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Abstract
The anti–CTL-associated antigen 4 (anti–CTLA-4) antibody ipilimumab is the first agent to show improved
survival in a randomized phase III trial that enrolled patients with metastatic melanoma. Studies are ongoing to
identify mechanisms that elicit clinical benefit in the setting of anti–CTLA-4 therapy. We previously reported
that treated patients had an increase in the frequency of T cells expressing the inducible costimulator (ICOS)
molecule, a T-cell–specific molecule that belongs to the CD28/CTLA-4/B7 immunoglobulin superfamily. ICOS
and its ligand (ICOSL) have been shown to play diverse roles in T-cell responses such as mediating autoimmunity
as well as enhancing the development/activity of regulatory T cells. These seemingly opposing roles have made it
difficult to determine whether the ICOS/ICOSL pathway is necessary for antitumor responses. To determine
whether the ICOS/ICOSL pathway might play a causal role in the antitumor effects mediated by anti–CTLA-4, we
conducted studies in ICOS-sufficient and ICOS-deficient mice bearing B16/BL6 melanoma. We show that ICOSþ
T cells comprised a population of Th1 cytokine producing and tumor antigen-specific effector cells. Furthermore, in the absence of ICOS, antitumor T-cell responses elicited by anti–CTLA-4 are significantly diminished,
thereby impairing tumor rejection. Our findings establish that the ICOS/ICOSL pathway is necessary for the
optimal therapeutic effect of anti–CTLA-4, thus implicating this pathway as a target for future combinatorial
strategies to improve the efficacy of anti–CTLA-4 therapy. Cancer Res; 71(16); 5445–54. 2011 AACR.

Introduction
Although T-cell responses are initiated by T-cell receptor
signaling, additional costimulatory and coinhibitory signals
regulate the outcome of T-cell activation. The prototypic
costimulatory molecule is CD28, a molecule on T cells that
provides critical signals necessary for activation of naïve T
cells (1, 2). CTL-associated antigen 4 (CTLA-4) is the prototypical coinhibitory molecule that opposes CD28-mediated
costimulation (3–5). Blockade of CTLA-4 with a monoclonal
antibody (mAb) has been shown to enhance effector T cell
(Teff) activity with subsequent antitumor responses in a
variety of murine models (6–9).
An mAb to human CTLA-4 (ipilimumab, Bristol-Myers
Squibb, BMS) has been found in clinical trials to elicit objective responses in cancer patients (10–13). Recently, a phase III
clinical trial in patients with advanced melanoma showed that
blockade of CTLA-4 with the mAb ipilimumab improved
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survival of treated patients (14). We previously conducted a
presurgical clinical trial to obtain tumor tissues and peripheral blood for immunological studies after patients were
treated with anti–CTLA-4. We observed a marked increase
in the frequency of T cells expressing inducible costimulator
(ICOS) in both tumor tissues and blood of treated patients (15,
16). In a retrospective analysis of a small cohort of patients
with metastatic melanoma treated with anti–CTLA-4, we
found that a sustained increase in ICOSþ T cells correlated
with increased survival (17). These data suggested that ICOSþ
T cells might play an important role in antitumor immune
responses.
ICOS is a T-cell specific molecule that is a member of the
extended CD28/B7/CTLA-4 immunoglobulin superfamily (18).
Unlike CD28, which is constitutively expressed on T cells and
provides costimulatory signals necessary for full activation of
resting T cells, ICOS is expressed only after activation. ICOS
has been implicated in diverse aspects of T-cell responses. It
plays a critical role in the function of follicular T helper cells,
formation of germinal centers, regulation of Th2 cytokine
production, T/B cell collaboration, and immunoglobulin class
switching (19, 20). ICOS-deficient mice show impaired germinal center formation and have decreased production of the
Th2 cytokine interleukin (IL)-10 (21). It has also been shown
that ICOSþ T cells are involved in transplant rejection (22) as
well as autoimmune responses (23–25). ICOS has also been
linked to the function of regulatory T (Treg) cells. It has been
reported that naïve CD4 T cells can differentiate into IL-10–
producing Treg cells as a result of ICOS/(ICOS and its ligand;
ICOSL) interactions (26). It was also reported that melanoma
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cells expressing ICOS ligand promote the activation and
expansion of Treg cells (27). These data would suggest that
ICOS might play a role in suppressing antitumor responses.
On the contrary, our finding that CTLA-4 blockade in cancer
patients results in an increase in the frequency of ICOSþ
T cells that seem to correlate with clinical benefit is more
consistent with a role for the ICOS/ICOSL pathway in enhancing antitumor responses.
To directly examine the role of ICOSþ T cells in tumor
rejection mediated by anti–CTLA-4, we conducted studies in
wild-type (wt), ICOS-deficient (ICOS/), and ICOSL-deficient
(ICOSL/) mice bearing B16/BL6 melanoma. We show for
the first time that the ICOS/ICOSL pathway plays an important role in the therapeutic effect of anti–CTLA-4. Our data
suggest that the ICOS/ICOSL pathway can be targeted to
enhance the efficacy of CTLA-4 blockade in cancer patients.

