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ABSTRACT
The identification of activation pathways linked to antitumor T-cell polyfunctionality in long surviving
patients is of great relevance in the new era of immunotherapy. We have recently reported that
dacarbazine (DTIC) injected one day before peptide-vaccination plus IFN-a improves the antitumor lytic
activity and enlarges the repertoire of Melan-A-specific T-cell clones, as compared with vaccination alone,
impacting the overall survival of melanoma patients. To identify the mechanisms responsible for this
improvement of the immune response, we have analyzed the endogenous and treatment-induced
antigen (Ag)-specific response in a panel of Melan-A-specific CD8C T-cell clones in terms of differentiation
phenotype, inhibitory receptor profile, polyfunctionality and AKT activation. Here, we show that Melan-
A-specific CD8C T cells isolated from patients treated with chemoimmunotherapy possess a late
differentiated phenotype as defined by the absence of CD28 and CD27 co-stimulatory molecules and high
levels of LAG-3, TIM-3 and PD-1 inhibitory receptors. Nevertheless, they show higher proliferative potential
and an improved antitumor polyfunctional effector profile in terms of co-production of TNF-a, IFNg and
Granzyme-B (GrB) compared with cells derived from patients treated with vaccination alone.
Polyfunctionality is dependent on an active AKT signaling related to the engagement of the co-stimulatory
molecule ICOS. We suggest that this phenotypic and functional signature is dictated by a fine-tuned
balance between TCR triggering, AKT activation, co-stimulatory and inhibitory signals induced by
chemoimmunotherapy and may be associated with antitumor T cells able to protect patients from tumor
recurrence.

Abbreviations: Ag, antigen; APCs, antigen presenting cells; CTL, cytotoxic T lymphocyte; DTIC, dacarbazine; EC50,
half-maximal lysis; GrB, granzyme-B; ICOS, inducible costimulator; ICS, intracellular staining; IFN, interferon; iMFI,
integrated mean fluorescence intensity; KLRG1, killer cell lectin-like receptor G1; LAG-3, lymphocyte-activation gene
3; Melan-A, melanoma antigen A; PBMC, peripheral blood mononuclear cells; PD-1, Programmed death-1; PD-L1,
Programmed death-ligand 1; PHA, phytohemagglutinin; PI3K, phosphatidylinositol 3-kinase; pt, patient; TCR, T cell
receptor; TIM-3, T-cell immunoglobulin and Mucin Domain-3; TNF, tumor necrosis factor
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Introduction

Harnessing the T-cell response has proven to be a success-
ful strategy in order to prevent tumor relapse, as recently
reported for melanoma patients treated with combined che-
moimmunotherapy.1,2 Yet the mechanisms responsible for
drug-induced activation of antitumor immune response
remain to be elucidated, then understanding the complex
regulation of treatment-driven T-cell response is critical for
the design of effective combined therapies including cancer
vaccines.

T-cell response is a finely regulated process involving the
balance between Ag-specific T-cell receptor (TCR) activation
and co-stimulatory as well as inhibitory signals.3,4 The co-stim-
ulatory molecule CD28 plays a pivotal role during naive and
memory T-cell activation by inducing IL-2 production and pro-
moting proliferation,5,6 while CD27 is critical for the control of
TCR activation level and T-cell survival.7,8 The pattern of
CD28 and CD27 expression provides a characterization of
CD8C T-cell differentiation stage, with early differentiated cells
being CD28C/CD27C while intermediate and late differentiated
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T cells displaying a CD28¡/CD27C and CD28¡/CD27¡ pheno-
type, respectively.9,10 Inducible T-cell co-stimulator (ICOS),
another CD28 family member, has been reported to possess
partial functional redundancy in CD8CCD28¡ T cell co-stimu-
lation.11,12 Unlike CD28, which is constitutively expressed on T
cells, ICOS is expressed only after activation, and its deficient
expression has been associated with extensive T-cell dysfunc-
tion,13 a reduced memory T-cell compartment and imbalance
between effector and regulatory cells.14-16

As T cells progress toward terminal differentiation, they
upregulate the expression of co-inhibitory receptors, such as
Lymphocyte-activation gene 3 (LAG-3), T-cell immunoglobu-
lin and Mucin Domain-3 (TIM-3) and Programmed death-1
(PD-1), often in association with an exhausted phenotype and
decreased functionality,17-19 both features playing a key func-
tion in tumor-induced immune suppression.4 Besides their
inhibitory role, the expression of these molecules have recently
been observed in highly melanoma-reactive and clonally
expanded CD8C T lymphocytes20 and in activated T cells with-
out impairment of cytokine production.21,22 In particular, PD-1
has been suggested to be linked likely to a T-cell differentiation
status rather than to exhaustion.23

Among the mechanisms by which PD-1 has been reported
to inhibit T-cell activation, there is the suppression of the phos-
phatidylinositol 3-kinase (PI3K)/AKT signaling pathway and
the prevention of the CD28-mediated activation.24 PI3K/AKT
signaling pathway plays a key role in the survival and activation
of T cells25,26 where it is activated by TCR stimulation in con-
cert with co-stimulatory molecules, such as CD28 and ICOS as
well as cytokine receptor engagement.27 As T cells progress
toward differentiation and aging, they lose the ability to activate
AKT in parallel with the loss of CD28 co-stimulatory mole-
cule.12,28 Notably, the AKT pathway is critical for the control of
many aspects of the CD8C T-cell response including the effec-
tor versus memory fate.27,29

A combination of DNA alkylating agent DTIC plus peptide-
vaccination and interferon (IFN)-a as adjuvant, has been
reported to induce a diversification of the melanoma antigen A
(Melan-A)-specific TCR repertoire with potent antitumor
activity and significant clinical benefit in the prevention of mel-
anoma relapse.1,2 To identify immune parameters and path-
ways underlying the clinical advantage observed in patients
treated with combined therapy, we have performed an exten-
sive analysis of a panel of Melan-A-specific T-cell clones iso-
lated before and after treatments.

Melan-A-specific CD8C T cells derived from patients treated
with combined therapy showed an improved antitumor poly-
functional profile, a hallmark of protective immunity against
viruses and cancer,30-32 compared with those treated with vacci-
nation alone. These polyfunctional highly-reactive Melan-A-spe-
cific T cells displayed the highest expression of PD-1 molecule,
suggesting that in our settings, this molecule is not associated
with T-cell disfunctionality and impairment of cytokine produc-
tion. This functional effector profile was dependent on an active
AKT signaling pathway despite the late differentiated phenotype
of T cells, as defined by the absence of CD28 and CD27 co-stim-
ulatory molecules, and was related to the engagement of ICOS.
Of clinical relevance, this activation pathway was found only in
patients who benefit from chemoimmunotherapy treatment.

