmeyer and Rao, 2004; Mueller,
2004). Consistent with this report (Heissmeyer et al, 2004),
we found that expression of these two crucial components in
TcR signaling as well as the amount of phosphorylated PLCy1
was greatly reduced in CD4 T cells activated in the absence
of CD28 and ICOS costimulation (Figure 2C). Expression
of two other E3 ubiquitin ligases cbl-b and Itch was also
enhanced in T cells primed without CD28/ICOS costimu-
lations (Figure 2D). Most strikingly, CD4 T cells, only after
activation in the absence of both CD28 and ICOS, expressed
Grail (Figure 2D), an E3 ubiquitin ligase previously
reported to be abundantly expressed in anergic Thl cells
(Anandasabapathy et al, 2003).

Similar to OT-II cells, OT-I cells activated in the absence
of both B7 and ICOS pathways exhibited normal cell death
(Supplementary Figure 1B) but greatly reduced proliferation
(Figure 2E) when restimulated with anti-CD3. CD28—/— 2C
CD8 T cells, after activation with BZh—/— APC, also prolif-
erated poorly (Figure 2E) in response to anti-CD3 restimula-
tion. Furthermore, activation of ERK, NFAT and NF-xB
pathways were greatly impaired in OTI cells activated
in the absence of B7/ICOS (Figure 2F, Supplementary
Figure 3B). These cells, similar to their OT-II counterparts
(Figure 2C), also exhibited deficiencies in PKCO and PLCyl
expression (Figure 2G). The expression of Grail, cbl-b and
Itch were highly upregulated only in OT-I cells activated in the
absence of both B7 and ICOS costimulation (Figure 2H).

Thus, T cells activated without CD28 and ICOS restimula-
tion exhibited profound TcR signaling defects. To test whether
the complete absence of effector function could result from
these defects, we restimulated OT-II and OT-I T cells activated
with wild-type or B7—/—B7h—/— APC with PMA/ionomycin
and measured their proliferation and cytokine expression.
PMA/ionomycin stimulation significantly increased the pro-
liferation of anergic T cells to levels comparable to effector T
cells (Figure 3A). However, these cells still exhibited an IFNy
deficiency by intracellular cytokine expression after PMA/
ionomycin stimulation (Figure 3A). This suggests that T cells
activated in the absence of CD28 and ICOS engagements may
have some fundamental developmental defect. We thus per-
formed sensitive RT-PCR analysis to examine the expression
of master transcription regulators for CD4 and CD8 effector
differentiation. We found that OT-II T cells, only when acti-
vated in the absence of both CD28 and ICOS, did not express
T-bet (Szabo et al, 2000) or GATA-3 (Zheng and Flavell,
1997), master regulators for Thl or Th2 lineage commitment
(Figure 3B, Supplementary Figure 4A), respectively. On the
other hand, OT-I T cells, only when activated in the absence of
both CD28 and ICOS costimulation, also completely lacked
expression of T-bet and Eomes (Figure 3B, Supplementary
Figure 4B), transcription factors required for CD8 effector

©2006 European Molecular Biology Organization



of T-cell activation
R Nurieva et al

@ CD4 and B7/B7h+/+ APC 4 ICOS+/+CD8 and B7+/+ APC 4 CD28+/+CD8 and B7h+/+ APC
mA,\ 4000001 A CD4 and B7/B7ho/ AP 65 000 ngizttggi 2:3 g;:’:t :Eg Eﬁlg: oo°] A ICOS-~CDBand B7-1~APC _S000] ACD28-/-CDS8 and B7h-- AP
£ E 300000 €€ 45000 £ € 115000 £ E25000
€ S 500000 € 535000 E S 95000 € $20000 —
T 8 100 000 = T =
<3 . < §155882 <% o0 =5 5000

