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Prostate cancer is a leading cause of cancer-related
deaths of men in the United States. Whereas the localized
disease is highly treatable by surgical resection and radi-
ation, cancer that has metastasized remains incurable.
Immune cells that primarily scavenge debris and promote
prostate cancer angiogenesis and wound repair are M2
macrophages. They are phenotypically similar to M2 tu-
mor-associated macrophages (M2-TAMs) and have been
reported to associate with solid tumors and aide in pro-
liferation, metastasis, and resistance to therapy. As an
invasive species within the tumor microenvironment, this
makes M2-TAMs an ideal therapeutic target in prostate
cancer. To identify novel surface glycoproteins expressed
on M2 macrophages, we developed a novel method of
creating homogeneous populations of human macro-
phages from human CD14" monocytes in vitro. These
homogeneous M1 macrophages secrete pro-inflamma-
tory cytokines, and our M2 macrophages secrete anti-
inflammatory cytokines as well as vascular endothelial
growth factor (VEGF). To identify enriched surface glyco-
proteins, we then performed solid-phase extraction of
N-linked glycopeptides followed by liquid chromatogra-
phy-tandem mass spectrometry (LC-MS/MS) on our ho-
mogeneous macrophage populations. We discovered
five novel peptides that are enriched exclusively on hu-
man M2 macrophages relative to human M1 macro-
phages and human CD14* monocytes. Finally, we de-
termined whether these surface glycoproteins, found
enriched on M2 macrophages, were also expressed in
human metastatic castrate-resistant prostate cancer
(mCRPC) tissues. Using mCRPC tissues from rapid autop-
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sies, we were able to determine M2 macrophage infiltra-
tion by using immunohistochemistry and flow cytometry.
These findings highlight the presence of macrophage in-
filtration in human mCRPC but also surface glycoproteins
that could be used for prognosis of localized disease and
for targeting strategies. Molecular & Cellular Proteom-
ics 16: 10.1074/mcp.M116.064444, 1029-1037, 2017.

Prostate cancer is deadly once it metastasizes, and it con-
tinues to be an unmet medical need here in the United States
(1). Additionally, increasing evidence demonstrates the tumor
microenvironment that surrounds cancer cells significantly
contributes to cancer progression, circumvention of current
therapies (including immune checkpoint therapies), and
survival. Metastatic castration-resistant prostate cancer
(mCRPC)" tumors are often associated with the reactive
stroma that is enriched in immune cells known as M2 macro-
phages that reside in the tumor microenvironment. M2 macro-
phages that are seen in cancers are known as M2-TAMs due
to their phenotypic similarities (2-7). Previous studies from our
laboratory partly elucidated how M2-TAMs and reactive
stroma associate with primary and metastatic disease and
also help promote prostate cancer cell epithelial-to-mesen-
chymal transition in vitro (7). We believe that M2-TAMs con-
tribute to cancer cell growth by promoting a permissive
growth environment through the secretion of cytokines, ma-
trix-degrading enzymes, angiogenic factors, and multiple
growth factors (8-14). Growth suppression of M2-TAMs has
been shown to also lead to prostate tumor regression in
pre-clinical models (15, 16). However, macrophages have two
populations (M1 and M2 macrophages) that bear opposing
roles of pro- and anti-inflammation, respectively; however,
they display surface marker overlap making it difficult to de-
velop targeting strategies solely for surface proteins that are
enriched on M2 macrophages.

Glycosylation is one of the most common post-translational
modifications that regulates a host of cellular and biological

' The abbreviations used are: MCRPC, metastatic castration-resist-
ant prostate cancer; M2-TAM, M2-tumor-associated macrophage;
SPEG, solid-phase extraction of N-linked glycopeptide; ACN, aceto-
nitrile; PNGase, peptide: N-glycosidase; FDR, false-discovery rate;
FFPE, formalin fixation followed by paraffin-embedding; NHE, sodi-
um/hydrogen exchanger; PBMC, peripheral mononuclear blood cell.
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activities (17-19). This is evidenced by glycosylated mem-
brane surface receptor’s ability to perform a slew of functional
roles (20). Glycoproteomics is a novel sub-proteomic ap-
proach that elucidates levels of expression of glycoproteins
that are present in a given sample. This technique has been
fundamental in the discovery of cancer biomarkers and the
diagnosis of human diseases (21-24). Additionally, this ap-
proach is promising because glycoproteins are ubiquitous
in extracellular secretion, are typically dysregulated in can-
cer cells, and are likely to enter the bloodstream. Therefore,
this makes glycoproteins attractive candidates for cancer
biomarkers.

