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Several lines of investigation have revealed the apparent interplay between the immune system of the host and many
conventional, “standard-of-care” anticancer therapies, including chemotherapy and small molecule targeted therapeu-
tics. In particular, preclinical and clinical studies have demonstrated the important role of regulatory T cells (Tregs) in
inhibiting immune responses elicited by immunotherapeutic regimens such as those based on anticancer vaccines or
checkpoint inhibitors. However, how the number and immunosuppressive function of Tregs change in cancer patients
undergoing treatment with non-immune anticancer therapies remains to be precisely elucidated. To determine whether
immunostimulatory therapies can be employed successfully in combination with conventional anticancer regimens, we
have investigated both the number and function of Tregs obtained from the peripheral blood of carcinoma patients
before the initiation and during the course of chemotherapeutic and targeted agent regimens. Our studies show that
the treatment of breast cancer patients with tamoxifen plus leuprolide, a gonadotropin releasing hormone agonist, has
minimal effects on Tregs, while sunitinib appears to exert differential effects on Tregs among patients with metastatic
renal carcinoma. However, the administration of docetaxel to patients with metastatic prostate or breast cancer, as well
as that of cisplatin plus vinorelbine to non-small cell lung cancer patients, appears to significantly increase the ratio
between effector T cells and Tregs and to reduce the immunosuppressive activity of the latter in the majority of patients.
These studies provide the rationale for the selective use of active immunotherapy regimens in combination with specific

standard-of-care therapies to achieve the most beneficial clinical outcome among carcinoma patients.

Introduction

Emerging evidence has revealed the complex interplay
between the immune system of the host and many “standard-
of-care” anticancer therapies such as chemotherapy, radiation
therapy, hormonal therapy, and small molecule targeted thera-
peutics. For many cancer types, the extent and composition of
the immune infiltrate into the primary lesion is a strong and
independent predictor of response to subsequent therapies, hence
significantly affecting disease outcome (reviewed in refs. 1-4).
Several classes of chemotherapeutics have previously been shown
to induce the immunogenic demise of malignant cells, a cell
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death mode during which antigenic components from dying can-
cer cells are cross-presented to the immune system to generate a
T cell-mediated tumor-specific response.>>® Moreover, specific
chemotherapeutic agents as well as radiation therapy have been
shown to affect the phenotype of malignant cells that survive
treatment (either because they are exposed to non-lethal doses of
the therapeutic agent or because they are intrinsically resistant to
it) such that they become susceptible to T cell-mediated lysis.””
Finally, it has been demonstrated in preclinical studies and some
clinical trials that some chemotherapeutic agents and small mol-
ecule targeted therapeutics can have differential effects on spe-
cific components of the immune system, leading to enhanced or
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reduced antitumor effects.'”" All of the abovementioned phe-
nomena have important implications for the use of immunother-
apeutic agents, such as anticancer vaccines, in combination with
standard-of-care treatments.

Several different therapeutic anticancer vaccine platforms are
currently being evaluated in multi-center Phase II and Phase II1
trials enrolling patients with a large range of carcinomas (reviewed
in ref. 16). While some of these vaccines are providing evidence
of clinical benefit, to date sipuleucel-T remains the only FDA-
approved agent of this class, significantly increasing the survival
of metastatic prostate cancer patients.”” Several reasons have been
purported to account for the perceived failure of various antican-
cer vaccines. These include: (1) the lower potency of early genera-
tion vaccines relative to those currently available; (2) the clinical
endpoint of choice (e.g., the use of strict RECIST criteria or time-
to-progression vs. survival); and (3) the exposure of patients to
numerous prior chemotherapy/radiotherapy regimens. Clinical
studies have indeed shown that both the frequency of prior thera-
peutic regimens and a short interval since the last chemotherapy
course can have a negative influence on the responses of cancer
patients to vaccination.’®” The presence of immunosuppressive
cells and soluble factors can also inhibit vaccine-elicited immune
responses.

Immunosuppressive cells and molecules are thus a major issue
potentially limiting the efficacy of anticancer vaccines. These
inhibitory factors are abundant in the tumor microenvironment
as well as in the circulation of cancer patients.?’** Preclinical
and clinical studies have implicated regulatory T cells (Tregs) as
one such immunosuppressive entity (reviewed in refs. 23, 24).
Both the abundance and immunosuppressive activity of Tregs
can play a pivotal role in this process.”=* For example, murine
Tregs within the tumor microenvironment were more prolifera-
tive than those found in the periphery, whereas peripheral Tregs
were more immunosuppressive than tumor-infiltrating ones.?”
Unfortunately, obtaining biopsy material from most metastatic
carcinoma lesions is difficult, and when tumor tissue is avail-
able its amount is usually insufficient for the analysis of Treg
immunosuppressive functions. A comprehensive study has been
performed on the Tregs found in the periphery of renal carci-
nomas treated with the tyrosine kinase inhibitor (TKI) suni-
tinib."**"% A trend toward reduced numbers of Tregs was noted
upon treatment, although not reaching statistical significance.'
Treg number and function were also evaluated in the peripheral
blood of healthy individuals vs. patients with metastatic prostate
cancer.**® In that study, a slight elevation in the number of Tregs
was detected among cancer patients as compared with normal
subjects. However, the most prominent difference between these
2 groups was the superior immunosuppressive activity of Tregs
in the peripheral blood of prostate cancer patients. In another
clinical evaluation of anticancer vaccination in patients with
metastatic prostate cancer, the baseline levels of Tregs among
peripheral blood mononuclear cells (PBMCs) did not impact
overall survival*® There was also no difference in the number
of Tregs pre- vs. post-vaccination in patients who survived more
than predicted or less than predicted using the prognostic Halabi
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nomogram. There were, however, strong trends linking
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vaccination-induced changes in the immunosuppressive function
of Tregs to patient outcome. In response to vaccination therapy,
patients who survived longer than predicted exhibited attenu-
ated Treg functions, whereas patients whose survival was shorter
than predicted exhibited enhanced Treg-dependent immunosup-
pression. Thus, it appears that changes in both the number and
the immunosuppressive activity of Tregs in response to therapy
should be evaluated.

