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Abstract Myeloid-derived suppressor cells (MDSC) are
believed to play a role in immune suppression and subse-
quent failure of T cells to mount an efficient anti-tumor
response, by employing both direct T-cell inhibition as
well as induction of regulatory T cells (Tregs). Investigat-
ing the frequency and function of immune suppressive cell
subsets in the peripheral blood of 41 patients with pros-
tate cancer (PC) and 36 healthy donors (HD) showed a
significant increase in circulating CD14" HLA-DR!*"/ne¢
monocytic MDSC (M-MDSC) and Tregs in patients with
PC compared to HD. Furthermore, M-MDSC frequencies
correlated positively with Treg levels. In vitro prolifera-
tion assay with autologous T cells confirmed M-MDSC-
mediated T-cell suppression, and intracellular staining
of immune suppressive enzyme iNOS revealed a higher
expression in M-MDSC from patients with PC. Increased
frequencies of M-MDSC correlated with known negative
prognostic markers in patients with PC including elevated
levels of lactate dehydrogenase and prostate-specific anti-
gen. Accordingly, high levels of M-MDSC were associated
with a shorter median overall survival. Our data strongly
suggest that M-MDSC, possibly along with Tregs, play a
role in establishing an immune suppressive environment in
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patients with PC. Moreover, correlation of M-MDSC fre-
quency with known prognostic markers and the observed
impact on OS could reflect a possible role in tumor pro-
gression. Further insight into the generation and function of
MDSC and their interplay with Tregs and other cell types
may suggest ways to tackle their induction and/or function
to improve immunological tumor control.
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Introduction

Prostate cancer (PC) is the most frequent type of male
cancer and only second to lung cancer as the most com-
mon cancer-related cause of death in the male population
in the western world [1]. Approximately, 30 % of all cases
presenting with localized PC will eventually progress and
metastasize, often leading to involvement of the skeleton.
Plasma concentrations of prostate-specific antigen (PSA)
correlate with tumor volume in localized PC, and PSA
levels are used as a surrogate marker for the tumor burden
when performing clinical evaluations in both the local- and
metastatic setting [2]. The primary treatment of metastatic
PC is androgen-deprivation therapy (ADT), and in the
majority of patients, this provides a temporary control of
the disease. Nevertheless, despite this initial response to
ADT cancer cells eventually become castration resistant
resulting in disease progression.

In the recent years, several immune therapies have been
investigated for the treatment of PC. Importantly, results
from the clinical trials leading to the approval of Sipuleu-
cel-T by the U.S. Food and Drug Administration (FDA)
[3], demonstrated that immune therapies may significantly
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impact overall survival (OS) in patients with castration
resistant metastatic PC (mCRPC). PROSTVAC-VF is a
newer recombinant viral vector-based cancer vaccine.
Results from a randomized phase II trial involving patients
with asymptomatic or minimal symptomatic mCRPC
failed to demonstrate an improvement in progression-free
survival, but in line with the results from the Sipuleucel-
T trials, a significant benefit in OS was seen [4]. A rand-
omized phase III trial with OS as the primary endpoint is
now ongoing (NCT01322490). Available data thus suggest
that mCRPC can be targeted by the immune system, with
some clinical impact. However, it has been speculated that
lack of more powerful and durable clinical benefits of ther-
apeutic vaccination may be accredited to an immune sup-
pressive tumor microenvironment, blunting the activation/
function of induced anti-tumor immunity [5].

In the past decade, myeloid-derived suppressor cells
(MDSC) have been under intense investigation and MDSC
have been shown to accumulate at the tumor site, as well as
in the peripheral blood of cancer patients [6, 7]. They have
been recognized to play a major role in suppression of anti-
tumor immunity by suppressing cells of both the innate and
adaptive immune system by a variety of mechanisms. Some
MDSC subsets have been shown to express indoleamine
2,3 dioxygenase (IDO), depleting the microenvironment
of tryptophan, and through expression of inducible nitric
oxide synthase (iNOS) and arginase-1, L-arginine that
serves as a substrate for both enzymes, is depleted from the
microenvironment [8]. Importantly, T cells are particularly
sensitive to amino acid deprivation [9]. In addition, nitric
oxide (NO), a product of L-arginine catabolism by iNOS, is
in itself able to suppress T-cell function. NO inhibits MHC
class II expression on antigen-presenting cells (APCs),
thus, inhibiting CD4" T-cell activation and induces T-cell
apoptosis [10].

