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Abstract Myeloid-derived suppressor cells are increased
in the peripheral blood of advanced-stage cancer patients;
however, no studies have shown a correlation of these
immunosuppressive cells with clinical outcomes in mela-
noma patients. We characterized the frequency and sup-
pressive function of multiple subsets of myeloid-derived
suppressor cells in the peripheral blood of 34 patients with
Stage IV melanoma, 20 patients with Stage I melanoma,
and 15 healthy donors. The frequency of CD14" MDSCs
(Lin~ CD11b" HLA-DR™ CDI14" CD33%) and CD14~
MDSCs (Lin~ CD11b™ HLA-DR™ CD14~ CD33") was
increased in the peripheral blood of Stage IV melanoma
patients relative to healthy donors. The frequency of
CD14% and CD14~ MDSCs correlated with each other
and with the increased frequency of regulatory T cells, but
not with classically defined monocytes. CD14~ MDSCs
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isolated from the peripheral blood of Stage IV melanoma
patients suppressed T cell activation more than those iso-
lated from healthy donors, and the frequency of these cells
correlated with disease progression and decreased overall
survival. Our study provides the first evidence that the fre-
quency of CD14™ MDSCs negatively correlates with clini-
cal outcomes in advanced-stage melanoma patients. These
data indicate that suppressive MDSCs should be considered
as targets for future immunotherapies.
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Background

Due to the early identification of tumor-specific immune
responses, multiple tumor-specific target antigens, and the
importance of regulatory T cells as a known correlate of
patient outcomes [1, 2], melanoma is at the forefront of
tumor immunology and immunotherapy research. Both
high-dose interleukin-2 (IL-2) and ipilimumab [anti-
cytotoxic T lymphocyte-associated antigen 4 (CTLA-4)]
are approved by the Food and Drug Administration for
treating patients with metastatic melanoma [3, 4]. There
is also ongoing research using PD-1/PD-L1-blocking
antibodies and adoptive cell therapies as potential treat-
ments [5—7]. While ipilimumab is the first therapy shown
to prolong survival in advanced-stage melanoma patients,
it has a relatively low overall response rate of 10-20 %
[4, 8]. However, subsets of ipilimumab-treated patients
develop complete clinical responses lasting many years,
highlighting the potential of immunotherapies to generate
durable responses in melanoma patients [9]. While these
currently available immunotherapies are promising, there

@ Springer


http://dx.doi.org/10.1007/s00262-013-1475-x

1712

Cancer Immunol Immunother (2013) 62:1711-1722

remains an opportunity for the development of additional
strategies to improve response rates, including combined
therapies that aim to prevent or reduce tumor-induced
immunosuppression.

Originally described in cancer models as “natural sup-
pressor cells” that lack lymphocyte lineage markers [10,
11], myeloid-derived suppressor cells (MDSCs) are a
mixed population of myeloid cells consisting of monocytic
and granulocytic populations [12—14]. MDSCs in mice are
characterized as Gr-17 CD115" CD11b" cells with immu-
nosuppressive capabilities, including the ability to suppress
cytokine production, proliferation, and specific killing by T
lymphocytes [15, 16]. Although generally characterized as
lineage negative (CD3, CD14, CD19, CD56), HLA-DR",
CD33™, and CD11b* [17, 18], human MDSCs have also
been divided into monocytic and granulocytic populations
based on expression of the monocytic marker CD14 [19,
20] or the granulocytic marker CD15 [21]. MDSCs have
recently been implicated as key contributors in tumor-
induced immunosuppression in humans. Increased numbers
of circulating MDSCs correlate with larger tumor burdens
and disease stage in hepatocellular carcinoma, non-small-
cell lung cancer, renal cell carcinoma, breast cancer, and
glioblastoma [17, 21-26]. Furthermore, MDSCs isolated
from cancer patients inhibit the function of human T cells
[27, 28]. Treatments aimed at inhibiting the soluble factors
that contribute to MDSC accumulation or function may
help maximize the benefits of immunotherapy. For exam-
ple, treatment of human MDSCs with all-trans-retinoic acid
(ATRA) abrogates immune suppression in vitro [27] and
reduces the frequency of MDSCs in vivo [29, 30]. These
data demonstrate that therapies targeting MDSCs may
improve anti-tumor immune responses, suggesting the need
for further research in the accumulation and immunosup-
pressive function of MDSCs.

