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High-dose (HD) IL-2 therapy in patients with cancer increases the general population of Tregs, which are pos-
itive for CD4, CD25, and the Treg-specific marker Foxp3. It is unknown whether specific subsets of Tregs are
activated and expanded during HD IL-2 therapy or whether activation of any particular Treg subset correlates
with clinical outcome. Here, we evaluated Treg population subsets that were induced in patients with mela-
noma following HD IL-2 therapy. We identified a Treg population that was positive for CD4, CD25, Foxp3,
and the inducible T cell costimulator (ICOS). This Treg population increased more than any other lympho-
cyte subset during HD IL-2 therapy and had an activated Treg phenotype, as indicated by high levels of CD39,
CD73, and TGF-f. ICOS* Tregs were the most proliferative lymphocyte population in the blood after IL-2
therapy. Patients with melanoma with enhanced expansion of ICOS"* Tregs in blood following the first cycle
of HD IL-2 therapy had worse clinical outcomes than patients with fewer ICOS* Tregs. However, there was no
difference in total Treg expansion between HD IL-2 responders and nonresponders. These data suggest that
increased expansion of the ICOS* Treg population following the first cycle of HD IL-2 therapy may be predic-

tive of clinical outcome.

Introduction
High-dose (HD) bolus IL-2 therapy is currently one of the most
potent forms of immunotherapy and was approved by the FDA as
asingle-agent cytokine therapy for metastatic melanoma and renal
cell carcinoma (1-3). Typical HD IL-2 therapy consists of bolus
infusions of 600,000 or 720,000 IU/kg of aldesleukin (Novartis),
and each cycle of therapy is aimed at giving up to 15 bolus infu-
sions every 8 hours or as many as the patient can withstand due
to toxicity (1, 4). The therapy cycle is then repeated approximately
every 14 to 21 days for up to 6 to 8 cycles, depending on the clin-
ical performance of each patient and toxicities associated with
IL-2 therapy. Early single and multicenter clinical trials have con-
sistently shown a 15%-16% partial and complete response rate in
patients with stage IIIC or stage IV noncutaneous metastatic mel-
anoma and in patients with renal cell carcinoma, among whom
a smaller fraction of patients (about 5%) experience durable
long-lasting complete remission for years (1, 2, 5). HD IL-2 has
also been combined with other immunotherapies, including adop-
tive T cell therapy using ex vivo-expanded tumor-infiltrating lym-
phocytes (6-8) and tumor antigen peptide vaccines (9), where it
may enhance antitumor T cell function. IL-2 is known to induce
NK cell and CD8* T cell proliferation, survival, and acquisition
of effector function through STATS activation (10-12). Increased
tumor-infiltrating and circulating perforin® (PRF1*) NK cells and
activated CD8" T cells have been found in most patients undergo-
ing HD IL-2 therapy, but this finding did not always correlate with
tumor regression or clinical response (13-15).

One of the key problems with HD IL-2 therapy, which limits its
more widespread use, is its adverse effects, including blood pressure

Authorship note: Geok Choo Sim and Natalia Martin-Orozco contributed equally
to this work.

Conflict of interest: The authors have declared that no conflict of interest exists.

Citation for this article: J Clin Invest. 2014;124(1):99-110. doi:10.1172/JCI46266.

The Journal of Clinical Investigation

http://www.jci.org

changes, vascular leak syndrome, liver dysfunction, neurological
changes (cognitive impairment), and high fever (1, 2). These toxic
effects require some patients to withdraw from therapy after alim-
ited number of therapy cycles. Nevertheless, HD IL-2 continues to
be a treatment of choice for qualified patients, especially for those
with metastatic melanoma, because it is one of the only therapies
capable of inducing documented durable clinical remission lasting
for many years. Thus, specific biomarkers that can identify subsets
of patients who are responsive to HD IL-2, and thereby improve
patient selection, are needed to refine this form of therapy and
make it more attractive to more clinical centers.

Recently, a number of groups have reported that HD
IL-2 markedly expands the classic Treg pool, consisting of
CD4'CD25*Foxp3* Tregs (16-19). Some of these studies have
attempted to correlate the extent of Treg expansion during IL-2
therapy with clinical outcome and have suggested a negative cor-
relation between a sustained increase in Tregs during multiple IL-2
therapy cycles and progressive disease (17). Tregs inhibit effector
CD8"and CD4* T cells by suppressing their proliferation or induc-
ing cell death. Moreover, Tregs can also antagonize NK cell-medi-
ated antitumor activity (20-23). However, the exact role of Tregs
in HD IL-2 therapy needs to be further defined.

Tregs exist in two main forms: the so-called natural Tregs,
originally derived from the thymus, and induced Tregs, gener-
ated from peripheral naive CD4* T cells in the presence of TGF-f
and IL-2 (22, 24, 25). However, the phenotypic markers distin-
guishing these two main Treg types are still unclear. Although
previous studies have tracked the appearance of Tregs during
IL-2 therapy by using the classic markers CD25, Foxp3, cytotoxic
T lymphocyte antigen 4 (CTLA4), glucocorticoid-induced tumor
necrosis factor receptor (GITR), and CD127, Tregs may exist in
various states of differentiation and activation that may be dis-
cernible with use of additional markers. For example, a subset
of Tregs may be tumor antigen specific and activated through
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Figure 1

CD4+ T cells expressing ICOS with phenotypic characteristics of Tregs increase the most in
peripheral blood after HD IL-2 therapy. PBMCs isolated at baseline and 2 days after the last
dose of IL-2 during cycle 1 of HD IL-2 therapy from 9 patients (nonresponders) were stained for
multiple T, B, and NK cell and DC markers. The percentage of 46 cell subsets in the live lympho-
cyte gate were determined, and the fold change in the frequency of each indicated cell subset
in the lymphocyte gate was calculated by dividing the frequency of cells before HD IL-2 therapy
by the frequency after treatment. (A) Changes in the percentage of indicated cell subsets
analyzed for all 9 patients (patient numbers are shown at the top of the heat map) were heat
mapped based on the fold changes, with the use of an Excel conditional formatting program,
as indicated at the bottom of the figure. The major lymphocyte subpopulations corresponding
to the different phenotypic marker subsets (left side) are indicated on the right side of the heat
diagram. (B) Total numbers of CD4+ICOS*, CD4+CD25*ICOS*, and CD4+CD25*Foxp3+ICOS*
cells before IL-2 and 2 days after cycle 1 of HD IL-2 therapy (after IL-2) are shown for these
9 patients. Total cell numbers were calculated by multiplying the percentage of each subset in

the viable lymphocyte gate by the absolute lymphocyte count. Horizontal

values. Statistical analyses were performed with 2-tailed Wilcoxon matched paired test.

the TCR before HD IL-2 therapy; these cells may carry specific
activation markers reflecting this ongoing antigenic stimulation
that clearly separates them from the bulk circulating Treg pop-
ulation. Thus, these previously “activated” tumor-specific Tregs
may be induced to further divide by IL-2 treatment.