Regulatory T cells (Tregs) are potent inhibitors of the
immune system, important for maintaining peripheral tol-
erance as well as regulating immune responses, preventing
excessive immune activation and autoimmune diseases.
Tregs suppress cytotoxic T cells, NK cells, dendritic cells
(DCs) and neutrophils directly, both via cell-cell contact
and secretion of anti-inflammatory cytokines [11].

Several studies have demonstrated a correlation between
MDSC and Tregs in a variety of cancers including glioblas-
toma [12], hepatocellular- [13] and renal cell carcinoma
(RCC) [14], thus linking the two immune suppressive
cell subsets in cancer patients. In vitro, MDSC have been
shown to indirectly inhibit anti-tumor immunity through
the induction of immune suppressive Tregs from both naive
and activated CD41 T cells [15]. These studies suggest
that part of the observed immune suppression by MDSC
is mediated through the induction of Tregs and that MDSC
and Tregs collaborate in blunting anti-tumor immunity in
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cancer patients. We therefore studied the frequencies of
MDSC and Tregs in the peripheral blood of patients with
PC and the immune suppressive function of MDSC. We
also aligned with the clinical data of the patients including
several known prognostic markers, to investigate any poten-
tial correlation between MDSC/Treg and tumor burden.

Materials and methods
Patient material and PBMC isolation

Forty-one patients with PC were included in the project.
The project was approved by the local ethics commit-
tee, and informed consent was obtained from all patients
before participation. All patients had castration-resistant
disease and were treated at Department of Oncology at
University Hospital Herlev, Denmark. Thirty patients were
chemotherapy naive, and 11 patients were treated with
docetaxel 75 mg/m?%/q3 weeks in combination with pred-
nisone 5 mg given twice daily a median of 6 months (range
3-19 months) prior to inclusion. Mean age for patients
was 72 years (range 57-85, median 70 years). Peripheral
blood mononuclear cells (PBMCs) from healthy donors
from the blood bank at Rigshospitalet, Copenhagen, Den-
mark, were used as controls (mean age 38.5 years, esti-
mated range 17-67, median unknown). Blood samples of
60 ml obtained by venipuncture were collected in heparin
tubes from each patient and transported at room tempera-
ture. Processing was completed within <6 h for all sample
specimens. PBMC were isolated by centrifugation with
Lymphoprep™ (Axis-Shield PoC)(30 min at 1,200 RPM)
and cryopreserved at —150 °C in fecal bovine serum (FBS)
(GibcoBRL) + 10 % dimethylsulfoxide (DMSO) (Sigma-
Aldrich) using a CoolCell® (Bioscision) gradual freezing
device. Cells were thawed in pre-warmed 37 °C RPMI
and counted after thawing using trypan blue staining and
a microscope. For proliferation assays, cells were sorted
directly after PBMC isolation.

Flow cytometry

For analyses of MDSC and Tregs, PBMC were thawed,
washed and placed on ice in 100 pL PBS + 2 % FBS.
Mouse serum (Jackson ImmunoResearch) was added for
10 min to block unspecific binding of F_-receptors prior
to adding monoclonal antibodies (mAbs). For assessment
of MDSC, cells were stained with mAbs CDI14-APC-
Cy7 (BD), CD15-PB (Biolegend), HLA-DR-PerCP (BD),
CD11b-APC (BD), CD33-PE (Dako), CD66b-FITC (BD)
and the lineage markers CD3-PE-Cy7 (BD), CD56-PE-Cy7
(BD), CD19-PE-Cy7 (BD). Treg panel consisted of mAbs:
CDI127-FITC (eBioscience), CD25-APC (eBioscience)
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CD3-APC-Cy7 (BD), CD4-PerCP (BD), CD49d-PE (BD),
CDS8-PB (DAKO). In addition, LIVE/DEAD® Fixable
Aqua Dead Cell Stain (Invitrogen) was added to both pan-
els to rule out dead cells. CD14THLA-DR ™Y cells were
analyzed for expression of iNOS, and T cells for expression
of the CD3¢t chain, by intracellular staining (ICS), without
any prior stimulation. Once thawed and washed, cells were
stained with mouse serum and surface mAbs as described
above. mAbs included: HLA-DR-PerCP (BD), Lin-PE-
Cy7 (see above), CD14-APC (BD), CD15-PB (Biolegend),
for MDSC staining, and CD3-PE-Cy7 (BD), CD4-PerCP
(BD), CDS8-pacific blue (Dako) for T-cell staining. LIVE/
DEAD® Near-Infrared Fixable Dead cell stain (Invitro-
gen) was included in both panels for dead cell exclusion.
Cells were washed once and then fixed and permeabilized
over night (ON) with Fixation/Permeabilization buffer and
Permeabilization Wash buffer (eBiosciences), according
to manufacturer’s instructions. The next day, cells were
washed and stained with intracellular mAbs for 20 min on
ice: iNOS-PE (Abcam), and CD3¢ (CD247)-FITC (Ther-
moScientific). Samples were acquired on a BD FACScan-
toll flow cytometer, and all data analyses were conducted
using the BD FacsDiva Software. At least 2 x 10° cells
were acquired and recorded for analyses. To reduce inter-
assay variation, we included both patient and healthy donor
samples for each staining-round. Relevant isotypes were
used for all panels of mAbs.