Although suppressive MDSCs are associated with dis-
ease stage in several cancers, very few studies demon-
strate a correlation with prognosis or overall survival.
High frequencies of Lin~ HLA-DR~ CDI11b" CD33"
are associated with decreased overall survival in studies
of heterogeneous advanced-stage cancer patients includ-
ing gastrointestinal malignancies, pancreatic cancer, and
breast cancer [31-34]. In addition, breast cancer patients
with low levels of circulating MDSCs are more likely to
respond to an experimental treatment with NOV-002 (a
chemopotentiator and chemoprotectant) in combination
with chemotherapy [35]. In advanced-stage melanoma
patients, several studies indicate an increased number of
circulating MDSCs relative to healthy donors and that
these cells are immunosuppressive ex vivo [19, 28, 36, 37].
Furthermore, one study showed reductions in circulating
MDSCs in melanoma patients with a complete or partial
response after treatment with a combination of CTLA-4
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antibody and interferon alpha [38]. However, there are
no published studies showing an association of MDSCs
with overall survival or disease progression in melanoma
patients. There are also few reports that provide a detailed
comparison of multiple subsets of MDSCs in melanoma
patients.

In this study, we compared the frequency and immuno-
suppressive function of MDSCs isolated from advanced-
stage melanoma patients, Stage I melanoma patients,
and healthy donors. In agreement with previous reports
in melanoma patients, we found an increase in both Lin™
(CD3, CD19, CD56) CD11b* HLA-DR™ CD33" CD14*
MDSCs, referred to as CD14™ MDSCs, and Lin~ CD11b*
HLA-DR™ CD33" CD14~ MDSCs, referred to as CD14~
MDSCs, in the peripheral blood of Stage IV melanoma
patients. The CD14~ MDSCs consistently suppressed T
cell responses ex vivo, and the frequency of these cells
correlated with overall survival and disease progression
in our study. Furthermore, we show that a high frequency
of CD14~ MDSCs predicts a significantly increased risk
of disease progression and may serve as a potential bio-
marker for patient prognosis. This study demonstrates that
CD14~ MDSCs may play a role in immunosuppression
in melanoma patients and that immunotherapies targeting
these cells should be considered for future combinatorial
treatments.

Materials and methods
Study population

Patients with Stage I or Stage IV melanoma at the Univer-
sity of Colorado Cancer Center at the University of Colo-
rado Hospital (Aurora, CO, USA) were enrolled from April
2011 through April 2012. Eligible Stage IV patients had
ECOG performance status grades O or 1 and were previ-
ously untreated (n = 19) or untreated for 4 weeks prior to
the blood draw (n = 15). Most of the enrolled Stage IV
patients had a high metastatic disease burden (sub-staging:
9.5 % Mla, 6.5 % M1b, 84 % MIc). Of the 15 previously
treated patients, 10 received chemotherapy or radiation
treatment regimens, 6 received targeted inhibitors, and 8
received immunotherapy (see Table 1). Healthy donors
were also enrolled during this time period (n = 15). Eligi-
ble healthy donors had no history of autoimmune disease or
immunosuppression due to a known disease or medication.
Age and gender distributions were approximately matched
between healthy donors and melanoma patients. Informed
consent was obtained for all subjects through protocols
approved by the Colorado Multiple Institutional Review
Board. Eleven additional Stage I and Stage IV melanoma
patients and 10 additional healthy donors with similar
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Table 1 Clinical characteristic of enrolled patients

Stage of disease at No. of patients
blood draw?*

Average age Gender (M/F)

(range)b

Healthy donor 15 55.8 (28-77)  8/7

I 20 54.0 25-77)  9/11

v 34 55.0 (23-87)  22/12

Stage at initial No. of patients Average age Gender (M/F)
diagnosis® (range)?