To study the N-linked glycoproteins in a high throughput
and reproducible manner, we previously developed a method
for the hydrazide chemistry-based solid-phase capture of
glycopeptides and coupled it with the use of PNGase F for the
specific release of “formerly” N-glycosylated peptides (only
the peptides originally attached to glycans) (25, 26). The iso-
lated formerly N-glycosylated peptides are analyzed by liquid
chromatography (LC) separation followed by tandem mass
spectrometry (MS/MS), which allows the high throughput
identification and quantification of a large number of glyco-
proteins (25, 26). This feature of the technique provides a
unique opportunity to detect protein changes in immune cells
obtained from peripheral blood. We also recently developed a
novel in vitro strategy that yields homogeneous macrophage
populations (27). Herein, we used glycoproteomics on human
CD14™" monocytes and homogeneous macrophage popula-
tions to identify novel surface glycoproteins that may serve as
therapeutic targets.

EXPERIMENTAL PROCEDURES

Cell Preparations—Leukopaks from healthy de-identified donors
were obtained from the Hemapheresis and Transfusion Center, The
Johns Hopkins Hospital, according to established protocols at The
Johns Hopkins Hospital (Baltimore, MD). Peripheral blood mononu-
clear cells (PBMCs) were prepared from buffy coats by Ficoll-Paque
(1.077 g/ml density) (GE Healthcare, Little Chalfont, UK; catalogue
number 17-1440-02) density gradient centrifugation at 400 X g at
18 °C for 35 min to separate blood constituents. Cells were washed
several times using 1X PBS and counted using a Nexcelom Cellom-
eter Auto T4 plus cell counter (Nexcelom Bioscience, Lawrence, MA).
Once counted, CD14" monocytes were isolated from PBMCs by
magnetic labeling using mAb CD14-conjugated microbeads (Stem
Cell Technologies Cambridge, MA) followed by cells using immuno-
magnetic cell separation without columns (Stem Cell Technologies cat-
alogue number 18000) according to the manufacturer’s instructions.

Cell Culture—Human macrophage phased polarization was per-
formed as described previously (27). Briefly, macrophages differenti-
ated from CD14" monocytes were seeded at a cell density of 2.0 X
10° to 3.0 x 10° cells/ml in RPMI 1640 medium (Life Technologies,
Inc., Invitrogen, Carlsbad, CA) that was supplemented with 2 mw/liter
L-glutamine, 10% heat-inactivated FBS (Sigma-Aldrich), 100 units/ml
penicillin (Life Technologies, Inc.), and 100 mg/ml streptomycin (Life
Technologies, Inc.) at 37 °C in a humidified 5% CO,, 95% atmo-
spheric air. M1 macrophages were cultivated in the presence of 20
ng/ml granulocyte-macrophage colony stimulation factor (GM-CSF)
(PeproTech, Rocky Hill, NJ) for 5 days. Once day 5 was reached,

media were replaced, and GM-CSF was replenished (20 ng/ml) in
concert with interferon-y (IFN-vy) (20 ng/ml), interleukin 6 (IL-6) (20
ng/ml), and LPS (20 ng/ml) for 4 additional days. Analogous to M1
macrophage groups, M2 macrophages were cultured for 5 days with
M-CSF only. On day 5, media were replaced, and cytokines interleukin
4 (IL-4), interleukin 6 (IL-6), and interleukin 13 (IL-13) were added at a
concentration of 20 ng/ml on day 5 with M-CSF for an additional 4 days.

Chemicals—Sodium periodate and hydrazide beads were pur-
chased from Bio-Rad; bicinchoninic acid (BCA) protein assay kit was
purchased from Pierce; sequencing-grade trypsin was from Promega
(Madison, WI); Sep-Pak C18 1cc Vac Cartridge was from Waters;
PNGase F was from New England Biolabs (Ipswich, MA). Other chem-
icals such as urea, ammonia bicarbonate, acetonitrile (ACN), trifluo-
roacetic acid (TFA), tris(2-carboxyethyl)phosphine, iodoacetamide, 5
M NaCl, and sodium sulfite were purchased from Sigma-Aldrich.

Protein and Peptide Extraction from Macrophage Cell Types for
Proteomic Analysis—Cell pellets from three 10-cm dishes were col-
lected and washed twice with 1X PBS. Thereafter, cells were dena-
tured in 1 ml of 8 m urea and 0.4 m NH,HCO, and sonicated thor-
oughly. The protein concentration was measured using a BCA protein
assay kit (Thermo Fisher Scientific, Rockford, IL). The proteins were
then reduced by incubating in 10 mm tris(2-carboxyethyl)phosphine
for 1 h and alkylated in 10 mm iodoacetamide at room temperature for
30 min in the dark. The sample was diluted, and sequence grade
trypsin (Sigma-Aldrich) was added at a 1:40 enzyme/protein ratio
and incubated overnight at 37 °C. The completion of protein diges-
tion was assessed by SDS-PAGE and silver staining. The peptides
were desalted by a C18 cartridge according to the manufacturer’s
instructions.