Cell sorting

PBMC were washed twice directly after lymphoprep iso-
lation and stained with 20 pl antibody labeled microbeads
(Miltenyi Biotec) according to manufacturer’s recommen-
dations. Effector cells (HLA-DR™¥°Y CD14% cells) were
obtained by first depleting HLA-DR™ cells (Reference cell
population) followed by enrichment of CD14% cells from
the HLA-DR"™#/°" fraction. The target cell population were
obtained by CD14 depletion. Cells were incubated 15 min
at 4 °C. Cells were washed and passed through a LS col-
umn (MACS®) upon magnetic labeling of cells and placed
in a QuadroMACS separator (Miltenyi). Purity of sorted
populations was assessed by flow cytometry, according to
staining protocol described above using mAbs: HLA-DR-
PerCP (BD), CD14-APC-Cy7 (BD), and LIVE/DEAD®
Fixable Aqua Dead Cell Stain-Amcyan (Invitrogen).

Proliferation assay

Cells were isolated from patient blood samples as well
as healthy donors and sorted as described above. Target
cells (CD14 depleted PBMC) were labeled with PKH26
membrane stain (Sigma-Aldrich) according to manufac-
turer’s recommendations. All cells were resuspended in

X-vivol5™ (BioWhittaker) + 5 % human serum (Sigma-
Aldrich), counted using trypan blue staining, and held at
4 °C in the darkness until use. A 96-well microtiter plate
pre-coated with 0.5ug/ml anti-CD3 (OKT3, eBioscience)
was added 5 x 10* target cells; 6 anti-CD3 coated wells
served as positive controls, while 6 uncoated wells served
as negative controls. CD14THLA-DR™¥"°¥ or HLA-DR™"
cells were added in doublets at effector:target ratio 1:1. The
plate incubated 6 days at 37 °C, 5 % CO,. Proliferation was
assessed by flow cytometry using mAbs: FITC—CD4 (BD
Bioscience), PB—CD8 (Dako), and LIVE/DEAD® Fix-
able Near Infraread Dead Cell Stain (Invitrogen).

Statistical analysis

Statistical analyses were performed using Graphpad Prism
v5. We assumed that frequencies of regulatory immune
cells in the blood did not follow a normal distribution, and
thus analyzed all frequency related data using nonparamet-
ric statistical tests. The frequencies were compared using
Mann—-Whitney test, while correlation analyses of these
cell populations and plasma PSA concentration were done
using Spearman’s rank correlation test. Survival statistics
were analyzed by log rank. Due to small sample size, the
use of nonparametric tests would lack power, thus inhibi-
tion of T-cell proliferation was analyzed using paired t
test. As the effector-, target- and reference cell populations
compared originate from the same donor inhibition were
assumed to follow a normal distribution. P values below
0.05 were considered significant.