Early (I-1I) 16 52.9 (19-85) 13/3

Late (ITI-1V) 18 53.1(30-67)  9/9

Rounds of prior ~ No. of patients ~ Average age Gender (M/F)
treatments® (range)b

None 19 54.7 (23-87)  13/6

1 Regimen 6 61.4 (45-74) 373

2-3 Regimens 9 58.1(36-78) 6/3

Eligible patients were diagnosed with Stage I or Stage IV melanoma
* All patients enrolled in the study

b Age at blood draw

¢ Only patients with Stage IV disease at blood draw

4" Age at initial diagnosis

clinical characteristics were recruited for the functional
assays in Fig. 4 (see Online Resource 1).

Sample collection

Peripheral blood was collected into tubes containing acid
citrate dextrose anticoagulant (BD Biosciences). Twenty
patient samples were collected within 2 months of Stage
IV diagnosis, 7/34 patient samples were collected within
1 year of Stage IV diagnosis, and 7/34 patients were col-
lected at greater than 1 year after Stage IV diagnosis.
Peripheral blood mononuclear cells (PBMCs) from both
healthy donors and melanoma patients were isolated over
a density gradient using Ficoll-Paque Plus (GE Healthcare)
and stored at —80 °C in normal human serum (Gemini Bio-
products) containing 10 % DMSO.

Flow cytometry

To define the MDSC subsets, frozen PBMC were thawed
and washed, and 1 x 10° cells were stained with antibod-
ies specific for human lineage markers CD3 (OKT3), CD56
(HCD56), and CD19 (HIB19), and for other markers that
define MDSCs including CD33 (WM53), HLA-DR (L243),
CD14 (HCD14), CDI11b (ICRF44), and CDI15 (HI98).
Some samples were also stained with antibodies specific for
CD16 (3G8). To define T cell subsets, PBMC were stained
with antibodies specific for human CD3 (SK7), CD4
(OKT4), CD8 (SK1), CD25 (BC96), and FoxP3 (PCH101).

For the T cell activation assays, cells were labeled with car-
boxyfluorescein diacetate and succinimidyl ester (Vybrant
CFDA SE cell tracer kit, Invitrogen) and stained with anti-
bodies specific for CD3 (SK7), CD8 (SK1), and CD25
(BC96). All antibodies were obtained from BioLegend
except CD15 and FoxP3 (BD Biosciences). All data were
collected on a CyAn ADP Analyzer (Beckman Coulter) and
analyzed using FlowJo software (Tree Star, Inc). Compen-
sation settings were established using single-color-stained
PBMCs, and analysis gates were set using isotype-matched
controls. Live cells were defined as those inside the gate
on the forward and side scatter plot (Fig. 1 and Online
Resource 2).

Cells and media

All culture medium was prepared using RPMI 1640
(Mediatech), 2 mM L-glutamine (Mediatech), 100 pg/ml
Streptomycin (Mediatech), 100 IU/ml Penicillin (Mediat-
ech), and 10 % normal human serum (Gemini Bioprod-
ucts). Monocyte-derived dendritic cells for mixed-lym-
phocyte reactions (MLRs) were prepared from PBMC
obtained from leukapheresis cassettes of healthy donors
(Bonfils Blood Center, Denver, CO, USA). CD14™" cells
from these healthy donors were enriched using magnetic
separation according to the manufacturer’s instructions
(Miltenyi Biotec), and 1 x 10° CD14% cells were incu-
bated with recombinant human IL-4 (100 ng/ml, Gemini
Bioproducts) and GM-CSF (70 ng/ml, Gemini Bioprod-
ucts) for 4-6 days at 37 °C in 5 % CO, in a 24-well
plate [39, 40]. Lipopolysaccharide from Escherichia coli
0111:B4 (0.1 pg/ml, Sigma-Aldrich) was added 24 h
prior to T cell stimulation assays.

