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Abstract CD4"CD25" regulatory T cells are involved
in the prevention of autoimmune diseases and in tumor-
induced tolerance. We previously demonstrated in
tumor-bearing rodents that one injection of cyclophos-
phamide could significantly decrease both numbers and
suppressive functions of regulatory T cells, facilitating
vaccine-induced tumor rejection. In humans, iterative
low dosing of cyclophosphamide, referred to as “metro-
nomic” therapy, has recently been used in patients with
advanced chemotherapy resistant cancers with the aim
of reducing tumor angiogenesis. Here we show that oral
administration of metronomic cyclophosphamide in
advanced cancer patients induces a profound and selec-
tive reduction of circulating regulatory T cells, associ-
ated with a suppression of their inhibitory functions on
conventional T cells and NK cells leading to a restora-
tion of peripheral T cell proliferation and innate killing
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activities. Therefore, metronomic regimen of cyclo-
phosphamide does not only affect tumor angiogenesis
but also strongly curtails immunosuppressive regulatory
T cells, favoring a better control of tumor progression.
Altogether these data support cyclophosphamide
regimen as a valuable treatment for reducing tumor-
induced immune tolerance before setting to work anti-
cancer immunotherapy.
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Introduction

CD4*CD25" regulatory T cells (Treg), which constitute
about 2-3% of CD4* human T cells [1], are the main
contributors to the maintenance of immune tolerance,
preventing emergence of organ-specific autoimmune
diseases [2]. In tumor-bearing animals, Treg can also
curtail antitumor immune responses [3, 4]. In rodents,
Treg accumulate in tumor beds and tumor draining
lymph nodes, leading to tumor progression [4, 5]. We
reported recently that tumor cells could drive imma-
ture dendritic cells to express TGF-P required for local
expansion of Treg [5]. Human patients suffering from
various malignancies also bear increased number of
circulating and tumor infiltrating Treg that exert func-
tional inhibition on tumor-specific T cells [6-8]. Treg
not only suppress cognate T cell responses but also
blunt the innate arm of immunity, inhibiting NK cell
proliferation and effector functions through the capac-
ity to down regulate NKG2D level on these cells [9].
NK and T cells inhibition by Treg is associated with a
poor prognosis outcome of malignancy in human [8, 9].
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In the 1980s, reports claimed that low doses of cyclo-
phosphamide (CTX) could reduce suppressor function
of uncharacterized T cells in experimental tumor mod-
els [10] and cancer patients [11]. Recently, we demon-
strated that one low dose of CTX could dramatically
reduce CD4*CD25* Treg accumulation in tumor bear-
ing animals, restoring the efficiency of immunotherapy
against established tumors in rodents [4]. Low dosing
of CTX not only decreases the number, but also inhib-
its the suppressive function of Treg [12, 13]. Such a
pharmacological manipulation depleting and/or inhib-
iting Treg could represent a critical immunointerven-
tion in the oncologist’s armamentarium.

It has been recently demonstrated that patients with
advanced cancer who developed resistance to chemo-
therapy could still benefit from iterative injections of
distinct cytotoxic drugs at a tenth to a third of the max-
imum tolerated dose, i.e., a “metronomic” scheduling
[14], aimed at inhibiting tumor angiogenesis [15].
Cyclophosphamide is currently used daily as oral
low dose in such metronomic scheduling [16, 17], but
no immunological follow-up was performed. In this
report, we demonstrate that this metronomic treatment
selectively targets Treg and restores immune functions
in end-stage tumor-bearing patients.
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Patients, materials and methods

Following approval by the Regional Ethical Committee
for Medical Research (file no. CCPPRB-0509-A2), a
sample of 15 ml of peripheral blood was drawn from 9
patients (6 men, 3 women, mean age 52, and range 37—
65) with metastatic solid tumors, for which metronomic
chemotherapy was indicated after failure of conven-
tional chemotherapy, as well as from 15 age-matched
healthy volunteers (HV) (9 men, 6 women, mean age
49, and range 30-62). Patients received CTX 50 mg
orally, twice a day 1week on and 1week off for
1 month or more. The clinical characteristics of the
nine patients are summarized in Table 1.