Results

Differentiation phenotype of Melan-A-specific CD8C T cells
and improved polyfunctional activity induced by DTIC plus
peptide-vaccination

DTIC plus peptide-vaccine combination (Arm2) has been
shown to improve the antitumor lytic activity of Melan-A-spe-
cific T-cell clones, as compared with vaccination alone (Arm1)
and to impact the overall survival of melanoma patients.1,2

First, in order to identify the mechanisms underlying the above
functional differences elicited by the chemoimmunotherapy, we
evaluated the differentiation phenotype and the multifunctional
profile of a number of Melan-A-specific CD8C T clones isolated
from different patients before and after treatment. The phenotypic
and functional characterization of CD8C T cells was performed
between the first and fourth round of stimulation with irradiated
antigen-presenting cells (APCs) plus phytohemagglutinin (PHA),
with overlapping results for each clone. The clinical characteristics
of the patients, the phenotype of T-cell clones (nD 66) analyzed in
this study and, when available, the TCR clonotype2 are described in
Table 1. Naturally occurringMelan-A-specific T cells isolated from
patients before therapy (PRE) showed a heterogeneous level of dif-
ferentiation based on the expression of CD28 and/or CD27, while
those isolated after both treatments (POST)were prevalently highly
differentiated effector memory (CD28¡CD27¡CCR7¡CD45RA¡,
Table 1).

Then we investigated the T-cell functional profile in terms of
co-production of tumor necrosis factor (TNF)-a, IFNg and GrB,
in response to HLA-A2C PD-L1C Melan-AC (MelC) melanoma
cell lines. Fig. 1A shows simultaneous intracellular staining (ICS)
for TNF-a, IFNg and GrB production of representative clones
(upper panel) and the quantification of the different possible com-
binations (lower panel). Fig. 1B shows pooled results from Melan-
A-specific T cells (n D 14 from Arm1, n D 27 from Arm2),
obtained by analyzing both the percentage of positive cells and the
integrated mean fluorescence intensity (iMFI), the latter a metric
that combines the relative amount of molecule produced (the
MFI) with the relative number of cells that make them (the per-
centage positive cells).33 The analysis of the single molecules evi-
denced a high production of both TNF-a and IFNg in clones
isolated before treatment (PRE). Of note, after therapy (POST)
clones isolated from Arm2 showed a significant increase (p <

0.0001) in the production of both these cytokines as compared
with Arm1 T cells (Fig. 1B). On the other hand, all clones analyzed
showed a high level of GrB production in the absence of specific
stimulation, which was maintained after exposure to tumor cells
irrespective of the treatment schedule, suggesting that in our set-
tings an increase of this molecule is not critical for the chemoim-
munotherapy-induced improvement of antitumor activity
(Figs. 1A and B). Stimulation of cells by unrelated HLA/Ag tumor
cell lines (Mel-) did not affect the baseline functional profile.

When we analyzed the polyfunctionality of T-cell clones
(Fig. 1C), a significant increase in molecule co-production was
observed in Arm2 patients, while clones from Arm1 showed an
impaired functional profile after the treatment. Finally, a strong
positive correlation was found by plotting polyfunctionality versus
antitumor lytic activity of each T-cell clone, as previously assessed2

(Fig. S1A), proving CD8C T-cell polyfunctionality as a reliable
marker for antitumor activity efficacy. On the other hand, the
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Table 1. Patients characteristics, clinical outcome and Melan-A-specific T-cell clones.

Clinical response Phenotype

Patient ID
Age�

(y) Stage Arm Treatment RFS (y) OS (y)
Disease

recurrence Time��
Clone
ID

Clonotype
ID���

CCR7
(%)

CD45RA
(%)

CD28
(%)

CD27
(%)

PRE 5 nd 0 2 10 0
6 nd nd nd 0 nd
8 4 nd nd 0 0
9 2 0 0 0 15
17 5 nd nd 0 0
18 3 0 0 0 0
25 3 nd nd 0 0
32 nd 0 0 0 60

08 56 II 1 Peptide-
vaccination

alone

10C 10C No relapse POST 59 5 0 0 0 0
66 6 nd nd 0 0
71 4 0 0 0 0
90 5 0 0 10 0
95 7 nd nd 40 0
123 5 nd nd 0 0
132 7 nd nd 0 nd
145 5 0 0 0 0

22 22 III 1 Peptide-
vaccination

alone

0.7 2 Relapse PRE 10 14 nd nd 60 80
11 11 0 0 0 30
106 10 nd nd 10 30

POST 141 19 nd nd 10 30
205 20 nd nd 0 0
206 17 0 0 0 20

30 23 III 2 DTIC plus peptide-
vaccination

0.9 10C Relapse and
then

complete
response

PRE 23 29 nd nd 0 0

31 29 0 0 20 0
43 30 0 0 20 0
46 29 nd nd 0 35

POST 6 nd nd nd 0 nd
8 34 0 0 0 0
19 nd nd nd 0 nd
22 nd 0 0 40 0
43 nd 0 0 0 0
45 nd 0 0 0 0
46 nd nd nd 0 30
147 32 0 0 36 20
162 nd 0 0 0 0
171 nd 0 0 0 0
184 33 nd nd 0 nd

15 42 IV 2 DTIC plus peptide-
vaccination

10C 10C No relapse PRE 15 nd 0 0 0 0
19 nd 0 0 0 55
20 22 nd nd 0 nd
22 21 0 0 0 35
24 21 nd nd 0 0
30 21 0 0 0 80
38 21 0 15 0 60
50 nd nd nd 0 25
60 21 nd nd 0 0
81 21 0 0 10 40

POST 1 nd 0 0 0 0
3 25 nd nd 0 0
4 26 0 0 0 0
5 nd nd nd 0 0
12 nd nd nd 0 0
13 27 nd nd 0 nd
24 25 0 0 0 0
26 28 0 0 0 0
29 25 0 0 0 0
59 nd nd nd 0 0
99 nd 0 0 0 0
111 nd 0 0 0 0

09 46 III 2 DTIC plus peptide-
vaccination

10C 10C No relapse PRE 6 nd nd nd 0 10

POST 315 nd nd nd 0 0
331 nd 0 0 0 0
333 nd nd nd 0 0
370 nd nd nd 0 0
374 nd 0 0 0 0
377 nd 0 0 0 0