"o 0.5 2 5 -s000 0.5 2 5 1800074 05 2 5 R 05 2 5
oCD3 (ug/ml) oCD3 (ug/ml)
B Eff Tol C Eff Tol F Eff Tol G Eff Tol
oCD3 - + -+ oCD3 - + - +
— PKCoO - PKCo
NFATc1
S - ey NFATC1 32 1
130 16 6.3 1 > 60 ) 3
— e —— p65 w— vy PPLCY1 -"" s pPLCY!
~ - — 65 2 7 1
3 2 1 6 2.7 1 P
- PLCy1 23 21 1 2.1 - PLCy1
— ERK 53 ]
X 1 -— -
1.4 30 1 1.7 53 ERK
e pERK 2.3 22 1 1.3 —— pERK
5.4 1 — v —— - 3 71 1

—mm 3-ACtIN —— 3-Actin

D ICOS+/+ CD4 ICOS-/- CD4 H ICOS+/+ CD8 ICOS-/- CD8

- + - B7++APC + - + - B7+/+ APC
- + B7--APC - + - + B7-~-APC
Grall Grail

Figure 2 Signaling defects in T cells activated in the absence of both CD28 and ICOS costimulation. (A) CD4 OT-II cells were treated with Ova
peptide in the presence of irradiated wild-type or B7—/—B7h—/— APC. CD28 + / + or CD28—/— TEa cells were treated with Ea peptide in the
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for 30 min and cytoplasmic fractions were probed with PKCO and PLCy1 antibodies and phosphospecific antibodies against PLCy1 and ERK. -
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the presence of irradiated B7h + /+ or B7h—/— APC. After 4 days, T cells were restimulated with different concentrations of plate-bound anti-
CD3. Proliferation was assayed 24 h after restimulation by adding [H]thymidine to the culture for the last 8 h. (F) Eff and Tol CD8 cells were
generated as described in Figure 1F. These cells were restimulated with plate-bound anti-CD3 for 4h. Nuclear extracts prepared from
nonrestimulated and restimulated cells were probed with ERK, NFATcl and NFxB p65 antibodies. H3 was used as loading control. Relative
Western blotting signals were inducted. (G) Eff and Tol CD8 cells were restimulated with anti-CD3 for 30 min and cytoplasmic fractions were
probed with PKC6 and PLCy1 antibodies and phosphospecific antibodies against PLCy1 and ERK. B-Actin was used as loading control. Relative
Western blotting signals were inducted. (H) Grail, cbl-b, Itch and HPRT mRNA expression in restimulated effector and tolerant CD8 T cells (as
in F) was analyzed by RT-PCR.

function (Pearce et al, 2003; Sullivan et al, 2003). As these
factors are required to establish the chromatin configuration
for effector gene expression and effector function, we believe
that effector transcription programs failed to be established
or maintained in tolerant T cells activated in the absence
of CD28 and ICOS.

Regulation of T-cell differentiation by negative
costimulatory molecules

Activation of naive T cell in the absence of CD28 and ICOS
resulted in their anergy and effector deficiencies, suggesting
that the ‘second’ signal can be delivered by CD28 or ICOS.
However, previous work indicated that naive T cells receiving

©2006 European Molecular Biology Organization

only TcR stimulation were not anergized (Ragazzo et al, 2001;
Andris et al, 2004), suggesting that additional signal on APC
may be required for T-cell tolerization. Negative costimu-
latory molecules PD-1, B7-H3 and B7S1 have been shown to
regulate T-cell activation thresholds, and loss of their action
often resulted in greater susceptibility to autoimmune dis-
eases (Sharpe and Freeman, 2002; Prasad et al, 2003, 2004;
Suh et al, 2003). Recently, CD8 + T cells specific for a chronic
viral antigen were found to be ‘exhausted’ and expressed
higher levels of PD-1 (Barber et al, 2006). Similarly, we found
that tolerant T cells, especially CD4 +, appeared to express
increased levels of PD-1, whereas OX40 expression was
not significantly altered (Supplementary Figure 5). We thus
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Figure 3 Effector defects in T cells activated in the absence of both CD28 and ICOS costimulation. (A) CD4 OT-II cells or CD8 OT-I cells were
treated with Ova peptide or SIINFEKL peptide in the presence of irradiated wild-type or B7—/—B7h—/— APC. After 4 days, T cells were
restimulated with anti-CD3 (5 ug/ml) or PMA/Ionomycin. Proliferation was assayed 24 h after restimulation by adding [*H]thymidine to the
culture for the last 8 h. For cytokine measurement, CD4 OT-1I cells or CD8 OT-I cells were treated as described above. After 5 days, T cells were
restimulated with PMA/Ionomycin for 5h. Intracellular staining of IFNy was performed on gated Va2 + T cells, and then analyzed by FACS.
(B). T-bet, GATA3, Eomes and f-actin mRNA expression in effector and tolerant CD4 T cells (as in Figure 1C) was analyzed by RT-PCR. Effector
and tolerant CD8 + T cells (from 1F) were analyzed for T-bet, Eomes and B-actin mRNA expression by RT-PCR.

