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HLA-DRneg), granulocytic MDSCs (additional mark-
ers  CD14neg  CD15pos), and monocytic MDSCs  (CD14pos 
 CD15neg) were identified in human spleen. The monocytic 
subset was the most prominent in both spleen and periph-
eral blood and the granulocytic subset was expanded in 
the spleen relative to matched peripheral blood samples. 
Importantly, the frequency of  CD15pos MDSCs in the 
spleen was increased in patients with cancer compared to 
patients with benign pancreatic cysts and was associated 
with a significantly increased risk of death and decreased 
overall survival. Finally, MDSCs isolated from the spleen 
suppressed T cell responses, demonstrating for the first 
time the functional capacity of human splenic MDSCs. 
These data suggest that the human spleen is a potential 
source of large quantities of cells with immunosuppressive 
function for future characterization and in-depth studies of 
human MDSCs.
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Abbreviations
CFSE  Carboxyfluorescein succinimidyl ester
DMSO  Dimethyl sulfoxide
H&E  Hematoxylin and Eosin
MDSC  Myeloid-derived suppressor cell
MLR  Mixed-lymphocyte reaction
PBMC  Peripheral blood mononuclear cells
PBS  Phosphate-buffered saline

Introduction

Myeloid-derived suppressor cells (MDSCs) are a 
diverse population of immunosuppressive myeloid cells 

Abstract Myeloid-derived suppressor cells (MDSCs) 
are a heterogeneous population of myeloid cells that are 
increased in the peripheral blood of cancer patients and 
limit productive immune responses against tumors. Immu-
nosuppressive MDSCs are well characterized in murine 
splenic tissue and are found at higher frequencies in spleens 
of tumor-bearing mice. However, no studies have yet ana-
lyzed these cells in parallel human spleens. We hypoth-
esized that MDSCs would be increased in the spleens of 
human cancer patients, similar to tumor-bearing mice. We 
compared the frequency and function of MDSC subsets 
in dissociated human spleen from 16 patients with benign 
pancreatic cysts and 26 patients with a variety of cancers. 
We found that total MDSCs  (Linneg  CD11bpos  CD33pos 
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characterized in humans by lack of lineage markers (B cell, 
T cell, and NK cell), low to negative expression of HLA-
DR, and expression of the monocyte and myeloid mark-
ers CD11b and CD33 [1, 2]. Similar to mice, some human 
MDSC subsets express the granulocytic marker CD15, 
known as granulocytic or polymorphonuclear MDSCs, 
while others express the monocytic marker CD14, known 
as monocytic MDSCs [3–5]. MDSCs reduce inflamma-
tion following infection and their dysregulation has been 
implicated in diseases such as sepsis, autoimmunity, and 
cancer [6]. Largely characterized in mouse models of can-
cer and in cancer patients, MDSCs are expanded in number 
and/or show increased suppressive function when isolated 
from the spleens of tumor-bearing mice or the peripheral 
blood of cancer patients [7, 8]. They are also recruited to 
the tumor microenvironment where they prevent effective 
anti-tumor T cell responses [9].

The tissue distribution of MDSC subsets varies with 
tumor model, disease severity, and organ and is well char-
acterized in mice [8]. However, the tissue distribution of 
MDSCs in human cancer patients has not been well estab-
lished primarily due to the limited availability of various 
human tissues. Consequently, human MDSCs have largely 
been characterized in more easily attainable peripheral 
blood and tumor tissue samples. Despite these limitations, 
the clinical relevance of MDSCs has been clearly demon-
strated in human peripheral blood, in which the frequency 
of MDSCs correlates with clinical outcomes and is an inde-
pendent prognostic indicator of clinical disease progres-
sion in patients with pancreatic cancer, esophageal cancer, 
gastric cancer, and melanoma [10, 11]. Although there are 
significant biologic differences between the microarchi-
tecture and function of mouse and human spleen [12], the 
functional capabilities of MDSC subsets isolated from the 
human spleen have not been described.

