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Abstract
Evaluation of myeloid-derived suppressor cells (MDSC), a cell type implicated in T-cell suppression, may inform
immune status. However, a uniform methodology is necessary for prospective testing as a biomarker. We report
the use of a computational algorithm-driven analysis of whole blood and cryopreserved samples for monocytic
MDSC (m-MDSC) quantity that removes variables related to blood processing and user deﬁnitions. Applying
these methods to samples from patients with melanoma identiﬁes differing frequency distribution of m-MDSC
relative to that in healthy donors. Patients with a pretreatment m-MDSC frequency outside a preliminary
deﬁnition of healthy donor range (<14.9%) were signiﬁcantly more likely to achieve prolonged overall survival
following treatment with ipilimumab, an antibody that promotes T-cell activation and proliferation. m-MDSC
frequencies were inversely correlated with peripheral CD8þ T-cell expansion following ipilimumab. Algorithmdriven analysis may enable not only development of a novel pretreatment biomarker for ipilimumab therapy, but
also prospective validation of peripheral blood m-MDSCs as a biomarker in multiple disease settings. Cancer
Immunol Res; 2(8); 812–21. 2014 AACR.

Introduction
Myeloid-derived suppressor cells (MDSC) are a heterogeneous population of granulocyte- and monocyte-like cells
that inhibit T-cell function (1, 2). Clinically signiﬁcant MDSC
accumulation has been observed in many challenges to the
immune system in humans including chronic infection,
transplant, and multiple malignancies (3–10). Diversity in
phenotype and methods used for analysis creates challenges
in prospectively and reproducibly deﬁning the clinical
import of this cellular subset. Monocytic MDSCs (m-MDSC)
are frequently characterized as CD14þ/HLA-DRlow/ cells
in humans; however, HLA-DR expression is typically a
broad distribution, making identiﬁcation of a speciﬁc subset
of cells susceptible to inter-user variability. Nevertheless,
increased CD14þ/HLA-DRlow/ cells in the peripheral
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blood have been designated as m-MDSCs in individual
datasets based on this cell population's ability to suppress
lymphocyte function and are prognostic in patients
with hematologic cancers (chronic lymphocytic leukemia
and multiple myeloma), solid tumors (hepatocellular carcinoma, non–small cell lung cancer, melanoma, and others),
chronic infection (HIV), cirrhosis, and allotransplantation
(5, 8, 11–17).
In melanoma, m-MDSCs correlate with melanoma disease
activity and are independently prognostic of overall survival
(OS) in patients with stage IV disease (6, 18–20). Levels of mMDSC inversely correlate with the presence of NY-ESO-1–
speciﬁc T cells and seem to be increased in ipilimumab
nonresponders (20, 21). This ﬁnding suggests a link between
m-MDSC and antigen-speciﬁc immunity in vivo and provides
additional rationale for routinely evaluating m-MDSCs as
a biomarker in the context of immunotherapy clinical trials.
However, a uniform methodology that corrects for artifacts
introduced by cell processing, cryopreservation, and analysis
needs to be developed to enable routine measurement of
m-MDSCs for prospective testing as a biomarker (22).
Immunomodulatory therapy, which has emerged as a promising treatment approach for metastatic melanoma and other
cancers, is an area in which biomarker development may
enable selection of therapy for individuals more likely to
achieve prolonged OS. Ipilimumab, an antibody that blocks
the function of the immune inhibitory molecule cytotoxic T
lymphocyte antigen 4 (CTLA-4), was the ﬁrst immunomodulatory antibody to gain regulatory approval as a cancer therapeutic based on two phase III studies demonstrating
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signiﬁcant increases in OS in patients with metastatic
melanoma (23, 24). However, only 20% to 30% of patients
achieve long-term survival following therapy (25). This ﬁnding not only supports the need to deﬁne biomarkers in this
context, but also to identify mechanisms of resistance that
could lead to additional therapeutic targets for improved
outcomes.
A number of biomarkers examining T-cell proliferation or
activation and antigen-speciﬁc immunity have been assessed
in the context of ipilimumab therapy. Gene expression proﬁling on tumor biopsies collected from 45 patients with melanoma before and after ipilimumab treatment showed that an
immunologically active tumor microenvironment favors clinical response to ipilimumab (26, 27). In peripheral blood,
sustained ICOS elevation in CD4þT cells, higher percentage of
EOMESþ CD8þ T cells or Ki67þEOMESþCD8þ T cells, and an
NY-ESO-1–speciﬁc CD8þ T-cell response in patients with NYESO-1–seropositive metastatic melanoma have all shown an
association with clinical beneﬁt and survival following ipilimumab therapy (28, 29).
Absolute lymphocyte count (ALC), the most clinically accessible biomarker, available through a routine complete blood
count, has been shown to correlate with OS in several singleinstitution, noncontrolled studies (30). More recently, an analysis of almost 2,000 ipilimumab-treated patients in multiple
studies, including randomized, controlled, and phase III studies, has demonstrated that an ALC increase is a speciﬁc
pharmacodynamic biomarker of ipilimumab. In the absence
of concomitant chemotherapy, the degree of this pharmacodynamic increase in lymphocyte count at the commercially
available ipilimumab dose (3 mg/kg) is associated with OS
(Postow et al.; submitted for publication), suggesting that ALC
is worthy of further investigation in the context of risk-adapted
clinical trial design.
We report the development of methods to enable uniform
analysis of m-MDSCs that overcome issues related to blood
processing and inter-user variability. This is achieved by
deriving a measure of m-MDSCs using coefﬁcient of variation (CV) to assess HLA-DR spread on CD14þCD11bþ cells
and through the evaluation of stabilizers of HLA-DR levels
in whole blood. We validate these methods by demonstrating that CD14þHLA-DRlow/ m-MDSC quantity derived from
CV values is both inversely correlated with pharmacodynamics markers of ipilimumab function and also associated
with OS among patients undergoing treatment with
ipilimumab.