In this article, we investigated which lymphoid and myeloid
subsets were modulated upon HD IL-2 therapy and their possible
association with clinical response to allow preidentification of
patients who can benefit from this treatment. We performed com-
prehensive multiparameter flow cytometry analysis to determine
the changes in more than 40 different lymphocyte subsets, includ-
ing subpopulations of Tregs, DCs, and CD4*, CD8*, NK, and
100
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lected immediately before the first bolus
infusion of IL-2 and during the rebound
period, which is 2 days after the last IL-2
infusion, when a rapid influx of lympho-
cytes back into the blood occurs (16,26, 27).
This sample 2 days after IL-2 treatment gives
us a “window” into the immediate changes
that are induced in patients during the
first cycle of IL-2 therapy. A heat diagram
of the FACS data shows the fold change
in 46 lymphocyte subsets as a percent-
age of total live lymphocytes (Figure 1A).
Strikingly, although minor changes
occurred in a number of lymphocyte sub-
sets, some major cell types consistently
exhibited markedly high increases in all
patients during IL-2 therapy, as indicated
by the bright red regions in Figure 1A. One
of these cell types was the CD4* T cells,
which consisted of ICOS*, CD25*ICOS"*, and CD4*CD25*ICOS*
T cells that coexpressed Foxp3 (Figure 1A).

The second major cell type that showed a high increase in all
patients was NK cells, with a predominantly CD56MCD16°PRF1*
NK phenotype (Figure 1A) and more than an 80-fold increase
in these cells in some patients (median, 25-fold increase; n = 9).
Expansion of NK cells and acute sensitivity of these cells to IL-2, as
these cells constitutively express CD2S (IL-2Ra), as well as perfo-
rin-induced expression by IL-2 were expected on the basis of previ-
ous studies on IL-2-treated patients (28-31). All other lymphocyte
subsets exhibited either small increases after IL-2 therapy (less than
2 fold) or a decrease, as shown by the blue regions in Figure 1A.

bars represent median
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Figure 2

Activated CD4+CD25+ICOS+ T cells expanded during HD IL-2 therapy are primarily in the CD4+CD25*Foxp3+
subset. (A) Dot plots show PBMCs that were isolated from an HD IL-2—treated patient (no. 032) and stained for
CD4, CD25, Foxp3, and ICOS before and 2 days after cycle 1 of HD IL-2 therapy. Percentages of CD4+|ICOS*
T cells in total ymphocytes (Lymphs) and in the CD25+*Foxp3+ subset are as indicated in and beside dot plots.
A minimum of 40,000 to 50,000 viable lymphocytes were analyzed at each time point for this patient and for
all other patients analyzed. (B) The changes in frequency of CD25 Foxp3~, CD25 Foxp3+, CD25+*Foxp3’, and
CD25+Foxp3+ cells in the CD4+ICOS* T cell gate before and after IL-2 therapy in a representative nonrespond-
ing patient (no. 014). (C) Graphs depict changes in the frequency of CD25*Foxp3+ T cells in the activated
CD4+ICOS+T cell subset versus the frequency of T cells in the corresponding Foxp3™ subpopulation after HD
IL-2 therapy (n = 38). (D) A large increase in the ICOS+ cell fraction within the gated CD4"CD25 Foxp3" subset
after cycle 1 of HD IL-2 therapy in a representative patient (no. 006). Percentages of indicated cell subsets are
shown in dot plots. Statistical analyses were performed with 2-tailed Wilcoxon matched paired test.

Increased frequency of CD11c" DCs was seen in some patients
(median, 3.6 fold), whereas the frequency of CD19* B cells consis-
tently decreased after IL-2 therapy by 3 fold to 4 fold.

The CD4'ICOS* and CD4*CD25*ICOS* cell subsets increased
by a median of 13 fold and 27 fold, respectively. However, the
most consistent and highest increase was in the frequency of
CD4'CD25'Foxp3ICOS* T cells (median, 37 fold). We calcu-
lated the change in total number of ICOS* cells in the CD4* sub-
set by multiplying the absolute lymphocyte counts per milliliter
of blood by the percentage of each subset in the live lymphocyte
gate. As shown in Figure 1B, the total number of CD4ICOS®,
CD4*CD25'ICOS*, and CD4*CD25Foxp3*ICOS* T cells increased
greatly after HD IL-2 therapy. Similar results were seen with the
CD4*CD25*Foxp3ICOS* subset (data not shown).