T cell suppression assays

MDSCs were separated using a three-step sequential
purification over magnetic columns according to the
manufacturer’s instructions (Miltenyi Biotec). HLA-
DR cells were removed from fresh PBMC (HLA-DR*
control cells), the negative fraction was enriched for
CD14% cells (80-90 % HLA-DR™°% CD14" MDSC,
Online Resource 3b), and the CD14 negative fraction was
enriched for CD33" cells (60-70 % HLA-DR™ CD14~
CD33" MDSCs, Online Resource 3c). The remaining
cells (>90 % T cells, Online Resource 3b) were labeled
with CFSE, and 1 x 10’ cells were stimulated in an MLR
with 2 x 10* monocyte-derived dendritic cells from a
healthy donor (preparation described above) in the pres-
ence of 1 x 10° HLA-DR™ control cells, CD14+ MDSCs,
or CD14™ MDSCs. After 4 days, the supernatants were
removed, and the cells were stained for T cell activation
markers and analyzed by flow cytometry. The percentage
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Fig. 1 Myeloid-derived suppressor cells are increased in the periph-
eral blood of advanced-stage melanoma patients. a PBMCs from
Stage IV melanoma patients (fop) or healthy donors (bottom) were
stained with antibodies specific for lineage markers (CD3, CD19,
CD56), CD11b, HLA-DR, CD14, CD33, and CD15 and analyzed by
flow cytometry. The gating scheme used to analyze three subsets of
MDSCs are shown: CD14" MDSCs (Lin~"** CD11b™ HLA-DR™'
low CD14* CD33%), CD14~ MDSCs (Lin~"** CD11b* HLA-DR™/
¥ CD14~ CD33™), and CD15T MDSCs (Lin™*" CDI11b" HLA-

of divided cells was determined by analyzing the fre-
quency of CD3* CD8" CFSE!®" CD25"eh cells (gating
scheme shown in Online Resource 3d and e). Percent
suppression was calculated by dividing the frequency of
divided cells (CFSE'®") or the MFI of CD25 staining in
the presence of MDSCs by the frequency of divided cells
or the MFI of CD25 staining in the presence of the con-
trol HLA-DR™ cells.

Statistical analysis

All graphical and statistical analyses were performed using
GraphPad Prism Software (version 6) and SAS Software
9.3. Group means were compared using an unpaired two-
tailed Student’s ¢ test for two groups and one-way ANOVA
for multiple groups with p values adjusted for multiple
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DR~°¥ CD14~ CD33* CD15%). b The frequency of CD14+ MDSCs
was compared between healthy donors (n = 15), Stage I melanoma
patients (n = 20), and Stage IV melanoma patients (n = 34) using
one-way ANOVA (p = 0.0031), and differences between healthy
donor and melanoma patients were significant (p values shown are
adjusted for multiple comparisons). ¢ The frequency of CD14~
MDSCs was compared as in b (p = 0.001). d The frequency of
CD15" MDSCs was compared as in b

comparisons using Tukey’s approach. Correlations were
evaluated using Pearson correlation coefficients with p
values reported. Receiver operating characteristic (ROC)
curves were used to define the cutoffs for high frequencies
of Tepq CD14" MDSCs, and CD14~ MDSCs for over-
all survival and disease progression events. Kaplan—-Meir
curves for progression-free survival and overall survival
were plotted using GraphPad Prism software and compared
between groups using a log-rank test. Cox proportional
hazard regression models were used to obtain hazard ratios
and 95 % confidence intervals. A stepwise selection proce-
dure was applied to the Cox model to select variables asso-
ciated with progression-free survival and overall survival,
with entry p values <0.2 and stay p values <0.25. p < 0.05
was considered significant throughout this study. Error bars
represent the standard error of the mean (SE).
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Results

MDSC:s are increased in advanced-stage melanoma
patients and correlate with regulatory T cells

Although they have been well described in experimental
cancer models in rodents, MDSCs are less clearly defined
in human cancer patients due to the lack of specific line-
age markers. In this study, we quantified the frequency of
the three most commonly described MDSC populations in
human cancer: the Lin~°" (CD3, CD19, CD56) CD11b"
HLA-DR% CD33* CD14* MDSCs [19], the Lin~°%
CD11b" HLA-DR™°V CD33* CD14~ MDSCs [17, 29,
30], and a subset of CD14™ MDSC:s that express the granu-
locytic marker CD15 [21, 23, 24]. PBMCs from the periph-
eral blood of patients with metastatic melanoma (Stage
IV), Stage I melanoma, or healthy donors (Table 1) were
stained with antibodies specific for the cellular markers of
MDSCs and analyzed by flow cytometry. Lin™°" HLA-
DR~ CDI11b™ cells were analyzed for expression of CD14,
CD33, and CD15 (Fig. 1a). Compared to healthy donors,
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Fig. 2 The frequency of CD14" and CD14~ MDSCs correlates
with regulatory T cells and with each other, but not with HLA-DR™
monocytes. The frequency of CD14" MDSCs was compared with the
frequency of CD14~ MDSCs (a) or the frequency of CD14" HLA-