Materials and Methods
Patients
We identiﬁed 83 patients who were treated on a clinical
study with ipilimumab between February 2008 and March 2012
and had cryopreserved peripheral blood samples in our tissue
banks. Peripheral blood from healthy donor volunteers was
obtained at the time of the current study and from samples in
our institutional tissue bank. MDSC analyses were performed
between December 2011 and March 2012. We excluded 4 and
11 samples in the 10-mg/kg and 3-mg/kg ipilimumab groups,
respectively, because of an overnight delay between phlebot-
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omy and processing time, which validation studies conﬁrmed
affects levels of HLA-DR (Fig. 1E). Patients and healthy donors
provided informed consent for the clinical studies and the
collection of blood and tumor tissue on a correlative biospecimen protocol. Patients were treated with ipilimumab on
Bristol-Myers Squibb studies CA184045 (NCT00495066) or
CA184-087 (NCT00920907), with four doses of ipilimumab at
10 mg/kg or 3 mg/kg i.v. every 3 weeks during induction
therapy, followed by maintenance ipilimumab at the same
dose every 12 weeks, starting at week 24. Clinical beneﬁt was
determined by investigators at week 24 imaging based on
interpretation of radiographic stable disease or better by
modiﬁed World Health Organization (mWHO) or RECIST
criteria. All studies were approved by the Memorial SloanKettering Cancer Center (MSKCC; New York, NY) Institutional
Review Board.
MDSC staining
Blood was collected and cryopreserved using BD Vacutainer
CPT tubes (BD pharmingen) from patients with melanoma and
healthy donors for the retrospective analysis. Samples were
collected from patients and healthy donors in Cyto-Chex
(Streck), Vacutainer CPT, or standard heparin vacutainer tubes
for comparative analysis. Peripheral blood mononuclear cells
(PBMC; 5  105) from patients with melanoma or healthy
donors were washed with 2 mL FACS buffer (PBS containing
2% bovine serum albumin and 0.05 mmol/L EDTA). The
following antibodies were then added for 30 minutes at 4 C:
Lineage (CD3/CD16/CD19/CD20/CD56) cocktail FITC (BD
Pharmingen), CD14-PerCP Cy5.5, CD11b-APC Cy7, CD33-PECy7 (BD Pharmingen), and HLA-DR-ECD (Beckman Coulter).
Isotype controls included the appropriate ﬂuorochrome-conjugated mouse IgG1, IgG 1k, IgG2a, or IgG2b k (BD Pharmingen;
Beckman Coulter; R&D Systems). Whole blood samples were
lysed for 10 minutes in BD Phosﬂow Lyse/Fix after staining (BD
Pharmingen). Stained cells were detected using a LSR Fortessa
with FACS Diva software (BD Biosciences). Analysis was
carried out using FlowJo (TreeStar). m-MDSCs were quantiﬁed
as described. Brieﬂy, scale values for HLA-DR within a singlet,
live, lineage-negative (Lin; CD3, CD16, CD19, CD20, and
CD56) cell population that expressed CD14þCD11bþ were
exported from FlowJo and analyzed using code written in R
software to derive the CV, a ratio of standard deviation (SD; s)
and geometric mean ﬂuorescence intensity (GMFI). A %mMDSC frequency deﬁned as the %HLA-DRlow/ among CD14þ
CD11bþ cells was derived using a nomogram based on the 99th
percentile CVHLA-DR among CD14þCD11bþ cells from healthy
donors. Absolute number of m-MDSC (/mL) in peripheral blood
was estimated using the formula: (%m-MDSC)  (number of
monocytes (/mL) from a complete blood count on the same
day.
T-cell suppression assay
A T-cell suppression assay was performed as described
previously (31). Brieﬂy, CD14þ PBMCs magnetically separated
using MACS beads (Miltenyi Biotec) were cultured with 2  105
CFSE-labeled autologous CD14 PBMCs in 96-well ﬂat-bottom
a-CD3–speciﬁc Ab-coated plates (OKT3, 100 mL at 0.5 mg/mL
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Figure 1. Analysis of MDSC frequency. PBMCs from patients with advanced melanoma and from healthy donors were stained with surface antibody and
analyzed by multicolor ﬂow cytometry. We deﬁned monocytic myeloid cells based on the presence of CD14, CD11b in a CD3, CD16, CD19, CD20, and