Preclinical findings now suggest that anticancer vaccines
can be additive or synergistic in terms of antitumor responses
when used just prior to, concomitantly, or immediately following
standard-of-care therapies. In this study, we have analyzed the
PBMC:s of carcinoma patients both before the initiation and dur-
ing the course of several conventional therapies to evaluate the
effect, if any, of the treatment on both the number and function
of Tregs. Such standard-of-care treatments included: the admin-
istration of docetaxel to metastatic prostate and breast carcinoma
patients; the use of cisplatin plus vinorelbine as an adjuvant inter-
vention among non-small cell lung cancer (NSCLC) patients;
the administration of sunitinib (Sutent®, Pfizer) to subjects with
metastatic renal cell carcinoma; and the use of tamoxifen plus
gonadotropin releasing hormone (GnRH) agonists as an adju-
vant intervention in women with breast carcinoma.

Results

Docetaxel is a standard-of-care therapy for men with hormone-
refractory malignancies of the prostate, in other words, metastatic
castration-resistant prostate cancer (mCRPC). In our study,
patients underwent docetaxel monotherapy (35 mg/m?) weekly
for 3 weeks followed by 1 week of rest, making up 4-week therapy
cycles. PBMCs were collected from each of 15 patients prior to the
start of therapy (baseline), immediately after the first cycle of ther-
apy (i.e., prior to the initiation of the week of rest) and just prior
to the beginning of the second cycle. Cytofluorometric analyses of
PBMC:s revealed no statistical differences between the PBMCs col-
lected at baseline and post-docetaxel in terms of PBMC amount,
total number of CD4* T cells and percent of CD4* cells relative
to total PBMC, (Fig. 1A and B; Table 1). There was, however,
a significant decrease in the percent of CD4*CD25"¢"CD127-
FoxP3* Tregs among CD4* lymphocytes between samples col-
lected at baseline and before the second cycle of chemotherapy
(P < 0.001; Fig. 1C; Table 1). We also observed an increase in the
ratio of CD4* effector T cells (Teffs) to Tregs (CD4* Teff:Treg
ratio) from baseline to post-cycle I (P < 0.01; Table 1) and post-
cycle II samples (P < 0.001; Table 1). The relative change in the
CD4* Teff:Treg ratio upon therapy relative to baseline is shown
in Figure 2A for individual patients. A > 20% increase in this
parameter was detected in 11/15 (73%) patients, while only 2 of
them exhibited decreased CD4* Teff:Treg ratio upon therapy.

The assay measuring the ability of Tregs to suppress the pro-
liferation of Teffs requires a considerable amount of PBMCs,
which was not always available from all patients. Sufficient
PBMC:s were available to conduct immunosuppression assays for
11/15 patients. As shown in Figure 2B, comparing the samples
obtained before the second cycle of therapy with those collected
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Figure 1. Circulating immune cell subsets in patients with prostate cancer or non-small cell lung cancer before and during the course of chemotherapy.
(A-C) Patients (n = 15) with hormone refractory metastatic prostate cancer were treated with docetaxel and evaluated before and during therapy
for the number of peripheral blood mononuclear cells (PBMCs) (A), the frequency of CD4* T cells among PBMCs (B), and the frequency of regulatory
T cells (Tregs) among CD4* T cells (C). Peripheral blood samples were collected at the indicated time points. Statistical analyses were performed using
Friedman and Dunn’s multiple comparison tests and revealed a significant decrease in the frequency of Tregs at post-cycle | (**P < 0.01) and pre-cycle Il
(***P < 0.001). (D-F) Patients (n = 14) with stage IB, I, and IlIA non-small cell lung cancer (NSCLC) were evaluated before and during therapy with cis-
platin plus vinorelbine for the number of PBMCs (D), the frequency of CD4* T cells among PBMCs (E), and the frequency of Tregs among CD4* T cells
(F). Peripheral blood samples were collected at the indicated time points. Statistical analyses were performed using Friedman and Dunn’s multiple
comparison tests; * P < 0.05, *** P < 0.001. In all dot plots, the median and interquartile range are shown.

at baseline reveals a > 20% decrease in the immunosuppressive
function of circulating Tregs in 6 patients, whereas 3 individuals
exhibited a slight (< 20%) increase in Treg immunosuppressive
activity.