Results

Frequencies of monocytic MDSC are elevated in the
peripheral blood of patients with PC

Cryopreserved PBMC from 41 patients with PC and 36
healthy donors were analyzed by flow cytometry. We
defined MDSC as HLA-DR“"™¢ Lin~ CD11b* CD33",
distinguishing between CD14" monocytic MDSC
(M-MDSC) and CDI15" polymorphonuclear MDSC
(PMN-MDSC) (Fig. la). For further characterization
of PMN-MDSC, we included the CD66b granulocytic
marker (Suppl. figure 1). 11 of the 41 patients in this study
had received treatment with docetaxel and prednisolon a
median of 6 months (range 3—19 months) prior to inclusion
in the project (See Table 1 for patient characteristics). Fre-
quencies of M-MDSC in untreated and docetaxel-treated
patients did not differ (Suppl. figure 2A) thus we rationed
a joining of data from the two groups. Both untreated and
docetaxel-treated patients had significantly higher frequen-
cies of circulating M-MDSC compared to healthy donors
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Fig. 1 Elevated frequencies of M-MDSC in patients with pros-
tate cancer compared to healthy donors. The frequencies of immune
cell subsets were analyzed by flow cytometry of extracellular mark-
ers. a Gating strategy of M-MDSC. M-MDSC were gated from live
single PBMC by FSC-A/SSC-A, FSC-A/FSC-H and FSC-A/DCM.
M-MDSC were identified as Lin~ HLA-DR'"™¢ CD11b* CD33*
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and CD14". b Levels of M-MDSC are significantly increased in the
peripheral blood of patients with PC (n = 41) compared to healthy
donors (n = 36). MDSC frequencies are shown as percentage of the
live PBMCs to decrease the effect of inter-population variation. PC
prostate cancer, HD healthy donors, DCM dead cell marker. Mann—
Whitney test, ***P < (0.0001

Table 1 Patient characteristics

Variable/trait Total (%) PC (%)* PC + DO (%) P value ( X2 test)
No. of patients 41 (100 %) 30 (73 %) 11 (27 %) 0.71
Age (Median) 70 70 71
Performance status
0 19 15(50 %) 4 (36 %) 0.13
1 18 13 (43 %) 545 %) 0.83
2 4 2(7%) 2 (18 %) 0.03
Median Gleason score® 8 8 8
<7 5 (12 %) 1(3 %) 4 (36 %) <0.01
=7 9 (23 %) 8 (28 %) 1.9 %) <0.01
>7 26 (65 %) 20 (69 %) 6 (55 %) 0.21
Bone metastases® 35 (85 %) 24 (80 %) 11 (100 %) 0.43
Prior treatment
Total androgen blockade 37 (90 %) 27 (90 %) 10 (91 %) 0.94
A total of 41 patients were Treatment post inclusion
included in this study, 11 of Docetaxel (First line) 28 (68 %) 26 (96 %) 2 (18 %) <0.01
whom had received docetaxel Abiraterone 20 (49 %) 16(53%) 436 %) 0.07
3;‘3:‘52;23;2goaﬁ;cglizgféni . Cabazitaxel 1024%)  1963%)  9(82%) 0.12
between the untreated (PC) and positive for negative prognostic factors®
docetaxel-treated (PC + DO) Anemia 25 (63 %) 15 (52 %) 10 (91 %) <0.01
groups (x> test) Serum LDH (elevated) 18 (45 %) 13 (45 %) 5 (45 %) 1
* Data on prognostic markers Alkaline phosphatase (elevated) 31 (78 %) 24 83%) 7 (64 %) 0.12

from one patient is unknown

(P <0.001, Fig. 1b). We found a slightly higher frequency
of PMN-MDSC from patients with PC compared to healthy
donors (Suppl. figure 1), however, as PMN-MDSC are
highly vulnerable to freeze—thaw cycles (data not shown),
we decided to focus our study on M-MDSC.
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M-MDSC inhibit T-cell proliferation in vitro and express
immune suppressive iNOS

We tested whether M-MDSC were able to inhibit the pro-
liferation of autologous T cells stimulated with anti-CD3
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Fig. 2 M-MDSC inhibit T-cell proliferation. CD14 depleted target
cells were co-cultured with either autologous M-MDSC or HLA-DR*
reference effector cells. Target and effector populations were enriched
from freshly isolated PBMC by magnetic activated cell sorting. Tar-
get cells were stained with PKH26. a After 6 days in culture, the cells
were analyzed by flow cytometry, where a decrease in mean fluores-
cence intensity (MFI) was a measure of proliferation. CD8" prolif-

antibody. CD14 depleted PBMCs were used as target cells
(purity; 97.7-99.8 %) combined with effector cells being
either M-MDSCs (CD14* HLA-DR ™%, purity; 60-75 %)
or reference cells (HLA-DRY, purity; 65-86 %). After
6 days in culture, proliferation was assessed by flow cytom-
etry (Fig. 2a). At effector:target ratio of 1:1, we found that
isolated M-MDSC significantly inhibited CD4" T-cell pro-
liferation (P < 0.05, Fig. 2b) compared with a HLA-DR™
reference- and effector population. M-MDSC were able to
suppress CD8" T-cell proliferation less potently (Fig. 2c).
Marked inter-assay variation in cell viability at the time of
analysis was observed by use of a dead cell marker (data
not shown).