Materials and Methods
Mice, cell lines, and reagents
C57BL/6 (B6) mice were purchased from The Jackson
Laboratory and the National Cancer Institute. ICOS/, and
ICOSL/ mice, all on the B6 background, were obtained from
The Jackson Laboratory. All animal experiments were carried
out under pathogen-free conditions according to approved
protocols from UT MD Anderson Cancer Center IACUC.
The B16/BL6 murine melanoma cell line, the TRAMP-C2
murine prostate cancer line, and B16/BL6 expressing GM-CSF
(Gvax) were kind gifts from Dr. Jim Allison. Cells were maintained, used, and tested for tumorigenicity and unique tumor
antigen expression as previously published (7–9, 28–30). Cells
were grown in minnimum essential medium supplemented
with 10% FBS, 2 mmol/L L-glutamine, 1 mmol/L sodium
pyruvate, 1% nonessential amino acids, and vitamin (all from
Invitrgen). Cell lines were tested for mycoplasma by MycoAlert
Mycoplasma detection Kit from Lonza and were found to be
mycoplasma free.
Anti–CTLA-4 mAb (clone 9H10) was obtained from BioXcell. Mouse and human melanoma differential antigen-derived
peptides, H-2Db–restricted hgp10025–33 (KVPRNQDWL),
H-2Kb–restricted TRP2180–188 (SVYDFFVWL), and TRP1222–
229 (TWHRYHLL; refs. 31, 32) were synthesized by Invitrogen
with high-performance liquid chromatography to a purity of
more than 95%.
In vivo tumor growth and treatment
The tumor inoculation and treatment protocol has been
previously described (7–9, 28) and was used here with minor
modifications. Briefly, the anesthetized mice were injected in
the right flank intradermally (i.d.) with 1  104 B16/BL6
melanoma cells at day 0, and then left untreated or treated
with anti–CTLA-4 mAb plus Gvax started on day 3 after tumor
inoculation. One million irradiated (150 Gy) Gvax cells were
injected i.d. in 100 mL PBS in the left flank on days 3, 6, 9, while
at the same time points 200, 100, and 100 mg of anti–CTLA-4
mAb were injected i.p. in 200 mL of PBS. Tumor growth was
monitored against time, and tumor size was measured with an
electronic caliper 2 to 3 times every week. Mice were eutha-
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nized when tumor reached 1.5 cm in diameter or ulceration or
moribund occurred.
Ex vivo study and tumor infiltrating lymphocytes
isolation
Mice were inoculated i.d. with 5  104 of B16/BL6 cells and
treated as described above for in vivo treatment. Six to 7 days
after the last treatment, mice were euthanized with CO2, spleen
and tumor draining lymph nodes (DLN) as well as tumor
tissues were removed for single cell suspension preparation.
For analyses of intracellular cytokines, tumor DLN cells were
stimulated with 1 mmol/L ionomycin and 50 ng/mL phorbol 12myristate 13-acetate in the presence of monensin (3 mmol/L)
for 5 hours. Cells were then washed and blocked with Fc
receptor mAb (2.4G2) before cell surface and intracellular
staining with corresponding mAbs. To obtain T cells from
tumor infiltrating lymphocytes (TIL), we followed previously
published methods (7–9, 28). Briefly, tumors were cut into
small pieces in the presence of 1 to 2 mL of a collagenaseDNAse mix (Roche), incubated at 37 C for 30 minutes, passed
through 40 micron filter, loaded on Histopaque-1077 (Sigma),
and spun at 2,000  g for 30 minutes. Cells at the interphase
were collected and washed in 5% RPMI 1640 containing
1 mmol/L EDTA before resuspending in complete culture
medium (CM, 10% FBS RPMI-1640 medium supplemented
with 100 units/mL penicillin, 100 mg/mL streptomycin,
50 mmol/L 2-mercaptoethanol, 12 mmol/L HEPES, and
2 mmol/L L-glutamine; all from Invitrogen). In some experiments, CD8 TILs were further purified by using Dynabeads
FlowComp (Invitrogen). The purified CD8þ TILs (>85% purity)
were stimulated with irradiated (150 Gy) B16/BL6 and antigen–irrelevant TRAMP-C2 prostate cancer cells pulsed on splenic dendritic cells (DC) and Brefeldin A (10 mg/mL). 1  105
CD8 T cells were cocultured with 5  104 splenic DCs plus
irradiated tumor cells for 18 hours. Cells were harvested and
washed before being blocked with anti-FcR II/III (clone 2.4G2).
After cell surface staining for CD8 and ICOS, cells were further
stained for intracellular IFN-g and analyzed by flow cytometry.
Flow cytometry
Single cell suspension (2  105 to 5  105) were first blocked
with 10 mg/mL of anti-FcR II/III (clone 2.4G2) on ice for 10
minutes followed by staining with the following fluorescenceconjugated Abs against CD4(GK1.5), CD8 (53-6.7), and ICOS
(C398.4A or 7E.17G9; all from eBioscience) on ice for 30
minutes. After being washed twice with fluorescent activated
cell sorting (FACS) buffer (2% FBS–PBS/0.05% sodium azide),
cells were fixed with 0.5 mL of 1% paraformaldehyde-PBS. For
intracellular cytokine staining, cells were treated with BD
Cytofix/Cytoperm solution and stained for IL-2 (JES6-1A12),
-4 (BVD4-1D11), -10 (JES5-16E3), -13 (eBio13A), -17A (TC1118H10), and IFN-g (XMG1.2) on ice for 30 minutes, then
washed with the washing buffer and fixed with 1% paraformaldehyde-PBS. Foxp3 expression was detected by allophycocyanin-conjugated mAb (FJK16s; eBioscience) according to
manufacturer's staining protocol. Pentamer staining for
TRP2180–188H-2kb (Proimmune) was carried out according
to manufacturer's guidelines. Flow cytometry was carried
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out on a BD FACS Canton II. Data were analyzed by FACS Diva
(BD Biosciences) and FlowJo (Tree Star).
Enzyme-linked immunosorbent spot
IFN-g enzyme-linked immunosorbent spot (ELISPOT) was
conducted by using a kit from MabTech. Briefly, 100 mL of the
cell suspension (2.5  104 cells/well) in CM were seeded into
polyvinylidene difluoride plates precoated with anti–mouse
IFN-g antibody (clone AN18), followed by another 100 mL of
the CM either alone or containing melanoma-related MHC
class-I peptides, hgp10025–33, TRP2180–188, and TRP1222–229. In
some experiments, B16/BL6 tumor cells (2.5  104/w, irradiated by 150 Gy) were used. After incubation for 48 hours at
37 C, plates were extensively washed with PBS plus 0.05%
Tween-20 and incubated for 2 hours at 37 C with 100 mL/well
of biotinylated antibody against mouse IFN-g (clone R4-6A2).
Spots were developed and counted by an automated ELISPOT
reader system with ImmunoSpot 3.2 software (CTL Analyzers
LLC).
Statistical analysis
Results from in vitro experiments were expressed as means
or means  SEM. Data were analyzed by using a 2-sided
Student's t test. The log-rank test was used to determine the
significance in the survival experiments. All analyses were
conducted by using Prism 5.0 (GraphPad Software, Inc.), and
P < 0.05 was considered statistically significant.