Although the primary objective of this study was to evaluate
the effect of chemotherapy on Teffs and Tregs, we also sought to
correlate these immunophenotypes with patient outcome. Thus,
we obtained the circulating levels of the prostate cancer bio-
marker prostate-specific antigen (PSA) for each patient at base-
line and before the initiation of the second docetaxel cycle. PSA
values decreased = 50% in 8/15 patients, and slightly increased in
2/15 patients (#5 and #9). Of particular interest, these 2 patients
(#5 and #9; Fig. 2A) were the only subjects whose CD4* Teff:Treg
ratio decreased upon therapy.

A limited number of PBMC samples were able to be obtained
from a separate trial in which patients with metastatic breast
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carcinoma were treated with docetaxel. The dosages and sched-
ule of the therapeutic regimen were similar to those used for
prostate cancer patients, but in this case 3 cycles (rather than 2)
were administered, and PBMCs were collected at approximately
day 91 during the second week of the third cycle of docetaxel-
based chemotherapy. PBMC preparations were analyzed by flow
cytometry using 40 markers that delineate specific immune
cell subsets (Table SIA and B). In comparison to baseline lev-
els (pre-treatment), both CD4* and CD8* T cells decreased
in the PBMCs obtained from docetaxel-treated patients
(Fig. 3A and B). For the majority of individuals, however, more
substantial reductions were observed in the relative amounts of
CD4*CD25"s"CD127 FoxP3* Tregs among PBMC:s (Fig. 3C),
resulting in increased CD4* Teff:Treg and CD8* Teff:Treg
ratios post-treatment (Fig. 3D and E). The relative abundance
of natural killer (NK) cells also increased in most patients upon
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Table 1. Evaluation of prostate cancer patients prior to and in the course of standard-of-care anticancer therapy

Baseline Post-cycle | Pre-cyclelll n

No. of PBMCs ( x 10%/pL) 1.4(0.9-2.2) 0.9 (0.6-1.6) 1.7 (0.7-2.4) 15
No. of CD4*T cells (x 10°/pL) 0.43 (0.19-0.55) 0.23 (0.14-0.45) 0.42 (0.24-0.64) 15
CD4*T cells (%) 32 (22-35) 25(21-38) 28 (19-38) 15

Tregs among CD4* T cells (%) 4.5(2.6-5.2) 3.5 (2.0-4.6)** 2.9 (1.6-5.2)*** 15
No. of Tregs (#/uL) 14 (10-24) 7 (6-16) 8 (5-20) 15
CD4* Teff:Treg ratio 15.0 (11.0-28.0) 19.0 (13.0-30.0)** 23.0 (14.0-55.0)*** 15

Values are the median (interquartile range). Friedman and Dunn’s multiple comparison tests between baseline and all other time points; ** P < 0.01,
and *** P < 0.001 compared with baseline. PBMC, peripheral blood mononuclear cell; Teff, effector T cell; Treg, regulatory T cell.

therapy (Fig. 3F). Thus, in these 2 docetaxel-based clinical trials,
16/23 patients (70%) manifested > 20% increase in the CD4*
Teff:Treg ratio upon treatment, while 2/23 subjects (9%) had a
> 20% decrease.

The impact of a second chemotherapeutic regimen, i.c., the
administration of cisplatin plus vinorelbine as an adjuvant inter-
vention in patients with Stage IB, II, and IIIA NSCLC on Tregs
was also evaluated. Upon surgical tumor resection, patients
received cisplatin plus vinorelbine at day 1 and vinorelbine at day
8, followed by 14 d of rest, making up a 3-week treatment cycle.
PBMCs were collected and analyzed from 14 patients prior to
therapy (baseline), at day 4 (to evaluate early responses to cis-
platin), and at day 8 (prior to the administration of vinorelbine
alone) to evaluate delayed cisplatin effects. PBMCs were also
collected and evaluated after the first (day 21) and third (day
63) cycles of treatment. There were no significant changes in the
absolute amount of PBMCs, the number of CD4* T cells, and
percent CD4* T cells among total PBMCs between samples col-
lected at any time point post-therapy and specimens obtained at
baseline (Table 2; Fig. 1D and E). There was, however, a signifi-
cant difference in the absolute number of Tregs and in the relative
abundance of Tregs among CD4* cells between the samples col-
lected after the third cycle of therapy and at baseline (P < 0.001;
Fig. 1F; Table 2). The percentage of Tregs among total CD4*
cells decreased by > 20% after the second cycle of chemotherapy
in 10/14 patients (71%), while only 2/14 patients exhibited an
increase in this parameter of > 20%.

The CD4* Teff:Treg ratio increased post-therapy by > 20% in
11/14 patients (78%) (P < 0.001; Fig. 4A) while it slightly decreased
in 2 individuals. Sufficient PBMCs to conduct immunosuppres-
sion assays were collected at baseline and after the third cycle of
therapy from 10 patients. A marked decrease in the immunosup-
pressive activity of circulating Tregs was observed in all patients.
Such a reduction was > 20% in 7/10 patients (Fig. 4B).