In the patients and HV, a 15 ml sample of peripheral
blood was collected on heparin and used immediately.
The phenotype of circulating T and NK cells was stud-
ied by whole blood labeling with the following mAbs:
fluorescein isothiocyanate-conjugated anti-CD3, phyco-
erythrin-conjugated anti-CD25 or CD56, allophycocya-
nin-conjugated anti-CD4 or CDS8 (all from Becton
Dickinson PharMingen, Heidelberg, Germany) and the
corresponding isotype control antibodies. Then the
blood samples were treated with the FACS leukocyte
fixation and erythrocyte lysis kit (Abcam, Paris, France)
and the leukocytes were analyzed by multicolor flow
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52
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PD progressive disease, SD stable disease, ND not determined, M male, F female, CTX cyclophosphamide, SFU 5 fluorouracil, FolFox 5 FU + oxaliplatin, FolFiri SFU + irinotecan,

Table 1 Patients’ characteristics
ECF epirubicin + cisplatin + SFU
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M
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M
F
M
F
M
M
F
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cytometry. The rate of CD4*CD25"&" T cells, presum-
ably Treg, was determined according to the criteria defi-
ned by Baecher-Allan [1]. In four cancer patients,
peripheral blood leukocytes were first purified from
blood collected before and 1 month after initiating met-
ronomic treatment, using Ficoll/Hypaque (Amersham,
Uppsala, Sweden) density centrifugation, then intracel-
lular staining for Foxp3 protein was performed using a
Foxp3 kit (http://www.eBioscience.com) according to
manufacturer’s instructions. In experiments depleting
Treg, PBMC were incubated with anti-CD25 MicroBe-
ads (Miltenyi Biotec, Paris, France) at a concentration
of 5 ul/1 x 10° cells for 15 min on ice and washed. The
CD4*CD25~ fraction was purified over a LD column
and expressed more than fourfold less Foxp3 protein
than non-depleted cells as assessed by flow cytometry
(not shown). To determine NK Kkilling activity, PBMC
depleted or not of CD25* cells were incubated 24 h with
CFSE-labeled K562 cells at a 10:1 E:T ratio. K562 cell
death was monitored by FACS analysis assessing propi-
dium iodide incorporation in CFSE* cells. For T cell
proliferation assays, CFSE-labeled PBMC (1 uM)
depleted or not of CD25* T cells were cultured with
anti-CD3 and anti-CD28 mAbs (Dynal Biotech, Oslo,
Norway) according to the manufacturer’s instructions.

p=0.01
p=0.006

A {
35 il
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Proliferation was monitored by FACS analysis assess-
ing the dilution of the CFSE dye at day 5. In some cases,
[*H]thymidine (1 uCi per well) was added on day 4 and
its incorporation into dividing cells was quantified 18 h
later. In five HVs, we had the opportunity to determine
the percentage of Treg cells, as well as the NK cell and
T cell function on two samples, taken at 1-month inter-
val. We found no significant difference. This establishes
the stability of these results in the absence of treatment
(not shown data). The error (%) represents standard
deviation.

Results

We monitored the effects of the oral metronomic CTX
regimen in the nine cancer patients by determining the
leukocytes, lymphocytes, CD4*T, CD8'T, NK, and
Treg cell subsets in the circulating blood at the start
and 1 month after the initiation of therapy. Interest-
ingly, the number of circulating CD4*CD25"2" Treg in
the nine cancer patients bearing end-stage multi-meta-
static tumors resistant to conventional therapy was
found to be higher before the metronomic treatment
than in the HV (Fig. 1a). Moreover, the metronomic
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Fig.1 Metronomic CTX selectively depletes regulatory T cells
(Treg) in cancer patients. a Circulating numbers of
CD3*CD4*CD25"2" per mm? are determined by FACS analysis.
The medians, 75 percentile (box) and SD (whiskers) are depicted
for patients (n = 9, Table 1) before (D0) and 1 month after (D30)
initiation of metronomic CTX and for healthy volunteers (HV)
(n=15). b Representation of Treg evolution as absolute number
(left panel) and percentage of CD4* T cells (right panel) during

metronomic CTX regimen before (D0) and 1 month after (D30)
initiation of metronomic CTX for each of the nine treated pa-
tients using FACS 3-color staining gating on CD3*CD4*CD25hih
cells. ¢ Multipanel representation of dot-blot analysis of
CD4*CD25"e" T cells in all patients during metronomic CTX reg-
imen before (DO0) and 1 month after (D30) initiation of metro-
nomic CTX for each patients using FACS 3-color staining gating
on CD3*CD4*CD25"e" cells
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Fig. 1 continued
CTX treatment induced a dramatic decrease in and after the metronomic treatment in four of these