Results
Anti–CTLA-4 therapy elicits an increase in CD4 and CD8
T cells with a concomitant increase in the frequency of
CD4þICOSþ and CD8þICOSþ T cells
We previously reported that treatment of cancer patients
with anti–CTLA-4 therapy led to an increase in the frequency
of ICOSþ T cells in both tumor tissue and systemic circulation
(15–17). Here, to identify changes in T-cell subsets in mice
after treatment with anti–CTLA-4 therapy, we conducted our
studies in the setting of wt C57BL/6 (B6) and ICOS-deficient
(ICOS/) mice bearing B16/BL6 melanoma. We treated
tumor-bearing mice with anti–CTLA-4 therapy as previously
published (7–9) and assessed the impact of therapy on the
major T-cell compartments in spleen, tumor DLN, and TILs.
Wild-type and ICOS/ mice had comparable numbers of CD4
and CD8 T cells prior to treatment (data not shown). TILs
showed significant increases in CD4 (Fig. 1A) and CD8
(Fig. 1B) T cells after anti–CTLA-4 therapy. Interestingly,
ICOS/ mice had a greater increase in CD4 T cells as
compared with wt mice (Fig. 1A). We then examined the
frequency of Treg cells, as defined by expression of the Foxp3
transcription factor (33), in treated mice. The frequency of
CD4þFoxp3þ T cells in splenocytes (Supplementary Fig. S1)
and TILs (Fig. 1C) did not change significantly in wt tumorbearing mice after treatment with anti–CTLA-4 but was
shown to be increased in DLN (Supplementary Fig. S1), which
was consistent with the previously published data (9). However, comparison between wt and ICOS/ mice revealed that
the ICOS/ mice had a significantly lower frequency of
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CD4þFoxp3þ T cells prior to treatment (Supplementary
Fig. S2) and after treatment with anti–CTLA-4 (Fig. 1C). This
is consistent with reports that ICOS plays a role in the
development/expansion of Foxp3þ Treg cells (34). Next, we
analyzed the frequency of ICOSþ T cells in CD4 and CD8
populations from spleen, tumor DLN, and TILs of untreated
and treated wt mice. As was the case in patients (17), the
frequency of ICOSþ T cells increased significantly in both the
CD4 (Fig. 1D) and CD8 (Fig. 1E) T-cell populations in wt
tumor-bearing mice treated with anti–CTLA-4 therapy.
Anti–CTLA-4 therapy increases ICOSþ T cells that
consist of a population of Foxp3 cells to increase the
ratio of Teff to Treg cells
Because ICOSþ T cells have been previously reported to
comprise a population of Foxp3þ Treg cells, we next assessed
the contribution of Foxp3þ Treg cells to the increase in ICOSþ
CD4 T cells in TILs. As shown in Figure 2A, CD4 T cells from
untreated mice consisted of approximately 7% ICOSþ and
approximately 93% ICOS T cells. The ICOSþ population
consisted of approximately 36% Foxp3 and approximately
64% Foxp3þ T cells (Fig. 2A, top). However, after anti–CTLA-4
therapy, the CD4 population contained approximately 25%
ICOSþ and approximately 75% ICOS cells, and the ICOSþ T
cells comprised approximately 54% Foxp3 and approximately 46% Foxp3þ T (Fig. 2A, bottom). Data summarized
from 3 independent experiments indicate that the frequency
of CD4þICOSþ and CD4þICOSþFoxp3 T cells increased
significantly, whereas the frequency of CD4þICOSþFOXP3þ
and total CD4þFoxp3þ T cells remained relatively unchanged
after treatment of wt tumor-bearing mice with anti–CTLA-4
(Fig. 2B). The ratio of Teff cells to Treg cells was calculated
based on frequency of total CD4þICOSþ to total CD4þFoxP3þ
T cells or CD8þICOSþ to CD4þFoxP3þ T cells as shown in
Figure 2C. The Teff/Treg ratio was significantly increased in the
spleen, tumor DLN, and TILs after treatment of wt tumorbearing mice with anti–CTLA-4 (Fig. 2C). These data show
that anti–CTLA-4 therapy favors expansion of ICOSþ Teff over
Treg cells and suggest that ICOSþ T cells may represent a
population of Teff cells that play an important role in antitumor immune responses evoked by anti–CTLA-4 therapy.
ICOSþ T cells comprise a population of effector cells
that produce the Th1 cytokine IFN-g and the cytokine
IL-2
To determine whether ICOSþ T cells might play a functional
role in mediating antitumor immune responses, we assessed
the nature of cytokine production by ICOSþ T cells. After wt
tumor-bearing mice were treated with anti–CTLA-4 therapy,
we analyzed tumor DLN cells for intracellular cytokines present in both ICOSþ and ICOS CD4 T cells, which were all
Foxp3 cells. A representative experiment is shown in Figure
3A showing that ICOSþ CD4 cells consist of a population that
produce IL-2 and IFN-g whereas a lower frequency of cells are
also capable of producing IL-4, -10, -17, and -13. Supplementary Figure S3 shows that both ICOSþ and ICOS CD4 T cells
from untreated wt mice produce minimal amounts of cytokines. Figure 3B provides a summary of IL-2 (left) and IFN-g
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ICOSþCD8T cells produce IFN-g upon recognition of
tumor antigen and the absence of ICOS results in
diminished tumor antigen–specific T-cell responses
Because CD8 T cells have been shown to play a dominant
role in tumor rejection in the B16/BL6 melanoma model
treated with anti–CTLA-4 (7–9, 36), we investigated the
impact of ICOS expression on the function of CD8 T cells.
We first asked whether ICOSþ CD8 T cells from TILs might be
functionally associated with antitumor activity as judged by
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(right) production by ICOSþ CD4 and ICOS CD4 T cells
obtained from 5 mice after treatment with anti–CTLA-4
(Fig. 3B, top). Similarly, ICOSþ CD8 T cells, as opposed to
ICOS CD8 T cells, also consist of a population of cells that
produce IL-2 and IFN-g (Fig. 3B, bottom). Because IFN-g and
IL-2 are necessary for effective antitumor responses (35), our
data implicate ICOSþ T cells as containing the major population of cytokine-producing effector cells in the setting of anti–
CTLA-4 therapy.
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Figure 1. Anti–CTLA-4 therapy
elicits an increase in CD4 and CD8
T cells with a concomitant
increase in the frequency of
CD4þICOSþ and CD8þICOSþ
T cells. Mice inoculated with
B16/BL6 tumor cells at day 0 were
either untreated or treated with
anti–CTLA-4 therapy at days 3, 6,
and 9. Six to 7 days after the last
treatment, they were sacrificed
and spleen, tumor DLN cells, and
TILs were analyzed by flow
cytometry. A, CD4 and B, CD8
T cells were increased in wt and
ICOS/ mice in TILs after
treatment with anti–CTLA-4
therapy as compared with
untreated mice. C, the frequency
of CD4þFoxp3þ T cells was not
significantly different in TILs from
untreated and treated wt mice but
was significantly decreased in
ICOS/ mice. D, the frequency of
CD4þICOSþ and E, the frequency
of CD8þICOSþ T cells was
increased in wt mice in spleen,
tumor DLN, and TILs after
treatment with anti–CTLA-4
therapy as compared with
untreated mice. The results shown
are from 3 independent
experiments with 6 to 7 mice/
group for each experiment.
Horizontal solid lines intersecting
circular data points represent
means; *, P < 0.05; **, P < 0.01;
***, P < 0.001; ns, not statistically
significant.