CD4ICOS* T cells that increased during HD IL-2 therapy in the periph-
eral blood reside primarily in the CD25*Foxp3* subset. Large increases in
ICOS-expressing CD4" T cells were unexpected and had not been
documented before in IL-2-treated patients. We considered this to
be a mechanistically important result, based on the emerging role
of CD4'ICOS* in tumor immunotherapy, especially as suppressive
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Tregs or as activated T cells
associated with positive clin-
ical response to anti-CTLA4
therapy (32-37). Moreover, we
reported recently that freshly
isolated tumor-infiltrating
lymphocytes from patients
with stage IV metastatic mel-
anoma have a high frequency
(up to 50% or more) of ICOS*
cells in the CD4*CD25Foxp3*
tumor-infiltrating subset
(38). Thus, these results led
us to further evaluate how
CD25" and Foxp3* expression
changed in the CD4'ICOS*
subset during the first cycle of
HD IL-2 therapy. As shown in
Figure 2A, CD25"Foxp3"* cells
in the activated CD4'ICOS*
subset changed after cycle
1 of HD IL-2 in relation to
the other 3 possible types of
cells in this subset, namely,
CD25*Foxp3-, CD25 Foxp3*,
and CD25-Foxp3- cells.
Before IL-2 therapy, a minor-
ity of CD4*ICOS* cells were
CD25'Foxp3*, whereas
the majority of cells were
CD25Foxp3- (Figure 2A).
However, after IL-2 therapy,
this trend was reversed, with
the CD25'Foxp3* subset
becoming the major com-
ponent and CD25 Foxp3-
becoming the minor com-
ponent of the CD4'ICOS*
cells. The CD25*Foxp3- and
CD25Foxp3* subsets were
also present, with the CD25"Foxp3- subset increasing, but only
marginally (Figure 2A). These results are summarized in a pie chart
in Figure 2B for a representative patient, illustrating this large
increase in the CD25"Foxp3* subset within the CD4 ICOS* T cell
compartment. In addition, we found this predominance of the
CD25*Foxp3* subset among activated CD4ICOS* T cells after IL-2
therapy in all 38 patients analyzed, including both nonresponders
and responders (Figure 2C). In contrast, CD25*Foxp3- cells within
this subset did not increase as much after IL-2 (Figure 2C). Thus,
cells with a CD25"Foxp3* (Treg-like) phenotype became the major
subset in the activated CD4'ICOS* T cell compartment after the
first cycle of HD IL-2 therapy. This dramatic shift in phenotype was
also found when we directly analyzed the CD4"CD25"Foxp3* (Treg)
subset before and after HD IL-2. As shown in Figure 2D, we found
a large increase in frequency of ICOS* cells over ICOS™ cells in the
Treg compartment, indicating a dramatic shift in the phenotype of
Tregs induced by repeated HD IL-2 infusions.
CD4*CD25'Foxp3*ICOS* T cells are the most highly cycling lym-
phocyte subset after HD IL-2 therapy. The large increase in
CD4*CD25*Foxp3*ICOS* T cells in most patients after HD IL-2
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therapy suggests that the increase in these cells may be due to cell
division. Thus, we asked whether the ICOS* T cells were in the cell
cycle. By staining for Ki67 expression, we found that ICOS* T cells
in patients before IL-2 treatment had a much higher proportion
of Ki67" cells (range, 50%-96% Ki67") than the ICOS- T cell subset
(Figure 3, A and B). The fraction of Ki67" cells in these T cell popula-
tions significantly increased after cycle 1 of HD IL-2 and exhibited
the highest Ki67 expression, with almost 100% of the cells staining
positive, as measured 2 days after the last dose of IL-2 (Figure 3,
Aand B). HD IL-2 therapy also induces the activation and cell cycle
entry of NK cells and other T cell subsets. We were interested in
the relative frequency of Ki67 expression in the ICOS* T cells com-
pared with that in the ICOS™ T cell subset and in the CD4'Foxp3~
cell, CD8"* T cell, and NK cell subsets before and 2 days after the
last IL-2 infusion in cycle 1 of IL-2 therapy. As shown in Figure 3C,
the frequency of Ki67* cells in the ICOS* T cell subset at baseline
was markedly higher than that of any other lymphocyte subsets
analyzed. After HD IL-2 therapy, the frequency of Ki67 expression
increased in all lymphocyte subsets; however, as before, the ICOS*
T cell subset had the larger proportion of Ki67-expressing cells
(Figure 3C). We also tracked Ki67 expression 21 days after cycle 1 of
HD IL-2 to determine whether elevated Ki67 persisted for a longer
period of time. As shown in Figure 3C, the degree of Ki67 expres-
sion in all cell subsets decreased to levels similar to those found
before treatment, but the ICOS* T cell subset was still the highest
cycling population, with 50% to 80% of cells staining positive for
Ki67. When we performed proliferation assays by using eFluor 670
102
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dye-labeled PBMCs from patients treated with HD IL-2, we
observed that ICOS* T cells proliferated more than ICOS-
T cells did after 5 days of culture in the presence of HD IL-2
(Figure 3D), indicating that ICOS* T cells are more responsive to
IL-2-induced proliferation.

Thus, the ICOS* Treg subset in patients treated with HD IL-2 is
the most highly cycling (Ki67*) lymphocyte population found in the
peripheral blood, with almost all cells having entered the cell cycle
after cycle 1 of HD IL-2 therapy. The ICOS* Tregs were also the most
highly cycling population 21 days after this first cycle of therapy.

ICOS* Tregs have phenotypic characteristics of classic suppressive Tregs.
Although Foxp3 expression has been associated primarily with
T cells having a regulatory or suppressive function, in some cases
transient induction of Foxp3 at low levels can occur during the
activation of effector, non-Treg CD4* T cells (39, 40). We therefore
asked whether the CD4*CD25"Foxp3*ICOS* Tregs (referred to as
ICOS* Tregs herein), which increased substantially during cycle 1
of HD IL-2 therapy, indeed had the properties of Tregs and were
not simply activated non-Treg CD4*Foxp3* T cells with the ICOS
activation marker.

We were limited in these experiments by the volume of blood
samples accessible from these patients. We were therefore unable
to perform suppressor T cell assays in vitro to directly demonstrate
Treg function. However, we analyzed a number of other pheno-
typic and functional attributes of these cells isolated after cycle 1
of HD IL-2 that had been definitively ascribed to Tregs (18, 41-44).
First, we looked at the intensity of CD25 and Foxp3 staining on
Number 1
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Figure 4

CD4+CD25+Foxp3+ICOS+ T cells increased during HD IL-2 therapy and have properties of suppressive Tregs. PBMCs from patients with mela-
noma after HD IL-2 therapy (2 days after last IL-2 dose in cycle 1 of therapy) were thawed and stained for various marker attributes to Treg acti-
vation and suppression function. (A) Scatter plots depict the intensity of CD25 and Foxp3 expression in the CD4+CD25*Foxp3+ subset based on
ICOS expression from 10 representative patients. (B) CD127 expression and (C) frequency of PD-1-expressing ICOS* and ICOS- Tregs before
and after HD IL-2 therapy. Median fluorescence intensity (MFI) is indicated in B. (D) Percentages of CD45RA-expressing cells in bulk Tregs and
ICOS+ and ICOS- Tregs from 10 representative patients were determined and arcsine transformed for 1-way ANOVA and Tukey’s multiple com-
parison analysis. (E) Frequencies of CD39* cells in CD4+ Foxp3-, CD4+CD25+Foxp3+ICOS-, and CD4+CD25+Foxp3+ICOS+ cells are as indicated
in histograms and in the graph. (F) Graph shows the median fluorescence intensity of CD39 expression in ICOS* and ICOS- Tregs in HD IL-2—
treated patients (n = 18). Horizontal bars represent median values. P < 0.05 was considered significant (***P < 0.001).