CD56 in a Lin population. Within this monocytic cell population, m-MDSCs were isolated on the basis of their low levels of HLA-DR expression. A,
þ
þ

gating strategy to isolate myeloid-derived cells as CD14 CD11b Lin cells. On the basis of the 99th percentile of healthy donor values, a cutoff for low
expression of HLA-DR was set to isolate the population of m-MDSC (shaded in gray). B, m-MDSC composition by HLA-DR GMFI is subject to
ﬂuctuations in staining acquisition and sample handling. CVHLA-DR represents a self-normalizing measurement and is stable among replicate
measurements. C, comparison of CV for HLA expression within the myeloid compartment reveals a larger spread for patients pretreatment,
compared with healthy donors and large differences in CV between patients (healthy donors vs. patients; P < 0.05). D, normogram plotting relationship
between CV values and m-MDSC frequency. E, evaluation of whole blood collected in standard heparin or Cyto-Chex tubes (n ¼ 9) for m-MDSC
frequency and stored at room temperature for the speciﬁed interval between analysis and acquisition. Data are expressed as a percentage of total
m-MDSCs present at baseline.  , P ¼ 0.002. F, correlation between m-MDSC analysis of samples (n ¼ 8) cryopreserved using BD Vacutainer CPT tubes,
standard heparin tubes, and collected in Cyto-Chex tubes.
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for 2 hours at 37 C) in RPMI-1640 medium supplemented with
10% FBS and IL2 (10 IU/mL; Roche). After 5 days, cells were
harvested, stained with CD3-PECy7, CD4-ECD, and CD8-APC
Cy7 (BD Pharmingen), and CFSE signal of gated CD8þ T cells
(CD3þ CD4) was measured by ﬂow cytometry. The stimulation index (SI) was calculated by dividing the proliferation measured in the absence of m-MDSC by proliferation
measured in the presence of m-MDSC, as previously
described (31).
Statistical analysis
Patient characteristics were described using median and
range for continuous variables and frequency and percentages
for categorical variables. The primary endpoint for this retrospective analysis was OS, which is deﬁned as the time from
pretreatment %m-MDSC assessment to death or last followup. Landmark analysis from week 6 was also performed.
Patients alive at last follow-up are censored. Maximally selected log-rank statistics was used to ﬁnd a cutoff value for %mMDSC. The Kaplan–Meier method and log-rank test were used
to compare differences in survival for categorical variables.
Univariate and multivariate Cox proportional hazards regression was used to assess the association between clinical
variables and OS. A Student t test with Welch correction was
used for comparisons of %m-MDSC frequency in the patient
and healthy donor groups. Pearson correlation was used to
evaluate for relationships between %m-MDSC and lymphocyte
subsets.