Tx

IFN-g production after tumor antigen stimulation. To this end,
CD8 TILs from B16/BL6 tumor-bearing wt mice treated with
anti–CTLA-4 therapy were placed in coculture with splenic
DC in the presence of B16/BL6 cells or TRAMP-C2 cells, as an
irrelevant tumor control, and then intracytoplasmic cytokine
production was analyzed by flow cytometry. Supplementary
Figure S4 shows that in the absence of DCs, which limits
antigen presentation to T cells, there is minimal cytokine
production. As shown in Figure 4A, ICOSþ CD8 T cells showed
a 7-fold higher frequency of B16–specific IFN-g production
than ICOS CD8 T cells (P ¼ 0.0001; Fig. 4A). These data
indicate that ICOS expression on CD8 T cells is functionally
associated with T-cell responses consisting of IFN-g production in the presence of tumor cells, which may indicate
antitumor responses.
We then asked whether there were measurable differences
in tumor antigen–specific CD8 T-cell responses between cells
from wt and ICOS/ mice. Untreated wt and ICOS/ mice
had similar data (Supplementary Fig. S5), and comparisons
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were made between untreated and treated mice. Because
TRP2180–188 is the predominant antigen in B16/BL6 tumors
that is recognized by CD8 T cells from mice treated with anti–
CTLA-4 therapy (37), we compared endogenous antigen-specific CD8 TILs from wt and ICOS/ tumor-bearing mice
treated with anti–CTLA-4 therapy. As shown in a representative experiment (Fig. 4B), anti–CTLA-4 therapy leads to an
increase in T cells specific for TRP2180–188 from 1% to 13.7% as
detected by pentamer staining. However, this increase is
significantly diminished to 3.3% in ICOS/ mice, suggesting
that the ICOS pathway may play a role in the expansion or
survival of antigen-specific T cells. Data summarized from 3
independent experiments are also shown (Fig. 4C).
To determine whether there were functional differences in
CD8 T cells from wt and ICOS/ mice, we carried out
ELISPOT assays for IFN-g production in the presence of
melanoma-specific peptides (gp100, TRP1, and TRP2) and
B16/BL6 tumor cells. We found that CD8 T cells from
ICOS/ mice produced significantly less IFN-g in response
to the tumor antigens and B16/BL6 cells as compared with T
cells from wt mice (Fig. 4D). Taken together, these data
indicate that tumor antigen–specific T-cell responses induced
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Figure 2. Anti–CTLA-4 therapy
increases ICOSþ T cells that
consist of a population of Foxp3
cells to increase the ratio of Teff to
Treg cells. A, as shown in a
representative experiment, in
untreated mice, 7.2% of CD4
T cells are ICOSþ and the ICOSþ
T cells comprised 35.9% Foxp3
and 64.1% Foxp3þ T cells (top);
however, after treatment with anti–
CTLA-4, 25.2% of CD4 T cells are
ICOSþ and the ICOSþ T cells
comprised 54.3% Foxp3 and
45.7% Foxp3þ T cells (bottom).
B, data from 3 independent
experiments are summarized and
indicate that the frequency of
CD4þICOSþ and
CD4þICOSþFoxp3 T cells
increase significantly whereas the
frequency of total CD4þFoxp3þ
T cells remain relatively
unchanged after treatment with
anti–CTLA-4. C, the ratio of
Teff/Treg cells as determined by the
frequency of total CD4þICOSþ or
CD8þICOSþ T cells to total
CD4þFoxp3þ T cells is
significantly increased in spleen,
tumor DLN, and TILs after
treatment with anti–CTLA-4
therapy. The results shown are
from 3 independent experiments
with 6 to 7 mice/group for each
experiment. Vertical bars
represent means; *, P < 0.05;
**, P < 0.01; ***, P < 0.001; ns, not
statistically significant.