the ICOS* and ICOS- cells in the CD4*CD25*Foxp3* subset and
found that the ICOS* cells had higher levels of CD25 and Foxp3
expression than the ICOS- cells (Figure 4A). Second, consistent
with a previous study (45), we found that the ICOS* Treg subset
expressed lower levels of CD127/IL-7Ra than the CD4*Foxp3-
non-Treg and ICOS- Treg subsets (Figure 4B). Third, we examined
the expression of programmed cell death protein 1 (PD-1) by the
ICOS* Treg subset, since PD-1 induction is another marker for
T cell activation (46, 47), and found that ICOS* Tregs had a signifi-
cantly higher fraction of PD-1" cells than the ICOS- Treg subset
(Figure 4C). No substantial level of OX40 expression was detected
in the CD4 population either before or after HD IL-2 therapy (data
not shown). We also analyzed the expression of CD45RA, which
has been associated with the Treg activation and ICOS expression
(41), and found lower CD45RA expression in the ICOS* Treg subset
than in the ICOS- Treg subset (Figure 4D). Fourth, recent studies
have found that highly suppressive Tregs express the CD39 ecto-
nucleotidase on their surface together with CD73, which is also
expressed by most CD4* T cells (48-50). As shown in Figure 4E,
we found that non-Tregs (CD4*Foxp3-) were almost exclusively
CD39-, whereas a subpopulation of ICOS- Tregs was CD39*. In
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contrast, the ICOS* subset was mainly CD39*/" compared with the
corresponding ICOS- subset (Figure 4E) and had a higher expres-
sion level of CD39 (Figure 4F). All ICOS* cells and ICOS- cells
expressed high levels of CD73 (Supplemental Figure 1).

Next, it has been shown that suppressive CD4" Tregs secrete
lesser amounts of IFN-y and IL-2 in response to stimulation as
compared with CD4*Foxp3~ T cells (51). When we examined the
potential of ICOS* and ICOS- Tregs to secrete cytokines asso-
ciated with T effector function, including IFN-y and IL-2, the
intracellular cytokine staining revealed that ICOS* and ICOS-
subsets produced little IFN-y and IL-2 compared with levels in
CD4*Foxp3- cells after 6 hours of stimulation with PMA/ionomy-
cin (Figure 5A). In agreement with the findings of Ito et al. (35),
we also found that the ICOS* Treg subset, but not ICOS™ Tregs
from HD IL-2-treated patients, was the predominant population
that secreted IL-10 upon 24-hour PMA/ionomycin activation (Fig-
ure 5B). These results indicate that the expanded ICOS* Tregs in
patients treated with HD IL-2 had definitive attributes of Tregs
and not merely an activated non-Treg CD4* T cell population.
Furthermore, ICOS* Tregs expressed higher levels of the cell sur-
face TGF-f/latency-associated peptide (TGF-B/LAP) than ICOS-
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Cytokine production profiles of ICOS+ and ICOS-Tregs. (A) PBMCs were stimulated with PMA/ionomycin for 6 hours, and the secretion of IFN-y or IL-2
in CD4+Foxp3- T cells (non-Treg) and in ICOS* and ICOS- Treg subsets was determined with use of intracellular cytokine staining and measured by
using flow cytometry. Results from 4 patients are shown. (B) PBMCs from HD IL-2—-treated patients after HD IL-2 (cycle 1 of therapy) were thawed and
stimulated with PMA (50 ng/ml) and ionomycin (2 ug/ml) for 24 hours. GolgiStop was added 1 hour after the PMA/ionomycin stimulation and further
incubated for the rest of the stimulation period. Cells were harvested and stained for CD4, CD25, Foxp3, ICOS, IFN-y, and IL-10. The production of
IL-10 or IFN-y by ICOS* and by ICOS-Tregs is shown for 2 representative patients. Frequencies of cytokine-producing cells in indicated cell subset are
shown in A and B. (C) Histograms from 1 representative patient with melanoma show the cell surface expression of TGF-/LAP in ICOS* and ICOS-
Tregs as well as in CD4+Foxp3-T cells after cycle 1 of HD IL-2 therapy. The median fluorescence intensity values are as indicated in the histograms.

T cells (Figure 5C and Supplemental Figure 2). These results indi-
cate that the ICOS* T cells may be highly suppressive, as described
previously (36, 37).

Tregs induce ICOS expression after TCR triggering. We have previ-
ously reported that metastatic melanoma cells express induc-
ible costimulator ligand (ICOSL) and that ICOS costimulation
by ICOSL-expressing melanoma cells promotes the expansion
of CD4*CD25'Foxp3*ICOS* T cells after TCR activation (38).
The high increase in ICOS* Tregs during HD IL-2 therapy has
been associated with a more activated Treg phenotype of these
cells, suggesting that TCR activation may induce high levels of
ICOS expression on Tregs and that cooperation of ICOS/ICOSL
costimulation with IL-2 signaling may further drive Tregs into
cell division. To address this question, we examined how HD IL-2
or TCR stimulation with anti-CD3 antibody affected ICOS and
PD-1 (another activation marker) expression on the surface of
CD4'CD25"Foxp3" Tregs in PBMCs from patients with mela-
noma. As shown in Supplemental Figure 3, A and B, treatment
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of PBMCs with low-dose or HD IL-2 only marginally affected
ICOS and PD-1 expression. However, treatment of the cells with
low-dose IL-2 in the presence of anti-CD3 (OKT3) induced CD25
expression and resulted in a large increase in ICOS and PD-1
expression on CD4'CD25*Foxp3* T cells (Supplemental Figure 2,
C and D). Similar results were seen with TCR triggering in the
presence of HD IL-2 in PBMCs both from patients with melanoma
and from normal donors (data not shown). Thus, upregulation of
ICOS on CD4*CD25*Foxp3* cells was not triggered by IL-2 alone
but was dependent on TCR activation.