In addition to the studies involving conventional chemothera-
peutics, we were also able to evaluate how 2 different anticancer
regimens involving small molecule targeted agents affected Tregs
in patients. The first of these treatments involved the daily use of
20 mg tamoxifen along with the GnRH agonist leuprolide acetate
(11.25 mg/mL) every 3 mo in premenopausal (< 50 y) breast can-
cer patients. PBMCs were collected from 8 patients prior to ther-
apy (baseline), at days 15 and 30 after treatment, as well as at the
end of the third month of therapy, prior to the administration of
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the GnRH agonist. There were no significant changes in the total
number of PBMCs, the total amount of CD4* cells, the percent
of CD4* cells among total PBMCs, and the relative abundance
of Tregs among CD4* cells (Fig. 5A—C; Table 3) in this setting.
The CD4* Teff:Treg ratio increased upon therapy by = 20% in
only 3/8 patients and decreased > 20% in 1 patient (Fig. 6A).
Sufficient PBMC:s to analyze the immunosuppressive functions of
Tregs were available from 6 patients. Mixed results were obtained,
with an increase of = 20% in the immunosuppressive function of
circulating Tregs upon therapy observed in 2/8 patients, and a
decrease = 20% recorded in 2/8 patients (Fig. 6B).

The targeted therapeutic agent sunitinib is widely used for
the treatment of metastatic renal cell carcinoma (mRCC),
with differing dosages and dosing schedules under evaluation
for use as monotherapy or in combinatorial therapies. In this
study, 10 patients with mRCC received 50 mg sunitinib mono-
therapy daily for 4 weeks followed by 2 weeks of rest, making
up a 6-week treatment cycle. PBMCs were collected and ana-
lyzed prior to treatment (baseline), at the end of 4 weeks of
drug, at the end of the first (6 weeks) and second (12 weeks)
cycles of therapy. Cytofluorometric analyses revealed no signifi-
cant changes in the number of total PBMCs, the total amount
of CD4* cells, the relative abundance of CD4* cells among
PBMC, or the percentage of Tregs among CD4* cells at any
time point (Fig. 5D and E; Table 4). There was, however, a
clear decrease in the absolute number of Tregs detected after the
first (P < 0.001) and second (P < 0.01) cycle of sunitinib-based
therapy (Fig. 5F). The analysis of PBMCs collected after the
second cycle of treatment and at baseline revealed an increase
of 2 20% in the CD4* Teff:Treg ratios in 6/10 patients and a
decrease of a similar extent in 2/10 patients (Fig. 6C). Among
patients with sufficient PBMCs for this type of assay, 4/9 indi-
viduals exhibited a decrease of = 20% in the immunosuppressive
functions of Tregs after the second cycle of therapy (as compared
with baseline), while a substantial increase in this parameter was
evident in 3/9 subjects (Fig. 6D). Potential explanations for the
immunophenotypic variations observed between patients are
discussed below.

Discussion

The findings reported herein provide further rationale to pur-
sue more comprehensive clinical studies with immunostimulatory
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agents (such as vaccines and/or checkpoint inhibitors) in
combination with “standard-of-care” anticancer therapies.
Specifically, our results relative to 2 chemotherapeutic
regimens—docetaxel and cisplatin plus vinorelbine—sup-
port the initiation of clinical studies in which these agents
may be used concomitantly with active immunotherapy.
Alternatively, these chemotherapeutics could be used imme-
diately prior to vaccination, so as to reduce the number and
function of Tregs. The use of tamoxifen in breast carci-
noma patients did not appear to have any profound effect
on the number of effector CD4* cells or Tregs, providing
evidence that this therapy does not boost Tregs, albeit it
does not inhibit them either. Thus, a trial employing acti-
vating immunotherapy in combination with tamoxifen plus
a GnRH agonist could be contemplated without concerns
that this regimen may potentiate Tregs and compromise the
efficacy of immunotherapy.

Our data obtained in metastatic renal carcinoma patients
treated with sunitinib are confounding, but extend previ-

1012714 Tny these studies, sunitinib

ously reported findings.
inhibited Tregs in some patients, although the effect was
not statically significant. Furthermore, sunitinib has been
previously shown to deplete myeloid-derived suppressor cells
(MDSC), a phenomenon correlating with reduced numbers
of Tregs but not with changes in their biological activity or
in tumor burden. Here we report a range of responses—
including increases as well as decreases in the number and
immunosuppressive activity of Tregs—among patients on
sunitinib therapy. Preclinical murine studies have recently
demonstrated that while Tregs are decreased in the course of
sunitinib treatment, upon therapy cessation, the amount of
Tregs rebounds to levels that are even higher than those seen
prior to therapy.”” This may be one causal factor driving the
rapid tumor progression seen in some renal cell carcinoma
patients upon termination of sunitinib therapy.

It is interesting to point out that both docetaxel and
cisplatin plus vinorelbine reduced the Teff:Treg ratio and
the immunosuppressive activity of Tregs. A previous study
analyzed the expression of more than 38,000 genes in Tregs
from both healthy individuals and metastatic prostate can-
cer patients.® This study demonstrated an upregulation
of both proliferative and migratory genes in the Tregs of
metastatic prostate cancer patients as compared with those
from healthy subjects. Considering that docetaxel and
vinorelbine are both microtubule inhibitors, such agents
should preferentially inhibit the proliferation and function
of rapidly dividing cells, including Tregs. In a separate pre-
clinical study, mice treated with a combination of cisplatin
plus vinorelbine exhibited reductions in both CD4* Teffs
and Tregs. However, the recovery time of Teffs was shorter
than that of Tregs, resulting in increased Teff:Treg ratios
at later time points.* It is presently unclear whether these
chemotherapeutics were acting on natural or induced Tregs.
As previously reported,”” one marker expressed on natural
CD4CD25"8"CD127 FoxP3* Tregs is inducible T-cell co-