To determine if MDSCs isolated from human spleen 
tissue function similarly to those in historical mouse 
studies, we characterized MDSCs in patients undergoing 
splenectomy primarily in conjunction with distal pancre-
atectomy for the pathologic identification of pancreatic 
masses. Relevant for this patient population, increased 
frequencies of MDSCs have been detected in the periph-
eral blood and tumor tissue of mice bearing very early 
spontaneous pancreatic tumors [13, 14]. Pancreatic can-
cer patients also have increased frequencies of MDSCs 
in the peripheral blood and immunosuppressive MDSCs 
have been identified in pancreatic adenocarcinomas [3, 
15–17]. More specifically, patients with both resectable 
pancreatic cancer, which make up only 15–20% of pan-
creatic cancer patients [18], and unresectable pancreatic 
cancer have increased levels of  CD15pos MDSCs in the 
peripheral blood [19]. Furthermore, treatments associated 
with a reduction of MDSCs improve anti-tumor immune 

responses, reduce tumor volume, and increase survival 
in mice with pancreatic tumors [16, 20–22]. Although 
increased frequencies of MDSCs have been identified in 
the spleens of mice bearing pancreatic tumors [13], no 
studies have analyzed the frequency of these cells in the 
spleens of pancreatic cancer patients.

We found that the  CD14pos MDSC subset was the most 
prominent subset in both spleen and peripheral blood. The 
 CD15pos MDSC subset was increased in human spleens 
relative to matched peripheral blood samples, while the 
 CD14pos subset was increased in peripheral blood sam-
ples relative to matched spleens. Importantly, frequen-
cies of MDSCs in human spleen tissue did not correlate 
with frequencies in matched peripheral blood samples. 
Consistent with previous murine studies, the frequency of 
 CD15pos MDSCs was increased in the spleens of cancer 
patients, which correlated with overall survival in can-
cer patients and predicted the risk of death in this cohort. 
Both subsets of splenic MDSCs suppressed T cell prolif-
eration and activation after stimulation in mixed-lympho-
cyte reactions, but unlike studies in mice, splenic MDSCs 
isolated from patients with benign pancreatic cysts and 
advanced-stage cancer were both immunosuppressive 
with a high level of patient to patient variability. These 
data indicate that granulocytic MDSCs accumulate in 
the spleens of cancer patients similarly to tumor-bearing 
mice and that this accumulation may predict outcomes in 
cancer patients. However, the immunosuppressive func-
tion of human splenic MDSCs may potentially be broader 
than murine MDSCs and not exclusive to cancer patients.

Materials and methods

Study population

Eligible patients over 18 years of age undergoing sple-
nectomy as part of their routine medical care at the Uni-
versity of Colorado Hospital (Aurora, CO, USA) in con-
junction with a distal pancreatectomy or gastrectomy. 
Indications for splenectomy were related to technical 
issues of the surgical approach or proximity to nearby 
tumors, including melanoma, ovarian cancer, and colon 
adenocarcinoma (Table  1). Tissue donated to this study 
was subjected to gross analysis and considered pathologi-
cally normal. After removal, spleen tissue was placed on 
ice and processed within 2 h as described below. Periph-
eral blood was also collected from a subset of tissue 
donors. Informed consent was obtained for all subjects 
through protocols approved by the Colorado Multiple 
Institutional Review Board.
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Sample collection

Splenocytes were prepared by macerating the spleen tis-
sue in a tissue sieve containing a wire mesh screen and 
phosphate-buffered saline (PBS). The cell suspension 
was filtered through a 100 micron filter and lymphocytes 
were isolated over a density gradient using Ficoll-Paque 
Plus (GE Healthcare, Pittsburgh, PA, USA). Peripheral 
blood was collected prior to surgery into tubes containing 
acid citrate dextrose anticoagulant (BD Biosciences, San 
Jose, CA, USA) and peripheral blood mononuclear cells 
(PBMC) were isolated over a density gradient as above. 
After washing with PBS, splenocytes and PBMC were 
cryopreserved in normal human serum (Gemini Bioprod-
ucts, Sacramento, CA, USA) containing 10% dimethyl 
sulfoxide (DMSO) and stored in liquid nitrogen.