by anti–CTLA-4 therapy are diminished in the absence of
ICOS.
Impaired tumor rejection in ICOS- and ICOSL-deficient
mice treated with anti–CTLA-4 therapy
It has been shown that the ICOS/ICOSL pathway plays a
significant role in the development, expansion/survival, and
function of Treg cells (26, 34, 38). Indeed, we observed a lower
frequency of CD4þFoxp3þ T cells in ICOS/ mice (Fig. 1C).
These data suggest a strong role for ICOSþ T cells in immune
suppression. However, our previous data in melanoma
patients indicate that an increase in the frequency of ICOSþ
T cells induced by anti–CTLA-4 therapy may be associated
with clinical benefit (17). To determine whether the ICOS/
ICOSL pathway plays a role in immune suppression or tumor
immunity in the setting of anti–CTLA-4, we compared the
efficacy of anti–CTLA-4 therapy in wt, ICOS/, and ICOSL/
mice. As shown in Figure 5A, 10/10 untreated wt mice developed tumors and without intervention all mice died from
tumor within 43 days after tumor inoculation, as previously
published (7, 8, 28). Treatment of tumor-bearing wt mice
with anti–CTLA-4 therapy resulted in tumor rejection in
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the majority of mice, consistent with previous reports (7, 8,
28). However, the efficacy of treatment was greatly impaired in
mice deficient in either ICOS or ICOSL (Fig. 5A). As shown in
Figure 5A, tumors developed after anti–CTLA-4 therapy in 6/
10 ICOS/ and 7/10 ICOSL/ mice, in contrast to wt mice
that had only 2/10 mice with tumors. Of note, tumor development in ICOSL/ mice was delayed at times as compared
with wt and ICOS/ mice. Survival data revealed that anti–
CTLA-4 therapy cured approximately 80% of tumor-bearing
wt mice with long-term survival of over 80 days, but only
approximately 40% of ICOS/ or ICOSL/ mice were cured
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(Fig. 5B). These data clearly highlight the importance of the
ICOS/ICOSL pathway in mediating optimal antitumor
responses in the setting of anti–CTLA-4 therapy.

Discussion
In this study we provide the first direct evidence that anti–
CTLA-4 therapy elicits an increase in the frequency of ICOSþ T
cells to play an important role in mediating antitumor
immune responses and tumor rejection. Anti–CTLA-4 therapy
permits activation of T cells thus leading to an increased
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frequency of ICOSþ T cells in cancer patients (15–17, 39). Here,
we provide data to show a functional role for ICOSþ T cells
and the ICOS/ICOSL pathway in mediating antitumor
responses, which should be taken into consideration for
further studies aimed at improving the efficacy of anti–
CTLA-4 therapy in the treatment of cancer patients.
Anti–CTLA-4 antibodies (ipilimumab, BMS and Tremelimumab, Pfizer) are currently in clinical trials. The ipilimumab
antibody was recently shown to lead to improved survival in a
subset of patients with advanced melanoma (14). Mechanistic
investigations as to why a subset of patients derives benefit or
how to improve the numbers of patients who derive benefit

