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Abstract Severe immune suppression is frequent in late-
stage tumor patients and promotes tumor immune evasion
and subsequent tumor progression. Regulatory T cells (Treg)
are major suppressors of anti-tumor immune responses.
Therefore, targeting of Treg has become a key goal of anti-
tumor therapy. Several preclinical and clinical observations
suggest that Treg can be depleted by cyclophosphamide.
Over a period of 3 months, we investigated the effect of
metronomic low-dose cyclophosphamide on Treg numbers,
suppressive capacity and proliferation on endogenous anti-
tumor T-cell responses and on their correlation to clinical
outcome in 12 patients with treatment-refractory metasta-
sized breast cancer who received single-agent 50 mg
cyclophosphamide p.o. daily. Cyclophosphamide treatment
initially caused a significant reduction in circulating Treg by
more than 40% (P = 0.002). However, Treg numbers
completely recovered during the treatment due to increased
proliferative activity and maintained their suppressive
capacity. Treg depletion coincided with a strong increase in
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breast tumor—reactive T cells (P = 0.03) that remained at
high levels during the whole period. Numbers of tumor-
reactive T cells but not of Treg correlated with disease sta-
bilization (P = 0.03) and overall survival (P = 0.027). We
conclude that metronomic low-dose cyclophosphamide only
transiently reduces Treg but induces stable tumor-specific
T-cell responses, which correlate with improved clinical
outcome in advanced-stage breast cancer patients.
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Introduction

CD41tCD25%Foxp3™ regulatory T cells (Treg) are key
contributors to the prevention of autoimmune diseases as
well as to the promotion of tumor progression [1-3].
Spontaneous anti-tumor T-cell responses are frequent in
primary tumor patients [4] and their maintenance requires
pertained exposure to tumor antigens [5], but in advanced-
stage tumors, they are strongly inhibited by Treg at both
stages of naive T-cell priming [6, 7] and memory T-cell
reactivation [8]. Treg accumulation in the tumors and
draining lymph nodes of a variety of cancer entities [9—12]
is associated with poor prognosis [10]. Given the detri-
mental role of Treg in tumor immunity, several clinical
trials have aimed at their depletion through constitutively
expressed surface markers [3]. However, circulating Treg
were restored rapidly within 1 or 2 weeks after the deple-
tion, while clinical responses were controversial.
Recently, cyclophosphamide (CTX) that belongs to a
group of cytotoxic alkylating nitrogen mustard compounds
was reported to have an effect on Treg reduction when
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Table 1 Patient characteristics

Patient ~ Sites of Disease status and basis of assessment Frequency of tumor-  Overall survival
metastases reactive T cells/ after therapy
10° T cells (weeks)
Day 0 of therapy After therapy Day 0 of  After

Disease  Assessed by

theray thera
Disease  Assessed by Py Py

status status

1 Iu, bo PD CT PD CT 0 102.3 62.3
2 Iu, bo PD CT SD CT 0 40.3 72.3
3 li, bo, sk PD T™ (152.94.51, 360.440) PD T™ (496.9), sk 45 18.3 134
4 lu, bo, ce, LN PD Bone scan, TM (90.849) SD TM (69.4) 0 111.3 75.6%
5 li, lu, bo PD TM (244.84.30, 358.94.15) SD TM (388.5) 0 61.3 69.6*
6 Ii, lu, bo, so, LN PD TM (1083441, 19804.19) PD TM (3656) 0 0 7

7 li, lu, bo PD CT, ™M (526.14.57) PD CT, T™M (1547) 0 0 48.3
8 Iu, bo PD TM (161.24.31, 2814.2¢) SD ™ (323.3) 0 19.7 67.4*
9 lu, bo, ce, so, LN PD CT, TM (97.84.58, 23940) SD CT, TM (1760)* 0 39.7 52.7
10 1i, bo, so PD CT, T™ (20324.15) PD CT, TM (2768)** 0 16.7 17.5
11 li, bo PD Bone scan, Cerebral MRT, SD T™ (558.2) 92.7 14 62.4%