Flow cytometry

To define the MDSC subsets, frozen splenocytes and 
PBMC were thawed, washed, and 1  million cells 
were stained with fluorescent antibodies as previously 
described [10]. All antibodies were obtained from Bio-
Legend (San Diego, CA, USA) except CD15 (BD Bio-
sciences). All data were collected and analyzed as previ-
ously described [10].

H&E staining

Sorted splenocytes were fixed with 4% paraformaldehyde 
for 48 h. Cell pellets were resuspended in 0.9% agarose 
gel, dehydrated in ethanol, and imbedded in paraffin. Four 
micron sections were stained with hematoxylin and eosin 
(H&E) using a Tissue  Tek® automated slide stainer and 
coverslipper (Sakura, Torrence, CA, USA). Images were 
taken on a Zeiss Axioskop light microscope equipped 
with an HBO 100 lamp and digital camera (SPOT RTke, 
Spot Diagnostics, Sterling Heights, MI, USA) using the 
100× objective under oil immersion.

T cell suppression assays

T cells were separated from freshly isolated splenocytes 
using magnetic beads according to the manufacturer’s 
instructions (Pan T cell Isolation Kit, Miltenyi Biotec). To 
isolate MDSCs,  CD11bpos cells were first enriched using 
CD11b microbeads (Miltenyi Biotec), stained with antibod-
ies specific for lineage markers, CD11b, HLA-DR, CD14, 
and CD15.  Linneg HLA-DRneg  CD11bpos  CD14neg  CD15pos 
or  Linneg HLA-DRneg  CD11bpos  CD14pos  CD15neg MDSCs 
and HLA-DRpos controls were separated by FACS (greater 
than 95% pure). T cells were labeled with carboxyfluores-
cein succinimidyl ester (CFSE) and 1 × 105 cells were stim-
ulated in a mixed-lymphocyte reaction (MLR) with 2 × 104 
monocyte-derived dendritic cells from a healthy donor 
(preparation as previously described [10]) in the presence 
of 1 × 105 HLA-DR + control cells,  CD15pos MDSCs, or 
 CD14pos MDSCs. After 4 days, the supernatants were 
removed and the cells were stained for T cell activation 
markers and analyzed by flow cytometry for the percentage 
of  CD3pos  CD8pos  CFSElow  CD25high cells. Percent suppres-
sion was calculated by dividing the frequency of  CFSElow 
 CD25high cells in the presence of MDSCs by the frequency 
of  CFSElow  CD25high cells in the presence of the control 
HLA-DRpos cells.

Statistical analysis

All graphical and statistical analyses were performed using 
Prism Software (Version 6, GraphPad Software, San Diego, 
CA, USA). Group means were compared using an unpaired 
two-tailed Student’s t test for two independent groups, 
unpaired t tests with Welch’s corrections for two inde-
pendent groups with significant variance differences by F 
tests, paired two-tailed Student’s t test for multiple meas-
urements in the same patient, one-way ANOVA for three 
or more groups and two-way ANOVA for three or more 
groups with multiple comparisons using the Holm–Sidak 
method to adjust for multiple comparisons. Correlations 
were evaluated using Pearson correlation coefficients and 
log-rank tests were used to evaluate overall survival data 

Table 1  Clinical characteristics 
of enrolled patients

Clinical diagnosis #of patients Age (range) Gender (M/F) Stage (# of patients)

Benign pancreatic cyst 14 56 (31–79) 5/9 n/a
Pancreatic adenocarcinoma 9 63 (40–79) 4/5 I (2), IIa (2), IIb (3), IV (2)
Pancreatic neuroendocrine tumor 10 57 (41–73) 3/7 I (4), Ib (1), IIb (2), IV (3)
Colon adenocarcinoma 3 53 1/2 Illb, IV (2)
Melanoma 3 58 (30–76) 0/3 IV (3)
Ovarian cancer 2 56, 65 0/2 IIIc, IV
Total 41 56 (31–79) 13/28
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plotted in Kaplan–Meir curves. Receiver operating charac-
teristic curves based on logistic regression (yes or no event) 
were used to define cutoffs for high frequencies of  CD15pos 
MDSCs for overall survival comparisons. Cox proportional 
hazard regression models were used to obtain hazard ratios. 
Error bars represent the standard error of the mean (S.E.) 
and p values less than 0.05 were considered significant 
throughout this study.