�Age on enrollment.
��Time of T-cell cloning.2
���Identification number (ID) of each clonotype identified by TCR b-chain sequencing.2 RFS, relapse-free survival; OS, overall survival; nd, not determined.
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DTIC-associated functional improvement could not be ascribed to
T-cell avidity toward either the natural Melan-A26-35 or the analog
peptide used in our vaccine formulation (Melan-AA27L), as defined
by half-maximal lysis (EC50) (Figs S1B and C), in agreement with
our previous results and other studies.2,34

Combined chemoimmunotherapy activates the AKT
pathway in late differentiated T cells

In order to identify signaling pathways potentially activated by
DTIC plus vaccination and responsible for the increase in antitu-
mor polyfunctionality of T cells, we focused on AKT signaling,
which can favor the induction andmaintenance of cytotoxic T lym-
phocyte (CTL) effector molecules, while its inhibition causes the
loss of IFNg mRNA and prevents IFNg production.29

In CD8C T cells, AKT can be activated by TCR activation,
cytokines and co-stimulatory molecules.27 Conversely, the loss of
AKT enzymatic activity has been associated with the acquisition
of a highly differentiated phenotype characterized by the lack of
CD28 and CD27, critical molecules for T-cell activation and
markers for the classification of T-cell subsets at different stages
of differentiation.9,12 We analyzed AKT activation in terms of
phosphorylation of Ser473 (pSer473-AKT) in a number of
Melan-A specific clones (n D 26). CD8C T cells isolated before
the treatments displayed an early and intermediate level of differ-
entiation and showed pSer473-AKT expression (Table 1 and
Fig. 2). After therapy, all clones analyzed lacked CD28 and CD27
molecules, compatible with a late differentiated phenotype. Inter-
estingly, while cells isolated from Arm1 patients showed a nega-
tive or low levels of pSer473-AKT, all clones evaluated (n D 11)
from Arm2 patients displayed pSer473-AKT (Fig. 2) and down-
stream substrate target activation (i.e. Bclx, pSer2448mTOR, pp70,
Fig. S2). In parallel, the status of pSer473 AKT phosphorylation
was investigated by flow cytometry in a number of Melan-A-spe-
cific CD8C T cells. A representative staining for T-cell clones iso-
lated PRE and POST therapy from both Arms is shown in Fig. S3
and confirms the results obtained byWestern blot analysis.

These results indicate that the combination of DTIC plus
vaccination activates the AKT signaling pathway in CD28¡

CD27¡ late differentiated Melan-A-specific CD8C T-cell clones
with a highly polyfunctional profile.

Since AKT kinase can be activated by IL-2 and IL-15,26 we
evaluated a possible correspondence between the AKT activity
and the levels of IL-2/IL-15 receptor expression in our clones.
We observed a similar expression of the IL-2/IL-15 common
receptor b subunit (CD122) in all clones analyzed, while lower
levels of IL-2 a subunit (CD25) were observed in cells isolated
after therapy, irrespective of the treatment (Fig. S4A). The lack
of a critical role of IL-2/IL-2R was proved by the observation
that deprivation of IL-2 from culture medium only slightly
reduced AKT phosphorylation in T cells isolated from patients
after DTIC plus vaccination (Fig. S4B).

In order to evaluate whether this AKT activation was specifi-
cally related to Melan-A peptide-mediated stimulation, we also
performed biochemical and phenotypical analysis of CD8C T
cells specific for gp100, the other peptide employed in the vaccine
formulation. Unlike Melan-A-specific T cells, gp100-specific T
cells obtained from Arm2 patient 15, with an intermediate or late
differentiation profile, showed a low AKT activation pattern, as

shown in Fig. S5 for representative T cell clones. This result
strongly suggests that this AKT signaling pathway, identified only
in patients treated with DTIC before vaccination, is specifically
driven byMelan-A-elicited TCR activation.

DTIC plus peptide-vaccination modulates the pattern of
inhibitory molecules in Melan-A-specific CD8C T cells

Inhibitory receptors including LAG-3, TIM-3 and PD-1, are
generally associated with a chronically stimulated phenotype
in highly differentiated T cells,35 although the expression of
these receptors “per se” does not indicate that a T cell is
exhausted.23 Nevertheless, inhibitory molecules have been
shown to control Ser473-AKT phosphorylation in
CD8CCD28¡CD27¡ T cells.28,36 To investigate whether the
different vaccine-treatments influenced the balance between
the inhibitory receptor pattern, we studied the expression of
LAG-3, TIM-3 and PD-1 in relation to the AKT pathway in
a number of clones, either unstimulated or anti-CD3-acti-
vated. Representative plots of multiple staining and the rela-
tive gating strategy for molecule co-expression are shown in
Fig. 3A. In unstimulated T cells, the LAG-3 molecule was
undetectable or weakly expressed, whereas TIM-3 was
highly expressed in all clones analyzed, either PRE or POST
therapy. Differently, the expression of PD-1, absent in T-
cells isolated before the treatments, was induced only by the
combined therapy (p D 0.001; Figs. 3A and B). When T
cells were stimulated with anti-CD3 mAb, an increase in
LAG-3 and PD-1 molecules was observed irrespective of the
treatment (Fig. 3). Again, cells isolated after the combined
therapy showed the highest level of PD-1, also in terms of
co-expression with LAG-3 and TIM-3. Unexpectedly, we
found the highest expression of PD-1 along with activated
AKT in cells isolated from Arm2 patients, characterized by
an improved antitumor activity and polyfunctional profile
(Fig. 3C, green squares). When we measured PD-L1 in
clones isolated from both Arms, we found similar levels of
expression independent of the treatment (data not shown).
On the other hand, the high expression of inhibitory recep-
tors, and in particular PD-1, did not interfere with the T-
cell proliferative potential, as measured by iMFI for the pro-
liferation marker Ki-67, as shown in Fig. 4. Altogether these
data suggest that the high expression of inhibitory receptors
of Arm2 T-cell clones does not interfere with T-cell prolif-
erative potential and does not affect the chemoimmunother-
apy-induced AKT activation.

We then analyzed the expression of the killer cell lectin-like
receptor G1 (KLRG1), a marker of terminal differentiation,
that is associated with impaired proliferative potential37 by
inhibiting AKT phosphorylation.28 As shown in Fig. S6,
KLRG1 expression was not found in any of Melan-A specific
CD8C T cells analyzed.

