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Abstract
Myeloid-derived suppressor cells with polymorphonuclear morphology (PMN-MDSCs) contribute to the progression and
immune evasion of prostate cancer. However, the spatial distribution of tumor-infiltrating PMN-MDSCs in primary and
metastatic prostate cancer, especially in the context of comparison between the epithelial and stromal compartments of
the tumor, has not been characterized. Here, we describe a multicolor immunofluorescence staining study of 90 primary
tumors, 37 lymph node metastases (all with matched primary tumors) and 35 bone metastases using archived samples.
CD11b+ CD15+ cells were identified as PMN-MDSCs and pan-cytokeratin+ cells were identified as prostate epithelial
cells. We found that, in both primary tumor and metastases, PMN-MDSCs infiltrate much more readily in the stromal
area compared with the epithelial area of the tumor regions. In comparison to the stromal area of primary tumors, the
stromal area of either lymph node metastases or bone metastases was infiltrated with more PMN-MDSCs. In primary
tumors, stromal PMN-MDSCs were associated with vascularization, segmented neutrophils, patient age and close juxta-
position to neoplastic epithelial cells. These results reveal the stroma rather than the epithelia of prostate cancer as the
major hotbed for PMN-MDSCs and support the role of PMN-MDSCs in the metastatic progression of prostate cancer.
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Introduction

Myeloid-derived suppressor cells (MDSCs) are a het-
erogeneous population of immature myeloid cells with
potent immunosuppressing activity [1,2]. MDSCs are
classified as polymorphonuclear (PMN-MDSCs) or
monocytic (M-MDSCs). Prostate cancer (PCa) is the
second most common cancer among men worldwide

[3]. We and others have reported that PMN-MDSCs are
the predominant MDSC subset in PCa patients [4–6].
However, these studies focused on the detection of
either circulating PMN-MDSCs or the overall frequency
of tumor-infiltrating PMN-MDSCs without the distinc-
tion of the spatial distribution of PMN-MDSCs. Fur-
thermore, studies so far have not compared the density
of infiltrating PMN-MDSCs between primary and
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metastatic PCa. To address these unmet needs, we per-
formed a retrospective study using formalin-fixed
paraffin-embedded (FFPE) samples from 90 primary
tumors, 37 lymph node metastases and 35 bone metasta-
ses. Using multicolor immunofluorescence (mIF)
staining, our goal was to characterize the spatial distri-
bution of PMN-MDSCs in the epithelial and stromal
areas. To the best of our knowledge, this is the first
study that examines the spatial distribution of PMN-
MDSCs in both primary and metastatic PCa.

Materials and methods

Clinical samples
Clinical samples were FFPE slides from tissue banks at
three institutions: 49 prostatectomy primary tumors from
South Bend Medical Foundation (SBMF); 20 primary
tumors with 17 matched lymph node metastases and
26 independent bone metastases from MD Anderson Can-
cer Center (MDACC); 21 primary tumors with 20 matched
lymph node metastases and 9 independent bone metasta-
ses from Indiana University School of Medicine (IUSM).
De-identified archival tissues were obtained with approved
IRB protocols from SBMF (IRB#13-09-1226), MDACC
(IRB#PA14-0420), and IUSM (IRB#1808872882).
Patient characteristics for the primary tumor cases are
listed in Table 1. The patient characteristics for bone
metastasis cases were unavailable.

Multicolor immunofluorescence staining
For the CD11b/CD15/pan-cytokeratin (pan-CK)/DAPI
multicolor immunofluorescence (mIF) panel, antigen-
retrieved slides were incubated with anti-CD11b rabbit
antibody (AB133357, Abcam, Cambridge, MA, USA) at
1:2000 and CK mouse antibody (MA5-13156, Invitrogen,
Carlsbad, CA, USA) at 1:100 overnight at 4�C. After
washing, slides were incubated with AF594-conjugated-
anti-rabbit IgG and AF647-conjugated-anti-mouse IgG for
2-h in the dark. After washing, slides were incubated with
AF488-conjugated anti-CD15 mouse antibody (301910,
BioLegend, SanDiego, CA, USA) at 1:40 and DAPI for
2 h in the dark. For the CD11b/CD15/CD33/DAPI mIF
panel, anti-CD33 mouse antibody (303402, BioLegend)
was used at 1:100 instead of pan-CK antibody. For the
CD31/CD8a/pan-CK/DAPI mIF panel, slides were incu-
bated with anti-CD31 rabbit antibody (AB28364, Abcam)
at 1:100 and anti-CD8a mouse antibody (372902, Bio-
Legend) at 1:100 overnight at 4�C. After washing, slides
were incubated with AF594-conjugated-anti-rabbit IgG
and AF647-conjugated-anti-mouse IgG for 2 h in the dark.