stimulator (ICOS). In the breast cancer patients included in
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Figure 2. Docetaxel-induced changes in the ratio of effector to regulatory
T cells and in the immunosuppressive activity of the latter in hormone-refrac-
tory prostate cancer patients. (A) Waterfall plot of the change in the ratio
between effector T cells and regulatory T cells (Teff:Treg ratio) in the course
of docetaxel therapy in patients with hormone-refractory prostate cancer
(n = 15). Patients were treated with docetaxel weekly for 3 weeks followed
by 1 week of rest; this comprised a 4-week cycle of therapy. Peripheral blood
samples were collected prior to therapy (baseline, day 0) and at the end of the
week of rest before starting cycle Il. (B) Waterfall plot of the change in sup-
pressive activity of Tregs in the course of docetaxel therapy in patients with
hormone-refractory prostate cancer (n = 11).
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Figure 3. Docetaxel treatment of metastatic breast cancer patients increased the ratio of CD4* or CD8* T lymphocytes vs. regulatory T cells.
(A-F) Cytofluorometric analysis of peripheral blood mononuclear cells (PBMCs) from patients (n = 8) with metastatic breast cancer treated with docetaxel.
PBMCs were analyzed before treatment (baseline) and at the time of first re-staging near day 91 (at the second week of cycle Ill). (A) Percentage of CD4*
T lymphocytes among PBMCs. (B) Percentage of CD8* T lymphocytes among PBMCs. (C) Percentage of CD4+*CD25"9"CD127-FoxP3* regulatory T cells
(Tregs) among PBMCs. (D) Ratio of CD4* effector T cells to Tregs (CD4* Teff:Treg ratio). (E) Ratio of CD8* effector T cells to Tregs (CD8* Teff:Treg ratio).
(F) Percentage of CD3-CD56* natural killer (NK) cells among PBMCs. Medians at baseline and cycle Ill are shown. Statistical analyses were performed by
Wilcoxon matched-pairs signed rank test and P < 0.05 was considered statistically significant.

this study, we observed that the level of both ICOS* and ICOS-
Tregs was similarly reduced by docetaxel (—72.2% and —81.8%,
respectively, p = 0.4331). However, there have been contradictory
reports*! as to whether ICOS is a valid marker discriminating
natural from inducible Tregs.

Noteworthy, in the studies reported here the activation status
of the Teffs utilized in immunosuppression assays was evaluated
both prior to and during the course of chemotherapy. For example,
in both lung cancer patients treated with cisplatin plus vinorel-
bine and prostate cancer patients treated with docetaxel, the
proliferation of the patient-derived CD4*CD25" Teffs was mea-
sured upon stimulation with anti-CD3 antibodies. We observed
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no changes in the proliferative ability of the CD4*CD25~ Teffs
upon the administration of cisplatin plus vinorelbine or docetaxel
to NSCLC or prostate cancer patients, respectively (data not
shown). Similarly, in breast cancer patients treated with docetaxel,
the percentage of CD4*CD25~ Teffs expressing the activation
marker ICOS was 4.5% at baseline and 2.7% before the initia-
tion of the second cycle of treatment (p = 0.1484). However, in
marked contrast, the percentage of CD4*CD25*CD49d™ Tregs
expressing the activation marker tumor necrosis factor receptor
superfamily, member 18 (TNFRSF18, better known as GITR)
was 18.9% at baseline and 0.19% at cycle III of docetaxel treat-
ment (p = 0.0039).
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Table 2. Evaluation of non-small cell lung cancer patients prior to and in the course of standard-of-care anticancer therapy

Baseline Post-4d Post-8 d Post-cycle| Post-cycle llI n

No. of PBMCs ( x 10%/uL) 2.6 (2.1-3.0) 2.3(1.7-3.1) 2.1(1.9-34) 2.7(1.7-3.2) 2.6 (1.8-3.6) 14
No. of CD4* T cells ( x 10°/pL) 1.1(0.8-1.5) 1.1(0.7-1.4) 1.0(0.7-1.8) 1.1(0.7-1.6) 0.9 (0.7-1.5) 14
CD4* T cells (%) 43 (37-55) 44 (35-51) 47 (37-57) 41 (33-54) 45 (31-51) 14

Tregs among CD4* T cells (%) 4.8 (3.9-6.0) 4.5 (3.1-6.4)* 3.6 (2.5-5.1)*** 2.9 (2.1-5.8)*** 3.1 (2.5-5.6)*** 14
No. of Tregs (#/uL) 56 (41-70) 50 (33-63)** 48 (17-68)*** 45 (13-66)*** 36 (19-64)*** 14
CD4* Teff:Treg ratio 15.5(13.0-19.0) 19.5(12.5-23.2) 21.0 (14.5-30.0)** 27.5 (15.0-40.0)*** 27.0 (15.8-34.8)*** 14

Values are the median (interquartile range). Friedman and Dunn’s multiple comparison tests between baseline and all other time points; * P < 0.05,
** P <0.01,and *** P < 0.001 compared with baseline. PBMC, peripheral blood mononuclear cell; Teff, effector T cell; Treg, regulatory T cell.