Inhibition of AKT activation, but not PD-1 blockade,
reduces the antitumor activity of Melan-A-specific CD8C

T cells

The unexpected co-presence of high PD-1 levels along with
AKT activation in late differentiated polyfunctional T cells
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Figure 1. Melan-A-specific CD8C T cells exhibit an enhanced polyfunctional profile after chemoimmunotherapy. (A) Representative dot plot gating strategy of multicolor
intracellular staining for TNF-a (TNF), IFNg (IFN), and Granzyme-B (GrB) in Melan-A-specific CD8C T cells stimulated with HLA-A2C Melan-A-expressing (MelC) melanoma
cell line (top panel). The multicolor histograms in the bottom panel show the quantification of all possible combinations of molecule co-expression, evaluated in the
absence of stimulus (¡) or after 4 h stimulation with A2C/Melan-AC (MelC) or A2C/Melan-A¡ (Mel-) melanoma cell lines. (B–C) Pooled results from all T-cell clones evalu-
ated (n D 14 from two patients of Arm1, n D 27 from three patients of Arm2), isolated before (PRE) and after therapy (POST), analyzed as percentage of positive cells (%,
left) and integrated MFI (iMFI, right) (see Material and Methods for details). Data are displayed singularly (B) and simultaneously (C). Each dot represents the mean value
from two to four independent experiments performed with a single T-cell clone. The mean § SEM of each indicated sample group is shown. Polyfunctionality profile
(TNF-aCIFNgCGrBC) is also shown as box-and-whisker diagram, with 5–95 percentile. �/^p � 0.05, ��/^^p � 0.01, ���/^^^p � 0.001, ����/^^^^p � 0.0001, Mann–
Whitney two-sample test (�) and two-tail Student’s test (^), respectively.
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isolated after DTIC plus vaccination, prompted us to further
explore the involvement of these pathways in T cell antitumor
activity.

First, we performed a time course blockade (1, 2 and 15 h) of
the AKT signaling pathway in highly polyfunctional CD8C T-
cell clones isolated after combined therapy, before stimulation
with Melan-A-expressing tumor cells. Blockade was performed
by pre-treatment with non-specific Ly294002 PI3K (PI3Ki) or
specific MK-2206 AKT (AKTi) inhibitors and then tumor-
induced production of IFNg was evaluated by ICS. Erk inhibi-
tor FR 180204 was used as internal control.

IFNg production was inhibited in CD8C T cells pre-incu-
bated either with LY 294002 (40%) or MK-2206 (70%) for 1 h.
Restoration to a basal IFNg level was observed when cells were
pre-treated with the inhibitors for 15 h before tumor recogni-
tion (Fig. 5A). Blockade with MK-2206 AKT specific inhibitor
determined a more durable inhibition of IFNg production
(60% with 2 h blockade) as compared with the non-specific
PI3K inhibitor. The inhibition of cytokine production mediated
by the AKT inhibitors is not due to a T cell-toxicity event, as
indicated by the restoration of IFNg production after 15 h of T
cell treatment. Based on these kinetic settings, blockade of
PI3K and AKT activation for 1 h before exposure to Melan-A-
expressing cell lines led to the inhibition of both TNF-a and

IFNg production in highly functional CD8C T-cell clones iso-
lated after combined therapy (Figs. 5B and C, for a representa-
tive clone out of three analyzed). GrB, which was expressed
also in unstimulated cells, was not affected by the blockade
(Fig. 5B). Fig. 5D shows the mean for the inhibition values
obtained in all the clones analyzed. Erk inhibitor FR 180204,
used as internal control, did not affect the production either of
TNF-a or IFNg. These results confirm a critical role for AKT
activation in the chemoimmunotherapy-induced functional
advantage in terms of polyfunctional profiling.

Noteworthy, the production of TNF-a, IFNg or GrB was not
affected by the inhibition of the PD-1 pathway, either by anti-
PD-1 or anti-PD-L1 specific mAbs in Melan-A-specific CD8C

T cells isolated after the combined therapy (Figs. 5B–D). On
the other hand, blockade of PD-1 pathway slightly enhanced
the cytokine production in cells from patients treated with vac-
cination alone (data not shown).

ICOS is involved in AKT activation induced by
chemoimmunotherapy

In order to identify T-cell co-stimulatory molecules potentially
responsible for the PI3-K/AKT activation observed in our pol-
yfunctional T cells, we investigated the role of ICOS which

Figure 2. Melan-A-specific CD8C T cells isolated after combined chemoimmunotherapy display pSer473-AKT expression unrelated to their differentiation stage. Analysis
of AKT activation by Western blot in terms of phosphorylation of Ser473 (pSer473-AKT) and total AKT expression tested on whole cell extracts of 1.5 £106 viable Melan-A
specific clones (n D 26), isolated before (PRE) and after treatment (POST) with vaccination alone (Arm1) or DTIC plus vaccination (Arm2), 18 h following activation by
plate-coated anti-CD3 mAb plus rIL-2. Gel loading control was performed analyzing b actin expression. The differentiation status (based on the expression of CD28 and/
or CD27 co-stimulatory molecules, see Table 1) for each clone is reported. Cells isolated from patients before the treatments evidence an expression of pSer473-AKT which
relates with the differentiation status. Cell clones isolated after therapy (POST) are late differentiated (defined by the lack CD28 and CD27 molecules). Cells isolated from
Arm1 (Arm1-POST) do not express pSer473-AKT according to their late differentiated profile, differently clones isolated from Arm2 patients (Arm2-POST) display a strong
pSer473-AKT expression. Densitometric quantification (OD) of protein bands was determined by NIH ImageJ software and expressed p-AKT/AKT ratios are expressed
either as numbers and columns.
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shares the CD28 motif of the cytoplasmic tail responsible for
the kinase activation. Differently from CD28 which is consti-
tutive, ICOS is induced following TCR stimulation14 and its
ligand (ICOS-L/B7H) is expressed by APC and human mela-
nomas.38-40 Flow-cytometric analysis performed following
48 h stimulation by anti-CD3 mAb, evidenced the highest lev-
els of the co-stimulatory molecule in clones isolated from
patients treated with the combined therapy (Fig. 6A). Of note,
a statistically significant correlation was found between high
levels of ICOS (cut-off > 30%) and p-AKT expression
(Fig. 6B).