Results
Measuring HLA-DR spread using a computational
algorithm removes user bias and inter-replicate
variability in m-MDSC assessment
Published reports of m-MDSC frequency have evaluated this
cellular subset by gating on Lin CD14þCD11bþ HLA-DRlow/
cells in the peripheral circulation. We similarly developed a
ﬂow cytometric strategy to deﬁne m-MDSC based on high
abundance of CD14, CD11b, and low or absent HLA-DR
expression in a CD3, CD16, CD19, CD20, CD56, Lin population
(Supplementary Fig. S1). HLA-DR expression on myeloid cells
displayed a wide continuous distribution rather than distinct
populations. Log-rank tests based on different gating cutoffs
resulted in a broad range of m-MDSC cutoff values and highly
variable survival curves. Thus, selection of an accurate gate for
a low or negative HLA-DR fraction is challenging and prone to
user bias and experimental unreliability. However, we observed
distinct spreads for the HLA-DR distribution between individual patients, suggesting that evaluating this parameter on
CD11bþCD14þ cells could serve as a measure of m-MDSC.
Thus, we gated on CD11bþCD14þ cells and measured HLA-DR
GMFI, SD, and the CV, a ratio between GMFI and SD (Fig. 1A).
Evaluating CV corrects for shifting GMFI due to staining
protocol and nearly eliminates inter-replicate variability (Fig.
1B), enabling measurement of HLA-DR distribution on myeloid
cells objectively and independently of staining ﬂuctuations
(32). Measurements across a cohort of healthy donors (n ¼ 20)
and patients with melanoma (n ¼ 68) revealed a higher value of
CVHLA-DR among patients' myeloid cells (Fig. 1C). Furthermore,
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we found a cohort of patient samples with CVHLA-DR levels
above the range for healthy donors (deﬁned by the 99th
percentile in CV values among healthy donors). For these
patients, the higher CV value indicates a higher HLA-DR
spread, representative of abnormal elevations in the number
of m-MDSC (HLA-DRlow cells). To explicitly quantify the number of m-MDSCs, we use the upper limit of CVs for healthy
donors (again, the 99th percentile, ¼ X) as a "cutoff" and
generate a nomogram to calculate an ad hoc quantitative
measure of MDSC frequency (%m-MDSC). By translating the
mean-normalized variance in the data to a concrete percentage of the population, we relate CVHLA-DR to a classical
immunophenotyping measurement (Fig. 1D).
Given the potential for changes in HLA-DR expression that
may occur during blood processing or transport to signiﬁcantly alter m-MDSC evaluation, we evaluated our methods in
whole blood stored at room temperature as well as cryopreserved Ficoll puriﬁed PBMCs. We noted that CVHLA-DR was
signiﬁcantly reduced as the interval between phlebotomy time
and analysis increased: A 48-hour delay until processing demonstrated a nearly 50% reduction from baseline. Levels of
CVHLA-DR were, however, consistent over time in Cyto-Chex
blood collection tubes even if whole blood was stored at room
temperature before processing for up to 8 days after phlebotomy (Fig. 1E). Actual CVHLA-DR values were different but clearly
correlated between Cyto-Chex BCT, vacutainer CPT cell preparation tubes (r ¼ 0.83), and standard heparin tubes (r ¼
0.87; Fig. 1F).
m-MDSCs occur with relatively higher frequency among
patients with metastatic melanoma than in healthy
donor controls
Using our CVHLA-DR/%m-MDSC conversion nomogram,
we determined the relative frequency of m-MDSCs for 68
patients with melanoma treated with ipilimumab at either
10 mg/kg (n ¼ 28) or 3 mg/kg (n ¼ 40) for whom pretreatment and week 6 PBMC samples were processed the same
day as phlebotomy and stored in our tissue repository. We
again used healthy donors as controls. The baseline characteristics of the patients and healthy donors are described
in Table 1. The overall median time from initial m-MDSC
measurement to last recorded follow-up was 13.6 months
(range, 0.66–63.9).
We found that the relative frequency of peripheral blood
m-MDSCs was increased among patients with metastatic
melanoma (P ¼ 0.05) when compared with a group of
healthy individuals (Fig. 2A). Pretreatment m-MDSC frequency did not differ signiﬁcantly in our cohort between
patients who were treated with different doses of ipilimumab (Fig. 2B).
Pretreatment m-MDSC quantity correlates with OS in
patients treated with ipilimumab
To evaluate the hypothesis that lower frequency of
m-MDSCs was associated with OS, we parsed our patients
according to their %m-MDSC at baseline and after two doses
of ipilimumab (week 6). On the basis of log-rank statistics
within our ipilimumab-treated cohort, we deﬁned 14.9% as the
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Table 1. Patient and healthy donor characteristics
Characteristics
Number of patients
Median age (range)
Sex (%)
Male
Female
Stage of disease (%)
III (unresectable)
M1a
M1b
M1c
Median number of prior therapies (range)
Median LDH (range)
Upper limit of normal (% of available LDH)
<Upper limit of normal (% of available LDH)
MDSC frequency
%HLA-DRlow/ in LinCD14þCD11bþ (range)b
14.9 (%)
<14.9 (%)
Median baseline ALC (range)
1,000/mL (%)
<1,000/mL (%)