TM (576.64.22, 50340)
12 Iu, bo, so, LN PD CT SD CT 11.7 423 33

lu lung, bo bone, li liver, sk skin, ce cerebral, LN lymph nodes, so soft tissue, PD/SD progressive/stable disease, CT computed tomography, MRT

magnetic resonance tomography, 7M tumor marker CA15-3
* TM (1080428, 2480442, 2290456, 1760434), clinically stable
** Total bilirubin >4 mg/dl, imminent liver failure

4 Alive at the time of latest survival follow-up

applied solely at low dose and metronomic regimen in
rodent models [13, 14]. In a study of several late-stage
cancer patients, 30 days of metronomic low-dose CTX
treatment selectively depleted CD4"CD25%Foxp3™* Treg
[15], suggesting that prolonged treatment with low-dose
CTX may not only control immune suppression by Treg
but also support spontaneous anti-tumor T-cell responses
and thereby clinical outcome of advanced-stage cancer
patients.

To address these questions, we monitored for 3 months
Treg frequencies and function, spontaneous anti-tumor
T-cell responses as well as the clinical outcome in 12
treatment-refractory, progressively metastasized breast
cancer patients undergoing treatment with 50 mg cyclo-
phosphamide p.o. daily.

Materials and methods

Patients and treatment

Twelve patients were enrolled into this observational study
approved by the Ethical Committee of the University of
Heidelberg (Heidelberg, Germany). Informed consent was

obtained from all participants. The mean age was
60.3 years (from 47 to 74 years). Eligibility criteria were
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as follows: stage IV breast cancers with measurable met-
astatic disease under progression after standard cytostatic
therapy involving anthracyclines and taxanes; no second-
ary malignancies, autoimmune disease, renal failure or
pregnancy (Table 1). Subjects received single-agent 50 mg
cyclophosphamide (Endoxan® 50 mg, Baxter Oncology
GmbH, Halle (Westf.), Germany) p.o. daily for 3 months.
Assessments of toxicity were done at every clinic visit.
Forty milliliters of peripheral blood (PB) was collected
[16] before and fortnightly during the treatment. Immu-
nological monitoring included analysis of Treg frequencies
and numbers, of endogenous anti-tumor T-cell responses as
assessed by ex vivo short-term IFN-y ELISpot assays and
by determination of in vivo T-cell proliferation and of the
suppressive and proliferative activity of Treg. Clinical
responses were monitored by quantification of tumor
marker CA15-3 in patients’ sera, computed tomography
(CT) or magnetic resonance tomography (MRT) of
metastases when indicated (Table 1). Furthermore, overall
survival was assessed in each patient.

As a control group, seven primary breast cancer patients
(mean age, 57.3 years; range, 49—65) have been enrolled
into this study. Informed consent was obtained from all
participants. Eligibility criteria were as follows: female, no
history of secondary malignancy and no metastatic disease.
Additionally, as further controls, four healthy donors were
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included into the study after informed consent, all of them
female without history of malignant disease (mean age,
56.8 years; range, 44-78).

Flow cytometry

A total of 5 x 10° ex vivo-isolated total PBMC or 1 x 10°
ex vivo-purified CD4"CD25% Treg were blocked with
polyclonal human immunoglobulins (Endobulin, Baxter
Oncology, Frankfurt, Germany; 2.5 mg/ml) for 15 min on
ice. Cells were incubated with a combination of the fol-
lowing fluorochrome-conjugated monoclonal antibodies
(mAb) (BD Pharmingen, Heidelberg, Germany): PerCP-
Cy5.5-CD4 (clone SK3; dilution, 1:50), PE-CD3 (clone
UCHT1; dilution, 1:50) and APC-Cy7-CD25 (clone 4E3;
dilution, 1:25) for 20 min on ice. Intracellular APC-Foxp3
staining was conducted according to the manufacturer’s
protocol (clone 236A/E7 eBioscience, San Diego, USA).
Proliferation of different T-cell populations was assessed
by costaining with FITC-anti-Ki67 mAb (clone B56; BD
Pharmingen, Heidelberg, Germany; dilution, 1:10). Data
acquisition and analysis were carried out using FACSCanto
II (Becton—Dickinson, Heidelberg, Germany) and FlowJo
Software (Tree Star, San Carlon, CA).