Results

Different MDSC subsets are prominent in human 
spleen and peripheral blood samples

After compiling a repository of cryopreserved spleno-
cytes and PBMC, we characterized the frequency of the 
following subsets of MDSCs in pathologically normal 
human spleen in all subjects in the study and in the periph-
eral blood of a subset of patients: total MDSCs  [Linneg/low 
(CD3, CD19, CD56)  CD11bpos  CD33pos HLA-DRneg/low], 
granulocytic MDSCs  [Linneg/low  CD11bpos  CD33pos HLA-
DRneg/low  CD14neg  CD15pos], and monocytic MDSCs 
 [Linneg/low  CD11bpos  CD33pos HLA-DRneg/low  CD14pos 
 CD15neg] (Fig.  1a). Both granulocytic and monocytic 

Fig. 1  Myeloid-derived suppressor cell subsets identified in human 
spleen tissue. a Human splenocytes or PBMC from the same donor 
were stained with antibodies specific for Lineage markers (CD3, 
CD19, and CD56), CD11b, and CD33. The frequency of total 
MDSCs (Lin−, CD11b+, CD33+, HLA-DR−), CD15 + MDSCs 
(Lin−, CD11b+, CD33+, HLA-DR−, CD15+, CD14−), and 

CD14 + MDSCs (Lin−, CD11b+, CD33+, HLA-DR−, CD15−, 
CD14+) was determined by flow cytometry. b The frequency of 
MDSCs subsets in total PBMC or splenocytes was compared using 
ANOVA and compared between PBMC and spleen samples using a 
paired t test (c)
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subsets of MDSCs were identified in human spleen tis-
sue, with the monocytic  CD14pos MDSC subset being the 
more abundant in both the spleen and peripheral blood 
(Fig.  1b). Compared to matched peripheral blood sam-
ples, the frequency of granulocytic  CD15pos MDSCs was 
increased in the spleen (Fig. 1c, 0.21 ± 0.41 vs. 0.90 ± 0.24, 
p = 0.031), while the frequency of monocytic  CD14pos 
MDSCs was increased in the peripheral blood (2.17 ± 0.48 
v. 0.75 ± 0.26, p = 0.01). Most studies of human MDSCs 
have been conducted in the peripheral blood, however, we 
found no significant correlation between the frequencies 
of MDSCs in spleen tissue and peripheral blood (data not 
shown). Furthermore, frequencies of the MDSC subsets 
did not correlate with each other in either the peripheral 
blood or spleen (data not shown). Together, these data sug-
gest there are differences in the distribution of granulocytic 
and monocytic MDSCs between the spleen and peripheral 
blood and that measured frequencies of MDSCs in the 
peripheral blood are likely not reflective of frequencies in 
the spleen in humans.

We next determined whether cryopreservation affected 
the frequency of MDSCs observed in the spleen in a sub-
set of patient samples. Although the frequency of total 
MDSCs and  CD14pos MDSCs did not significantly change 
after cryopreservation, the frequency of  CD15pos MDSCs 
was significantly reduced (Supplemental Fig. 1). This result 
is consistent with previous literature showing that granulo-
cytic MDSCs are more sensitive to cryopreservation than 
other MDSC subsets in the peripheral blood [23] and sug-
gests that granulocytic MDSCs from the human spleen are 
similarly sensitive.