Then, to confirm the contribution of ICOS in AKT activa-
tion induced by chemoimmunotherapy, we modulated this

pathway either by blocking with an anti-ICOS ligand mAb or
activating by an anti-ICOS agonist mAb. For the blockade
experiment, whole blood-isolated APC were pre-incubated with
anti-ICOS-L/B7H mAb for 15 h, co-cultured with the Melan-
A-specific CD8C T-cell clones expressing p-AKT and analyzed
by Western blot. AKT phosphorylation at Ser473 induced by
stimulation was reduced by the ICOS blockade of about 50%, as
evidenced in the representative immunoblotting of clone
Pt15.26, and not affected by the IgG isotype control (Fig. 6C,
left panel). Of relevance, the blockade of the pathway inhibited
the production of TNF-a, IFNg and GrB, as measured by ICS
(Fig. 6D, top panel). For the activation experiment, Melan-A-
specific CD8C T-cells were stimulated 24 h with anti-CD3 mAb

Figure 3. Melan-A-specific CD8C T-cell clones isolated after DTIC plus vaccination display the highest level of PD-1 inhibitory receptor expression. (A) Representative flow
cytometric analysis of multicolor staining, with the relative gating strategy, for simultaneous LAG-3 (L), TIM-3 (T) and PD-1 (P) expression. The multicolor histograms show
the quantification of all possible combinations of molecule co-expression, for representative clones isolated either before (PRE) or at the end (POST) of both treatments.
The staining was performed under basal cell culture conditions (¡) or after over-night activation by plate-bound anti-CD3 mAb (2 mg/mL) (C). (B) Comparison from
pooled data of inhibitory receptor profiles in PRE (black histograms) vs. POST (red histograms) treatment, displayed as single receptor expression, with (C) or without (¡)
anti-CD3 mAb activation. Each bar represents the mean percentage (§ SD) of inhibitory receptor expression of Melan-A-specific T-cell clones isolated from patients of
Arm1 (n D 2) and of Arm2 (n D 3), before (PRE, n D 6 for Arm1, n D 7 for Arm2) and after (POST, n D 7-8 for Arm1, n D 7–9 for Arm2) treatments. (C) The percentage of
single or simultaneous inhibitory receptor expression in T-cell clones isolated at the end of both treatments (POST), with (■) or without (�) anti-CD3 activation. Each dot
represents the mean value out of three–five independent experiments performed on a single T-cell clone. The mean § SEM of each indicated sample group is shown.
Black and green dots, clones negative or positive for pSer473-AKT, respectively, as assessed by Western blot analysis; gray dots, clones not tested for AKT phosphorylation.
�/^p � 0.05, ��/^^p � 0.01, ���/^^^p � 0.001, ����/^^^^p � 0.0001, Mann–Whitney two-sample (�) test and two-tail Student’s test (^), respectively.
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or anti-CD3 plus anti-ICOS agonist. An increase of AKT phos-
phorylation and polyfunctional activity was induced by ICOS
co-stimulation (Fig. 6C, right panel and Fig. 6D, bottom panel,
respectively). As expected, the increase of polyfunctional activ-
ity by ICOS co-stimulation was higher in clones from Arm2
patients, which displayed the highest ICOS expression
(Fig. 6A). These results suggest a critical role for ICOS in con-
tributing to AKT activation and polyfunctionality in late differ-
entiated CD8C T cells isolated after chemoimmunotherapy.

Discussion

The identification of activation pathways linked to T-cell poly-
functionality against tumors, associated with clinical benefit, is
of great relevance in the new era of immunotherapy and com-
bined chemoimmunotherapy. Recently, we reported that
Melan-A-specific CD8C T cells isolated from long-term sur-
vival patients treated with DTIC injected in a tight window
before peptide-vaccination plus IFN-a, possess higher tumor
reactivity and an enlarged T-cell repertoire, compared to cells
isolated after vaccination alone.1,2

Here, we have explored the molecular mechanisms underly-
ing the antitumor functionality of these T cells. We found that
Melan-A-specific CD8C T cells isolated from patients treated
with chemoimmunotherapy, despite the late differentiation
profile, show the highest antitumor activity in terms of poly-
functionality that is dependent on the activation of the AKT
pathway and is associated with the engagement of ICOS, in the
presence of LAG-3, TIM-3 and PD-1 inhibitory receptors.

Melan-A-specific T-cell clones derived from patients treated
with the combined therapy, revealed a more potent antitumor
cytolytic profile in terms of polyfunctionality defined by the co-
production of TNF-a, IFNg and GrB, compared with cells
derived from patients treated with vaccination alone. Polyfunc-
tionality reflects the ability of individual T cells to perform mul-
tiple effector functions and is crucial for the protective
immunity against viruses and cancer.30-32 Polyfunctional CD8C

T cells producing several effector cytokines and molecules are
associated with the spontaneous resolution of primary acute
HCV41 and have been related to HIV-specific enlarged T-cell
repertoire.42,43 Similarly, polyfunctional T cells can be induced
in cancer patients after vaccination.44-46 In our study, the long
overall survival observed in patients treated with the combined
chemoimmunotherapy is in line with the concept that poly-
functional antitumor CD8C T cells mediate a stronger host
antitumor response and may thus prevent disease recurrence.
Furthermore, the less effective quality of T-cell responses evi-
denced in patients treated with vaccination alone suggests that
the schedule of combined therapy could have contributed to
the induction of protective polyfunctional T cells. Although to
our knowledge no data are available about a possible regulation
of human T-cell polyfunctionality by combined immunother-
apy, preconditioning chemotherapy with the alkylating agent
cyclophosphamide has been shown to promote the generation
of polyfunctional CD4C effector T cells in murine models.30

The generation of polyfunctional CD8C T cells in response to
vaccination, although associated with improved protective
immunity has not yet been fully linked to a T-cell differentiation
phenotype. In our setting, cells isolated after the treatments, in
particular those obtained after the combined therapy, display a
highly differentiated profile as defined by the CD45RA¡CCR7¡

phenotype and the lack of co-stimulatory molecules CD28 and
CD27. Among multiple extracellular pathways, AKT signaling
has been reported as a major player in the cell fate decision ver-
sus effector CD8C T cells29,47 and the magnitude of AKT activa-
tion drives the differentiation of T cells into terminal effectors or
memory cells.47 On the other hand, it has been shown that AKT
activation decreases as CD8C T cells progress toward differentia-
tion.12,28 Here, we have observed that combined immunother-
apy, differently from vaccination alone, results in increased
AKT phosphorylation in highly differentiated Melan-A-specific
CD28¡CD27¡ T cells. Of note, T-cell polyfunctionality elicited
by combined therapy was strictly dependent on AKT activation,
as demonstrated by blockade with selective inhibitors, in agree-
ment with previous studies showing the impairment of the IFNg
production induced by AKT inhibition and the induction of an
effector phenotype in the presence of an active AKT signaling
pathway.29,47 This AKT activation occurred only in Melan-A-
specific CD8C T cells and not in cells specific for gp100, the
other peptide used in the vaccine formulation, where the AKT

Figure 4. Proliferative potential of Melan-A-specific T-cell clones. Intracellular
staining for Ki-67 expression of CTL clones (n D 12) isolated before (PRE) and after
(POST) treatments from both Arms, performed 7 d after re-stimulation with allo-
genic irradiated PBMC, rIL-2 and PHA. Top panel: representative staining for each
indicated sample group with anti-Ki-67 (open histograms) or isotype (filled histo-
grams) mAbs, showing the presence of two positive cell populations with diverse
amounts of Ki-67 molecule expression (low and high). Bottom panel: magnitude of
low and high proliferating cells as measured by integrated mean fluorescence
intensity (iMFI), (see Material and Methods for details). Results are shown as mean
§ SD.
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phosphorylation was expressed according to their differentia-
tion profile, suggesting that the structure of the Ag/TCR com-
plex is critical for the activation of this pathway.