Preparation of T cells and dendritic cells for functional
assays

T cells were cultured for 7 days in RPMI medium (PAA
Laboratories, Colbe, Germany) containing 10% AB serum
(Sigma, Deisenhofen, Germany), 100 units/ml interleukin
(IL)-2 (Chiron, Ratingen, Germany) and 60 units/ml IL-4
(Chiron, Ratingen, Germany). Afterward, T cells were
transferred into cytokine-free medium for 12 h and sub-
sequently separated from contaminating cells using T-cell
negative isolation kit (Invitrogen, Karlsruhe, Germany).
Treg were isolated in a two-step procedure according to
their expression of CD4 and CD25 by magnetic beads
using CD47CD25" regulatory T-cell isolation kit (Milte-
nyi, Bergisch Gladbach, Germany). Isolated CD4TCD25™
cells were collected, and the remaining T-cell populations
(CD4-CD25% and CD47CD257) were mixed and used as
Treg-depleted T-cell fractions. Dendritic cells (DC) were
generated from adherent monocytes according to standard
procedures as described [16]. In brief, adherent cells from
peripheral blood samples were cultured for 7 days in
serum-free X-VIVO 20 (BioWhittaker, Vervier, Belgium)
containing 50 ng/ml recombinant human granulocyte—
macrophage colony-stimulating factor (Essex Pharma,
Miinchen, Germany) and 1,000 units/ml IL-4. Afterward,
differentiated DC were harvested from the supernatant and
enriched using anti-CD3 mAb, anti-CD56 mAb and anti-
CD19 mAb-coupled magnetic beads (Invitrogen,

Karlsruhe, Germany) and pulsed for 14 h with 200 pg/ml
of respective test or negative control antigens.

Antigens

Cell lysates from breast carcinoma cell lines MCF7 (ATCC
#HTB-22, Rockville, USA) and KS24.22 (kind gift from B.
Giickel, Department of Gynecology and Obstetrics, Uni-
versity of Tiibingen, Tiibingen, Germany) were generated
through repeated freezing and thawing as described [16]
and served as multivalent sources of breast tumor antigens,
while a well-described synthetic long peptide from the
breast cancer—associated antigen mucin-1 MUC_;oy was
used as a defined tumor antigen. Lysate of the unrelated
promonocytic leukemia cell line U937 (ATCC #CRL-
1593.2, Rockville, USA) and a synthetic long peptide
derived from the human IgGyy_g9 served as negative con-
trol antigens.

IFN-y ELISpot assays

IFN-y ELISpot assays were conducted as previously
described [8]. Two hundred micrograms of respective
antigen was used for pulsing of each 10° DC/ml over night.
Antigen-loaded DC were incubated with autologous T cells
in triplicate wells at a ratio of 1:10 for 40 h in ELISpot-
plates (Millipore, Eschborn, Germany). IFN-y spots were
automatically measured using an Axioplan 2 imaging
microscope and KS ELISpot software (Zeiss, Jena, Ger-
many). Spots in negative control wells were considered as
background. T cells were considered antigen-reactive when
spot numbers in test wells exceeded significantly those in
control wells (P < 0.05, Student’s ¢ test). The frequency of
tumor-reactive T cells was calculated as follows: (spots in
test wells—spots in control wells)/T-cell numbers per well.