Changes in the levels of ICOS* Tregs during cycle 1 of IL-2 therapy
correlated with clinical response. The dramatic changes in the
CD4'ICOS* and ICOS* cells with a high-cycling and suppressive
Treg phenotype prompted us to determine whether changes in
the frequency of these cell types in the lymphoid compartment
during cycle 1 of HD IL-2 therapy correlated with the type of
clinical outcome. Clinical responses were determined 21 days
after the second cycle of HD IL-2 therapy as part of the normal
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Figure 6

Changes in CD4+ICOS* and CD4+CD25*Foxp3+ICOS+* T cells during HD IL-2 therapy in responding and nonresponding patients. (A) Frequen-
cies of CD4+ICOS+T cells in the total viable lymphocyte gate are shown before and after cycle 1 of HD IL-2 therapy for a representative nonre-
sponder (no. 027) and responder (no. 028). (B) Changes in the frequency of CD25+Foxp3+ in the gated CD4+ T cell subpopulation and (C) ICOS+
cells within the gated CD4+CD25*Foxp3+ subpopulation before and after cycle 1 of HD IL-2 therapy for the same nonresponder and responder.
Frequencies of indicated cell subsets are indicated in A—-C. (D and E) Analysis of the fold changes in different ICOS* and ICOS ™ subsets dur-
ing HD IL-2 therapy in nonresponding (n = 19) and responding (n = 7) patients. The indicated cell subsets were analyzed by flow cytometry
before and 2 days after cycle 1 of therapy, and the fold change of each population was heat mapped by using an Excel conditional formatting
program. Heat diagrams show the fold changes in the indicated T cell subsets as (D) the percentage of total peripheral blood lymphocytes in
nonresponder and responders and (E) a percentage of the CD4+ subpopulation in nonresponders and responders (patient numbers are shown
at the top of the heat map). The black bars on the right of each heat diagram indicate the CD4+ICOS+* subsets showing the greatest differences
between responding and nonresponding patients. The asterisk denotes patient number 16 who received prior vaccination with recombinant
MAGE-A3 vaccine before HD IL-2 therapy.
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CD4+CD25*Foxp3+ICOS* Tregs in patients who eventually respond to
therapy increased to a lesser extent after HD IL-2 cycle 1. Comparison of
the fold change of (A) CD4+ICOS* cells, (B) CD4+CD25*Foxp3+ICOS*
cells, (C) CD4+CD25*Foxp3+ cells, and (D) CD4+*CD25+Foxp3-I1COS+
cells as a percentage of the total CD4+ compartment between nonre-
sponders (progressive disease/stable disease [PD/SD]) (n = 31) and
responders (partial response/complete response [PR/CR]) (n =7). Fold
change was calculated by dividing the percentage of each indicated
subset before HD IL-2 therapy by the percentage after therapy. The hor-
izontal bar in each scatter plot represents the median value of the fold
change. Statistical analyses were performed with 2-tailed Mann-Whitney
test for unpaired data. P < 0.05 was considered significant.

clinical evaluation process (1, 26). Analysis of patient responses
using Response Evaluation Criteria in Solid Tumors (RECIST)
criteria at this time (see Supplemental Table 1) revealed that
31 out of 38 analyzed patients were nonresponders (stable dis-
ease and progressive disease) and that 7 out of 38 patients were
responders (partial response or complete response), as assessed
by CT scans after cycle 2 (see Supplemental Tables 1 and 2). A
total of 5 out of the 31 nonresponding patients underwent only
1 cycle of HD IL-2 therapy and had to be discontinued from
the therapy due to rapid disease progression, whereas all of the
other nonresponders (26 out of 31 patients) and all 7 respond-
ing patients continued to cycle 2 of therapy (Supplemental
Tables 1 and 2). As shown in Supplemental Table 1, the clinical
response status in this cohort of patients did not change after
assessment following the second cycle of HD IL-2 therapy (data
not shown). The average age, percentages of each gender, num-
bers of IL-2 infusions during cycles 1 and 2 of IL-2 therapy, and
absolute lymphocyte, monocyte, and neutrophil counts before
and after cycle 1 were summarized in Supplemental Table 2. No
significant differences were found in any of the measured leu-
kocyte parameters after IL-2 treatment (Supplemental Table 2).
Thus, none of these factors can account for the differences in
patient clinical response.
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However, we noticed that responding patients had a mark-
edly lower increase in the frequency of CD4*'ICOS" cells, as
found by gating on total viable lymphocytes (Figure 6A) or on
CD4*CD25Foxp3* cells (Figure 6C) before and after the last dose
of IL-2 in cycle 1. The overall CD4*CD25*Foxp3* (Treg) bulk subset
(Figure 6B) did not show significant differences between respond-
ers and nonresponders. Next, we tracked the changes in 10 or
11 different CD4" subsets in responders and nonresponders by
heat mapping these multiple subsets in the first 19 nonresponders
and 7 responders. Our analysis revealed that a substantial differ-
ence emerged between responders and nonresponders within the
ICOS-expressing CD4* cells (CD4*ICOS*, CD4*CD25*ICOS*, and
CD4'CD25*Foxp3'ICOS" cells) but not within the other subsets,
with nonresponders having a clearly more intense increase in these
ICOS" subsets, which were analyzed as a percentage of the total via-
ble lymphocyte gate (Figure 6D) as well as the CD4* subpopulation
(Figure 6E). The fold changes of CD4'ICOS* (Figure 7A and Supple-
mental Figure 4A) and CD4*CD25*Foxp3*ICOS* cells (Figure 7B)
within the CD4* T cell subset or in total lymphocytes of all
31 nonresponders and 7 responders showed that the nonresponder
patient group had a significantly higher increase in both subsets.