The relevance of host immune responses in the success or fail-
ure of conventional anticancer treatments has become increas-
ingly apparent from multiple perspectives. Galon and Fridman'?
demonstrated that a detailed analysis of specific lymphocyte
populations in the primary lesions of colorectal cancer patients
can be employed as a strong prognostic indicator, a phenomenon
that has been confirmed by numerous groups in colorectal can-
cer as well as other carcinomas (reviewed in refs. 2, 4). Zitvogel,
Kroemer and colleagues have elegantly shown that certain che-
motherapeutic agents can induce the immunogenic death of
cancer cells, resulting in the cross-priming of T cells specific for
tumor-associated antigens.>>® Other studies have demonstrated
an alternative, but not necessarily mutually exclusive, phenome-
non of immunogenic modulation of tumor cells. In this scenario,
non-lethal amounts of several chemotherapeutic agents and radi-
ation therapy may alter the phenotype of human carcinoma cells,
thereby rendering them susceptible to T cell-mediated lysis.””

The results reported herein represent only a fragment of the
complex manifestation of host immune responses to conven-
tional anticancer agents. Nonetheless, these results suggest that
not all chemotherapeutic regimens are likely to have a negative
impact on the immune system of cancer patients, whereas others
have either no effect or may actively repress immunosuppressive
pathways, such as those mediated by Tregs. Furthermore, with
these immunological responses in mind, our results imply that
some specific conventional anticancer therapies could potentially
be combined with active immunotherapy to achieve synergistic
anticancer responses. Thus, our results may inform clinicians on
the rational design of future trials implementing conventional,
standard-of-care therapies (such as those investigated here)
together with cutting-edge immunostimulatory interventions
toward an ever more effective treatment of cancer patients.

Materials and Methods

Patients and anticancer regimens

Five distinct groups of cancer patients undergoing different
anticancer treatments were enrolled in the study. (1) Patients with
hormone-refractory metastatic prostate cancer (n = 15) underwent
35 mg/m? docetaxel monotherapy weekly for 3 weeks followed
by 1 week of rest, making up a 4-week cycle of therapy. PBMC
samples were collected prior to the start of cycle I, prior to the
start of the week of rest, and at the end of the week of rest, prior
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to the start of cycle II. (2) Patients at the NIH Clinical Center
with evidence of metastatic breast carcinoma and a life expec-
tancy of at least 4 mo were enrolled in a randomized Phase 11
study of docetaxel alone or in combination with an anticancer
vaccine (NCI-6977).%2 Their PBMCs were collected before treat-
ment (baseline) and at the time of first re-staging near day 91 (at
the second week of cycle I1I). Patients received weekly 35 mg/m?
docetaxel i.v. over 30 min plus 4 mg dexamethasone orally 12 h
before, 1 h before, and 12 h after docetaxel for cycles of 3 weeks
followed by 1 week of rest. (3) Patients with any histological sub-
type of stage IB, IT and IITA NSCLC (n = 14) were treated upon
surgical tumor resection with 80 mg/m? cisplatin plus 25 mg/m?
vinorelbine at day 1 and vinorelbine at day 8, followed by 14 d of
rest, making up a 3-week cycle of therapy. PBMC samples were
collected at day 1 (prior to the start of treatment), at day 4, at
day 8 (prior to the vinorelbine treatment), at day 21 (prior to the
start of cycle II), and at the first day of cycle IV, prior to the start
of treatment. (4) Patients with breast cancer in premenopausal
(< 50y) status (n = 8) were treated upon surgical tumor resection
with 20 mg tamoxifen daily and 11.25 mg/mL leuprolide acetate
every 3 mo. PBMC samples were collected prior to the start of the
treatment, at day 15, at day 30, and at the end of the third month
prior to the administration of leuprolide acetate. (5) Patients with
mRCC (n = 10) were treated with 50 mg sunitinib daily for 4
weeks followed by 2 weeks of rest, making up a 6-week thera-
peutic cycle. PBMC samples were collected prior to the start of
cycle I, at the end of cycle I, prior to the start of cycle I and at
the end of cycle I1.

Patients involved in the study did not receive any radiation
therapy or chemotherapy within 6 mo prior to PBMC collec-
tions. All patients were informed and the procedures were con-
ducted in accordance with the Helsinki Declaration of 1975 and
signed an informed consent form.

Collection of PBMCs

PBMCs were isolated by Ficoll (MP Biomedicals) density
gradient separation, washed twice and cryopreserved in 90%
heated-inactivated human AB serum and stored in 10% dimeth-
ylsulfoxide (DMSO) in liquid nitrogen at a concentration of
1 x 107 cells/mL until assayed.