% CD14+ HLA-DR+ monocytes o

we found a significant increase in the frequency of both
the CD14% (0.54 % + 0.16 to 2.14 % + 0.36, p = 0.006)
and CD14™ (1.12 % £ 0.16 to 2.19 % =+ 0.37, p = 0.041)
MDSC populations in the peripheral blood of Stage IV
melanoma patients (Fig. 1b, c). A subset of CD14™ MDSCs
expressing the granulocytic marker CD15 was evident in
only 4 of the Stage IV melanoma patients (Fig. 1d) and
may be underrepresented in our study due to its sensitivity
to cryopreservation [20, 41].

We next determined whether the increased frequency of
MDSCs in melanoma patients was associated with changes
in other PBMC populations. We found that the frequency
of CD14" and CD14~ MDSCs correlated with each other
(p < 0.0001, Fig. 2a). The frequency of classically defined
monocytes (HLA-DR' CD14% CD167) in advanced-stage
melanoma patients was increased relative to healthy donors
(data not shown); however, the frequency of these cells did
not correlate with the frequency of MDSCs (p = 0.0629,
Fig. 2b). The overall frequency of CD3* T lympho-
cytes also did not correlate with the frequency of MDSCs
(data not shown). However, similar to previous reports in
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DR* CD16™ monocytes (b) in Stage IV melanoma patients using a
Pearson correlation test. The frequency of CD147 (¢) or CD14~ (d)
MDSCs was compared with the frequency of T, ., (Online Resource
2) in Stage IV melanoma patients using a Pearson correlation test
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melanoma patients [22, 42], we found a significant increase
in the frequency of CD31 CD4" CD25" FoxP3™ regulatory
T cells (T, 3.82 % £ 0.35 t0 6.30 % + 0.44, p = 0.0044,
Online Resource 2) and a significant correlation between
Tiees and both populations of MDSCs in Stage IV mela-
noma patients (p = 0.045 and 0.0041, respectively, Fig. 2c,
d). These data suggest that immunosuppressive cells,
including T, CD14" MDSCs, and CD14~ MDSCs, are
specifically increased in metastatic melanoma patients and
are found in association with each other.

Although all of the advanced-stage melanoma patients
were diagnosed with Stage IV disease at the time of the
blood draw and analysis, there were differences in the clini-
cal characteristics of these patients that may influence the
frequency of immunosuppressive cells (Table 1). There-
fore, we grouped the Stage IV melanoma patients accord-
ing to gender, to the stage of disease at their initial diagno-
sis (Stage I or II disease versus Stage III or IV disease), to
prior treatment regimens, and to the length of time between
diagnosis and blood draw. There were no significant differ-
ences in the frequencies of T, or MDSCs between gen-
ders (Fig. 3a) or between patients that were initially diag-
nosed with early- versus late-stage disease (Fig. 3b). The
frequency of immunosuppressive cells was also not associ-
ated with the number of prior treatment regimens (Fig. 3c)
or the type of prior treatment received (Fig. 3d). Finally, the
length of time between initial diagnosis and Stage IV diag-
nosis and the length of time between Stage IV diagnosis
and enrollment in the study were also not associated with
the frequency of MDSCs or Tregs (Fig. 3e, f).