Immune suppressive activity has been associated with
high expression of iNOS. Thus, by intracellular staining
and flow cytometry, we examined the expression of iNOS
in M-MDSC. Due to limited material, only 27 of the 41
patient samples were tested for intracellular expression of
iNOS. These included both chemotherapy-naive (n = 22)
and docetaxel-treated patients (n = 5). M-MDSC from both
healthy donors and patients with PC express iNOS com-
pared to isotype controls (Fig. 3a); however, we found that
expression of iNOS was significantly higher in M-MDSC
from patients with PC compared to healthy donors
(P < 0.001, Fig. 3b). There was no difference in iNOS
expression by M-MDSC between chemotherapy-naive
and docetaxel-treated patients (Suppl. figure 2C). Because
iNOS-mediated L-arginine depletion has been implicated
to down regulate CD3¢ expression and T-cell dysfunction,
we examined the functional status of T cells by intracellu-
lar staining of CD3¢. We found CD3t expression by both

eration in presence of M-MDSC (black) or HLA-DR™ reference pop-
ulation (gray). b CD4" T-cell proliferation is significantly inhibited
by the presence of M-MDSC when compared to HLA-DR™ refer-
ence cell (effector:target ratio 1:1), and also ¢ CD8" T-cell prolifera-
tion seem to be suppressed (P = 0.07). Due to limited fresh material
n = 7, including 3 patients with PC (triangles) and 4 healthy donors
(circles). Paired ¢ test, *P < 0.05

CD4" and CD8™ T cells to be similar in patients with PC
and healthy donors. In addition, no correlation between
M-MDSC frequencies and T-cell expression of CD3¢ was
found (data not shown).

M-MDSC frequencies correlate positively to increased
levels of Tregs

Aside from direct inhibition of T cells, MDSC have been
shown to indirectly suppress T-cell function through the
induction of Tregs. Previous data have shown that >85 % of
CD3" CD4" CD25" CD127"" cells are in fact also FoxP3*
[16]. Thus, we defined Tregs based on these surface mark-
ers (Fig. 4a), which we have previously demonstrated pos-
sess regulatory capacity [17]. We found significantly higher
frequencies of circulating Tregs in patients with PC when
compared to healthy donors (P < 0.05 Fig. 4b). Moreover,
we found a significant positive correlation between fre-
quencies of M-MDSC and circulating Treg cells in periph-
eral blood of patients with PC (P < 0.05, p = 0.3 Fig. 4c¢).
This was not the case in healthy donors (data not shown).

Frequencies of M-MDSC in the blood correlate
with negative prognostic markers and overall survival
in patients with PC

Elevated levels of lactate dehydrogenase, alkaline
phosphatase, PSA and anemia are all known prognos-
tic factors in mCRPC [18]. We found that the levels of
M-MDSC were significantly higher in patients with
three of these negative prognostic factors, compared to
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Fig. 3 M-MDSC from patients with PC express higher levels of
iNOS. Expression of iNOS was analyzed by intracellular staining and
flow cytometry and measured by comparing the mean fluorescence
intensity (MFI). a M-MDSC from both PC (black) and HD (gray)
express iNOS compared to the isotype (marked by gate), however,

Fig. 4 Elevated frequencies

of Treg among PBMC from
patient with PC and correlation
with frequencies of M-MDSC.
Frequencies of circulating
Tregs were analyzed by flow
cytometry and a were gated as
CD3* CD4+ CD25" CD127"".
b PBMC from patients with PC

SSC-A

iNOS (MFI)