www.aacrjournals.org
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(gp100, TRP1, and TRP2) or
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shown are summary data
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are currently ongoing. Here, we show that anti–CTLA-4 therapy leads to an increase in the frequency of CD4þICOSþ and
CD8þICOSþ T cells. Both CD4þICOSþ and CD8þICOSþ T cells
from anti–CTLA-4 treated tumor-bearing mice produced Th1
cytokines, IL-2, and IFN-g. In addition, the presence of tumor
antigen-specific T cells is critical for successful immunotherapy and, as shown in Figure 3, ICOS plays an important role in
the activation/development of functional antitumor CD8 T
cells (Fig. 3). Most importantlyy, in the absence of the ICOS/
ICOSL pathway, antitumor responses mediated by CTLA-4
blockade were greatly impaired. The data presented here
support ICOSþFoxp3 T cells as important effector cells in
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Figure 5. Impaired tumor rejection in ICOS/ and ICOSL/ mice treated
with anti–CTLA-4 therapy. B16/BL6 tumor cells were injected into B6 wt,
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3 days later as described in Materials and Methods. Tumor size was
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the setting of CTLA-4 blockade and provide a rationale for
considering these cells as potential predictive biomarkers of
clinical outcome with anti–CTLA-4 therapy and as targets for
the development of novel cancer immunotherapy strategies in
combination with CTLA-4 blockade.
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The mechanisms responsible for the upregulation of
ICOS after anti–CTLA-4 therapy are not completely clear.
Previous studies in humans (40) and mice (41) have
suggested a relationship between IL-2 and ICOS expression,
which can be tested in future studies in the setting of anti–
CTLA-4 therapy. In addition, studies with sanroque
mice and ICOS mRNA binding have also established an
important role for roquin in the regulation of ICOS expression (25). Future studies will need to address whether
CTLA-4 blockade would affect roquin-mediated ICOS
repression.
Because ICOS is expressed on all T cells after activation, it
is actually not surprising that Treg cells also express ICOS, as
previously published (42, 43). Indeed, we detected a population of CD4þICOSþFoxp3þ Treg cells. ICOS has previously
been shown to play an important role in the function of
Foxp3þ Treg cells (34), however, although ICOS/ mice had
fewer Foxp3þ T cells (Fig. 1C), they did not show enhanced
antitumor responses in the setting of CTLA-4 blockade.
Therefore, it is likely that in the absence of ICOS, both Teff
and Treg cells are impacted, either equally or selectively, as
recently published (34). However, the net effect of the host
immune response is dependent on other factors within a
given setting, which can lead to seemingly controversial
results when studying ICOSþ T cells in different disease
and treatment models.
It is possible that targeting the ICOS/ICOSL pathway may
lead to the development of novel cancer immunotherapy
strategies. Previous studies showed limited success with
monotherapy strategies consisting of ICOSL-immunoglobulin
fusion protein (44, 45) or ICOSL-expressing tumor cells (46,
47). It is important to note that the ICOS/ICOSL pathway is
tightly regulated by feedback loops (48), and careful consideration will need to be given to the approaches that are
undertaken to target this pathway for cancer immunotherapy.
Careful consideration will also need to be given to additional
pathways or possible compensatory mechanisms that play a
role in antitumor responses because, as we show here, loss of
the ICOS/ICOSL pathway leads to impaired antitumor
responses but not complete loss of antitumor responses.
Future studies will need to investigate possible combinatorial
strategies that can successfully target the ICOS/ICOSL pathway for improved antitumor responses. Because ICOS expression on T cells is only increased after T-cell activation,
combination strategies should be considered whereby initial
therapy permits T-cell activation, such as in the setting of
anti–CTLA-4, and subsequent therapy is then given to target
the ICOS/ICOSL pathway.
In summary, our findings establish that anti–CTLA-4 therapy increases the frequency of ICOSþ Teff cells to promote
antitumor responses thus highlighting the ICOS/ICOSL pathway as another therapeutic target that may have implications
in the development of novel combinatorial cancer immunotherapy strategies.
Disclosure of Potential Conflicts of Interest
No potential conflicts of interest were disclosed.

Cancer Research

Downloaded from cancerres.aacrjournals.org on March 24, 2019. © 2011 American Association for Cancer Research.

Published OnlineFirst June 27, 2011; DOI: 10.1158/0008-5472.CAN-11-1138

Anti–CTLA-4 Requires ICOS/ICOSL for Optimal Antitumor Responses

Grant Support
This work was supported in part by a UTMDACC Physician-Scientist
Program Award, a Melanoma Research Alliance Young Investigator Award,
an American Cancer Society Mentored Research Grant, a Prostate Cancer
Foundation Challenge Award in Immunology, and a Department of Defense
Idea Development Award (all to P. Sharma).

The costs of publication of this article were defrayed in part by the
payment of page charges. This article must therefore be hereby marked
advertisement in accordance with 18 U.S.C. Section 1734 solely to indicate this
fact.
Received April 4, 2011; revised May 27, 2011; accepted June 21, 2011;
published OnlineFirst June 27, 2011.

References
1.

2.
3.

4.
5.

6.
7.

8.

9.

10.

11.

12.
13.

14.

15.

16.

17.

18.

Harding FA, McArthur JG, Gross JA, Raulet DH, Allison JP. CD28mediated signalling co-stimulates murine T cells and prevents induction of anergy in T-cell clones. Nature 1992;356:607–9.
Sharpe AH, Freeman GJ. The B7-CD28 superfamily. Nat Rev Immunol
2002;2:116–26.
Walunas TL, Lenschow DJ, Bakker CY, Linsley PS, Freeman GJ,
Green JM, et al. CTLA-4 can function as a negative regulator of T cell
activation. Immunity 1994;1:405–13.
Krummel MF, Allison JP. CD28 and CTLA-4 have opposing effects on
the response of T cells to stimulation. J Exp Med 1995;182:459–65.
Krummel MF, Allison JP. CTLA-4 engagement inhibits IL-2 accumulation and cell cycle progression upon activation of resting T cells. J Exp
Med 1996;183:2533–40.
Leach DR, Krummel MF, Allison JP. Enhancement of antitumor
immunity by CTLA-4 blockade. Science 1996;271:1734–6.
van Elsas A, Hurwitz AA, Allison JP. Combination immunotherapy of
B16 melanoma using anti-cytotoxic T lymphocyte-associated antigen
4 (CTLA-4) and granulocyte/macrophage colony-stimulating factor
(GM-CSF)-producing vaccines induces rejection of subcutaneous
and metastatic tumors accompanied by autoimmune depigmentation.
J Exp Med 1999;190:355–66.
Quezada SA, Peggs KS, Simpson TR, Shen Y, Littman DR, Allison JP.
Limited tumor infiltration by activated effector cells restricts the
therapeutic activity of regulatory T cell depletion against established
melanoma. J Exp Med 2008;205:2125–38.
Quezada SA, Peggs KS, Curran MA, Allison JP. CTLA4 blockade and
GM-CSF combination immunotherapy alters the intratumor balance
of effector and regulatory T cells. J Clin Invest 2006;116:1935–45.
Phan GQ, Yang JC, Sherry RM, Hwu P, Topalian SL, Schwartzentruber DJ. Cancer regression and autoimmunity induced by cytotoxic
T lymphocyte-associated antigen 4 blockade in patients with metastatic melanoma. Proc Natl Acad Sci U S A 2003;100:8372–77.
Maker AV, Attia P, Rosenberg SA. Analysis of the cellular mechanism
of antitumor responses and autoimmunity in patients treated with
CTLA-4 blockade. J Immunol 2005;175:7746–54.
Korman AJ, Peggs KS, Allison JP. Checkpoint blockade in cancer
immunotherapy. Adv Immunol 2006;90:297–339.
Small EJ, Tchekmedyian NS, Rini BI, Fong L, Lowy I, Allison JP. A pilot
trial of CTLA-4 blockade with human anti-CTLA-4 in patients with
hormone-refractory prostate cancer. Clin Cancer Res 2007;13:
1810–5.
Hodi FS, O'Day SJ, McDermott DF, Weber RW, Sosman JA, Haanen
JB, et al. Improved survival with ipilimumab in patients with metastatic
melanoma. N Engl J Med 2010;363:711–23.
Liakou CI, Kamat A, Tang DN, Chen H, Sun J, Troncoso P, et al. CTLA4 blockade increases IFNgamma-producing CD4þICOShi cells to
shift the ratio of effector to regulatory T cells in cancer patients. Proc
Natl Acad Sci U S A 2008;105:14987–92.
Chen H, Liakou CI, Kamat A, Pettaway C, Ward JF, Tang DN, et al.
Anti-CTLA-4 therapy results in higher CD4þICOShi T cell frequency
and IFN-gamma levels in both nonmalignant and malignant prostate
tissues. Proc Natl Acad Sci U S A 2009;106:2729–34.
Carthon BC, Wolchok JD, Yuan J, Kamat A, Ng Tang DS, Sun J, et al.
Preoperative CTLA-4 blockade: tolerability and immune monitoring in
the setting of a presurgical clinical trial. Clin Cancer Res 2010;16:
2861–71.
Hutloff A, Dittrich AM, Beier KC, Eljaschewitsch B, Kraft R, Anagnostopoulos I, et al. ICOS is an inducible T-cell co-stimulator structurally
and functionally related to CD28. Nature 1999;397:263–6.