examined whether the inhibitory molecules play any role in
the induction of T-cell tolerance. OT-II cells were first acti-
vated in the presence of wild-type or B7—/—B7h—/— APC
with or without antagonistic antibodies to PD-1 (clone J43,
eBioscience) (Agata et al, 1996), B7-H3 (clone 110) (Prasad
et al, 2004) or B7S1 (clone 54) (Prasad et al, 2003). All these
antibodies enhanced proliferation and IL-2 production by
OT-II cells activated with wild-type APC (Supplementary
Figure 6A). They also restored the proliferation of OT-II
cells activated with B7—/—B7h—/— APC to similar levels as
OT-II cells activated with wild-type APC (Supplementary
Figure 6A). As a result of blocking PD-1, B7-H3 or B7S1,
OT-I cells activated in the absence of B7 and B7h costimu-
lation for 4 days exhibited increased proliferative responses
to anti-CD3 restimulation (Figure 4A), and more significantly,
these cells produced effector cytokines (Figure 4B). Interes-
tingly, B7S1 blocking was more potent in restoring Th2
cytokines IL-4, -5, and -13, compared with the other two
antibodies (Figure 4B). By examining factors upregulated or
downregulated in tolerant T cells, we found that blocking
B7S1, B7-H3 or PD-1 restored expression of GATA-3, T-bet and
Eomes and downregulated Grail, Itch and Cbl-b expression
(Figure 4C and D, Supplementary Figure 4A).

We then examined the effect of PD-1, B7-H3 and B7S1
blockade when OT-I cells were activated with B7—/—B7h—/—
APC. They did not alter significantly the proliferation and IL-2
production by CD8 cells activated with wild-type APC or
B7—/—B7h—/— APC (Supplementary Figure 6B). Only anti-
PD-1 strongly restored proliferative responses upon restimu-
lation and was most potent in induction of effector cytokine
production by restimulated CD8 T cells (Figure 4E and F). On
the other hand, all antibodies upregulated Eomes; anti-B7S1
and anti-PD-1 restored T-bet expression as well. Grail, Itch
and Cbl-b expression was downregulated by all blocking
antibodies (Figure 4G and H, Supplementary Figure 4B).
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Therefore, our data indicate that T-cell tolerance resulting
from B7 and ICOS blockade required the function of PD-1,
B7-H3 and B7S1.