5000 - *k*
4000 - -
..
T
3000 - at
B rrrr .
2000 - nuun]
o~ .IFI
[ ] [ ]
10004 °°°
0 . '
Q\O QQ

b iNOS expression is significantly higher in M-MDSC from patients
with PC (n = 27) compared to M-MDSC from healthy donors
(n = 17). Both chemotherapy-naive (n = 22) and docetaxel-treated
patients (n = 5) are represented in the PC group. PC prostate cancer
patients, HD healthy donors. Mann—Whitney test, ***P < 0.0001

contains significantly higher
levels of Tregs, than those of
healthy donors. ¢ Frequencies of
M-MDSC correlate positively
with the levels of circulating
Tregs in the blood from patients
with PC (n =41, P = 0.04,

p = 0.3). This is not the case in
blood from HD. Data analyzed
by Spearman’s rank correlation
test

CD3

CD25

patients with <1 negative factor (Fig. 5a). In line with
this, MDSC frequencies were associated with a high sum
of Gleason scores at diagnosis, though not reaching sta-
tistical significance (Fig. 5b). We observed a significant
positive correlation with levels of PSA and M-MDSC
frequency (Fig. 5¢), P < 0.05, p = 0.4). Because four
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patients had exceptionally high PSA levels, we tested
whether these four outliers might have biased the statis-
tical analysis. However, when excluding the four outli-
ers, our data still showed a significant positive correla-
tion (data not shown). In light of M-MDSC frequencies
being associated with a poor prognosis in this study
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Fig. 5 M-MDSC levels correlate with negative prognostic markers,
plasma PSA and decreased overall survival. Stratifying patients into
groups; a harboring <1 (n = 17), 2 (n = 11) or 3 (n = 13) inde-
pendently negative prognostic markers, and b according to low (<7,
n = 5), intermediate (7, n = 10) or high (>7, n = 25) sum of Gleason
score at diagnoses, compared to frequencies of M-MDSC. *P < 0.05
Mann-Whitney test. Error bars designate standard error of the mean.
¢ Positive correlation between frequency of circulating M-MDSC and

population, we also investigated a possible impact on OS.
Patients were stratified into groups of low M-MDSC lev-
els (below the mean) and high M-MDSC levels (above
the mean). When comparing these two groups, high lev-
els of M-MDSC tended to correlate with a poorer median
OS (19 vs. 33 months, P = 0.12, log rank). Due to the
small sample size, OS was not adjusted known prognos-
tic factors.

Of note, the level of circulating Tregs neither corre-
lated with any of the negative prognostic factors men-
tioned, nor the sum of Gleason scores. However, levels
of Tregs showed a tendency toward a correlation with
plasma levels of PSA without impacting OS (Suppl. fig-
ure 3 A-D).

PSA levels in patients with PC. Four patients with exceptionally high
PSA levels were excluded; however, correlation between M-MDSC
frequencies and PSA levels is still significant (Spearman’s rank; All
patients included, n = 41, P = 0.02, p = 0.4. Without the 4 outli-
ers n = 38, P = 0.03 p = 0.3). d Patients stratified according to
M-MDSC frequencies above (high, n = 16) or below (low, n = 25)
the mean. High M-MDSC levels tend to impact OS in patients with
PC; 19 months versus 33 months (P = 0.13)

Discussion

Over the past few years, MDSC have been intensely stud-
ied in mice models of cancer as well as in cancer patients.
MDSC are a heterogeneous population of cells consisting
of immature myeloid cells, immature granulocytes, imma-
ture DC and immature monocytes. In mice, MDSC are
characterized by co-expression of CD11b and GR-1 [19].
However, discerning MDSC in humans, is made difficult
by the lack of specific markers, and the heterogeneity of
MDSC makes their characterization complicated [7]. To
underline the heterogeneity of MDSC in humans, Walter
et al. [20] report the accumulation of 6 different MDSC
subtypes in the blood of patients with RCC. Interestingly,

@ Springer



1184

Cancer Immunol Immunother (2014) 63:1177-1187

elevated frequencies of two of the subtypes, one being
CD14" HLA-DR"™¢ M-MDSC, negatively associated
with overall survival. This suggests that M-MDSC have
an impact on cancer progression and response to immune
therapy. To this end, we studied the levels of CD14* HLA-
DR°¥1¢¢ M-MDSC among PBMC from patients with PC
and found increased levels of M-MDSC in patients com-
pared to HD. Very few studies have scrutinized MDSC
in PC, however, two recent studies demonstrated that
M-MDSC frequencies are elevated among PBMC in
patients with PC [21, 22]. Direct comparison of our data
with those of the two studies is not possible since we report
M-MDSC frequencies as percentage of live PBMC (of
200,000 acquired events per sample), whereas Vuk-Pav-
lovi¢ et al. reported frequencies of M-MDSC as percent-
age of CD14 + cells and Brusa et al. report frequencies as
percentages of 10,000 events of an undescribed population.
One could argue that the smaller the reference population,
the greater the risk of bias by fluctuations in leukocyte sub-
populations. Nonetheless, although there are differences in
the groups of patients analyzed between our studies, and
the way of reporting M-MDSC frequencies, the data in
both cases support our findings.