In contrast, although the overall bulk Treg (CD4'CD25*
Foxp3*) (Figure 7C) and non-Treg (CD4*CD25*Foxp3-ICOS¥)
subsets (Figure 7D) increased within the CD4* subset or within
the total lymphocyte gate, the fold change was not correlated
to clinical response after HD IL-2 therapy. In addition, the
CD4*CD25*ICOS* subset had a significantly lower increase in
responders after cycle 1 of therapy (Supplemental Figure 4B).
A similar change was observed in ICOS* Tregs but not in
CD4*CD25*Foxp3-ICOS* T cells when we plotted the fold change
as an absolute number in the blood (data not shown). The fold
increases in ICOS* Tregs in nonresponders and responders were
63.2 fold and 20.1 fold, respectively (P = 0.0129) (Supplemental
Figure 4, C and D). Notably, no statistically significant differences in
the absolute numbers of ICOS* Tregs and CD4*CD25"Foxp3-1COS*
cells at baseline before therapy were found between responders and
nonresponders (data not shown). Thus, these changes in ICOS*
Tregs associated with the type of clinical response were not due to
differences in baseline levels of these cells in responders, but rather
to a higher rate of expansion of the cells in nonresponding patients.

Furthermore, we found that the differences in ICOS* Treg fold
change were not related to the total number of doses in cycle 1 or 2
given to either group of patients (Supplemental Table 2 and Sup-
plemental Figure 5). After cycle 1, the absolute number of ICOS*
Tregs and the frequency of these cells within the CD4" T cell sub-
set or the total lymphocyte population remained statistically sig-
nificant, even when 5 out of the 31 nonresponding patients who
had received only 1 cycle of HD IL-2 were excluded from analysis
(data not shown). Although nonresponding patients had a higher
increase in CD56"CD16"PRF1* NK cells (median, 25 fold) over
responders (median, 15 fold), this was not statistically significant
(data not shown). Interestingly, a significantly higher fold increase
in the CD8'ICOS" cells (mainly Foxp3- cells) but not CD8"Foxp3*
population was observed in nonresponders compared with that in
responders (Supplemental Figure 6).

Finally, we looked at changes in the ratio of ICOS* non-Tregs to
ICOS* Tregs, as the percentage of CD4* T cell subset, and did not
find significant differences between responders and nonrespond-
ers before and after HD IL-2 therapy (Supplemental Figure 7). The
ratios of CD4*CD25*Foxp3-ICOS* to CD4*CD25 Foxp3*ICOS*
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cells and CD4*CD25*Foxp3- to CD4*CD25 Foxp3* cells at base-
line and after HD IL-2 therapy were also not correlated with clin-
ical outcome (Supplemental Figure 8, A and B). We also looked at
the ratio of CD56"CD16 PRF1* NK cells and CD8*ICOS* cells to
ICOS" Tregs during HD IL-2 cycle 1 but did not find any differ-
ences between responders and nonresponders (data not shown).
Thus, only the magnitude of changes in CD4*CD25'Foxp3*ICOS
T cells during the first cycle of HD IL-2 therapy was indicative of
the type of response to therapy.

Discussion

In this article, we have shown that one of the most significant
immunological changes induced by HD IL-2 therapy in patients
with metastatic melanoma is a large expansion of the CD4*ICOS*
subset, consisting predominantly of CD4*CD25Foxp3*ICOS*
T cells having the hallmarks of highly suppressive Tregs, includ-
ing high levels of CD39, TGF-P expression, and an ability to
produce IL-10. Importantly, our findings indicate that mon-
itoring the CD4*ICOS" T cell population, especially a subset of
ICOS*CD39" Tregs, in the peripheral blood during the initial cycle
of HD IL-2 therapy is a predictive biomarker to discern which
patients will eventually benefit from HD IL-2 therapy after further
cycles of therapy needed to induce meaningful long-term clinical
responses. This could provide a powerful clinical management
tool to select patients to continue or not with additional cycles
of therapy given the toxicities associated with HD IL-2 therapy.
In addition, the CD4*ICOS* and ICOS* Treg markers, including
CD39, could also be combined with other potential IL-2 ther-
apy biomarkers (52) to yield a biomarker “fingerprint” that may
improve predictive power even further. Verification of the pre-
dictive value of ICOS* Tregs will require a multicenter format in
which a larger set of patients than is possible at a single center can
be studied using standardized sample collection time points and
blood processing and staining methods similar to those used here.

Interestingly, an increase of CD4ICOS" effector cells and the
ratio of ICOS* effector cells to ICOS* Tregs have been described
in patients with breast and bladder cancer after anti-CTLA4 treat-
ment (33, 53). Here, we also noticed a similar increase of this ratio
in HD IL-2-treated patients; however, it did not associate with clin-
ical outcome. The expanded CD4ICOS* cells within the Treg sub-
set, as described here in patients treated with HD IL-2, had unique
features that clearly distinguished these cells from the “bulk” Treg
population or ICOS- Tregs. These include the expression of higher
levels of CD25, Foxp3, and cell surface TGF-B/LAP complexes but
alower level of CD127. Moreover, this ICOS* Treg subset is mostly
CD39*CD45RA " and capable of producing IL-10 (49, 50, 54-56).
When we stained Tregs with Helios, a marker that has been shown
to be expressed by activated and proliferating Tregs (57), we found
that approximately 80%-90% of the ICOS* Tregs expressed Helios.
Interestingly, there was a trend of higher Helios expression levels
in ICOS* Tregs than in ICOS™ Tregs (data not shown). These find-
ings indicate that the highly cycling ICOS* Tregs induced by HD
IL-2 therapy represent a more activated form of Treg, with more
potent suppressive properties than ICOS™ Tregs.

Although we were unable to study the suppressive function of
these IL-2-induced ICOS* Tregs on T or NK cells ex vivo due to the
limitations in the size of blood samples available from our patients,
the finding that higher levels of expansion of this Treg subset with
the aforementioned phenotype during IL-2 therapy and its cor-
relation with poor clinical response strongly support the immu-
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nosuppressive nature of these cells. Moreover, our previous study
showed that CD4*CD25* T cells expanded after TCR stimulation
and together with ICOS/ICOSL ligation were able to suppress the
proliferation of activated autologous CD4*CD25" T cells in clas-
sic in vitro suppression assays (38). Similar results have also been
described in Tregs isolated from metastatic melanomas in which
ICOS* Tregs showed a more potent suppressive function than
other Treg subsets (36). One marker in particular that emerged
to be significant was CD39, which has recently been reported as
a marker distinguishing suppressive Tregs from nonsuppressive
Tregs in patients with HIV and in patients with remitting-relapsing
multiple sclerosis (48, 58). CD39 is an ecto-5'"-nucleotidase on
the surface of some activated CD4" T cell subsets that converts
ATP to ADP and AMP, thereby removing available ATP in the
microenvironment, which deprives T cells from a potent stimula-
tory signal. Moreover, CD39 acts in concert with CD73, another
ecto-5"-nucleotidase usually coexpressed with CD39 that cleaves
ADP and AMP releasing adenosine and phosphate, the former of
which is a highly immunosuppressive molecule in effector T cells
(48-50). In a preliminary study of 5 IL-2 responders and 15 nonre-
sponders, we found that a lower expansion of ICOS*CD39* Tregs
correlated with clinical response, while ICOS*CD39- Tregs did
not (G.C. Sim et al., unpublished observations). Thus, the higher
expression of CD39 (together with CD73) on ICOS* Tregs is emerg-
ing to be another key biomarker that needs further investigation.