Treg suppression assay

Analysis of the functional capacity of Treg was conducted
by the Treg Suppression Inspector Kit (Miltenyi Biotech,
Bergisch Gladbach, Germany) according to the manufac-
turer’s instructions. Treg were directly isolated from
patient blood samples without in vitro passage. Thymidine
incorporation by proliferating cells was measured using a
scintillation counter (Liquid Scintillation Counter [1450
MicroBeta] Perkin Elmer, Wellesley, MA), as described
[17].

Statistical analyses
Differences between mean values were calculated using

two-sided Student’s ¢ test. Enhancement in treatment-
mediated tumor-specific T-cell responses was also assessed
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using Wilcoxon’s signed-rank test. Patients were consid-
ered as responders in ELISpot assays if spot numbers in the
antigen test wells were statistically higher (P < 0.05) than
those in negative control wells. Proportions of immune
responders before and during treatment were compared
using a two-sided Fisher’s exact test. Survival curves for
different frequencies of tumor-reactive T cells were esti-
mated, employing a fitted Cox regression model according
to the observed survival data of study patients. The cor-
relation between frequencies of tumor-reactive T cells and
overall survival was assessed using Pearson’s product
moment correlation. Threshold of significance was always
set at P < 0.05.

Results
Patient treatment and analysis

Twelve metastasized breast cancer patients who were
refractory to standard cytostatic treatment and under dis-
ease progression were subjected to treatment with 50 mg of
cyclophosphamide p.o. daily (Table 1). Before and fort-
nightly until day 84 of treatment, peripheral blood (PB)
was collected for immunological monitoring. Clinical
responses were assessed by quantification of tumor marker
CA15-3 and by computed tomography (CT) of metastases,
when tumor marker levels were not representative
(Table 1). The mean age was 60.3 years (from 47 to
74 years). CTX treatment was continued when patients
showed stable disease after the study period of 3 months.
Median treatment for stable patients has been 8 months
(range, 5—13 months). CTX treatment was discontinued in
patient #6 on day 14 due to tumor progression. Patient #4
resigned CTX treatment after 28 days despite partial
remission of a brain metastasis. The treatment was well
tolerated as none of the patients showed grade 3—4 side
effects. We observed grade I leucopenia in all patients and
anemia (hemoglobin 6.6 g/dl) in patient #6 requiring blood
transfusions.

CTX treatment only transiently reduces Treg
in peripheral blood

The frequency of CD4"CD25"Foxp3™ Treg among total
CD4" T cells was assessed by flow cytometry (Fig. 1a).
Before CTX treatment, Treg were slightly but not signifi-
cantly increased in patients compared to healthy individuals
(Fig. 1b). Within 14 days of CTX treatment, Treg were
consistently reduced in all patients (3.0 £ 1.8% versus
5.1 + 3.0%; P = 0.002) and remained decreased until day
42 (Fig. 1c). Afterward, Treg gradually recovered until
their complete restoration was observed on day 84 of CTX
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Fig. 1 Impact of CTX treatment on Treg frequency in the blood.
a Definition of CD4*CD25"€"Foxp3™ Treg by flow cytometric assay.
b Comparison of Treg frequencies in healthy donors and advanced
breast cancer patients. Column+bar value+SEM. HD healthy donors,
Adv. Pat. advanced breast cancer patients, n number of assessed
samples. ¢ Treg frequencies during CTX treatment. Individual values
are depicted by dots and connected by lines. Patient numbers are
marked on Day 0 nearby corresponding dots. Horizontal bars, mean
values at the time indicated

treatment (5.2 4+ 2.1%). Similarly, absolute numbers of
Treg were reduced within 14 days (from 19,000 £ 8,600/
ml to 11,000 & 1,200/ml) and gradually increased subse-
quently until pre-treatment levels were reached on day 56
(22,000 £ 7,700/ml), which was not the case with absolute
numbers of CD4™ T cells (data not shown).

These data demonstrate that metronomic low-dose
cyclophosphamide treatment selectively reduced the num-
ber of Treg for 4-6 weeks but was insufficient to maintain
Treg at low frequencies for longer periods.