Due to the mentioned difficulties in selecting appropri-
ate markers used to study MDSC, suppressive activity is
vital for characterization of MDSC. MDSC can utilize a
wide variety of suppressive mechanisms. Their means of
suppression depends both on the subtype of MDSC and
on the cancer in which they are found, and often includes
more than a single mechanism [7, 23]. We examined the
immune suppressive function of M-MDSC and found that
M-MDSC inhibited the proliferation of CD4" and CD8™
T cells. It was clear that M-MDSC from some individuals
were more suppressive than those isolated from others. We
observed a large inter-assay variation of cell viability after
the 6 days of culture. It could be speculated that some cell
populations are more prone to cell death during the cul-
ture. Another aspect to consider is the varying purity of the
enriched effector cell populations (HLA-DR™ and CD147"
HLA-DR!®"" cells), which may have affected the results.

Functional testing of M-MDSC reported here was car-
ried out using freshly isolated PBMC, because in our hands
attempts at using M-MDSC isolated from cryopreserved
PBMC were unsuccessful (data not shown). A recent study
by Kotsakis et al. (2012) documents how cryopreservation/
thawing of PBMC affects the functionality of MDSC, abol-
ishing the suppressive activity compared to the use of fresh
PBMC from the same donor [24]. In line with this, previ-
ous data showing that M-MDSC from patients with PC-
mediated T-cell suppression were performed using fresh
material, in a membrane labeling assay similar to ours [21].
This warrants for harmonization of material used for the
functional testing of MDSC.

@ Springer

We further investigated the means of suppression
and found a significant increase in iNOS expression in
M-MDSC from patients with PC, when compared to
healthy donors. This could indicate that M-MDSC from
cancer patients are more potent inhibitors of T-cell func-
tion, than M-MDSC from healthy donors. Indeed, in simi-
lar studies of M-MDSC function, CD14" HLA-DR'"/¢
M-MDSC from patients with malignant melanoma [25],
PC [21], and multiple myeloma [26] were shown to possess
more pronounced inhibitory capacity compared to healthy
donors. However, due to limited fresh material, we were
unable to show this in a functional assay.

iNOS is an enzyme producing NO by metabolism of
L-Arginine. The depletion of L-arginine in the tumor micro-
environment has been shown to induce down regulation of
CD3 ¢ chain on T cells, thus rendering the T cells unrespon-
sive [27]. Down regulation of CD3 ¢ on T cells has been
observed in a variety of cancers and has been suggested
as a biomarker for poor prognosis in cancer patients [28].
However, reports of CD3 ¢ chain expression in PBMC from
patients with PC are contradictory. We found CD3 ¢ chain
expression to be similar in PBMC from patients with PC
and healthy donors. This is supported by data from Bronte
et al. [29], whereas Meidenbauer et al. [30] reported that
down regulation of CD3 ¢ chain was rescued by vaccination
in patients with PC. In the study by Bronte et al., PBMC
were obtained from patients undergoing radical prostatec-
tomy, whereas the patient group in Meidenbauer’s study
had undergone previous surgery, chemotherapy or radio-
therapy. Thus, the patients in the latter study were at a later
stage of their disease, which may explain the difference in
CD3 ¢ chain expression, on the condition that CD3 ¢ down
regulation is stage dependent. Another explanation could
be differences in the handling of blood samples before pro-
cessing for PBMC. Afonso et al. [31] suggested that the
CD3 ¢ chain was down regulated on PBMC isolated later
than 3 h post venipuncture, as a result of activated granulo-
cytes in the blood sample, rendering the T cells less respon-
sive. Moreover, iNOS may suppress the immune system by
other mechanisms than depletion of L-arginine.