Flow cytometry studies

Cryopreserved PBMCs were analyzed by 4-color flow cytom-
etry for the phenotypic characterization of Tregs, as described
by Vergati et al.** Cells were resuspended in staining buffer
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Figure 4. Cisplatin plus vinorelbine-induced changes in the ratio of effec-
tor T cells to regulatory T cells and in the immunosuppressive activity of the
latter in non-small cell lung cancer (NSCLC) patients. (A) Waterfall plot of
the change in the ratio between CD4* effector T cells and regulatory T cells
(Teff:Treg ratio) in NSCLC patients before and during therapy with cisplatin
plus vinorelbine (n = 14). Patients with NSCLC (stages IB, II, and IllA) were
treated in the adjuvant setting, post-surgery, with cisplatin plus vinorelbine
atday 1 and vinorelbine at day 8. This was followed by 14 days of rest, which
comprised the 3-week cycle of therapy. PBMCs were collected from periph-
eral blood at baseline and post-cycle lIl. (B) Waterfall plot of the change in
immunosuppressive activity of Tregs from NSCLC patients before and dur-
ing therapy with cisplatin plus vinorelbine (n = 10). The Treg suppressive
activity was evaluated baseline and post-cycle Ill.
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(PBS containing 3% fetal bovine serum) and stained for 30
min at 4°C with fluorescein isothiocyanate (FITC)-conjugated
anti-CD4 (BD Pharmingen, BD Biosciences), phycoery-
thrin-(PE) conjugated anti-CD25 (BD Pharmingen) and
PerCP Cy5.5-conjugated anti-CD127 (eBioscience) antibod-
ies. FoxP3 intracellular staining was performed on cells pre-
stained as indicated above with anti-CD4, anti-CD25, and
anti-CD127 antibodies. Cells were fixed and permeabilized
using a Fix/Perm buffer (eBioscience) according to the man-
ufacturer’s instructions, then labeled with allophycocyanin
(APC)-conjugated anti-FoxP3 (eBioscience) antibodies or an
isotype-matched antibody as negative control. Unless otherwise
indicated, samples were run on a FACSCalibur flow cytom-
eter (BD Biosciences) with 5 x 10 events acquired and data
analyzed using the CellQuest software (BD Biosciences). To
determine the percentage of Tregs, lymphocytes were gated by
plotting forward (FSC) vs. side scatter (SSC). The CD4* popu-
lation was gated first, followed by the CD25*CD127- popu-
lation, and—Tlastly—the FoxP3* population was gated in the
CD4*CD25*CD127~ cell subset. Tregs are thus defined as the
CD4+CD25"s"CD127 FoxP3* population. The cytofluoromet-
ric analysis of PBMCs from metastatic breast cancer patients

receiving docetaxel was performed on a BD LSR-II flow cytom-
eter (BD Biosciences) equipped with a 488 nm blue, a 405 nm
violet, a 355 nm UV, and a 633 nm red laser. Live cells were dis-
criminated by a LIVE/DEAD® Fixable Blue Dead Cell Stain
Kit for UV excitation (Molecular Probe, Life Technologies),
following the manufacturer’s protocol. The following antibod-
ies were purchased from BD Biosciences: anti-human PeCy7
CDS8 clone RPA-T8, BD Horizon™ V500 CD3 clone UCHT]1,
APC-Cy7 CD25 clone M-A251, PerCP-Cy5.5 CDI16 clone
3G8, and Alexa Fluor 700 CD33 clone WM53. The following
antibodies were purchased from BioLegend: AlexaFluor 700
CD4 clone RPA-T4, FITC CDI127 (IL-7Ra) clone A019D5,
FITC CD19 clone HIB19, FITC CD20 clone 2H7, Pe-Cy7
CD56 clone MEM-188, and Brilliant Violet 605™ HLA-DR
clone 1.243. The anti-human Pe-Cy7 FoxP3 antibody (clone
236A/E7) was purchased from eBioscience. The following
immunophenotypic markers were used to define immune cell
subsets: CD4* T lymphocytes were CD3*CD4*; CD8* T lym-
phocytes were CD3*CD8*; NK cells were CD3-CD56"; Tregs
were CD3*CD4*CD25"8:CD127-FoxP3* and MDSCs were
CD3-CD16-CDI19-CD20-CD56 "HLA-DR"*CD33".

CD4'CD25"s" T-cell enrichment

CD4*CD25"e" T cells were enriched using a CD4*CD25*
Treg isolation kit (Miltenyi Biotec), with modifications to
the manufacturer’s instructions. CD4* T cells were negatively
enriched and positive selection for CD25"e" T cells was subse-
quently done on the negatively selected CD4* T cells. In order
to achieve a consistently high CD25"" purity rate, the amount
of CD25 antibody-microbeads was decreased by 70% and the
incubation time was decreased by 15%. The CD25"#" cell frac-
tion was collected by eluting twice the cells through a magnetic
separation (LS) column to further enrich for CD4*CD25"sh
T cells.
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Figure 5. Circulating immune cell subsets in patients with breast cancer and metastatic renal cell carcinoma before and during therapy.
(A-C) Premenopausal (< 50 y) breast cancer patients (n = 8) were treated upon surgery with tamoxifen plus a gonadotropin-releasing hormone (GnRH)
agonist, and evaluated before and during therapy for the number of circulating peripheral blood mononuclear cells (PBMCs; A), the frequency of CD4*
T cellsamong PBMCs (B), and the frequency of regulatory T cells (Tregs) among CD4* T cells (C). Peripheral blood samples were collected at the indicated
time points. (D-F) Metastatic renal cell carcinoma patients on sunitinib monotherapy (n = 10) were evaluated before and during treatment for the
frequency of CD4* T cells among PBMCs (D), the frequency of Tregs among CD4* T cells (E), and the absolute number of Tregs (F). Peripheral blood was
collected at the indicated time points. Statistical analyses were performed using Friedman and Dunn’s multiple comparison test; * P < 0.05, ** P < 0.01,
**¥ P < 0.001. In all dot plots, the median and interquartile ranges are shown.