After washing, slides were incubated with AF488-
conjugated pan-CK mouse antibody (53-9003-82, Thermo
Fisher, Carlsbad, CA, USA) at 1:100 and DAPI for 2-h in
the dark. IHC for CD3 followed our previous method
using anti-CD3 antibody (A0452, DAKO, Santa Clara,
CA, USA) at 1:200 [7].

Microscopy and quantification of PMN-MDSCs
The fluorescently stained slides were imaged with Leica
DMi8. For each tissue section, 2–4 images were taken
with the ×20 objective and loaded to ImageJ (NIH) for
counting CD11b+ CD15+ cells. The calculated densities
were averaged as PMN-MDSC density for the section.
We defined epithelial and stromal compartments as being
immediately within or outside the outer cell layer of epi-
thelial islands, respectively. For lymph node and bone
metastases, tumor regions were defined on the basis of
where pan-CK+ cells reached, which was assisted by
locating carcinoma islands on the H&E section. Regions
outside the periphery of pan-CK+ islands were consid-
ered to belong to the lymphoid organ. Within the neo-
plastic regions, epithelial and stromal areas were denoted
similarly as in primary tumors. Because bone marrow
contains preexisting granulocytes which may also stain
positively with CD11b and CD15, we excluded those

Table 1. Patient characteristics for the primary tumor cases
Number of patients 90
Age
Median 70
Range 40–91
≤70 46
>70 44

Gleason sore
<7 0
7 57
>7 33

pT-status
T2c 39
T3a 17
T3b 32
T4 2

pN-status
N0 19
N1 38
n.d. 33

Perineural invasion
Yes 61
No 4
n.d. 25

Angiolymphatic invasion
Yes 33
No 44
n.d. 13

n.d., not determined.
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cells by only analyzing CD11b+ CD15+ infiltrating
PMN-MDSCs in the tumor regions.

Statistical analysis
For comparison between PMN-MDSC groups, we
used the negative binomial regression model to calcu-
late P values (R package). This method is appropriate
to analyze the over-dispersed count outcome variables
[6]. Other tests are noted in figure legends. P values
less than 0.05 were considered significant.

Results

PMN-MDSCs infiltrate more abundantly in the
stroma than the epithelia
PMN-MDSCs were stained as CD11b+ CD33+ CD15+

cells in PCa [6]. We stained CD11b, CD33, CD15 in a
number of prostate and bladder cancer samples, and
observed largely overlapping staining patterns for
CD11b and CD33 (Figure 1A). Therefore, we simplified
the detection of PMN-MDSCs as CD11b+ CD15+ cells,

Figure 1. Increased infiltration of CD11b+ CD15+ PMN-MDSCs in the stromal areas but not epithelial areas of primary prostate tumors.
(A) Representative images of bone metastasis of PCa and bladder cancer showing the overlapping staining pattern of CD11b and CD33.
Scale bar, 50 μm. (B) Representative image of a prostate tumor section with contours of the tumor and adjacent normal regions drawn by
the pathologist, and two representative image sets of primary prostate tumors stained with the CD11b/CD15/pan-CK/DAPI mIF panel. Scale
bar, 100 μm. (C,D) Quantification results of CD11b+CD15+ PMN-MDSCs. N = 90. Data represent mean � standard error of the mean (SEM).
P values calculated using a negative binomial regression model. (E) Illustration of the definition of epithelial area, stromal area and the dis-
tance between PMN-MDSCs and nearest epithelial edge. (F) Violin plot comparing the distance between PMN-MDSCs and the nearest epi-
thelial area in the tumor and adjacent normal regions. **p = 0.0011 by Wilcoxon matched-pair test. (G) Association of stroma-residing
PMN-MDSCs, but not epithelia-residing PMN-MDSCs, in primary tumors with patient age (N = 90), tested by two-tailed Spearman test.
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and used pan-CK to identify epithelial cancer cells and
DAPI as a nuclear stain. H&E slides of primary tumors
(N = 90) were inspected by the pathologist (W.K.) to
demarcate the tumor and adjacent normal regions
(Figure 1B, left). Next, we stained the samples with the
CD11b/CD15/pan-CK/DAPI mIF panel (Figure 1B,

right) and imaged both tumor and adjacent normal
regions. In the adjacent normal region, PMN-MDSC
infiltration was low and there was no difference between
the epithelia and stroma (Figure 1C, left). By contrast, in
the tumor region, the density of PMN-MDSCs was
markedly higher in the stroma than the epithelia