It has been recently reported that AKT inhibition induces
the generation of long-lived tumor-reactive memory T cells in
murine and human models.48-50 The results of Crompton’ and
Abu’s studies may differ from our results due to the long AKT
inhibition treatment (up to 30 d) performed in gp-100-specific
T cells. Similarly, Van der Waart study reports the possibility
of expanding CD28CCD27C CD8C T memory-like efficient
antitumor cells by inhibiting AKT signaling in naive precur-
sors. These apparently differing results can be ascribed to the
differentiation status of the CD8C T cells evaluated, i.e., late dif-
ferentiated CD28¡CD27¡ in our settings, and early memory-
like CD28CCD27C T cells in the study by van Der Waart. From
our data, although the mechanisms regulating the AKT

activation are still unclear, we can speculate that combined
therapy may favor an effector phenotype, with an improvement
of the proliferative potential as defined by Ki-67 expression, in
late differentiated Melan-A-specific CD8C T cells.

In the possible redundancy of co-stimulatory receptor
usage, ICOS is known to enhance T-cell activation when
CD28 expression is limited or absent.12,51 We found that
combination therapy induced the highest expression of
ICOS in Melan-A-specific CD8CCD28¡CD27¡ T cells with
the phosphorylation of AKT at Ser 473 partially dependent
on the engagement of the ICOS/ICOS-L pathway. This was
not related to the expression of receptors for IL-2 and IL-
15, cytokines known to be involved in the activation of the
AKT pathway,52 confirming previous studies showing that
ICOS, differently from CD28, impacts on proliferation
along with IFNg, but not IL-2 production.53 Deficiency in

Figure 5. AKT-dependent antitumor activity of highly polyfunctional tumor-specific CD8C T cells elicited by the combined chemoimmunotherapy. Modulation of TNF-a
(TNF), IFNg (IFN), and Granzyme-B (GrB) co-production by AKT or PD-1 blockade, in clones from Arm2 patient (Pt15). (A) Kinetic of IFNg production after AKT pathway
blockade, with a PI3K (Ly294002, PI3Ki) or AKT inhibitor molecule (MK-2206, AKTi). Figure shows the mean§ SD of three independent experiments performed on a repre-
sentative Arm2 Melan-A-specific T cell clone (Pt15.29) after specific recognition of Melan-A-expressing cell line (MelC). Results are shown as a percentage of IFNg produc-
tion (top panel) or as a percentage of inhibition with respect to the maximal baseline production (bottom panel). A specific Erk inhibitor (FR 180204) was used as internal
control. (B–C) Flow cytometry analysis of multicolor staining from a representative Melan-A-specific clone (Pt15.29), showing the single % of production (B) or the co-pro-
duction (C) of TNF-a, IFNg , and GrB in the presence (1 h) or in the absence of inhibitors. TNF-a and IFNg , but not GrB, are significantly reduced by the AKT blockade. PD-
1 blockade, by specific anti-PD1 (a-PD-1) or anti-PD-L1 (a-PD-L1) mAbs (18 h) does not affect the TNF-a, IFNg, and GrB production capability. (D) Pooled data from three
different T-cell clones (Pt15.3, Pt15.26, Pt15.29 ) showing the mean § SD of the % of inhibition evaluated under different blockade conditions, relative to baseline
production.
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ICOS expression has been associated with extensive T-cell
dysfunction and impaired memory T-cell compartment.54

Besides, this molecule has proven effective in the enhance-
ment of cytokine-mediated cell toxicity, in part by

increasing IFNg secretion.55 Of note, ICOS has been identi-
fied as a crucial player in the anti-melanoma effects of
CTLA-4 blockade56 and critically co-expressed with PD-1 as
a potential identifier of tumor-reactive cells.20

Figure 6. For figure legend, see page 11.
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Although inhibitory receptors have so far been considered to
mark terminally differentiated “exhausted” T cells,35 they have
recently been associated with the activation and differentiation
profile of T cells.23 PD-1 and KLRG1 have been shown to con-
tribute to the defect of AKT phosphorylation in highly differen-
tiated CD8C CD28¡ CD27¡T cells.28,36 Differently, the
activation of AKT we observed in Melan-A-specific clones iso-
lated after the chemoimmunotherapy was not the result of a
reduced expression of inhibitory receptors since high levels of
LAG-3, TIM-3 and PD-1 were found in all the clones analyzed,
with cells isolated after the combined therapy showing the
highest PD-1 expression. This phenotypic profile may be
instrumental for limiting the self-tissue damage, as supported
by the lack of autoimmune evidences in our patients. On the
other hand the co-expression of PD-1 and ICOS may represent
a rheostat in the control of highly reactive Ag-stimulated T
cells, as recently reported for PD-1.57 Our findings do not raise
doubts about the clinical usage of blocking inhibitory check-
points in the presence of T cells with such phenotype,4,58-60 as
the blockade of PD-1 does not impair the AKT-dependent pol-
yfunctionality. Rather these findings highlight the importance
of taking into account the status of T-cell activation and differ-
entiation in the selection of patients who can take advantage of
the inhibition of these pathways.

About other players potentially involved in this peculiar
activation of AKT in T cells pre-exposed to DTIC and sus-
tained by Melan-A-mediated expansion, we can speculate that
it can be the consequence of DNA damage events, as reported
for Temozolomide, the active DTIC metabolite.61 Further, we
cannot exclude that IFN-a, administrated locally in both treat-
ment Arms as adjuvant,62 may have contributed to the genera-
tion of polyfunctional Melan-A-specific CD8C T cells with an
activated AKT pathway.

Of clinical relevance patients who received DTIC plus vacci-
nation, although affected by III/IVa stage melanoma, are cur-
rently disease-free, after 10 y from the end of the treatment,
thus suggesting that AKT-dependent polyfunctional tumor-
reactive T cells, endowed with an enlarged Melan-A-specific
TCR repertoire,2 may protect from disease relapse.