We observed increased frequencies of circulating Tregs
compared to healthy donors, supporting previous findings
in patients with PC [32]. Tregs have been implicated in
tumor progression and in blunting of anti-tumor responses
[33], while others report that T-cell tolerance and clinical
response to anti-cancer vaccines in prostate cancer is inde-
pendent of Tregs [32].

We have found that frequencies of two distinct immune
suppressive subsets, M-MDSC and Tregs, are increased
in patients with PC. A link between the two has been
suggested, as in vitro studies have demonstrated CD14%
HLA-DR™#°Y M-MDSC are capable of inducing Tregs
in co-culture with autologous CD4 + T cells [15, 34].
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This is supported by studies showing a positive correla-
tion between MDSC frequencies and circulating Tregs in
patients with a variety of cancers [35]. We are the first to
report that a similar positive correlation between M-MDSC
frequencies and circulating Tregs exists in the peripheral
blood of patients with PC. Although this correlation is sig-
nificant, some patients with lower M-MDSC frequencies
have a high level of Tregs and vice versa, which suggests
that the induction of Tregs may take routes independent of
MDSC. It could be speculated that the correlation between
M-MDSC and Tregs might be even stronger if correlation
to functionally verified M-MDSC was possible; however,
this awaits characterization of appropriate surface mark-
ers. Moreover, it should be noted that the age of the study
group of cancer patients in this (and other studies) is higher
than that of the control group. Only very few studies have
focused on MDSC and Treg frequencies in old versus
young healthy individuals; however, some data have sug-
gested higher frequencies and/or functionality of these sup-
pressor cell types with age [36, 37]. Accordingly, there is
a call for studies that compare these cell subsets in aging
healthy individuals.

Not only are levels of MDSC increased in the blood of
patients with cancer, MDSC frequencies correlate to clini-
cal cancer stage in several cancers including bladder can-
cer [38] and breast cancer [39], as well as tumor progres-
sion in hepatocellular carcinoma [40]. Here, we report that
M-MDSC frequencies are significantly positively asso-
ciated with known negative prognostic factors in patients
with mCRPC indicating a possible link between M-MDSC
and tumor progression. The observed difference in median
OS between patients with high versus low M-MDSC fre-
quencies in the blood supports this possible link, but unfor-
tunately, due to the sample size in this study, we were not
able to adjust for known prognostic factors and the sole
impact of M-MDSC in regard to OS could therefore not be
evaluated. PC cells secrete IL-6 resulting in increased lev-
els of plasma/serum IL-6 [41] and IL-6 have been shown
recruit MDSC in a mouse model [42]. Inhibition of IL-6
abrogated the recruitment of MDSCs in tumor-bearing mice
and was associated with delayed tumor growth and attenu-
ated angiogenesis. This could suggest that tumor secreted
factors recruit MDSC, which in turn suppress anti-tumor
immunity. Indeed, Brusa et al. [22] showed that increased
frequencies of M-MDSC are directly linked to the presence
of tumor in patients with localized PC. They did not find
a correlation between M-MDSC levels and plasma PSA;
however, quite few patient samples were analyzed.

No single set of markers have been agreed upon for the
characterization of Treg, and thus, comparison between
studies can be somewhat difficult. FoxP3 has been widely
accepted as the Treg marker, because FoxP3 is essential
for the differentiation and function of Tregs [43]. However,

not all FoxP3% T cells are Tregs, and thus gating on
FoxP3™ T cells may include contaminating effector T cells
[44]. We chose to look at CD3" CD4% T cells with high
expression of CD25 and low or no expression of CD127.
This population has been shown to comprise >85 %
FoxP3™ Tregs [16]. FoxP3 may be a stronger marker for
Tregs, thus gating on CD25" CD127'°%"¢ where <15 %
of the FoxP3™ cells are unaccounted for, could be at the
cost of significance.

Regarding OS and Tregs, our findings are in line with a
study recently published by Weide et al. [45] showing that
increased M-MDSC levels negatively impacted survival in
patients with malignant melanoma, whereas Tregs did not.

Although some patients were characterized by relatively
few MDSC and a high frequency of Treg or vice versa,
the main conclusion drawn from the present study is that
there is a connection between induction of suppressor cells
and negative prognosis/outcome of disease. Thus, further
insight into the cells and molecules involved with induction
of MDSC and Treg could lead to development of strategies
aiming at targeting of suppressor-induction pathways in
combination with immune therapy.
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