Table 3. Evaluation of breast cancer patients prior to and in the course of standard-of-care anticancer therapy

Baseline Post-15d Post-30d 3mo n

No. of PBMCs ( x 10%/uL) 24(2.0-2.7) 2.0(1.8-2.5) 1.8(1.5-2.4) 2.0(1.8-2.6) 8
No. of CD4* T cells ( x 10°/uL) 0.8 (0.6-0.9) 0.7 (0.5-0.9) 0.6 (0.4-0.8) 0.6 (0.4-0.9) 8
CD4* T cells (%) 32(29-37) 35 (27-40) 31(22-38) 29 (24-37) 8

Tregs among CD4* T cells (%) 3.7 (2.9-4.4) 3.2(23-4.2) 3.7 (2.7-43) 3.6 (2.7-4.6) 8
No. of Tregs (#/uL) 30(16-39) 24 (12-34) 20 (14-35) 19(13-42) 8
CDA4* Teff:Treg ratio 19.0 (16.0-25.2) 24.0(18.0-35.8) 19.5(16.5-27.5) 19.0 (16.5-30.0) 8

Values are the median (interquartile range). Friedman and Dunn’s multiple comparison tests between baseline and all other time points showed no
statistical differences. PBMC, peripheral blood mononuclear cell; Teff, effector T cell; Treg, regulatory T cell.
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Figure 6. Effects of targeted anticancer therapeutics on the ratio between effector and regulatory T cells and on the immunosuppressive activity of the
latter in patients with breast cancer or metastatic renal cell carcinoma. (A-B) Waterfall plots of the change in the ratio between CD4* effector T cells and
regulatory T cells (Teff:Treg ratio) (A), and in the immunosuppressive activity of Tregs (B), in breast cancer patients receiving tamoxifen plus a gonado-
tropin-releasing hormone (GnRH) agonist upon surgery (n = 8). Patients of premenopausal status were treated in the adjuvant setting post-surgery with
tamoxifen daily and GnRH agonist every 3 months. Peripheral blood samples were collected prior to therapy (baseline, day 0) and at post 3 months.
(C-D) Waterfall plots of the change in CD4* Teff:Treg ratio (C), and Treg-mediated immunosuppression (D), in metastatic renal cell carcinoma patients
receiving sunitinib monotherapy (n = 10). Patients with metastatic renal cell carcinoma were treated with sunitinib monotherapy daily for 4 weeks fol-
lowed by 2 weeks of rest; this comprised a 6-week cycle of therapy. Peripheral blood was collected prior to therapy, and at the end of the second round
of chemotherapy in cycle l.

Table 4. Evaluation of renal cell carcinoma patients prior to and in the course of standard-of-care anticancer therapy

Baseline Post-28 d Pre-cyclell Post-cycle Il n

No. of PBMC ( x 10%/pL) 2.1(1.9-2.6) 1.7(1.1-2.2) 1.8(1.4-2.2) 1.6(1.2-2.1) 10
No. of CD4*T cells ( x 103/pL) 0.8 (0.6-1.2) 0.7 (0.4-0.9) 0.8 (0.5-1.1) 0.6 (0.3-1.0) 10
CD4* T cells (%) 41 (25-57) 39 (26-55) 48 (36-56) 36 (22-54) 10

Tregs among CD4* T cells (%) 4.4 (3.1-5.6) 2.7 (2.4-4.4) 3.6 (3.0-4.4) 3.6 (3.0-4.6) 10
No. of Tregs (#/uL) 45 (28-52) 24 (15-36)*** 30 (20-47)* 20 (12-28)** 10
CD4* Teff:Treg ratio 16.0 (11.8-25.5) 22.5(16.2-33.2) 18.0 (15.5-26.0) 19.0 (12.2-29.5) 10

Values are the median (interquartile range). Friedman and Dunn'’s multiple comparison tests between baseline and all other time points showed no statisti-
cal differences, except for the absolute number of Tregs, which were lower after treatment; * P < 0.05, ** P < 0.01, and *** P < 0.001 compared with baseline.

PBMC, peripheral blood mononuclear cell; Teff, effector T cell; Treg, regulatory T cell.
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Immunosuppression assays

T cells were cultured in RPMI 1640 medium supplemented
with 10% AB serum, 100 units/mL penicillin, 100 pg/mL of
streptomycin (Mediatech), and 2 mM L-glutamine (Mediatech).
Responder CD4*CD25~ T cells were labeled with 2 wM car-
boxyfluorescein succinimidyl ester (CFSE; Sigma). In suppres-
sion assays, to assess the suppressive capacity of CD4*CD25"Ms"
T cells, 1 x 10* CFSE-labeled responder CD4*CD25~ T cells
were cultured alone or together with 1 x 10* CD4*CD25"s" T
cells in the presence of mitomycin-treated T-depleted PBMCs
as antigen presenting cells. The immune cell culture mixture
was stimulated with 0.5 wg/mL plate-bound anti-CD3 anti-
body (OKT3; eBioscience) in 96-well round-bottom plates.*
The proliferation of CFSE-labeled cells was assessed by flow
cytometry after 4 d of culture. Relative suppression was cal-
culated using the following formula: [(percent proliferating
CD4*CD25" cells cultured alone - percent proliferating CFSE-
diluting CD4*CD25" cells cultured in the presence of Tregs
at a 1:1 ratio)/percent proliferating CD4*CD25" cells cultured
alone] x 100.

Statistical analysis

Statistical analyses were performed using non-parametric
Wilcoxon or Friedman tests with Dunn’s multiple comparison for
paired samples. P < 0.05 was considered statistically significant.
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