Isolation of N-Linked Glycosite-containing Peptides—The solid-
phase extraction of glycopeptides (SPEG) method has been de-
scribed previously (25, 26). Briefly, the glycopeptides were oxidized
by incubating with 10 mm sodium periodate in 60% ACN (v/v), 0.1%
TFA (v/v) at room temperature for 1 h in the dark. Sodium sulfite was
added at a final concentration of 60 mm to quench the oxidation
reaction. The samples were then mixed with 50 ul of (50% slurry)
hydrazide support prewashed with 1 ml of deionized water. The
mixture was incubated with gentle shaking at room temperature
overnight for the coupling reaction. The glycopeptide-conjugated hy-
drazide beads were sequentially washed with 800 ul of 50% ACN
(v/v), 0.1% TFA (v/v), then 1.5 m NaCl and water, three times/solution
to remove non-coupled peptides. Finally, the beads were washed
with 200 wl of 1X G7 buffer twice and incubated with 3 ul of PNGase
F in 50 ul of 1X G7 buffer at 37 °C overnight. To specifically release
N-linked glycosite-containing peptides, which were desalted by a
C18 cartridge, they were dried in a speed-vac and resuspended in 40
wul of 0.1% formic acid prior to mass spectrometric MS analysis.

LC-MS/MS Analysis—The peptides (~1 ng) were separated
through a Dionex Ultimate 3000 RSLC nanosystem (Thermo Fisher
Scientific) with a 75-um X 15-cm Acclaim PepMap100 separating
column (Thermo Fisher Scientific) protected by a 2-cm guarding
column (Thermo Fisher Scientific). The mobile phase consisted of
0.1% formic acid in water (A) and 0.1% formic acid 95% acetonitrile
(B). The flow rate was 300 nl/min. The gradient profile was set as
follows. 4-6% B for 9 min, 6-35% B for 83 min, 35-90% B for 5 min,
and 90% B for 10 min and equilibrated in 4% B for 12 min. MS
analysis was performed using a Q Exactive Orbitrap mass spectrom-
eter (Thermo Fisher Scientific). The spray voltage was set at 2.2 kV.
Orbitrap spectra (AGC 1 X 10°) were collected from 350 to 1800 m/z
at a resolution of 70K followed by data-dependent HCD MS/MS (at a
resolution of 17.5K, NCE 28%, AGC target 1 X 105, activation time
100 ms) of the 15 most abundant ions using an isolation width of 2.0
Da. Charge state screening was enabled to reject unassigned, singly,
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seven, and more than seven charged ions. A dynamic exclusion time
of 15 s was used to discriminate against previously selected ions.

Protein Identification and Quantification— Proteins were identified
using SEQUEST in Proteome Discoverer software (Thermo Fisher
Scientific, version 1.4). The NCBI human database (release date 03/
2015) containing 53,918 protein entries was used (28). The precursor
mass tolerance was set at 20 ppm, and the MS/MS tolerance was set
at 0.06 Da. Parameters of the search were modified as follows:
oxidized methionines (add Met with 15,995 Da) and a PNGase F-cat-
alyzed conversion of Asn to Asp (add Asn with 0.984 Da) and Cys
modification (add cysteine with 57 Da). A maximum of two missed
tryptic cleavage sites were allowed. Percolator node in SEQUEST in
Proteome Discoverer was used to filter protein identification at 1%
false-discovery rate (FDR). Only peptides with at least two spectral
counts were reported and used for quantification. The label-free
semi-quantitative differential expression analysis of the identified pro-
tein was conducted using SIEVE software (Thermo Fisher Scientific,
version 2.0). The raw files were imported into SIEVE and the chro-
matograms were aligned. Frame parameters were set as follows:
frame for all MS2 peaks, retention time from 0 to 120 min, m/z from
350 to 1800, frame time retention time width 2.5 min, and frame m/z
width 10 ppm. After framing, the Proteome Discoverer result files
were imported with a 1% FDR. The integrated intensity (peak area) of
glycosite-containing peptides was calculated and normalized by the
total ion chromatogram (TIC) of each sample and used to calculate a
p value.