CTX treatment induces stable anti-tumor T-cell
responses

In order to test whether CTX treatment affects endogenous
T-cell responses against breast tumor—derived antigens, we
quantified ex vivo-isolated tumor-reactive T cells fort-
nightly throughout the study by short-term (40 h) IFN-y
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ELISpot assays. As source of breast tumor—derived anti-
gens, we used lysates of the well-defined breast cancer cell
lines MCF7 [18, 19] and KS24.22 [20], which together
express a broad variety of breast cancer—associated anti-
gens, while lysates of the promonocytic leukemia cell line
U937 as a source of unrelated tumor antigens served as
negative control antigens.

Figure 2a shows results obtained from one representa-
tive patient who developed breast tumor—reactive T cells
within 14 days of treatment. Tumor-reactive T cells were
then detectable throughout the full study. Within the total
study group, we detected breast tumor—reactive T cells in
27% of the patients already before CTX treatment
(Fig. 2b). During treatment, this proportion was substan-
tially increased up to 73% (P = 0.086) on day 14 and
maintained at high levels throughout the entire study with
80% on day 42 (P = 0.03) and 88% on day 84 (P = 0.02,
Fig. 2b).

The calculated frequencies of breast tumor-reactive T
cells among total T cells are shown in Fig. 2c. During the
treatment period, their frequency increased gradually by
more than threefold from 12 + 8.2/10° T cells initially
until a significant increase up to 39 + 9.7/10° T cells was
detected in the last month of treatment (P = 0.04). Taken
together, these results provide evidence that metronomic
low-dose cyclophosphamide treatment stably increases
breast tumor-reactive T-cell responses despite an only
transient effect on Treg.

The increased T-cell responses might be either due to
a reduced suppression of pre-existing tumor-specific T
cells or due to an increased de novo induction of specific
T-cell responses. In order to address this issue, we
evaluated in 6 untreated study patients whether or not
pre-existing Treg suppressed the activity of pre-existing
tumor-specific T cells (Fig. 2d). To this end, we depleted
their isolated T cells of Treg and assessed subsequently
T-cell reactivity against breast tumor—derived antigens
(patients #2, 4, 6, 8, 12) or against the defined tumor
antigen MUC-1 (patient #9) by IFN-y ELISpot analysis.
In three patients (patients #2, 9, 12), breast tumor—spe-
cific T-cell responses were revealed (patient #2) or
increased (patients #9, 12) after depletion of Treg.
Interestingly, in patient #2, the anti-tumor T-cell
responsiveness as induced by Treg depletion was similar
to observed frequencies after 42 days of CTX treatment.
In the other three patients (patients #4, 6, 8), even after
depletion of Treg, we did not detect breast tumor—reac-
tive T cells. However, strong breast tumor-reactive
T-cell responses were detectable during CTX treatment.
These observations suggest that CTX treatment can
reveal pre-existing but suppressed T-cell responses as
well as trigger a de novo generation of tumor-specific T
cells.

CTX treatment-induced increase in breast tumor—
reactive T cells correlates with induction of stable
disease and with enhanced overall survival

While all patients were in progressive disease (PD) before
treatment, stable disease (SD) was achieved in 7 out of 12
(58%) patients according to their development of tumor
markers and/or CT/MRT assessment (Table 1). Five
patients (42%) remained in PD. Clinical outcome did not
correlate to grading, hormone receptor expression, prolif-
eration index (Ki-67) and Her2/neu status of the primary
tumor (data not shown). During CTX treatment, in the
group of patients achieving SD, however, we observed a
significant increase in breast tumor—reactive T cells com-
pared to pre-treatment levels (P = 0.03, Fig. 3a).

We analyzed overall survival (OS) for a period of up to
76 weeks after the initiation of CTX treatment. Within this
observation period, 8 patients died of tumor progression,
while 4 patients are still alive (Table 1). Interestingly, after
CTX treatment, we detected a correlation between the
number of breast tumor-reactive T cells and OS
(P = 0.027, Fig. 3b). In contrast, the frequencies of Treg
during or after treatment had no influence on SD or OS
(data not shown).