Figure 2. Higher infiltration of PMN-MDSCs in the stromal area of lymph node and bone metastases compared with the stromal area of
primary tumors. (A) Representative images of the two types of lymph node metastasis samples recognized by the presence or absence of
the lymph node/tumor interface in the H&E stain. Also shown are representative images of the lymph node metastasis samples stained
with the CD11b/CD15/pan-CK/DAPI mIF panel. Scale bar, H&E (left), 1000 μm; H&E (right) and IF images, 100 μm. (B) Quantification
results of CD11b+CD15+ PMN-MDSCs. N = 37 pairs of matched primary tumor and lymph node metastasis samples. (C) Representative
images of the bone metastasis samples stained with the CD11b/CD15/pan-CK/DAPI mIF panel. Scale bar, 100 μm. (D) Quantification
results of CD11b+CD15+ PMN-MDSCs. N = 35, 37 and 90 for bone metastases, lymph node metastases and primary tumors, respectively.
In (B) and (D), data represent mean � SEM. P values calculated using a negative binomial regression model.
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(Figure 1C, right). When epithelia or stroma were com-
pared between tumor and adjacent normal regions
respectively, higher PMN-MDSC infiltration in tumor
regions was observed for the stroma (Figure 1D, left) but
not the epithelia (Figure 1D, right). These results indicate
that the majority of the increased PMN-MDSC infiltra-
tion in primary prostate tumors occurs in the stroma
instead of the epithelia.
We hypothesize that, in comparison with adjacent

normal epithelia, neoplastic epithelia have stronger abil-
ity to attract PMN-MDSCs. To test this hypothesis, we
used ImageJ (NIH, Bethesda, MD, USA) to measure
the distance of all detected PMN-MDSCs to the nearest
edge of the pan-CK+ epithelial islands on the captured

images (Figure 1E), a method applied to both the tumor
and the adjacent normal regions. Confirming our
hypothesis, the average distance of nearest stromal
PMN-MDSCs to adjacent epithelial areas was indeed
significantly shorter for the tumor region than the adja-
cent normal region (Figure 1F). We examined the asso-
ciation of stroma- or epithelia-residing PMN-MDSCs
with available clinicopathological parameters (Table 1).
There was no correlation of either PMN-MDSC popula-
tion with Gleason score, primary tumor stage, lymph
node metastasis, angiolymphatic invasion, or perineural
invasion (data not shown). However, there was a signifi-
cant association of stroma-residing (but not epithelia-
residing) PMN-MDSCs with age (Figure 1G).

Figure 3. Positive correlation of tumor stromal PMN-MDSCs with vascularization and segmented neutrophils, evaluated using primary
tumor samples (N = 46, SBMF). (A) Representative IHC images of CD3. Scale bar, 200 μm (top) and 100 μm (bottom). (B) Representative
images of primary tumor stained with the CD31/CD8a/pan-CK/DAPI mIF panel. Scale bar, 100 μm. (C) Representative images of visually
recognized segmented neutrophils (red arrows). Scale bar, 100 μm (left) and 20 μm (right). (D) Correlation analysis of the numbers of
tumor stromal PMN-MDSCs with CD31+ vessels, segmented neutrophils, CD3+ total T cells, and CD8+ cytotoxic T cells, tested by two-
tailed Spearman test.
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Higher PMN-MDSC infiltration in the stroma
of lymph node and bone metastases than the
stroma of the primary tumors
With 37 matched pairs of lymph node metastasis and
primary tumor samples, we first performed H&E
staining of the lymph node metastasis samples and
noted two types of tumor histology. In Type 1, lymph
node tissue (i.e. immune cells) shared interface with
metastases; in Type 2, the whole sample was occupied
by metastases (Figure 2A). We stained the samples with
the mIF panel and focused our analysis on the neoplas-
tic regions so the lymph node immune cells did not
interfere (Figure 2A). Similar to the primary tumors,
PMN-MDSCs were mainly found in the stroma and
only sporadically seen in the epithelia (Figure 2B, left).
Moreover, there was a higher PMN-MDSC infiltration
in the metastasis stroma than the primary tumor stroma
(Figure 2B, center). For the epithelia, there was a trend
of lower PMN-MDSC density in metastases than pri-
mary tumors (Figure 2B, right).
Next, we stained 35 cases of bone metastasis