www.aacrjournals.org

19. Sperling AI, Bluestone JA. ICOS costimulation: it's not just for TH2
cells anymore. Nat Immunol 2001;2:573–4.
20. Mak TW, Shahinian A, Yoshinagam SK, Wakeham A, Boucher LM,
Pintilie M, et al. Costimulation through the inducible costimulator
ligand is essential for both T helper and B cell functions in T celldependent B cell responses. Nat Immunol 2003;4:765–72.
21. Dong D, Juedes AE, Temann UA, Shresta S, Allison JP, Ruddle NH,
et al. ICOS co-stimulatory receptor is essential for T-cell activation
and function. Nature 2001;409:97–101.
22. Harada H, Salama AD, Sho M, Izawa A, Sandner SE, Ito T, et al. The
role of the ICOS-B7h T cell costimulatory pathway in transplantation
immunity. J Clin Invest 2003;112:234–43.
23. Hawiger D, Tran E, Du W, Booth CJ, Wen L, Dong D, et al. ICOS
mediates the development of insulin-dependent diabetes mellitus in
nonobese diabetic mice. J Immunol 2008;180:3140–7.
24. Odegard JM, DiPlacido LD, Greenwald L, Kashgarian M, Kono DH,
Dong D, et al. ICOS controls effector function but not trafficking
receptor expression of kidney-infiltrating effector T cells in murine
lupus. J Immunol 2009;182:4076–84.
25. Yu D, Tan AH, Hu X, Athanasopoulos V, Simpson N, Silva DG, et al.
Roquin represses autoimmunity by limiting inducible T-cell co-stimultor messenger RNA. Nature 2007;450:299–303.
26. Ito T, Yang M, Wang YH, Lande R, Gregorio J, Perng OA, et al.
Plasmacytoid dendritic cells prime IL-10-producing T regulatory cells
by inducible costimulator ligand. J Exp Med 2007;204:105–15.
27. Martin-Orozco N, Li Y, Wang Y, Liu S, Hwu P, Liu Y-J, et al. Melanoma
cells express ICOS ligand to promote the activation and expansion of
T-regulatory cells. Cancer Res 2010;70:9581–90.
28. van Elsas A, Sutmuller RP, Hurwitz AA, Ziskin J, Villasenor J, Medema
JP, et al. Elucidating the autoimmune and antitumor effector mechanisms of a treatment based on cytotoxic T lymphocyte antigen-4
blockade in combination with a B16 melanoma vaccine: comparison
of prophylaxis and therapy. J Exp Med 2001;194:481–9.
29. Fassò M, Waitz R, Hou Y, Rim T, Greenberg NM, Shastri N, et al.
SPAS-1 (stimulator of prostatic adenocarcinoma-specific T cells)/
SH3GLB2: A prostate tumor antigen identified by CTLA-4 blockade.
Proc Natl Acad Sci U S A 2008;105:3509–14.
30. Foster BA, Gingrich JR, Kwon ED, Madias C, Greenberg NM. Characterization of prostatic epithelial cell lines derived from transgenic
adenocarcinoma of the mouse prostate (TRAMP) model. Cancer Res
1997;57:3325–30.
31. Bloom MB, Perry-Lally D, Robbins PF, Li Y, el-Gamil M, Rosenberg
SA, et al. Identification of tyrosinase-related protein 2 as a tumor
rejection antigen for the B16 melanoma. J Exp Med 1997;185:453–9.
32. Dyall R, Bowne WB, Weber LW, LeMaoult J, Szabo P, Moroi Y, et al.
Heteroclitic immunization induces tumor immunity. J Exp Med
1998;188:1553–61.
33. Hori S, Nomura T, Sakaguchi S. Control of regulatory T cell development by the transcription factor Foxp3. Science 2003;299:
1057–80.
34. Burmeister Y, Lischke T, Dahler AC, Mages HW, Lam KP, Coyle AJ,
et al. ICOS controls the pool size of effector-memory and regulatory T
cells. J Immunol 2008;180:774–82.
35. Dunn GP, Ikeda H, Bruce AT, Koebel C, Uppaluri R, Bui J, et al.
Interferon-gamma and cancer immunoediting. Immunol Res 2005;32:
231–45.
36. Peggs KS, Quezada SA, Allison JP. Cell intrinsic mechanisms of T-cell
inhibition and application to cancer therapy. Immunol Rev 2008;224:
141–65.