Ipilimumab 10 mg/kg

Ipilimumab 3 mg/kg

Healthy donorsa

28
62 (34–83)

40
60 (34–80)

20
38 (26–58)

17 (61)
11 (39)

29 (73)
11 (27)

10 (50)
7 (35)

0
3
4
21
1 (0–3)
209 (113–968)
13 (46)
15 (54)

1
0
5
34
1 (0–5)
211 (117–816)
28 (70)
12 (30)

11.4 (3.9–24.5)
7 (25)
21 (75)
1,250 (500–5,100)
19 (68)
9 (32)

11.2 (5.8–20.9)
7 (18)
33 (82)
1,100 (600–8,100)
25 (63)
15 (37)

—
—
—
—
—
—
—
—
10.3 (6.4–14.3)
0 (0)
20 (100)
—
—
—

a

Data for anonymously donated blood bank samples are unavailable.
Baseline values.

b

cutoff between "high" and "low" %m-MDSC. The distribution of
m-MDSC frequencies among analyzed patients is summarized
in Table 1.
Having less than 14.9% m-MDSC pretreatment was associated with improved OS among 68 patients treated with ipilimumab (Fig. 2C and Table 2) with a HR of 0.35 [95% conﬁdence
interval (CI), 0.18–0.70; P ¼ 0.003]. When analyzed by individual
dose groups, the difference was seen in patients treated at 10
mg/kg, but not at 3 mg/kg (Supplementary Table S1). We
performed univariate (Table 2) and multivariate analyses
(Table 3) to evaluate the impact of ALC, lactate dehydrogenase
(LDH), and monocyte counts on survival in our patient cohort.
%m-MDSC < 14.9% was correlated with superior OS on both
univariate and multivariate analyses. Monocyte quantity
was not predictive, suggesting that %m-MDSC represents a
relative activation state within the monocyte compartment
and is not a direct reﬂection of monocyte numbers.
At treatment week 6, the frequency of m-MDSCs
correlates with OS in patients treated with ipilimumab
We also evaluated associations between %m-MDSC at
week 6 and OS similarly to what has been evaluated previously for ALC (Table 2 and Supplementary Table S1;
refs. 30, 33). %m-MDSC below 14.9% at week 6 was associated with superior OS (Fig. 2D) in patients receiving ipilimumab treatment with a HR of 0.38 (95% CI, 0.19–0.75; P ¼
0.005). As expected, ALC greater than or equal to 1,000 at
week 6 was associated with improved OS in our cohort and
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normal LDH (<250) at week 6 correlated with improved OS
in patients treated with ipilimumab. To address potential
confounding by ALC and LDH, a multivariate analysis was
performed and week 6 %m-MDSC remained signiﬁcantly
associated with OS, even when accounting for both LDH and
week 6 ALC (Table 3).
%m-MDSC is inversely correlated with CD8þ T-cell rise
on therapy and suppresses T-cell proliferation in vitro
Ipilimumab has a speciﬁc pharmacodynamic effect on
ALC, but data on the speciﬁc subset of cells affected are
limited. Our group previously reported on a cohort of 35
patients treated with ipilimumab at 10 mg/kg in which the
relationships between increases in CD8þ T cells, CD4þ T
cells, and CD4þCD25þ regulatory T cells, and clinical outcome were analyzed. In this analysis, the majority of patients
had increases in all three lymphocyte subsets, but only the
mean increase in CD8þ T cells was signiﬁcantly associated
with clinical beneﬁt (34).
Because m-MDSCs are deﬁned by the ability to suppress
CD8þ T-cell proliferation, we examined whether m-MDSC
frequency affects T cells in vivo or in vitro. We ﬁrst sought to