(Figure 2C) and focused on the neoplastic region for
image analysis. There were again significantly higher
PMN-MDSCs in the stroma than the epithelia
(Figure 2D, left). Next, we compared bone metastases
with lymph node metastasis and all primary tumors by
separating them into the stromal and epithelial areas.
For the stroma, bone metastases showed a level of
PMN-MDSC infiltration comparable with lymph node
metastases but significantly higher than primary
tumors (Figure 2D, center). For the epithelia, bone
metastases displayed a PMN-MDSC density compara-
ble with primary tumors but significantly higher than
lymph node metastases (Figure 2D, right). Overall, the
stroma of both bone and lymph node metastases con-
tained higher PMN-MDSCs than that of primary
tumors.

Positive correlation of tumor stromal PMN-MDSCs
with vascularization and segmented neutrophils
To examine the correlation of PMN-MDSCs with vas-
cularization and other tumor-infiltrating immune cells,
we focused on 46 primary tumors from SBMF that had
more specimens and performed IHC staining for CD3
(Figure 3A) and mIF staining of a CD8a/CD31/pan-
CK/DAPI panel (Figure 3B). Moreover, we counted
classical neutrophils based on segmented nuclear mor-
phology using H&E slides (Figure 3C). Given that the
majority of PMN-MDSCs are enriched in the tumor
stroma, we focused on this compartment and found that
PMN-MDSCs significantly correlated with CD31+

vessels and segmented neutrophils, but not CD3+ or
CD8+ T cells (Figure 3D).

Discussion

Our studies reveal that (1) in all three sites, PMN-
MDSCs infiltrate much more readily in the stroma
than the epithelia; (2) metastasis stroma is infiltrated
with more PMN-MDSCs than that of primary tumors;
(3) prostate epithelia remain weakly infiltrated by
PMN-MDSCs even when transformed. This result sug-
gests that paracrine signaling between PMN-MDSCs
and PCa cells through IL-1Ra and IL-23 [6,8] should
require efficient cytokine diffusion. The stromal
enrichment of PMN-MDSCs facilitates cell–cell con-
tact between PMN-MDSCs and T cells to mediate the
suppression [9,10], a result in line with the current
view of the greater relevance of PMN-MDSCs in the
stroma [11]. One limitation of our study is the lack of
healthy prostate tissues as control. Previous studies
have shown a very low frequency (<1%) of circulating
CD15high CD33low cells in healthy donors [5], consis-
tent with the notion that MDSCs are typically absent
at steady state in healthy individuals [2].
At least two mechanisms may explain why metasta-

ses are infiltrated with more PMN-MDSCs than primary
tumors. First, PMN-MDSCs expand dramatically in
lymphoid organs [12,13]. Therefore, colonized tumors
in the bone marrow or lymph nodes are expected to be
more readily accessible to nearby PMN-MDSCs com-
pared with the situation of the primary tumor where
PMN-MDSCs need to travel distantly before reaching
the tumor parenchyma. Second, metastatic PCa cells
may produce higher levels of MDSC-recruiting
chemokines than primary tumor cells. CXCL5/CXCR2
signaling plays a crucial role in PMN-MDSC recruit-
ment in PCa [14]. CXCL5 expression is concordant
with PCa progression with the highest level in metasta-
ses [15]. Therefore, it is possible that higher CXCL5 in
metastases drives stronger PMN-MDSC infiltration.
Bone is the most frequent site of PCa metastasis [16].
For metastases to nonlymphoid organs such as lung and
liver, future research should examine whether they also
harbor higher PMN-MDSCs than primary tumors.
The lack of correlation of PMN-MDSCs with T

cells suggests that other immunosuppressive cells
(such as Treg and M2 macrophages) should also con-
tribute to the immunologically cold microenvironment
of PCa. The association of tumor stromal PMN-
MDSCs with age is interesting, because circulating
PMN-MDSCs (but not M-MDSCs) are significantly
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elevated during aging [17]. Since age is the biggest
risk factor for PCa, it will be important to determine
whether higher PMN-MDSCs in older men is a driver
for increased PCa rate.
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