CTX treatment does not affect Treg function
but increases the expansion of CD4% and CD8" Tconv
and Teff cells

In view of the observed discrepancy between a complete
restoration of the Treg pool under treatment and a simul-
taneous increase in the frequencies of breast tumor-reac-
tive T cells, we wondered whether CTX treatment might
inhibit Treg function while leaving expansion of the Treg
pool unaffected. In order to address this, we purified Treg
(Fig. 4a) from the blood of patients on day 84 or from
healthy individuals and tested their capacity to suppress the
proliferation of autologous conventional T cells (Tconv)
after polyclonal T-cell stimulation. The original results
obtained from one exemplary study patient are shown in
Fig. 4b, demonstrating a substantial, dose-dependent sup-
pression of Tconv proliferation by Treg. Interestingly, as
demonstrated in Fig. 4c, we did not detect any differences
in the suppressive capacity of Treg from healthy individ-
uals and CTX-treated study patients. Thus, restored Treg in
CTX-treated patients possess an unaltered suppressive
capacity.

The observed replenishment of the Treg pool might be
explained by increased de novo generation (e.g., through
conversion of Tconv) [21] or by increased proliferation of
Treg. In order to assess the latter possibility, we analyzed
by flow cytometry the expression of the intracellular pro-
liferation marker Ki67 in a variety of T-cell populations,
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involving CD25"Foxp3*CD4" or CD8™ regulatory T cells
under CTX treatment. The data were compared to respec-
tive T cells from untreated primary breast cancer patients
and healthy donors (Fig. 5).

With regard to proliferating CD4" Treg (Fig. 5a, left),
healthy individuals showed a median proportion of 11.9%
of total Treg, most likely indicating the degree of homeo-
static proliferation under normal conditions. A slightly
higher proportion (14.8%) were observed in primary breast
cancer patients, while Treg proliferation was strongly

increased in advanced breast cancer patients (22.45%, Day
0), indicating a stage-associated abnormal amplification of
Treg. Treg proliferation in CTX-treated patients was
reduced on day 56 (16.9%) compared to day O but gradu-
ally increased to pre-treatment levels until day 84 (21.0%).
These data indicate that at late study points of time, the
proliferative capacity of CD4™ Treg fully recovered despite
ongoing CTX treatment. Interestingly, in the subpopulation
of CD8TCD25%Foxp3™ Treg, we even observed a signifi-
cantly increased proportion of proliferating cells on day 84
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when compared to those of healthy donors, primary breast
cancer patients or study subjects on day O (Fig. 5a, right).
Thus, replenishment of Treg under CTX treatment can at
least partially be explained by increased proliferation.

In CD4" and CD8V effector T cells (Teff), reduced
proliferation proportions were observed in both primary
and untreated advanced breast cancer patients as compared
to healthy donors (Fig. 5b, left and right). Interestingly,
however, proliferating abilities of Teff were normalized or
even further enhanced under CTX treatment. Notably, this
effect was stronger in CD8™, potentially cytotoxic T cells
(Fig. 5b, right), which might have contributed to the
improved clinical outcome as observed in the present
study.

Discussion

Since the first clinical trial of metronomic chemotherapy
involving cyclophosphamide in 2002 [22], such low-dose
cyclophosphamide-containing regimens demonstrated anti-
tumor efficacy with minimal toxicity in advanced cancer
patients [23]. Preclinical mouse models and a previous
clinical study on a number of advanced cancer patients
suggested that the anti-tumor efficacy of low-dose cyclo-
phosphamide is linked to a reduction and functional
impairment of Treg, which might improve immune
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responsiveness to subsequent tumor vaccination [13-15,
241]. However, effects of such treatment on the stimulation
of endogenous immune responses have not been evaluated
in patients with cancer. This concern prompted us to per-
form the present study in patients with metastatic advanced
breast cancer. We here show that single application of
metronomic low-dose cyclophosphamide over 3 months
induced breast tumor—specific T-cell responses in most of
the patients. There is ever-expanding evidence that che-
motherapy exhibits superior therapeutic effects when the
host is immunocompetent [25]. In accordance with these
findings, we observed that disease stabilization and overall
survival correlated with the extent of anti-tumor T-cell
responsiveness.