CD4*CD25"e" T cells, both in percentages (7.9 &+ 1.5%
before vs. 3.1 + 1.8% after, P <0.0001) and absolute
numbers (28.7 + 9.4 cells/mm> before vs. 6.4 + 5.4
cells/mm? after, P < 0.0001) (Fig. 1a). This decrease in
the number and percentage of Treg was observed in
each of the nine patients (Fig. 1b, ¢). We could obtain
enough material to determine Foxp3 expression before
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cancer patients and observed a strong decrease in the
number of CD25"Foxp3™ cells as well as CD25 Foxp3™*
cells during the treatment (Fig.2). The drop in
CD4*CD25"¢" T cell numbers induced by the metro-
nomic treatment was selective since no significant
decrease in the number of total leukocytes, as well as T
lymphocyte, CD3* T cell, CD8" T cell, and CD3~CD56*
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Fig. 2 Decrease in the num-
ber of Foxp3+ cells during the A

DO D30
Patient 4

treatment. Three-color stain-
ing gating on CD4" cells and
analysis of CD25 and Foxp3
expression in four patients be-
fore and 1 month after initia-
tion of the CTX metronomic
treatment

Foxp3-PE

NK cell subsets could be observed (Fig. 3a, b). Hence,
a 1-month metronomic regimen, with administration of
100 mg CTX per day out of 2 weeks, could selectively
deplete the Treg subset in tumor-bearing patients and
restore the ranges observed in the HV (Fig. 1a). In two
patients, Treg number was measured 2 months after
stopping the treatment and found to return to pre-
treatment level in both the patients (not shown).

In parallel, we monitored the effects of the metro-
nomic 100 mg per day CTX regimen on the functions
of circulating T and NK cells. First, we determined the
capacity of blood NK cells to kill NKG2D ligand-
expressing K562. While PBMC from five HVs exhibited
potent NK cell-dependent cytotoxic activity, PBMC
from cancer patients displayed reduced killing capaci-
ties before initiation of the metronomic treatment
(37 £ 6% vs. 9+ 1%, respectively, P < 0.005, Fig. 4a).
The killing activity of cancer patients’ PBMC could be
partly restored by depletion of CD25* cells (Fig. 4a), as
expected from our previous report showing that Treg

CD25-APC

blunted NK cell functions in vitro [9]. More impor-
tantly, following 1 month of metronomic CTX treat-
ment, patients’ NK cell lytic activity was enhanced and
not significantly different from that of the HV (Fig. 4a).
It is of note that the residual CD4*CD25"e" T cells
appeared to have lost their NK cell inhibitory activity
since ex vivo depletion of CD25* cells did not improve
further the level of cytotoxicity (Fig.4a). In these
patients with advanced tumor, T cell proliferation
induced by TCR signaling was dramatically hampered
before initiation of the metronomic treatment relatively
to the HV (17 £ 3% cells entered in cycle after 5 days
of stimulation vs. 45 + 6% in HV) (P < 0.0001, Fig. 4a),
and was partially restored by CD25 depletion in vitro
(P =0.01). One month after initiating CTX treatment,
blood T cell proliferation induced by TCR signaling was
significantly restored (Fig.4b) and residual Treg had
lost their suppressive function, as ex vivo depletion of
CD25" cells did not improve further TCR-induced T
cell proliferation (Fig. 4b).
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Fig. 3 Evolution of leukocyte subpopulations during metro-
nomic CTX treatment. a Leukocyte, lymphocyte and CD3* T
lymphocyte counts in the blood of patients (n = 9, Table 1) before
and 1 month after initiating metronomic CTX. b Counts of T and
NK cell subsets in blood. Flow cytometry analyses allowed to
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assess the percentages of CD3*CD4" and CD3"CD8" lympho-
cytes and CD3~CD56" NK cells. Absolute numbers were calcu-
lated from whole blood cell enumeration in the nine patients
before and 1 month after initiation of metronomic CTX. Statisti-
cal analyses used the Fisher’s exact method
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Fig. 4 T and NK cell functions are enhanced following metro-
nomic CTX treatment in cancer patients. a Killing of K562. Left
panel 1 x 10° PBMC depleted or not from CD25" cells were
mixed with 1 x 10* CFSE-labeled K562 cells for 24 h. K562 cell
death was assessed by flow cytometry as the percentage of CFSE
labeled cells that incorporated propidium iodide. Graphs depict
means =+ standard deviation of percentages of dead cells forn = 6
patients (Table 1) before (D0) and after (D30) therapy and for
n =5 healthy volunteers. The right panels show detailed dot-plot
analyses for a representative patient at DO and D30 before or af-
ter depletion of CD25" cells. b Proliferation of T cells induced by