explore whether relationships between ALC and m-MDSC
were observed to be consistent with m-MDSC suppressive
function in vivo. On the basis of the known biologic functions
of m-MDSCs, we reasoned that a greater frequency of
m-MDSCs would limit the T-cell proliferative response to
ipilimumab. However, we did not ﬁnd correlations between
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Figure 2. Functionally suppressive m-MDSCs are increased in patients with metastatic melanoma who are less likely to achieve prolonged OS following
ipilimumab. A, PBMCs from patients with advanced melanoma and from healthy donors analyzed for %m-MDSC based on CVHLA-DR. The frequency of mMDSC in healthy donors (n ¼ 20) and patients with melanoma analyzed at pretreatment baseline and week 6 (healthy donors vs. pretreatment, P ¼ 0.05;
healthy donors vs. week 6, P ¼ 0.03). B, pretreatment values for subsets of patients treated with ipilimumab 10 mg/kg (n ¼ 28) or 3 mg/kg (n ¼ 40). C, OS based
on m-MDSC quantity at pretreatment baseline. D, OS from 6 weeks after start of ipilimumab treatment. E, correlation between percentage change in CD8 T
cells and week 6 m-MDSC frequency (r ¼ 0.541; P ¼ 0.02). Percentage change in CD8 T cells ¼ [(wk 6 absolute CD8  baseline absolute CD8)/(baseline
absolute CD8)]. F, average SI graphed for 2 patients with melanoma with clinical beneﬁt and 2 patients with melanoma with nonclinical beneﬁt assessed
þ
þ
þ
at week 24. SI ¼ (% proliferated CD3 T cells in CD14-depleted PBMCs)/(% proliferated CD3 T cells in CD14-PBMCs with CD14 cells added back).

the percentage change in total ALC [(week 6  pretreatment)/
(pretreatment)] and pretreatment or week 6 m-MDSC frequency. Data on CD4þ and CD8þ T-cell subsets were available for 19
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of the 40 patients treated with ipilimumab at 3 mg/kg.
We observed a statistically signiﬁcant inverse correlation only
between percentage change in absolute CD8þ T-cell number
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Table 2. Univariate analysis of relationship between m-MDSC and OS at pretreatment baseline and week 6
after ipilimumab
Ipilimumab treated
Pretreatment

MDSC < 14.9%
ALC  1,000 cells/mL
LDH < 250
Monocytes < 300 cells/mL

n

HR (95% CI)

68
68
68
68

0.35
0.73
0.33
0.70

(0.18–0.70)
(0.41–1.33)
(0.18–0.59)
(0.25–1.95)

and m-MDSC frequency at week 6 (r ¼ 0.54; P ¼
0.0168; Fig. 2E), and no correlation was observed between that
and percentage change in CD4þ T-cell numbers on therapy.
We next assessed for suppressive function by measuring
T-cell proliferation in PBMCs in the presence or absence
of CD14þ cells. We inferred that suppressive function was
present if enhanced proliferation was observed among
PBMCs stimulated with anti-CD3 and IL2 in the absence
of CD14-expressing cells (Supplementary Fig. S2). Proliferation of CD3þ T cells was increased to a greater extent in the
absence of CD14-expressing cells only in PBMC samples
taken from patients who did not achieve clinical beneﬁt as
measured at week 24 imaging (Fig. 2F). These data suggest
that higher frequency of m-MDSCs in patients with inferior
outcomes is correlated with diminished T-cell proliferation
in vitro.