The frequency of MDSCs in the spleen is increased 
in cancer patients

The frequency of MDSCs is increased in both the blood 
and spleen of tumor-bearing mice in several differ-
ent tumor models [7]. Several groups have shown that 
MDSCs are also increased in the peripheral blood of 
human cancer patients [10, 11], but no studies have deter-
mined whether they are also increased in the spleens of 
cancer patients. Therefore, we compared the frequency 
of MDSCs in patients with various forms and stages of 
cancer. The frequency of total and  CD14pos MDSCs was 
similar in patients with benign pancreatic cysts and those 
with various cancers (Fig.  2a). However, the frequency 
of  CD15pos MDSCs was significantly increased in cancer 
patients compared to those with benign cysts (0.83 ± 0.19 
vs. 0.26 ± 0.06, p = 0.009) and in patients diagnosed with 
advanced-stage cancer (Stage III and IV) compared to 
those with benign cysts (Supplemental Fig.  2, 1.02 ± 0.31 
vs. 0.26 ± 0.06, p = 0.034). Interestingly, the frequency 
of  CD15pos MDSCs was not increased in patients with 

pancreatic adenocarcinoma or neuroendocrine tumors, but 
was increased in patients with other types of cancer (colon 
adenocarcinoma, melanoma, ovarian cancer), potentially 
due to the known poor prognosis and the prevalence of 
advanced-stage disease in this group of patients (Fig. 2b). 
Unlike tumor-bearing mice, splenomegaly is not typically 
observed in patients with solid tumors and the increased 
frequency of  CD15pos MDSCs was not associated with 
increased spleen volume (Fig. 2c). We also found that the 
frequency of MDSCs in human spleens was not associated 
with other clinical characteristics such as age at the time of 
surgery, body mass index, or gender (Supplemental Fig. 3).

The frequency of granulocytic MDSCs in the spleens 
of cancer patients correlates with clinical outcomes

We next determined whether the increased frequency of 
granulocytic MDSCs in the spleens of cancer patients 
compared to those with benign cysts correlated with clini-
cal outcomes. Using univariate analysis, we found that 
cancer patients with a low frequency of  CD15pos MDSCs 
(<0.41%) had a significantly longer survival following 
surgical intervention compared to patients with a high 
frequency of MDSCs (p = 0.031, Fig.  3a). Patients with 
melanoma, ovarian cancer, and colon cancer (“other”) 
had the poorest survival compared to patients with benign 
cysts, consistent with their increased frequency of granu-
locytic MDSCs (Fig.  3b). Using a Cox regression model, 
we next determined that patients with a high frequency of 
 CD15pos MDSCs in the spleen (≥0.41%) had a significantly 
increased risk of death (hazard ratio of 3.63, p = 0.043). 
The small number of patients in this study prevented reli-
able multivariate comparisons that consider other clinical 
factors.

MDSCs isolated from human spleens are 
immunosuppressive

Although several phenotypic markers are used to define 
MDSCs by flow cytometry, ex  vivo assays demonstrating 
the immunosuppressive capacity of these cells better define 
their function. Previous reports have shown that cryopre-
served MDSCs lose suppressive function [23]. Therefore, 
we performed T cell suppression assays using freshly iso-
lated splenocytes and analyzed the suppressive capacity of 
the  CD15pos and  CD14pos MDSC subsets. To obtain a large 
number of cells for T cell suppression assays,  CD11bpos 
cells were first enriched by magnetic separation then 
stained with lineage markers (CD3, CD19, and CD56) and 
the phenotypic markers CD11b, CD15, CD14, and HLA-
DR and separated by FACS. The purity of each MDSC 
subset was greater than 90% after enrichment by FACS 
(Fig.  4a). As a negative control for T cell suppression 
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using the same number of myeloid cells in the assay,  Linneg 
 CD11bpos HLA-DRpos cells were also separated by FACS. 
The nuclear morphology of  CD15pos and  CD14pos MDSC 
subsets isolated from human spleen was then determined 
by H&E staining of paraffin-imbedded cells (Fig. 4b). The 
 CD15pos cells were largely granulocytic while the  CD14pos 
cells were largely monocytic, consistent with previous stud-
ies of human MDSCs isolated from peripheral blood sam-
ples [24, 25].