Spontaneous anti-tumor T-cell responses against a rel-
atively wide scope of tumor-associated antigens (TAA)
have been described previously in primary breast cancer
[26]. Evidence suggests that the breadth and diversity of
T-cell responses are crucial for cancer immunity [27]. On
this basis, we monitored the frequencies of tumor-specific
T cells against a broad repertoire of breast TAAs contained
in breast cancer cell lines MCF7 [18, 19] and KS24.22
[20]. As confirmed with both antigen sources, CTX treat-
ment was able to substantially elevate the proportion of
patients with breast tumor—reactive T cells and their fre-
quencies within 14 days and to maintain these for the
whole observation period.
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Several mechanisms may contribute to the immuno-
logical effects of this treatment. Firstly, due to its anti-
angiogenic and cytotoxic activity [28-30], this regimen
might provide the advantage that more TAAs become
available for T-cell priming. Secondly, as indicated by
previous experimental results [14, 31] and data from late-
stage cancer patients [15], such treatment induces a
selective deprivation of immunosuppressive Treg but pre-
serves the proliferative activity of conventional T cells
(Tconv). The observed selective sensitivity of Treg to
cyclophosphamide treatment may be explained, at least
partially, by their constitutively reduced content of ATP
[31], which nevertheless does not explain their rapid res-
toration during continued cyclophosphamide treatment.

In line with the aforementioned findings, we report here
that metronomic cyclophosphamide treatment resulted in a
selective and rapid although only transient decrease in Treg
numbers. This transient withdrawal of immunosuppressive
influences may have contributed to the observed unmask-
ing of pre-existing memory T cells as well as to the sub-
sequent de novo generation of breast tumor—specific
effector T-cell responses. Recently, it was demonstrated
that cyclophosphamide treatment in mice increased T-cell
immunity through a selective depletion of CD8'" DC
together with an increased turnover, intratumoral accu-
mulation and IL-12 secretion of migratory DC subsets [32,
33]. It is of interest to note that the treatment-induced
proliferation was observed in both CD4 and CD8 subsets,
but more dramatically within the latter subset of potentially
cytotoxic T lymphocytes.

One pertinent question in this study concerns the impact
of long-term CTX regimens on Treg. Under this treatment,
the pool of CD4 Treg was unexpectedly replenished.
Moreover, in contrast to a report on patients treated with
low-dose cyclophosphamide for only 30 days resulting in a
strong functional impairment of Treg [15], we did not
observe any alteration of the suppressive function of Treg
after 84 days of this treatment. Both phenomena might be
attributed to homeostatic proliferation or to a possible
conversion from Tconv [21]. Although we cannot exclude
the latter possibility, the increased proliferative capacity of
the Treg population as determined by Ki67 expression
supports the former notion. In this context, the concomi-
tantly proliferating CD4 Tconv may serve as a source of
IL-2, which is an essentially required cytokine for Treg
expansion and survival [34, 35].

Last but not least, Treg play an important role in the
maintenance of peripheral tolerance against autoantigens,
and their depletion causes severe autoimmune disorders.
This might be an obstacle of short-term cyclophosphamide
application, which in clinical studies exerted profound
functional and quantitative deprivation of Treg [36, 37]. In
this regard, it may be of clinical relevance that the long-

term administration of cyclophosphamide, as conducted in
our present study, allowed for their functional and quan-
titative restoration, while the pool of restored Treg appar-
ently no longer suppressed tumor-specific type-I T-cell
responses.
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