MDSCs from advanced-stage melanoma patients are
immunosuppressive

Due to the lack of specific cellular markers, human
MDSC s are often defined by their ability to suppress T cell
responses ex vivo. To determine whether the MDSCs we
characterized phenotypically were immunosuppressive, we
added magnetically separated HLA-DR™ CD14% or HLA-
DR~ CDI14~ CD33" MDSCs to T cells stimulated with
allogeneic dendritic cells in a mixed-lymphocyte reaction
(MLR). These assays were performed using fresh non-
cryopreserved samples and are a heterogeneous population
consisting of both CD15~ and granulocytic CD15% sub-
sets (Online Resource 3c). We found that CD14~ MDSCs
isolated from the peripheral blood of Stage IV melanoma
patients significantly reduced proliferation (10.2 0.7 % to
6.9 £+ 0.8 %, p = 0.0269, Fig. 4a and Online Resource 3d)
and activation of CD8™ T cells (MFI of CD25 210.6 &+ 25.6
to 174.8 &+ 26.1, p = 0.0253, Fig. 4c). In contrast, CD14~
MDSCs isolated from healthy donors and Stage I mela-
noma patients did not significantly reduce T cell responses
(Fig. 4a, c). There was also a significant difference in the
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calculated percent suppression between CD14~ MDSCs
from healthy donors and Stage IV melanoma patients
(inhibition of proliferation 11.1 = 7.0 % to 32.2 + 5.3 %,
p = 0.019; inhibition of CD25 upregulation —7.5 £ 9.5 %
to 19.8 £ 3.8 %, p = 0.0253, Fig. 4b, d). In contrast to
previous studies using antibody-coupled beads or mitogens
to stimulate T cells [19, 36, 37], the HLA-DR™ CD14"
MDSCs did not suppress T cell responses in our study
(Fig. 4). These data suggest that peripheral CD14~ MDSCs
are immunosuppressive and therefore may be relevant for
targeted therapeutic approaches in this patient cohort.

The frequency of CD14~ MDSCs in advanced-stage
melanoma patients predicts overall survival and disease
progression

The association between MDSCs and tumor growth and
progression has been well described in mouse cancer mod-
els [43, 44]. However, there are few studies that demon-
strate a correlation between MDSCs and clinical outcomes
in human cancer patients [31-34]. We are not aware of any
currently published studies that correlate CD14~ MDSCs
with overall survival or disease progression in melanoma
patients. ROC curves were used to assess the cutoff val-
ues for high frequencies of T, or MDSCs in our cohort
of Stage IV melanoma patients according to desirable
sensitivity and specificity for predicting survival (CD14%
MDSCs > 1.6 %, CD14™ MDSCs > 1.6 %, T,y > 6.0 %)
or disease progression (CD14* MDSCs > 1.7 %, CD14~
MDSCs > 1.6 %, Tregs > 5.3 %). We then analyzed the
time to death and time to progression for patients with
either a high or low frequency of T, or MDSCs. In agree-
ment with their suppressive activity, we found a significant
association between a high frequency of CD14~ MDSCs
and poorer overall survival (p = 0.0162) as well as a sig-
nificant correlation between a high frequency of CD14~
MDSCs and a shorter time from enrollment in the study to
disease progression (p = 0.0372, Fig. 5c). We also found a
marginally significant association between CD14" MDSCs
and disease progression in our study (p = 0.047, Fig. 5a).
We next determined whether other clinical factors con-
tributed to the association between CD14~ MDSCs and
patient outcomes. We found no significant differences in
age between the patients with high or low frequencies of
CD14~ MDSCs (Online Resource 4a). Importantly, there
were no significant differences in the mean follow-up times
between patients with high or low CD14~ MDSC frequen-
cies (Online Resource 4b), or the time between Stage IV
diagnosis and blood draw (Online Resource 4c). Finally,
we found that gender, age, prior treatment regimens, stage
of initial diagnosis, and BRAF mutation status were not
univariately significant in predicting overall survival or dis-
ease progression. We used a stepwise selection procedure
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between initial diagnosis and Stage IV diagnosis (e <1 year = 13,
1-3 years = 8, >3 year = 13 patients) and the length of time between
Stage IV diagnosis and enrollment in the study (f <2 months = 20,
2-12 months = 7, >12 months = 7 patients). The frequency of
CD14* MDSCs, CD14~ MDSCs, and T,,, was compared using a
Student’s ¢ test (a and b) or a one-way ANOVA (c—f). No significant
differences were observed

Resource 5). Therefore, a high frequency of CD14~
MDSCs independently predicted poorer survival and dis-
ease progression in our study.