To determine the functional capacity of splenic MDSCs, 
CFSE-labeled T cells isolated from spleens of the same 
patients as the MDSCs were stimulated in an MLR using 
monocyte-derived allogeneic dendritic cells from a healthy 
donor. The frequency of T cells that proliferated after 
stimulation  (CD25high  CFSElow) was determined in the 
presence and absence of each MDSC subset or the control 

HLA-DRpos cells (Fig. 4c, d). The average amount of T cell 
proliferation was decreased in the presence of both MDSC 
subsets relative to stimulation alone and with added HLA-
DRpos control cells (Fig.  4d). Although there was sig-
nificantly less T cell division in the presence of  CD15pos 
MDSCs compared to  CD14pos MDSCs (Fig.  4d), the 
amount of immunosuppression was not significantly differ-
ent between these subsets when the data was normalized to 
the amount of proliferation in control wells in each patient 
(Fig. 4e). Although this study was too small to perform sta-
tistical analysis on the association of MDSC function and 
cancer status, one or more subsets of MDSCs isolated from 
each spleen suppressed T cell responses (Table 2). Surpris-
ingly, the variable amount of immunosuppression was not 
associated with cancer diagnosis, stage of disease, or tumor 
type (Table 2). These data demonstrate that the phenotypic 

Fig. 2  The frequency of CD15 + MDSCs in human spleen tissue is 
increased in patients with cancer. a Human splenocytes were stained 
as in Fig.  1 and the frequency of MDSCs was compared between 
patients with cancer (see Table 1) and those with benign pancreatic 
lesions using Student’s t test. b The frequency of MDSCs was com-

pared between different types of cancer by one-way ANOVA. c Three 
dimensional spleen volumes were calculated using length, width, and 
thickness measurements recorded after splenectomy and compared 
between patients with cancer, across cancer types, and across stages 
of disease
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markers used to identify MDSCs in human peripheral 
blood samples also identify suppressive MDSCs in human 
spleen.

Discussion

Using the unique resources available at the University of 
Colorado Hospital, we compared, for the first time, the fre-
quency and function of MDSC subsets isolated from the 
human spleen. In comparing human peripheral blood and 
spleen, we found that the most abundant MDSC population 
in both the spleen and peripheral blood was the  CD14pos 
monocytic MDSC subset, which was 2–3 fold enriched in 
the peripheral blood compared to the spleen. In contrast, 
the frequency of  CD15pos granulocytic MDSCs was two-
fold increased in the spleen relative to the peripheral blood. 
These data are consistent with previous studies demon-
strating that the spleen acts as a reservoir for granulocytic 
MDSCs in tumor-bearing mice [26, 27] and indicates that 
the spleen may be a site of their accumulation in humans. 
In further support of this hypothesis, the frequency of 
 CD15pos granulocytic MDSCs in the spleen did not cor-
relate with the frequencies observed in the peripheral 
blood. Together, our study demonstrates that the previously 
described subsets of MDSCs can be identified in the human 
spleen and that these subsets may vary in trafficking and 
accumulation patterns.

The diverse patient population in this study afforded 
us the opportunity to analyze the frequency of MDSCs in 
spleen tissue from patients with various types of cancer 
and stages of disease. A caveat to this and many other stud-
ies of human MDSCs is that we analyzed the frequency of 
MDSCs in frozen splenocyte preparations. Similar to the 
results in studies of human MDSCs isolated from periph-
eral blood [23], we found that cryopreservation greatly 
reduced the frequency of splenic  CD15pos granulocytic 
MDSCs. Whether granulocytic MDSCs undergo cell death 
or have reduced CD15 expression after cryopreservation is 
not well established and not directly addressed in this study. 
However, the frequency of total MDSCs was not decreased 
following cryopreservation, suggesting that the granulo-
cytic MDSCs may have lost expression of surface markers. 
Despite the highly selected patient population and the sen-
sitivity of these cells to cryopreservation, we found a statis-
tically significant increase in the frequency of granulocytic 
MDSCs in the spleens of patients with cancer. However, 
this increase was modest compared to previous studies in 
tumor-bearing mice [7, 8]. Highlighting the biologic dif-
ferences between human and murine spleen, hematopoiesis 
is limited in human spleen and patients with solid tumors 
rarely exhibit splenomegaly [12, 28]. These factors may 
contribute to the lower frequency of MDSCs observed in 
human spleens compared to tumor-bearing mice.