Another marker that is more highly expressed on the highly
cycling ICOS* Tregs in the patients treated with IL-2 than their
ICOS- counterparts was PD-1. Due to unavailable tumor materials,
we were unable to determine the expression of programmed cell
death 1 ligand 1 (PD-L1) in the tumor in this cohort of patients.
It would be of interest in future studies to investigate whether
higher fractions of PD-1"ICOS"* Tregs were correlated to the PD-L1
expression of tumor and whether PD-1 ligation by PD-L1 on these
PD-1MICOS* Tregs positively or negatively regulates their expan-
sion and suppressive function. This is especially relevant, since, as
with other activated T cell subsets, PD-1 may actually negatively
regulate the function of highly activated Tregs, as recently found
in chronic hepatitis C virus-infected patients (47).

At present, how ICOS"* Tregs arise in IL-2-treated patients
with melanoma is unclear. However, our data raise a number of
possibilities. First, the detection of a high percentage of ICOS*
Tregs in melanoma metastases from stage IV patients by others
(36) and us (38) suggests that these cells could be a preexisting
activated Treg subset that were possibly recruited into the tumor
microenvironment and/or activated and expanded in situ in the
tumor microenvironment. HD IL-2 therapy may further induce
these cells to divide and recirculate back into the bloodstream
after cessation of IL-2 therapy. Second, ICOS* Tregs may arise
from the “bulk” Treg (mostly ICOS-) population upon TCR acti-
vation after contact with self antigens and tumor antigens dur-
ing IL-2 therapy and induce an activation phenotype of Tregs, as
mentioned earlier. Indeed, as shown above, we noted changes in
ICOS, PD-1, CD25, Foxp3, CD45RA, and CD127 according to
what would be expected after additional activation of a Treg. A
recent study by Miyara et al. (41) showed that ICOS expression is
associated with an activated CD4*CD25"Foxp3MCD45RA/° sub-
set in normal donors. These phenotypic properties closely resem-
ble the ICOS* Tregs found in our patients treated with IL-2 here.
It is also possible that a fraction of ICOS* Tregs may have arisen
from CD4*Foxp3- T cells (induced Tregs). In this case, activated
Volume 124~ Number 1
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CD4'CD25'ICOS* T cells may have trafficked into tumors then
converted by TGF-f into suppressive Foxp3* cells that spilled
back out into the peripheral blood after cessation of IL-2 ther-
apy. It remains unknown whether these ICOS* Tregs that exhibit
a highly activated and suppressive phenotype could be HLA-DR-
expressing terminally differentiated effector Tregs (59). It is pos-
sible that these HLA-DR* effector Tregs are similar to the ICOS*
Tregs we found here, since both of these cells are able to express
higher CD25 and are more suppressive than other Tregs.

Last, Tregs have been recently categorized into 2 subsets in
healthy donors and in patients with cancer, and these subsets can
be distinguished by their ICOS expression (33, 35). ICOS liga-
tion was found to be critical to inducing the expansion and sur-
vival of the ICOS* Treg subset (35). Indeed, we have shown that
ICOS/ICOSL ligation induces activation and expansion of a Treg
subset that is capable of producing IL-10 (38). Furthermore,
these ICOS* Tregs can also express higher levels of cell surface
TGF-B/LAP, suggesting this Treg subset is similar to those ICOS-
and TGF-f/LAP-expressing cells found in melanoma metastases
(36). Thus, all of the available evidence indicates that the ICOS*
Tregs that expanded during HD IL-2 therapy are highly sup-
pressive cells that could curtail the antitumor immune response
in these patients. Furthermore, several studies have shown that
ICOSL-expressing plasmacytoid DCs in the tumor microenvi-
ronment can promote the immunosuppressive function and
accumulation of Tregs via ICOS costimulation (59, 60). Together
with these findings, our data point to a plausible model in which
Treg subsets in the tumor undergo activation and express ICOS,
followed by ICOS costimulation via the interaction with ICOSL*
plasmacytoid DCs (60, 61) and/or melanoma cells in the tumor
microenvironment that further drives ICOS* Treg activation
(38). Upon HD IL-2 therapy, these activated ICOS* Tregs are then
driven to divide rapidly. In addition, IL-2 itself may further drive
TCR-independent activation of ICOS* Tregs through the tran-
scriptional activation of Foxp3 and STATS (62, 63). It is also pos-
sible that a significant fraction of ICOS* Tregs is already present in
tissue and that these Tregs are then “pushed” back into circulation
along with other lymphocytes, as part of the “lymphocytosis” that
occurs in these patients after cessation of IL-2 therapy (26).