To further characterize the association between sup-
pressive cells and melanoma disease progression, we
divided our Stage IV cohort into patients with progressive
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Fig. 4 CD14~ MDSCs from advanced-stage melanoma patients
suppress T cell responses more than CD14~ MDSCs from healthy
donors. a CFSE-labeled T cells from melanoma healthy donors (left,
n = 11), Stage I melanoma patients (middle, » = 10), or Stage IV
melanoma patients (right, n» = 11) were incubated with stimulatory
dendritic cells in a mixed-lymphocyte reaction in the presence of
magnetically separated control cells (HLA-DR™) or MDSCs (HLA-
DR~ CD14% or HLA-DR™ CD14~ CD33"). After 4 days, the cells
were stained with antibodies specific for CD3, CD8, and CD25, and
the percentage of divided CD8" T cells was determined by flow

disease and those with stable or responsive disease dur-
ing the time frame of our study. We found that patients
with progressive disease had an increased frequency of
all three suppressive cell types, CD14T MDSCs (Fig. 5b),
CD14~ MDSCs (Fig. 5d), and Trees (Fig. 5f) compared
to patients with stable or responsive disease. Further-
more, 15 of 16 (94 %) patients with high levels of CD14~
MDSCs and 11 of 18 (61 %) patients with low levels of
CD14~ MDSCs progressed during the study. The mean
follow-up time between patients with progressive or sta-
ble/responsive disease was similar (Online Resource 4d).
Therefore, CD14~ MDSCs may serve as a predictor of
clinical outcomes in Stage IV melanoma patients, and
these immunosuppressive cells may be a mediator of dis-
ease progression.

Discussion
In this study, we showed that Stage IV melanoma patients

have an increased frequency of CDI14" and CD14~
MDSC:s that correlate with the frequency of T, as well

regs
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cytometry. The average frequency of divided cells was compared
using one-way ANOVA (Stage IV, p = 0.0121), and differences
between healthy donors and melanoma patients were significant (p
values shown). b The percent suppression of proliferation was deter-
mined for each sample relative to HLA-DR™ cells and compared as in
(a) between melanoma patients and healthy donors (CD14~ MDSCs,
ANOVA p = 0.001). ¢ The MFI of CD25 staining was determined
and compared as in (a) (ANOVA p = 0.0291). d The percent suppres-
sion of CD25 upregulation was determined and compared as in (b)
(ANOVA p = 0.0291)

as with each other (Figs. 1, 2). We were unable to reliably
quantify the CD14~ CD15% population of MDSCs because
their numbers are reduced in cryopreserved samples [41].
However, CD14~ CD15™ cells are equally sensitive to cry-
opreservation in both cancer patients and healthy donors,
and the length of time in freezer storage does not affect
their frequency [41]. Furthermore, the frequency of CD14"
MDSCs is consistent regardless of cryopreservation [20,
41]. Despite this limitation, we found that the increased
frequency of CD14™ MDSCs correlates with poorer over-
all survival and disease progression, the first report of its
kind for melanoma (Fig. 5). Furthermore, patients with
high levels of CD14™ MDSCs have a nearly 5 times greater
risk of death and a 2.4 times greater risk of disease progres-
sion. These data suggest that a high frequency of periph-
eral CD14~ MDSCs may be a useful prognostic biomarker
for Stage IV melanoma. Interestingly, some of the Stage
I melanoma patients in our study have an increase in the
frequency of CD14~ MDSCs, with 8 out of 20 patients
(40 %) above the average frequency in healthy donors.
The survival and recurrence of melanoma in these Stage I
patients will be tracked to determine if an increased level
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Fig.5 The frequency of CD14~ MDSCs is associated with dis-
ease progression in Stage IV melanoma patients. The length of time
between enrollment (blood draw) and death (left) or clinical disease
progression (right) was determined for Stage IV patients from Fig. 1
(n = 34). The time between enrollment and last follow-up was deter-
mined for surviving patients and patients with no disease progression.
The overall survival probability was compared between patients with
a high or low/average frequency of CD14" MDSCs (a high = 17
patients, low = 17), CD14~ MDSCs (c high = 16, low = 18), or
FoxP3" CD25% T,,,, (e high = 16, low = 18) using a log-rank test.

regs

of peripheral MDSC:s also correlates with disease relapse in
these patients.