IL-2 inhibits induction of T-cell tolerance

The above data demonstrated that physiological APC present
antigen in the context of both positive and negative costimu-
latory molecules, which determine the fate of antigen-specific
T cells. Considering that CD28 and ICOS enhance, while B7-
H3, B7S1 and PD-1 inhibit IL-2 production (Carter et al, 2002;
Prasad et al, 2003, 2004), we tested whether T-cell tolerance
and immunity is regulated by IL-2. We found that OT-II cells
activated by B7—/—B7h—/— APC in the presence anti-B7-H3,
-B7S1, or -PD-1 and OT- cells activated by the same
APC in the presence of PD-1 exhibited increased levels
of IL-2 compared to cells treated with a control antibody
(Supplementary Figure 6A and B). In addition, OT-II and OT-I
cells were activated with wild-type and B7—/—B7h—/— APC
in the absence or presence of exogenous IL-2, and the
resulting T cells were restimulated before analysis of their
phenotypes. T cells activated with B7—/—B7h—/— APC
exhibited hypoproliferation and effector defects (Figure SA
and C). Addition of exogenous IL-2 enhanced proliferative
responses and restored cytokine expression in CD4 and
CDS8 cells (Figure 5A and C). Intracellular cytokine staining
revealed that OT-II or OT-I cells treated with B7—/—B7h—/—
APC in the presence of IL-2 were able to express IFNy
(Supplementary Figure 7A and B). Consistently, when acti-
vated with B7—/—B7h—/— APC and exogenous IL-2, OT-II
T cells upregulated T-bet, Eomes and GATA-3 and down-
regulated Grail expression (Figure 5B), and OT-I cells treated
in the same way upregulated T-bet and Eomes and
downregulated Grail (Figure 5D). Thus, IL-2 inhibits T-cell
tolerance induction. Positive and negative costimulatory
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Figure 4 Negative costimulatory molecules regulate tolerance induction of CD4 and CD8 T cells. (A) OT-1I cells were treated with Ova peptide
in the presence of irradiated wild-type (WT) or B7—/—B7h—/— (TKO) APC with a control rat IgG or a blocking antibody to B7S1 (S1) or B7H3
(H3) or PD1. At 4 days after activation, T cells were restimulated with plate-bound anti-CD3. Proliferation was assayed 24 h after treatment by
adding [*H]thymidine to the culture for the last 8 h. (B) CD4 cells activated as in (A) were restimulated with plate-bound anti-CD3 for 24 h and
cytokine production was measured by ELISA. All parameters indicated in Y-axis are at ng/ml. (C) Differentiated OT-II T cells were analyzed for
GATA-3, T-bet, Eomes, Grail and HPRT mRNA expression by RT-PCR. (D) Differentiated OT-II T cells were analyzed for Itch, Cbl-b and HPRT
mRNA expression by RT-PCR. (E) OT-I cells were treated with SIINFEKL peptide in the presence of irradiated WT or B7—/—B7h—/— (TKO)
APC with a control rat IgG or a blocking antibody to B7S1 (S1) or B7H3 (H3) or PD1. At 6-7 days after activation, T cells were restimulated with
plate-bound anti-CD3. Proliferation was assayed 24 h after treatment by adding [*H]thymidine to the culture for the last 8h. (F) CD8 cells
activated as in (E) were restimulated with plate-bound anti-CD3 for 24 h and cytokine production was measured by ELISA. All parameters
indicated in Y-axis are at ng/ml. (G) Differentiated OT-I T cells were analyzed for T-bet, Eomes, Grail and HPRT mRNA expression by RT-PCR.
(H) Differentiated OT-I T cells were analyzed for Itch, Cbl-b and HPRT mRNA expression by RT-PCR.

molecules may function, in part, by regulating the levels T cells, after activation in the absence of CD28 and ICOS,

of IL-2 production. were completely impaired in effector differentiation and
that negative costimulatory molecules were required for
tolerance induction.

Discussion Previous work has demonstrated that deficiency in
In this study, we have collectively examined the positive either B7/CD28 or B7h/ICOS resulted in defective immune
and negative costimulatory molecules in CD4 and CD8 responses; however, absolute T-cell tolerance or anergy
T-cell activation and effector function. We found that naive was not observed. In our current work, we first found that
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Figure 5 IL-2 regulates T-cell tolerance and immunity. (A-D) CD4 OT-I cells (A, B) or CD8 OT-I cells (C, D) were treated with Ova peptide or
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in the presence of specific peptides presented on physiologi-
cal APC, antigen-specific T cells could respond by upregulat-
ing activation markers and undergo 2-3 cell divisions in the
absence of CD28 and ICOS costimulation. These T cells
activated in the absence of costimulation could persist in
culture for 4-7 days at least, but had characteristics of
anergic cells—hyporesponsiveness to TcR/CD3 restimulation.
Biochemical characterization revealed that these cells were
deficient in TcR signal transduction leading to gene transcrip-
tion. TcR activation of MAP kinase, NFAT and NF-«B
pathways was greatly inhibited in these cells (Figure 2B
and F, Supplementary Figure 3A and B). As these anergic
cells proliferated well to PMA/ionomycin stimulation, it is
likely that they had deficiencies in early events of TcR
signaling. In support of this idea, they expressed reduced
levels of PKCO and PLCyl (Figure 2C and G), recently
identified targets of ubiquitin-regulated degradation machin-
ery in Ca*"-induced anergic cells (Heissmeyer et al, 2004).
On the other hand, expression of Grail, cbl-b and Itch
ubiquitin ligases was significantly induced in these cells
(Figure 2D and H). Therefore, these CD4 and CD8 cells shared
some characteristics with anergic Thl cells characterized
previously by others (Schwartz, 2003; Mueller, 2004).