Although we recognize that the study of a large number of
clones only partially resembles the “in vivo” scenario, the pres-
ent findings represent a critical contribution for the compre-
hension of the mechanisms underlying the advantages of
combined chemoimmunotherapy. We suggest that combina-
tion DTIC plus vaccination may induce a phenotypic and

functional signature dictated by a fine-tuned balance between
quality of Ag/TCR complex, co-stimulatory signals such as
ICOS, inhibitory checkpoints and AKT activation, associated
with antitumor T cells able to protect patients from tumor
recurrence. As far as new methodologies will improve immune
monitoring at single cell level, the analysis of the identified acti-
vated AKT pathway may represent a new biomarker of T-cell
activation and responsiveness in the course of immunomodu-
lating cancer therapies.

Material and Methods

Patients, cell lines and T-cell clones

Treatment of melanoma patients enrolled in Arm1 and
Arm2 vaccination protocol has been described.1 Pt.08 and
Pt.22 were vaccinated with Melan-A (A27L) and gp100
(210M) peptides plus IFN-a (Arm1); Pt.09, Pt.15 and
Pt.30 received the DTIC one day before the same vaccina-
tion schedule (Arm2). Patients were followed for disease
progression by a total body CT scan periodically. T2 cell
lines were purchased from the American Type Culture
Collection. Melanoma cell lines Mel1 (HLA-A2¡/Melan-
AC, not shown), Mel2 (HLA-A2C/Melan-A¡, referred as
Mel-) and Mel3 and Mel4 (HLA-A2C/Melan-AC, referred
as MelC) were kindly provided by Dr A. Anichini (Fonda-
zione IRCCS Istituto Nazionale dei Tumori, Milan, Italy).
Melanoma cell lines were isolated from surgical specimens
of tumors of patients admitted to Fondazione IRCCS Isti-
tuto Nazionale dei Tumori, Milan. All lesions were histo-
logically confirmed to be cutaneous malignant melanomas.
Molecular and biological characterization of these cell lines
has been reported previously.63 Melanoma cell lines were
periodically checked for the expression of a panel of tumor
associated Ags (i.e. BRAF V600E, MITF, Tyrosinase,
Melan-A, gp100, MAGE) by intracellular flow cytometry
and Western blot analysis. Cell lines were periodically
checked (no more than 2 mo from the assays) morphologi-
cally, and tested by growth curve analysis by 3H-Thymi-
dine incorporation assay and Mycoplasma detection.
Melan-A-specific and gp100-specific T-cell clones were
generated by limiting dilution from presensitized Ag-spe-
cific T-cell lines as described2 and periodically restimulated
(every 3 weeks) in RPMI 1640 medium supplemented with
10% human serum (noncommercial, prepared from healthy

Figure 6. (see previous page) ICOS is upregulated in Melan-A-specific CD8C T cells isolated after combined therapy and is involved in chemoimmunotherapy-induced AKT
activation. (A) Top panel shows representative staining with anti-ICOS (open histogram) or isotype (filled histogram) mAbs, in two T-cell clones isolated from Arm1
(Pt08.90) and Arm2 (Pt15.26) patients after the treatments (POST). Bottom panel shows pooled data of ICOS expression in Melan-A-specific T-cell clones (n D 15 from
two patients of Arm1, n D 18 from three patients of Arm2), isolated before (PRE) and after therapy (POST). Cells were stained after 48 h stimulation with plate-bound
anti-CD3 mAb (2 mg/mL) plus rIL-2 and shown in both scatter-plot graph and box-and-whisker diagram, with 5–95 percentile. Each dot represents the mean value out of
three–five independent experiments. The mean§ SEM of each group is shown. (B) Correlation between p-AKT and ICOS expression. T-cell clones isolated after both treat-
ments were grouped according to pSerAKT expression levels and the percentage of ICOSC cells (bottom panel) and shows higher expression of ICOS in AKThigh T cells. Top
panel, percentage of clones with ICOS levels > 30% cut-off in p-AKTneg/low versus p-AKThigh groups. p value was calculated with one-tail Fisher’s exact test. �/^p � 0.05,
��/^^p � 0.01, ���/^^^p � 0.001, Mann–Whitney two-sample test (�) and two-tail Student’s test (^), respectively. (C) Left panel: effect of ICOS blockade on AKT activa-
tion (p-Ser473-AKT) tested in a representative Melan-A specific T-cell clone (Arm2, Pt15.26, POST), following activation by irradiated PBMC-derived APCs plus rIL-2 (¡).
Blockade of ICOS engagement with anti-ICOS-L (ICOSLi) mAb (10 mg/mL) induced a marked downregulation of p-AKT. Right panel: effect of ICOS engagement on AKT
activation (p-Ser473-AKT) tested in a representative Melan-A specific T-cell clone (Arm2, Pt15.111, POST), following activation by anti-CD3 mAb (¡). The anti-ICOS-agonist
(ICOSa) mAb (12.5 mg/mL) induced upregulation of p-AKT. Gel loading control is represented by total AKT expression. Densitometric quantification of protein bands was
determined by NIH ImageJ software. Columns show the mean § SD of p-AKT/AKT ratios (OD) from two independent experiments. (D) Top panel: bars represent the
mean % (§ SD) of TNF-a, IFNg and GrB inhibition by ICOS blockade from two experiments performed on Pt15.26 T cell clone (representative of three different T-cell
clones tested). Bottom panel: bars represent the mean % (§ SD) of the increased polyfunctional activity induced by ICOS co-stimulation, as calculated with respect to the
isotype control mAb.
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donors), 1 mg/mL PHA (Roches, 11082132001), 25 U/mL
rIL-2 (Roches, 11147528001), and 1 £ 106/mL irradiated
allogenic peripheral blood mononuclear cells (PBMC) as
feeder cells. T-cell clones were used 13–15 d after PHA-
stimulation.