Our data suggest that advanced-stage melanoma
patients not only have an increased frequency of peripheral
MDSCs, but also an increase in the suppressive activity of
these cells. Similar to studies of other cancers, we showed
that the CD14~ MDSCs from Stage IV melanoma patients
suppress T cell responses more than MDSCs isolated from
healthy donors [27, 28]. As indicated by numerous studies
in rodent cancer models, our results support the hypoth-
esis that MDSCs acquire immunosuppressive functions
in tumor-bearing hosts [45-47]. In contrast, the CD147"

Time to progression/last follow-up (months)

Progressed Stable Disease

The mean follow-up time and time between Stage IV diagnosis and
blood draw were not significantly different between patients with
low or high frequencies of suppressor cells (Online Resource 4). The
frequency of CD14" MDSCs (b), CD14~ MDSCs (d), and FoxP3*
CD25" T, (f) in patients with stable disease during the study or

regs
those withgclinical disease progression was compared using a Stu-
dent’s ¢ test. Mean follow-up time for patients with a progression
event was not significantly different from patients with stable disease
(Online Resource 4d)

MDSCs in our study did not suppress T cell responses ex
vivo. CD141" MDSCs produce TGFf, recruit, or induce
regulatory T cells, and are immunosuppressive in several
studies [19, 22, 36, 37]. Consistent with our study, several
groups have shown that granulocytic MDSCs are more sup-
pressive than CD14" HLA-DR"'~ MDSCs, which require
high MDSC to T cell ratios to achieve immunosuppression
[20, 22]. We speculate that the lack of immunosuppres-
sion by CD14" MDSCs in our study may be due to lower
MDSC to T cell ratios, different methods of T cell stimula-
tion, or different methods of MDSC isolation. We stimu-
lated T cells using mixed-lymphocyte reactions, resulting
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in a smaller frequency of responding T cells than mitogen
or antibody stimulations used in previous studies. Although
MLRs more closely mimic natural immune responses, the
reduced frequency of responding T cells may have reduced
the sensitivity of our assays to an extent that immunosup-
pression by CD14" MDSCs was not apparent. In addition,
despite magnetic separation of HLA-DR™ cells, the CD14™"
MDSCs in our assays express a low level of HLA-DR
(Online Resource 3a) and, thus, may be less enriched for
HLA-DR™ CD14" cells than previous studies using fluo-
rescence-activated cell sorting.

Despite the strong evidence for the immunosuppressive
role of MDSCs in the microenvironment of mouse cancer
models [48], few studies of MDSCs have been performed
in human tumor tissue. One group recently showed that
melanoma tumor-infiltrating CD14% and CD14™ cells,
which express high levels of HLA-DR, did not suppress
T cell proliferation [42]. However, MDSCs isolated from
the tumor tissue of head and neck cancer and breast cancer
patients suppress T cell responses ex vivo [49, 50]. In light
of these results, the suppressive function of HLA-DR™
MDSC:s isolated from melanoma tumor tissue needs to be
evaluated to fully understand their role in the immunosup-
pressive environment of human melanoma.

Immunotherapy has provided clinical benefit for patients
with advanced melanoma. However, there remains an
opportunity to improve upon these treatments through the
targeting of additional or multiple immunosuppressive
mechanisms, such as reducing the frequency or activity of
MDSCs. Our study suggests that CD14~ MDSCs are an
important component of immunosuppression in melanoma
patients. It remains to be clarified whether the frequency
of MDSCs could serve as a predictive biomarker for the
response to immunotherapy and whether these responses
could be improved by the addition of therapies that target
this MDSC population in melanoma patients. One recent
trial using a dendritic cell vaccine in combination with
ATRA demonstrated a reduced frequency of MDSCs and
increased p53-specific T cells in small-cell lung cancer
patients treated with the combined therapy [30], suggesting
that combinatorial therapies specifically targeting MDSCs
are promising. These insights may contribute to the grow-
ing knowledge of immunotherapeutic treatments for mela-
noma patients and help to understand the manipulation of
the human immune response to cancer.
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