Cancer Res; 71(16) August 15, 2011

Downloaded from cancerres.aacrjournals.org on March 24, 2019. © 2011 American Association for Cancer Research.

5453

Published OnlineFirst June 27, 2011; DOI: 10.1158/0008-5472.CAN-11-1138

Fu et al.

37. Sutmuller RPM, van Duivenvoorde LM, van Elsas A, Schumacher
TNM, Wildenberg ME, Allison JP, et al. Synergism of cytotoxic T
lymphocyte- antigen 4 blockade and depletion of CD25þ regulatory T
cells in antitumor therapy reveals alternative pathways for suppression of autoreactive cytotoxic T lymphocyte responses. J Exp Med
2001;194:823–32.
38. Ito T, Hanabuchi S, Wang YH, Park WR, Arima K, Bover L, et al. Two
functional subsets of FOXP3þ regulatory T cells in human thymus and
periphery. Immunity 2008;6:870–80.
39. Vonderheide RH, LoRusso PM, Khalil M, Gartner EM, Khaira D, et al.
Tremelimumab in combination with exemestane in patients with
advanced breast cancer and treatment-associated modulation of
inducible costimulator expression on patient T cells. Clin Cancer
Res 2010;16:3485–94.
40. Riley JL, Blair PJ, Musser JT, Abe R, Tezuka K, Tsuji T, et al. ICOS
costimulation requires IL-2 and can be prevented by CTLA-4 engagement. J Immunol 2001;166:4943–8.
41. Yagi J, Arimura Y, Dianzani U, Uede T, Okamoto T, Uchiyama T.
Regulatory roles of IL-2 and IL-4 in H4/inducible costimulator expression on activated CD4þ T cells during Th cell development. J Immunol
2003;171:783–94.
42. Herman AE, Freeman GJ, Mathis D, Benoist C. CD4þCD25þ
T regulatory cells dependent on ICOS promote regulation of

5454

Cancer Res; 71(16) August 15, 2011

43.

44.

45.

46.

47.
48.

effector cells in the prediabetic lesion. J Exp Med 2004;199:
1479–89.
Strauss L, Bergmann C, Szczepanski MJ, Lang S, Kirkwood JM,
Whiteside TL. Expression of ICOS on human melanoma-infiltrating
CD4þCD25highFoxp3þ T regulatory cells: implications and impact on
tumor-mediated immune suppression. J Immunol 2008;180:2967–80.
Ara G, Baher A, Storm N, Horan T, Baikalov C, Brisan E, et al. Potent
activity of soluble B7RP-1-Fc in therapy of murine tumors in syngeneic hosts. Int J Cancer 2003;103:501–7.
Zuberek K, Ling V, Wu P, Ma HL, Leonard JP, Collins M, et al.
Comparable in vivo efficacy of CD28/B7, ICOS/GL50, and ICOS/
GL50B costimulatory pathways in murine tumor models: IFNgamma-dependent enhancement of CTL priming effector functions
and tumor specific memory CTL. Cell Immunol 2003;225:53–63.
Liu X, Bai XF, Wen J, Gao JX, Liu J, Lu P, et al. B7H costimulates clonal
expansion of and cognate destruction of tumor cells by CD8(þ) T
lymphocytes in vivo. J Exp Med 2001;194:1339–48.
Wallin JJ, Liang L, Bakardjiev A, Sha WC. Enhancement of CD8þ T cell
responses by ICOS/B7h costimulation. J Immunol 2001;167:132–9.
Watanabe M, Takagi Y, Kotani M, Hara Y, Inamine A, Hayashi K, et al.
Down-regulation of ICOS ligand by interaction with ICOS functions as
a regulatory mechanism for immune responses. J Immunol
2008;180:5222–34.

Cancer Research

Downloaded from cancerres.aacrjournals.org on March 24, 2019. © 2011 American Association for Cancer Research.

Published OnlineFirst June 27, 2011; DOI: 10.1158/0008-5472.CAN-11-1138

The ICOS/ICOSL Pathway Is Required for Optimal Antitumor
Responses Mediated by Anti−CTLA-4 Therapy
Tihui Fu, Qiuming He and Padmanee Sharma
Cancer Res 2011;71:5445-5454. Published OnlineFirst June 27, 2011.

Updated version
Supplementary
Material

Cited articles
Citing articles

E-mail alerts
Reprints and
Subscriptions
Permissions

Access the most recent version of this article at:
doi:10.1158/0008-5472.CAN-11-1138
Access the most recent supplemental material at:
http://cancerres.aacrjournals.org/content/suppl/2011/08/02/0008-5472.CAN-11-1138.DC1

This article cites 48 articles, 31 of which you can access for free at:
http://cancerres.aacrjournals.org/content/71/16/5445.full#ref-list-1
This article has been cited by 18 HighWire-hosted articles. Access the articles at:
http://cancerres.aacrjournals.org/content/71/16/5445.full#related-urls

Sign up to receive free email-alerts related to this article or journal.
To order reprints of this article or to subscribe to the journal, contact the AACR Publications Department at
pubs@aacr.org.
To request permission to re-use all or part of this article, use this link
http://cancerres.aacrjournals.org/content/71/16/5445.
Click on "Request Permissions" which will take you to the Copyright Clearance Center's (CCC)
Rightslink site.

Downloaded from cancerres.aacrjournals.org on March 24, 2019. © 2011 American Association for Cancer Research.