Discussion
We developed an objective methodology to evaluate mMDSC frequency in the peripheral blood of patients with
metastatic melanoma receiving immunotherapy with ipilimumab at our center. In our single institution cohort, we found
that patients with metastatic melanoma have a greater frequency of m-MDSC than a group of healthy donors. An mMDSC quantity before treatment and at week 6 that was
outside the healthy donor range that we deﬁned was signiﬁcantly associated with inferior OS, independent of LDH (at
baseline and week 6) and ALC (at week 6) in a multivariate
model. Our observations suggest that m-MDSC frequency is a
novel prognostic indicator of OS in patients with metastatic
melanoma treated with ipilimumab.

Week 6
P
0.002
0.303
<0.001
0.495

n

HR (95% CI)

64
64
65
64

0.38 (0.19–0.75)
0.22 (0.11–0.45)
0.37 (0.20–0.68)
1.77 (0.69–4.51)

P
0.004
<0.001
0.001
0.233

The CV-based cutoff presented here represents an objective
methodology for determining m-MDSC composition independent of ﬂuorescence variability in FACS analysis. The cutoff
level derived here was consistent with a level greater than the
99th percentile of a preliminary cohort of healthy donor mMDSCs, suggesting that our method enables distinction of
normal versus abnormal CVHLA-DR and m-MDSC evaluation in
a prospective fashion. Thus, we suggest that using healthy
donors as a calibration can lead to an easily implementable,
automated, and objective tool for monitoring the frequency of
m-MDSCs within patients' blood samples, and distinguish
between "normal" and "high" ranges. However, it is important
to note the preliminary nature of our healthy donor range and
that further study of the effects of age, gender, body mass index,
and nonmalignant comorbid conditions on CVHLA-DR are
necessary to propose a "cutoff" value capable of prospectively
segregating patients with melanoma more or less likely to
beneﬁt from ipilimumab.
As the CV is deﬁned as the ratio of the SD to the mean, we
obtained a metric independent of nonbiologically meaningful
ﬂuctuations in sample handling, FACS protocol, and ﬂuorescence intensity. Although using "non-normalized" metrics for
HLA-DRlow/ populations (GMFI and SD; Supplementary Fig.
S3) replicates the reported observations, the survival-based
cutoffs determined here by GMFI or SD do not represent
universal standards, and would be expected to be unstable
differentiating factors with subsequent validation. Using CV
effectively captures either the decreasing GMFI and/or increasing SD of the HLA-DR ﬂuorescence intensity characteristic of
cellular populations with higher numbers of m-MDSCs and
eliminates replicate variability. By establishing a protocol in

Table 3. Multivariate analysis of relationship between m-MDSC and OS at pretreatment baseline and week
6 after ipilimumab treatment
Ipilimumab
Pretreatment

MDSC  14.9%
ALC  1,000 cells/mL
LDH < 250

818

Week 6

n

HR (95% CI)

P

n

HR (95% CI)

68
—
68

0.47 (0.23–0.94)
—
0.38 (0.21–0.69)