A recent study demonstrated increased frequencies of 
 CD15pos MDSCs in the peripheral blood of patients with 
resectable pancreatic adenocarcinoma [19]. We did not 

Fig. 3  A low frequency of 
CD15+ MDSCs correlates 
with increased overall survival. 
a Overall survival of cancer 
patients with a high (≥0.41%) 
or low (<0.41%) frequency of 
CD15+ MDSCs was plotted on 
a Kaplan–Meir survival curve 
and compared using a log-rank 
test. Outcomes of each group 
are shown in the legend (death 
events/total patients). b Overall 
survival of cancer patients 
diagnosed with benign cysts, 
pancreatic adenocarcinoma, 
pancreatic neuroendocrine, 
or other cancers (melanoma, 
ovarian, and colon cancer) were 
compared using a log-rank 
test. Outcomes of each group 
are shown in the legend (death 
events/total patients)
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find an increased frequency of MDSCs in the spleen tis-
sue of patients with either pancreatic adenocarcinoma or 
pancreatic neuroendocrine tumors. However, increased 
frequencies of MDSCs are first observed in the blood and 
mesenteric lymph nodes of mice bearing spontaneous 

pancreatic cancer and do not accumulate in the spleens 
until later in tumor development [13]. Therefore, changes 
in the frequency of splenic MDSCs may not be apparent 
in patients with resectable pancreatic cancer at earlier 
stages of disease and the small number of patients with 

Fig. 4  MDSCs isolated from human spleen tissue suppress T cell 
proliferation and activation. a The purity of CD15+, CD14+ MDSCs, 
and HLA-DR + control cells was determined after separation by 
FACS. b H&E stains of sorted CD15+ and CD14+ MDSCs imbedded 
in paraffin. c CFSE-labeled T cells were stimulated with allogenic 
dendritic cells in the presence or absence of HLA-DR+ control cells 
and MDSCs. After 4 days, cells were stained with antibodies spe-
cific for CD3, CD8, and CD25 and the frequency of divided  (CD25+ 
 CFSElow) CD8 T cells was determined by flow cytometry. The histo-

gram depicts  CD3+  CD8+ cells. d The percentage of divided T cells 
in the presence of HLA-DR+ control cells and MDSCs was deter-
mined as in c and compared using one-way ANOVA (***p < 0.0001), 
p values shown are adjusted for multiple comparisons across 
groups. e The percent suppression of proliferation by CD15+ or 
CD14+ MDSCs was determined for each sample relative to HLA-
DR+ cells and compared using a t test (no significant difference) in 
patient samples with CD14 functional analysis
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advanced pancreatic cancer in this study may have lim-
ited the observed frequencies of MDSCs in the pancreatic 
cancer cases presented here (2/9 and 3/10 in the adeno-
carcinoma and neuroendocrine groups, respectively). 
In support of this hypothesis, we found that  CD15pos 
MDSCs were increased in the spleens of patients with 
advanced cancer compared to those with benign cysts, 
and in patients with colon adenocarcinoma, melanoma, 
and ovarian cancer, all of which had advanced disease 
at the time of surgery. Furthermore, we found that an 
increased frequency of splenic  CD15pos MDSCs was 
associated with decreased overall survival. Although this 
finding would need to be corroborated in a larger cohort 
in which multiple clinical variables could be consid-
ered, these results suggests that accumulation of  CD15pos 
MDSCs in the spleen may be a prognostic indicator in 
cancer patients undergoing splenectomy.