Antibodies and flow cytometry

Cell surface-staining was performed using various combina-
tions of the following Abs: PE-Cy5-CD27 (Beckman Coulter,
0826607107), FITC-CD45RA (BD Pharmigen, 335039), PE-
Cy7-CCR7 (BD Pharmigen, 557648), PE-CD25 (Miltenyi Bio-
tec, 130-091-024), PE-IL-2/IL15Rb (CD122, BD Pharmigen,
554525), PE-Cy7-PD-1 (BD Pharmigen, 561272), PE-Cy7-PD-
L1 (CD274, BD Pharmigen, 558017), PE-TIM3 (R&D Systems,
FAB2365P), FITC-LAG3 (Adipogen, Inc., AG-20B-0012F),
polyclonal-KLRG1 (Sigma-Aldrich, SAB1400378), PE-ICOS
(BD Pharmigen, 557802). The CD28 hybridoma CD28.2
(IgG1) was provided by Dr D. Olive (Inserm UMR). ICS was
performed with the following mAbs: PerCP-Cy5.5-TNF-a (BD
Pharmigen, 560679), PE-Cy7-IFNg (BD Pharmigen, 557643),
Alexa Fluor647-GrB (BD Pharmigen, 560212) and Ki-67
(Dako, M7240). For CD28, KLRG1 and Ki-67 staining, a sec-
ondary PE-labeled anti-mouse antibody (Dako, R0439) was
used. Ag-specificity of T-cell clones was periodically tested by
the use of FITC-CD8C (Miltenyi Biotec, 130-080-601) and PE-
Melan-A/gp100 tetramers (Beckman Coulter, 082T01008/
082T01012) as described.1 The surface staining was performed
for 30 min at 4�C. When possible, dead cells were excluded
using propidium iodide staining (MP Biomedicals, 195458).
When required, stimulation with plate-bound anti-CD3 mAb
(2 mg/mL) (CBT3 IgG2a,64) was performed as indicated. For
ICS of p-AKT, T-cell clones were cultured in RPMI medium
supplemented with 1% HS for 2 h, and stimulated by plate-
bound anti-CD3 mAb for 2 h at 37�C. The staining was per-
formed after fixation with 1.6% paraformaldehyde and permea-
bilization with 80% methanol by the use of Alexa Fluor 647
anti-AKT pS473 (BD Pharmigen, 561670). Cells were immedi-
ately acquired on BD FACSCanto II (BD Bioscience) and ana-
lyzed using FlowJo 9.2.3 (TreeStar), FACSDiva and CellQuest
software (BD). For receptor blocking experiments, the follow-
ing functional grade purified mAbs purchased from eBioscience
were used: anti-PD1 (IgG1, 16-9989), anti-PD-L1 (IgG1, 16-
5983), anti-ICOSL (IgG1, 16-5889) and control Isotype (IgG1,
16-4714). The blockade was performed by incubation of T cells
and/or target cells overnight with the corresponding blocking
antibody (10 mg/mL) or with the control Isotype. Then cells
were washed and co-cultured for the indicated time. For ICOS
activation experiments, cells were incubated for 24 h with
plate-bound functional grade anti-ICOS agonist mAb (IgG1,
eBioscience, 16-9948-82 ) (12.5 mg/mL) in the presence of anti-
CD3, before polyfunctional analysis. For some experiments, the
magnitude of staining was measured as iMFI, a metric that
combines the relative amount of molecule produced (the MFI)
with the relative number of cells that make them (the percent-
age positive cells).33 iMFI is computed by multiplying the per-
centage with the MFI of positive cells and reflects the total
functional response of a population.

TNF-a, IFNg, GrB production and cytotoxicity assay

For ICS production, Melan-A-specific T-cell clones were co-
cultured with related (MelC) or unrelated (Mel-) HLA/Ag
melanoma cell lines, for 4–5 h at 37�C in the presence of the
protein transport inhibitor GolgiStop (BD, 554724). T-cell
clones were collected, washed with PBS, fixed using 2% paraf-
ormaldeide (15 min on ice) and then permeabilized by 5%
FCS, 0,5% Saponine in PBS (20 min at RT). Cells were then
incubated for 30 min at RT with PerCP-Cy5.5-TNF-a, PE-
Cy7-IFNg and Alexa Fluor647-GrB mAbs. The AKT signaling
pathway blockade was performed by pre-incubating T-cell
clones with 30 mM PI3K inhibitor molecule (Ly294002, Cell
Signaling Technology, 9901) or with 5 mM AKT inhibitor
molecule (MK-2206, Merck Pipeline, HY-10358) for 30 min,
1 h, 2 h or 15 h, as indicated. An Erk inhibitor (FR 180204,
Santa Cruz Biotechnology, SC203945) was used as internal
control. PD-1 and ICOS pathway blockade/activation were
performed as described above. Lytic activity and fine Ag rec-
ognition were assessed in a standard 4 h 51Cr release assay as
described.2 Briefly, T2 cells, Mel1, Mel2, Mel3 and Mel4 mela-
noma cell lines were used as target cells and cytotoxicity
assays were performed by incubating 51Cr-labeled target cells
with effector cells at an E:T ratios of 20:1. Fine Ag specificity
analysis measured pulsing T2 target cells with decreasing con-
centration of natural (Melan-A26-35), analog (Melan-AA27L) or
irrelevant gp100 peptides. The percentage of specific lysis was
calculated as follows: 100 £ (experimental release¡spontane-
ous release)/(total release¡spontaneous release).

Western blot analysis

T-cell clones were activated overnight by plate-bound anti-
CD3 mAb, in complete RPMI medium supplemented with
10% HS, with or without 25 U/mL rIL-2. Whole cell
extracts were obtained by lysis in 10% glycerol, 0.1% SDS,
0.5% DOC, 1% NP-40 in PBS. Lysates from 1.5 £ 106 cells
were separated on 10 % sodium dodecyl sulfate-polyacryl-
amide gel electrophoresis gels and transferred to Hybond-P
membranes (Amersham Pharmacia Biotech, Piscataway,
NJ). Membranes were then probed with anti p-AKT (Ser
473, Cell Signaling, 4060S), AKT1 (Cell Signaling, 2938S),
Bclx (Cell Signaling, 2762), and pSer2448mTOR (Cell Signal-
ing, 2971) Abs, following the instructions provided by the
manufacturer. b-actin Ab (Cell Signaling, 3700S) was used
as loading control. Analysis was performed using the ECL
Prime Western detection kit (Amersham Pharmacia Bio-
tech, RPN 2236). X-ray films were scanned by HP Scanjet
5470 and processed by Corel Photo Paint 12. Densitometric
quantification of protein bands was determined by NIH
ImageJ software. For blocking experiments, Melan-A-spe-
cific CD8C T-cell clones, previously pre-incubated overnight
or not with anti-ICOS-L mAb, were stimulated in the pres-
ence of whole blood-APCs, and then analyzed for pSer473-
AKT as described above. For ICOS activation experiments,
cells were incubated for 24 h with plate-bound functional
grade anti-ICOS agonist mAb (12.5 mg/mL) in the presence
of anti-CD3, before pSer473-AKT Western blot analysis.
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Statistical analysis

Values are reported as mean § SEM/SD or median (range). As
evaluated in a similar study,65 the comparison between groups
was performed with a Mann–Whitney two-sample test,
unpaired Student’s t-test or Fisher’s Exact test, when appropri-
ate. The correlation analysis was performed with Spearman
and Pearson test. p value � 0.05 was considered significant. Sta-
tistical analyses were carried out using SPSS software (SPSS ver-
sion 21, SPSS Inc., Chicago, IL, USA).
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