0.033
—
0.002

63
63
63

0.38 (0.18–0.81)
0.21 (0.10–0.46)
0.29 (0.15–0.56)
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which healthy donor CV provides the necessary threshold for a
"normal" CV range, we can achieve a robust identiﬁcation of
patients with high m-MDSC composition.
ALC rise on therapy has been associated with improved OS
following ipilimumab therapy. In a small cohort of patients at
our center treated with ipilimumab at 10 mg/kg, we found that
CD4þ lymphocytes, CD4þCD25þ regulatory T cells, and CD8þ
lymphocytes increased with therapy. However, increases in the
absolute number of CD8þ lymphocytes were signiﬁcantly
greater among patients who achieved clinical beneﬁt from
ipilimumab when compared with patients who did not beneﬁt
(34). In the current analysis, we observed inverse correlations
between percentage change in CD8þ T cells with m-MDSC
frequency in vivo. These ﬁndings are consistent with an in vitro
suppression assay in which higher frequencies of m-MDSCs
were associated with greater suppressive activity. We propose
that in patients with melanoma receiving ipilimumab, the
pharmacodynamic effects on lymphocyte subset increase and
the quantity of m-MDSCs are interrelated. Evaluations of mMDSC quantity and changes in T-cell subsets are worthy of
further study as pharmacodynamic markers of therapeutic
efﬁcacy and are perhaps sufﬁcient to guide risk-adapted
clinical trials. Furthermore, taken together, the observations
reported here suggest the hypothesis that m-MDSC suppression of lymphocytes may be limiting the therapeutic beneﬁt of
ipilimumab. A larger cohort of patients will need to be studied
to conﬁrm our ﬁndings and to assess whether escalating
ipilimumab dose or combination therapies, including mMDSC–directed therapies, can modulate CD8þ and m-MDSC
interactions.
In our study, we developed an objective method to evaluate
pretreatment LinCD14þHLA-DRlow/ m-MDSC frequency
building on the phenotype reported in the literature by other
research groups (5, 6, 21). Similar to results from Gros and
colleagues (19) and Meyer and colleagues (21), we found a
greater frequency of these cells in the peripheral blood of
patients with melanoma in comparison with healthy donors.
These cells coexpress CD11b (Supplementary Fig. S1) and in
most cases also coexpress CD33 (data not shown). Similar to
ﬁndings by other authors, we also found that disease course
paralleled m-MDSC frequency, that is, patients without radiographic beneﬁt following ipilimumab tended to have increasing frequencies of m-MDSCs over time (data not shown).
Nevertheless, the prognostic signiﬁcance of m-MDSC frequency in our analysis was independent of LDH, a known prognostic
marker associated with disease burden in patients with melanoma (35).
Clinically signiﬁcant m-MDSC accumulation characterized
with diverse myeloid phenotypic markers has been observed in
a number of malignancies in humans (4–10). Young and
colleagues measured CD34þ natural suppressor cells and
found that excess of CD34þ cells at the tumor site was
associated with relapse of head and neck cancer (4). Solito
and colleagues (36) and Gabitass and colleagues (37) have
reported that the quantity of m-MDSCs with an immature
myeloid phenotype (Lin, HLA-DR, CD11bþ, and CD33þ) is a
prognostic marker in breast and colorectal cancer or gastric,
esophageal, and pancreatic cancer, respectively. In renal cell

www.aacrjournals.org

carinoma, Zea and colleagues have described CD33þ, CD15þ
granulocytic MDSCs (10), whereas in melanoma, both Filipazzi
and colleagues and Poschke and colleagues have found that mMDSC function is within the monocytic CD14þ, HLA-DRlow/
cell population (5,6). Our report adds to this emerging literature with the ﬁrst description of statistically signiﬁcant
associations between m-MDSC accumulation, survival outcomes, and speciﬁc lymphocyte parameters following an
immunomodulatory antibody therapy.
In summary, we have developed a method that enables
accurate measurement of Lin-CD14þHLA-DRlow/ m-MDSCs
independent of technical variables related to sample processing time and ﬂow cytometry. Using this method, we demonstrate for the ﬁrst time that higher pretreatment quantities of
Lin-CD14þHLA-DRlow/ m-MDSCs are associated with inferior
OS in patients with metastatic melanoma treated with ipilimumab. Inverse correlations between CD8þ T-cell increases
and m-MDSC frequency in patients treated with ipilimumab
suggest a role for m-MDSC–mediated lymphocyte suppression
in OS following ipilimumab therapy. Further prospective studies are needed to validate m-MDSC measurement as a prognostic biomarker for melanoma and other disease states.
Uniform methods of analysis, along with the use of Cyto-Chex
tubes, make it possible for similar studies to proceed across
multiple laboratories.
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