Other studies have shown an association of periph-
eral MDSCs with age [29] and obesity [30, 31], risk fac-
tors associated with poorer outcomes in pancreatic cancer 
patients [32]. We were unable to correlate the frequency 
of MDSC in the spleen with these clinical characteris-
tics. These results indicate that age and obesity-associated 
increases in peripheral MDSCs may be independent of 
spleen tissue, possibly a result of increased hematopoie-
sis in the bone marrow or increased mobilization to the 

peripheral blood rather than increased extramedullary 
hematopoiesis or accumulation in the spleen [8, 26].

Our functional experiments demonstrated that both sub-
sets of MDSCs suppressed T cell proliferation and activa-
tion. However, this immunosuppressive function was not 
associated with cancer diagnosis, type, or stage (Table 2). 
These results contrast with those in mice, in which MDSCs 
home to the spleen and acquire suppressive function only 
after exposure to the environment of a tumor-bearing host 
[33, 34]. These results also contrast with studies of MDSCs 
isolated from human peripheral blood, in which MDSCs 
isolated from cancer patients have more immunosuppres-
sive activity than those isolated from healthy donors [10, 
35, 36]. These data suggest that some immunosuppressive 
MDSC subsets may be found in the human spleen regard-
less of the cancer status of the patient and that there may be 
differences in the suppressive function of MDSCs isolated 
from human spleen and peripheral blood. Alternatively, 
physiologic or genetic alterations associated with benign 
cysts may alter the function of splenic MDSCs on the local 
level, making MDSCs isolated from these patients unchar-
acteristic of true healthy donors.

Studies of human MDSCs are often limited by their rar-
ity in the peripheral blood, making large scale studies chal-
lenging. The human spleen may provide a plentiful source 
of MDSC’s for functional assays and in-depth characteri-
zation. Despite the large number of cells available in the 
human spleen, there are several limitations to this study. 
Although we processed the spleen samples immediately 
upon arrival in the laboratory, the amount of exposure to 
general anesthetic, related to the length of each operation, 
and the ischemic time, related to when the splenic blood 
supply was severed prior to tissue removal, were variable 
between patients and not controlled for in this study. The 
variability of stages represented in our patient popula-
tion and their overall “health” as a highly selected patient 
population deemed fit for surgical resection may have lim-
ited our ability to detect a concomitant increase in the fre-
quency of monocytic MDSCs in this study, as has also been 
reported in tumor-bearing mice [27]. In addition, the size 
of this study limited our ability to perform multivariate sur-
vival analysis and to statistically analyze the differences in 
immunosuppressive function between MDSC subsets and 
groups of patients with benign disease or cancer.

In summary, this study demonstrates that two commonly 
described subsets of immunosuppressive MDSCs can be 
identified in the human spleen, providing a comparison to 
murine spleen tissue and human peripheral blood samples 
for future reference.
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Table 2  MDSCs isolated from the spleens of both cancer patients 
and those with benign cysts suppress T cell activation and prolifera-
tion

a CFSE-labeled T cells were stimulated with allogenic dendritic cells 
in the presence of HLA-DR+ control cells or MDSCs. After 4 days, 
cells were stained with antibodies specific for CD3, CD8, and CD25 
and the frequency of divided (CFSE low) CDS T cells was deter-
mined by flow cytometry. The percent suppression of proliferation 
was determined for each sample relative to HLA-DR+ cells

Patient tumor type Stage %  Suppressiona

CD15+ CD14+

Benign p. cyst n/a 55.0 n/a
Benign p. cyst n/a 89.7 n/a
Benign p. cyst n/a 47.8 17.5
P. adenocarcinoma I 40.6 n/a
P. adenocarcinoma I 13.9 n/a
P. neuroendocrine tumor I 21.8 28.9
P. neuroendocrine tumor I 33.3 9.75
P. neuroendocrine tumor Ib 40.6 n/a
P. neuroendocrine tumor IIb 8.63 n/a
P. neuroendocrine tumor IV 33.3 9.75
P. neuroendocrine tumor IV 85.9 n/a
Ovarian cancer IV 21.8 28.9
Melanoma IV 35.6 41.1
Colon adenocarcinoma IIIb 47.3 n/a
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