Additionally and most interestingly, the anergic cells
generated by activating naive antigen-specific T cells in the
absence of costimulation did not exhibit any effector func-
tion. The CD4 anergic T cells did not produce any effector
cytokine upon restimulation (Figure 1C, Supplementary
Figure 2A), whereas CD4 cells activated in the absence of
B7 or ICOS produced low but detectable level of effector
cytokines. The anergic CD8 T cells did not express cytokines
and cytolytic enzymes, and could not kill target cells
(Figure 1F, Supplementary Figure 2B). We found that they
only activated in the absence of both CD28/ICOS, T cells did
not express transcription factors that regulate effector differ-
entiation and cytokine expression (Figure 3B, Supplementary
Figure 4A and B). PMA/ionomycin could restore proliferation
but not cytokine expression in anergic T cells (Figure 3A).
These results indicate that the global impairments in
effector function in the tolerant cells was not due to simple
TcR signaling defects but rather intrinsic absence of an
effector gene expression program. Thus when antigen-speci-
fic naive T cells were activated in the absence of CD28 and
ICOS costimulation, instead of differentiating into effector
cells, they likely developed into stably tolerized T cells
with both TcR signaling and gene transcription defects.
Absence of B7 or ICOS costimulation resulted only in defec-
tive immune functions, but absolute T-cell tolerance was
not observed. T cells in these systems are thus fully inacti-
vated ensured by signaling and transcriptional defects.
Interestingly, T cells rendered anergic in vivo also exhibited
effector deficiency that was not found in in-vitro-anergized
T cells (Schwartz, 2003).

Our data indicate that the positive costimulation signal can
be delivered by CD28 or ICOS. Recent expansion of the B7
family has revealed complexed negative regulation of T cells.
Interestingly, tolerant T cells that were primed in the absence
of CD28 and ICOS signaling exhibited increased expression of
PD-1, but not OX40 (Supplementary Figure 5). In the current
work, we have examined the requirements of PD-1, B7-H3
and B7S1 in the induction of T-cell tolerance caused by B7
and ICOS deficiencies. Blocking of any pathway led to partial
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breakdown of T-cell tolerance, as evidenced by increased
proliferation and partially restored effector cytokine produc-
tion. The involvement of negative costimulatory molecules in
the induction of T-cell tolerance is consistent with previous
reports that the TcR stimulation alone is not sufficient to
cause anergy by naive T cells (Ragazzo et al, 2001; Andris
et al, 2004). How these molecules regulate the tolerance
induction is not clear at this stage. Possibly, they could do
so by regulating IL-2 production and cell cycle progression. In
support of this idea, addition of exogenous IL-2 to T cells
activated in the absence of CD28 and ICOS costimulations
could reverse their anergy induction and generate effector
function (Figure 5A and B). Notably, IL-2 did not restore TH
cytokines to the same levels produced by effector T cells,
suggesting IL-2-independent mechanisms. Thus the inhibi-
tory molecules collectively deliver a negative signal to T cells,
which results in T-cell dependency on CD28 or ICOS signaling
for effector generation. It is also possible that these molecules
individually have their functional specificity. For instance,
blocking B7S1 could result in Th2 function, and anti-PD-1
was most potent in restoring CD8 cell function (Figure 4).
Interestingly, combination of three blocking reagents resulted
in reduced Th2 cytokines compared to cells treated only with
anti-B7S1, but consistent with those treated with anti-PD-1 or
anti-B7-H3 (Supplementary Figure 8). This may reflect the
hierarchy of these costimulatory pathways; meanwhile, it is
also possible that excessive amounts of IFNy induced by anti-
PD-1 and anti-B7-H3 inhibited Th2 differentiation.