Immunoblotting—Total whole-cell lysates were prepared for immu-
noblotting as described previously (29, 30). Briefly, cells were lysed on
ice with 1X MAPK lysis buffer (50 mm Tris, pH 7.5, 0.5 mm EDTA, 50
mm NaF, 100 mm NaCl, 50 mm B-glycerophosphate, 5 mm sodium
pyrophosphate, 1% Triton X-100, 1 mm NazVO,, 1 mm PMSF, 5 ug/ml
leupeptin, 5 png/ml pepstatin, 10 ng/ml aprotinin, 1 mm benzamide).
For immunoblotting, 50 ug of total cell lysates in 2X SDS sample
buffer were boiled for 10 min, run on SDS-polyacrylamide gels following
standard SDS-PAGE protocols, and then transferred to PVDF mem-
branes using the TransBlot Turbo (Bio-Rad, Hercules, CA). Membranes
were blocked in 5% BSA in TBST for 2 h at room temperature and then
were probed with primary antibody for 2 h at room temperature. After
incubation with horseradish peroxide-conjugated secondary antibodies
(Bio-Rad) in 5% BSA in TBST for 1 h at room temperature, a signal was
detected by chemiluminescence with a CCD camera in a Chemi-Doc
Imaging System using Quantity One software version 4.5.2 (Bio-Rad).
Primary antibodies were as follows: anti-CD206 monoclonal antibody
(LifeSpan, Biosciences, Inc., Seattle, WA); anti-legumain polyclonal
antibody (Abcam, Inc., Cambridge, MA); anti-cathepsin L monoclonal
antibody (Abcam, Inc.); anti-integrin a3 (Abcam, Inc.); anti-sodium
hydrogen exchanger (LifeSpan, Biosciences, Inc.).

Multiplex Cytokine Array Analysis—Human CD14" monocytes
were obtained from whole blood as described above. Following iso-
lation, the cells were plated into 6-well tissue culture plates (Falcon) at
a density of 2.0 x 10° cells/ml in RPMI 1640 medium plus 10%
heat-inactivated FBS (Sigma-Aldrich), 100 units/ml penicillin (Life
Technologies, Inc.), and 100 mg/ml streptomycin (Life Technologies,
Inc.). Cells were then treated with cytokines for polarization toward
M1 and M2 macrophage phenotypes. Cell culture supernatants were
isolated after 10 days and then centrifuged at 1000 rpm for 3 min
followed by aspiration. A Bioplex 200 platform (Bio-Rad) was then
used to efficiently determine the concentration in picograms/ml of
multiple target proteins in cellular supernatants. Luminex bead-based
immunoassays were performed following the manufacturer’s proto-
cols using the supplied cytokine standards, and the concentrations
were determined using a 5-parameter log curve fits. IL-10, IFN-v, IL-6,
IP-10, and VEGF were multiplexed using HCTOMAG-60K (Millipore,
Billerica, MA). Experiments were performed in triplicate.

Procurement of Metastatic Castrate-resistant Prostate Cancer Tis-
sues—The rapid autopsy program was approved by the Institutional
Review Board (IRB number NA_00036610) at The Johns Hopkins
University School of Medicine. The patients whose disease had pro-
gressed despite conventional therapies included listing as posthu-
mous tissue donors. The objectives and procedures for tissue dona-
tion were explained to the patient. Having agreed to participate in this
Institutional Review Board-approved tumor donor program, permis-
sion for autopsy was obtained before death, with consent provided by
the patient or by next of kin. After death, consent was obtained by
monitored telephone call to the next of kin. Four human mCRPC
samples were obtained from different patients. Tissues were isolated
0-24 h post mortem from men with mCRPC.

Immunohistochemistry— Sections of excised mCRPC tissues, ac-
quired from rapid autopsy, were formalin-fixed in 10% neutral buff-
ered formalin (Sigma-Aldrich) for 48 h and then paraffin-embedded
(FFPE). Serial sections from each of the tissues were cut (5 mm) onto
Colormark Plus microscope slides (Cardinal Health, Waukegan, IL) by
The Johns Hopkins Histology Core Laboratory. Slides were then
de-paraffinized using xylene (Fisher) twice for 10 min, rehydrated
through graded alcohol, and then subjected to antigen retrieval using
1X EDTA, pH 8.0 (Thermo Fisher Scientific), for 45 min. Slides were
cooled, then washed three times in 1X phosphate-buffered saline/
Tween (PBST), and blocked for 5 min in Dual Endogenous Enzyme
block (DAKO, Carpentaria, CA) at room temperature. Slides were then
incubated with primary antibody CD206 (1:400, LifeSpan Biosci-
ences, Inc.) at room temperature for 45 min followed by three washes
in PBST. Slides were then incubated with PowerVision* poly-HRP
(Leica Biosystems, Buffalo Grove, IL) for 1 h at room temperature and
then washed three times in TBST. 3,3’-Diaminobenzidine tablets (Sig-
ma-Aldrich) were dissolved in distilled H,O and filtered, and tissues
were incubated for 20 min. Thereafter, slides were washed three
times with 1X Tris-buffered saline/Tween (1 X TBST) and stained with
Mayer’s hematoxylin stain (Dako, Carpentaria, CA). Images were
taken using the Zeiss Axiolmager microscope (Zeiss, Thornwood,
NY).