Another critical question raised by our data is why patients
responding to HD IL-2 therapy exhibited lower increases in the
frequency of ICOS* Tregs using all of the different measure-
ment parameters used in our studies. Subtle differences in IL-2
signaling mediated by polymorphisms in the IL-2R complex or
its associated downstream signaling molecules as a hard-wired
genetic mechanism may be responsible. Alternatively, the ICOS/
ICOSL pathways driving gene expression in Tregs and their acti-
vation may be responsible for the differential ICOS* Treg expan-
sion between IL-2 responders and nonresponders regulating the
activity of antitumor effector cells (especially NK cells) that may
counterbalance the “Treg surge” during the initial cycles of HD
IL-2 therapy. About 50% of tumors from patients with metastatic
melanoma expressed ICOSL (38), suggesting that differential
expression of this and other costimulatory molecules by tumor
cells or APC may drive ICOS* Treg expansion to different extents
(60-65). Tracking ICOSL and ICOS* Tregs in tumor biopsies in
future studies should help shed light on this possibility. Another
possibility for the differing levels of ICOS* Tregs after IL-2 in
these patients is that responding patients may have lower baseline
frequencies of ICOS* and bulk Treg populations. However, the
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baseline frequencies of CD4'ICOS* and ICOS" Tregs were not sig-
nificantly different between responders and nonresponders. Nev-
ertheless, it is possible that nonresponding patients have higher
starting numbers and frequencies of ICOS* Tregs in their tumors
and other tissues (undetectable using assays on peripheral blood).
This higher number of tumor- or tissue-resident Tregs would be
further expanded during the first IL-2 therapy cycle, with many
migrating into the blood after cessation of IL-2 dosing. This
would further elevate the baseline pool of Tregs for the next IL-2
therapy cycle and also predicts that successive HD IL-2 therapy
cycles may incrementally increase the ICOS* Treg pool, leading to
increased immunosuppression. This notion will need to be tested
in future studies and may be relevant to other forms of immuno-
therapies that modulate Treg levels.

Methods
Patient characteristics, treatment, and response evaluation. Patients with stage
IIIC or IV (M1a-M1c) metastatic melanoma were treated with HD recom-
binant human IL-2 (720,000 IU/kg; Proleukin, Novartis) administered by
15-minute bolus infusion every 8 hours to a maximum of 15 total doses
or until nonresolving grade 4 toxicity. Each course consisted of 2 cycles of
therapy at 3-week intervals (1, 17, 27). Clinical response was determined by
radiologists after the second cycle of therapy with use of CT scans of the
chest, abdomen, and pelvis and magnetic resonance imaging of the brain
based on National Cancer Institute (NCI) RECIST criteria (66). Patients
underwent imaging within 4 weeks before starting therapy. Exclusion crite-
ria for patients included an age of less than 18 years and any prior IL-2 ther-
apy. Thirty-eight patients (7 responders and 31 nonresponders) were evalu-
ated for changes in CD4* T cell and Treg phenotypic markers immediately
before the first bolus IL-2 infusion and 2 days after the first cycle of HD IL-2
therapy during the rebound period after IL-2 therapy, when a large influx of
lymphocytes into the blood occurs (1,17, 27). The pretreatment demograph-
ics and clinical status of these patients as well as a summary of their clinical
response to HD IL-2 therapy are shown in Supplemental Table 1.

Blood sampling and processing. Blood samples were collected before and
after the first cycle of HD IL-2 therapy (HD IL-2 cycle 1) 1 day before the
start of therapy and 2 days after the last bolus IL-2 infusion from patients
undergoing HD IL-2 therapy between April 2007 and December 2012. In
some cases, an additional blood sample was collected 1 day before the sec-
ond cycle of HD IL-2 (HD IL-2 cycle 2). Whole blood (40-50 ml total) was
collected, and PBMCs were isolated using Ficoll-Hypaque (Sigma-Aldrich)
within 2 hours after collection. PBMCs were cryopreserved in 10% DMSO,
90% human AB serum (Valley Biomedical) until analysis. Absolute lym-
phocyte, monocyte, and granulocyte (neutrophil, eosinophil, basophil)
counts were obtained with the use of an automated cell counter (Beckman
Coulter) in the Department of Pathology and Laboratory Medicine at MD
Anderson Cancer Center.

FACS analysis of PBMC and Treg populations. PBMCs were thawed and stained
with a set of previously validated fluorochrome-conjugated antibodies against
markers distinguishing the different lymphocyte lineages (T, B, and NK cell)
and markers distinguishing different states of T cell differentiation, memory,
and effector cell subsets. These markers included CD4, CD8, CD3, CD45RA,
CD45R0, CD14, CD11c, CD16, CD19, CD56, CD27, CD28, CD62L, CD23,
CD122,CDS7,NKG2D, ICOS, granzyme B, and perforin (all from BD Biosci-
ences). Tregs were stained with use of anti-CD4, anti-CD8, anti-CD25,ICOS,
and Foxp3 (all from eBioscience) as well as other indicated markers such as
CD45RA, OX-40, CD73, CD39, and Ki67 (all from BD Biosciences); PD-1
and TGF-B/LAP (both from BioLegend); and Helios (eBioscience). All stained
cells were washed and resuspended in 300 ul D-PBS, 1% p-formaldehyde, and
0.25% ethanol and stored for a maximum of 24 hours before acquisition on a
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FACSCanto II flow cytometer using FACSDiva software (Becton Dickinson).
Acquired samples were analyzed as described in Supplemental Methods with
the use of FACSDiva or Flow]o software (Treestar).

PBMC activation and intracellular cytokine staining. PBMCs were cultured as
described in Supplemental Methods and stimulated with 50 ng/ml PMA
plus 2 ug/ml ionomycin for IFN-y/IL-2 or IL-10 detection for 6 hours or
24 hours, respectively. Cells were then stained and acquired on a FACScanto I
flow cytometer using FACSDiva software (Supplemental Methods).

Proliferation assay. For the dye dilution proliferation assay, PBMCs were
freshly isolated from blood collected from HD IL-2-treated patients 2 days
after their last dose of therapy. 1 x 10 cells were labeled with Cell Proliferation
Dye eFluor 670 according to the manufacturer’s instructions (eBioscience)
(see Supplemental Methods) and then cultured in the presence of IL-2 at
3,000 IU/ml for 5 days. Cells were then harvested and stained for markers of
Tregs as indicated. Flow cytometric data were acquired on a FACSCanto IT
(Becton Dickinson) and analyzed using FlowJo software (Treestar).

Statistics. Two-tailed Mann-Whitney U test, 2-tailed Wilcoxon matched
paired test, or 1-way ANOVA in conjunction with Tukey’s test was used
to determine statistical significance (95% confidence interval), and a
Pvalue of less than 0.05 was considered statistically significant. Arcsine
transformation was performed on percentage values of cell populations
for multiple group statistical analysis.

Study approval. All patients enrolled in this study provided informed con-
sent, and the collection and use of patient blood samples for laboratory
analysis was approved by the Institutional Review Board at MD Anderson
Cancer Center (protocol no. LAB06-0762).
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