In summary, our analysis indicates that the fate of naive
T cells, as they encounter an antigen, is determined by not a
single ‘second’ signal, but instead, rich combinatorial costi-
mulation (Figure 5E). In the absence of positive costimulation
mediated by CD28 and ICOS pathways, negative costimula-
tory molecules actively instruct T cells to develop into toler-
ant T cells characterized by inactivation of intrinsic signaling
and transcriptional programs. Tolerant T cells expressed Grail
but not transcription factors for effector T cells—T-bet and
Eomes, as well as GATA-3 for CD4 T cells. On the other hand,
during infection and inflammatory responses, B7 and B7h
molecules are highly upregulated on APC, which overcomes
the constitutive negative costimulation signals and results in
a positive outcome of T-cell activation—extensive T-cell ex-
pansion and generation of effector function. In this case, T
cells express transcription factors T-bet, Eomes and GATA-3
but not Grail, Itch or cbl-b.

Our work in demonstrating the costimulatory determina-
tion of the T-cell fate when they encounter an antigen has
broad implication for immunotherapy. For instance, blockade
of CD28 and ICOS pathways can be employed to generate
antigen-specific immune tolerance. On the other hand, as
lack of positive costimulation contributes to T-cell tolerance
to self-antigens, inhibiting negative costimulation individu-
ally or collectively would benefit our battle against cancer.

Materials and methods

Mice

ICOS-deficient mice (Dong et al, 2001), backcrossed for six
generations onto C57BL/6, were bred with OT-I or OT-II TCR
transgenic mice. B7h knockout mice were previously analyzed on
B6x129 F1 background (Nurieva et al, 2003b) and subsequently
backcrossed for >6 generations onto C57BL/6. TEa TCR trans-
genic mice and CD28-deficient TEa mice were kindly provided by
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A Rudensky (University of Washington). CD80/CD86 doubly
deficient mice on C57BL/6 background were purchased from
Jackson Lab and bred with ICOS- and B7h-deficient animals.

T-cell stimulation

TcR transgenic CD4 or CD8 T cells from lymph nodes and spleens of
6- to 8-week-old mice were positively sorted using autoMACS
(Miltenyi Biotec). Splenic APC from B6, B7—/—, B7h—/— and B7—/
—B7h —/— mice were prepared by complement-mediated lysis of
Thyl + T cells. For analysis of T-cell activation, purified CD4 + or
CD8+ T cells were stimulated in triplicates with different
concentrations of peptide agonists in the presence of various APC.
Proliferation was assayed on day 3 by adding [*H]thymidine to the
culture for the last 8h. CFSE (Molecular Probes, Eugene, OR)
division was analyzed by FACS on day 3. To analyze effector
function, OT-II or OT-I T cells (1 x10° cells) were stimulated with
Ova (5ug/ml) or SIINFEKL peptide (0.01 png/ml) in the presence of
irradiated APC (1 x10°/ml). In some experiments, CD28 +/+ or
CD28 —/— TEa or 2C T cells (1 x10%/ml) were stimulated with Ea
peptide (1pg/ml) or SIY peptide (1pg/ml) in the presence of
irradiated APC (1 x10%/ml). After 4 days for CD4 activation and 7
days for CDS8, differentiated T cells were restimulated with plate-
bound «-CD3 (5pg/ml) for 24h, and cytokine production was
analyzed by ELISA (Pharmingen). Expression of transcription
factors was analyzed by RT-PCR.

Cytotoxicity assay

ICOS+ /+ or ICOS —/— CD8 OT-I cells were treated with SIINFEKL
peptide in the presence of irradiated B7 + /+ or B7—/— APC for 7
days. Differentiated CD8 + T cells were incubated for 6 h with >'Cr-
labeled EL-4 syngeneic targets (3000 per reaction) pulsed with
SIINFEKL peptide. Reactions were performed in triplicate at the
indicated effector/target ratios. Nonspecific lysis was assessed
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