The selective effect of metronomic treatment on the
Treg cell population was clearly dependent on the low
dosage of CTX. Indeed, in another series of six cancer
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TCR signaling. Left panel 1 x 10° CFSE-labeled PBMC depleted
or not from CD25" cells were mixed for 72 h with beads coated
with anti-CD3 and anti-CD28 mAbs. Proliferation of T cells
was determined by flow cytometry as the percentage of CD3*
cells that diluted the CFSE dye. The graph depicts the mean +
standard deviation of percentages for n =6 patients at DO and
D30 and for n =35 healthy volunteers. The right panels show
detailed CFSE labeling analyses for a representative patient at
DO and D30 before or after depletion of CD25" cells. Statistical
analyses used the Fisher’s exact method (a, b)

patients, which received a similar metronomic regimen
but with a twice higher dosage of CTX (i.e., 200 mg per
day instead of 100 mg), all lymphocytes subpopulations
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Fig. 5 High dosage CTX (200 mg/day) metronomic treatment
looses its specificity in Treg cell depletion. a Lymphocyte,
CD3*CD4" and CD3"CD8" lymphocytes, and CD3~CD56" NK
cells absolute numbers were determined before and 1 month
after initiating high dosage CTX metronomic treatment. b Effect
on the CD3*CD4*CD25"¢" Treg. Statistical analyses used the
Fisher’s exact method

were depleted by the treatment with no specificity on
Treg (Fig. 5a, b). This result demonstrates that only
low doses of CTX are relevant for obtaining a selective
Treg depletion.

Discussion

Treg have now been clearly demonstrated to facilitate
tumor evasion and to inhibit tumor immune response
but no treatment is presently validated to specifically
induce Treg depletion in human. A fludarabine-con-
taining regimen was reported to induce Treg depletion
in patients bearing chronic lymphocytic leukemia but
such a treatment had also a strong impact on other
lymphocyte subpopulations and could consequently
blunt the effector functions of other immune cells [18].
Administration of a fusion protein combining IL.-2 and
diphtheria toxin in the aim to destroy regulatory T lym-
phocytes based on their expression of high-affinity IL-2
receptor failed to eliminate Treg in patients with meta-
static melanoma [19].

A preclinical study reported that a metronomic
CTX regimen increased the efficacy of a specific tumor

vaccine in mice but its effect on Treg was not reported
[20]. Here, we demonstrate that metronomic CTX reg-
imen selectively depletes Treg in human while preserv-
ing other lymphocyte subsets in number and function.
Surprisingly, this metronomic CTX regimen does not
inhibit but on the contrary dramatically enhances T
and NK cell functions through its suppressive effect on
Treg number and function. Thus, a 1 month metro-
nomic CTX regimen, initially designed to reduce
tumor angiogenesis through its effect on endothelial
cells, also decreases the number of circulating Treg and
restores T cell proliferation as well as NK cell effector
function in patients bearing end-stage multi-treated
tumors. Although CTX clearly depletes Treg in tumor-
bearing patients, it may also have additional effects
contributing to restoration of the immune response
observed after 1 month metronomic treatment. For
example, CTX can enhance IFN-a production by
splenocytes in a mouse model [21].

Using low dosage of CTX could be a determining
factor in the selective effect of this treatment on Treg
number and function. Similar trial using higher dose of
CTX (200 mg per day) induced a profound decrease in
the circulating lymphocyte number, an effect observed
on all lymphocyte subpopulations without any selective
activity on Treg. Moreover, this treatment decreased
the NK cell-dependent cytotoxicity and T cell prolifer-
ation capacity (not shown).

These data are arguments suggesting that the proto-
col described here is worth being tested along with
specific immunotherapies aimed at enhancing T cell or
NK cell functions in patients bearing advanced cancer.
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