Flow Cytometry—Four tissue samples obtained from rapid autopsy
were subjected to single-cell homogenization and then added to
collected media/adherent cells to be washed. Suspended cells were
centrifuged and washed (1X PBS, 0.5% BSA, 2 mm EDTA) twice,
counted, and then incubated with fluorophore-conjugated primary
antibodies against CD206(FITC), CD86(PE), CD163(PE-Cy7), in the
dark for 45 min at 4 °C. Fluorescence was detected by a S3TM Cell
Sorter (Bio-Rad).

Experimental Design and Statistical Rationale—The mass spec-
trometry experimental design was composed of two biological repli-
cates using freshly isolated human CD14" monocytes and human
macrophages. SEQUEST version 1.4 was used to identify unique
glycosite-containing peptides from 114 proteins with 1% false dis-
covery rate (FDR). Raw files imported into SIEVE 2.0 were used to
quantify all the peptides identified on CD14" monocytes, M1 and M2
macrophages. Only peptides with at least two spectral counts were
reported and used for quantification. The label-free, semi-quantitative
differential expression analysis of the identified protein was con-
ducted using SIEVE 2.0 software. The chromatograms were also
aligned using SIEVE 2.0. Frame parameters were set as follows: frame
for all MS2 peaks, retention time from 0 to 120 min, m/z from 350 to
1800; frame time retention time width 2.5 min and frame m/z width 10
ppm. After framing, the Proteome Discoverer result files were im-
ported with a 1% FDR. The integrated intensity (peak area) of glyco-
site-containing peptides was calculated and normalized by the TIC of
each sample and used to calculate a p value. Furthermore, all data
from mass spectrometry was uploaded into PRIDE (URL https://
www.ebi.ac.uk/pride/archive/project accession number PXD005080).
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Fic. 1. Differential expression of glycoproteins among the cell types. Volcano plot of glycoproteins among the cell types showed that
many glycoproteins were significantly and differentially expressed (A). Unsupervised hierarchy clustering using fold change (log2) showed that
the CD14* monocytes, M1 macrophages (M7), and M2 macrophages (M2) cell types had different profiles of glycoprotein expression with

dissimilar patterns (B).

Three technical replicates were performed using multiplex cytokine
analysis using media after 9 days of differentiation and polarization of
macrophages. For the rapid autopsy studies, a total of four mCRPC
tissues isolated post mortem were used in this study to assess
macrophage infiltration.

RESULTS

Differential Expression of Glycoproteins on M1 and M2
Macrophages— Our previous report detailed our ability to pro-
duce homogeneous human macrophage populations using a
phased polarization strategy (27). With the ability to do this in
vitro, we wanted to identify novel surface glycoproteins that
were exclusively enriched on each macrophage population.
To determine the differentially expressed glycoproteins that
are expressed on each cell type, cells were subjected to
glycoproteomic analysis using SPEG and LC-MS/MS (25, 26).
After LC-MS/MS analysis, a database search using SEQUEST
identified 176 unique glycosite-containing peptides from 114
proteins with 1% FDR (Fig. 1, A and B). SIEVE software was
able to quantify all the peptides identified, and we found that
the glycosylation phenotype was significantly different among
PBMCs and M1 and M2 cells (Fig. 1). Several proteins that
were enriched on M2 macrophages include macrophage
mannose receptor 1 (CD206), cathepsin L1, integrin a3, legu-
main, and sodium/hydrogen exchanger 7 (Fig. 2A). To validate
change of the proteins, the cells were again generated and
subjected to the same SPEG-based glycoproteomics analy-

sis. In this additional glycoproteomic analysis, cathepsin L1,
integrin a3, macrophage mannose receptor (CD206), sodium
hydrogen exchanger 7, and legumain were confirmed to have
differential expression (Fig. 2 and supplemental Figs. 1-4).
Therefore, from these data we were able to discover surface
glycoproteins that were enriched on M2 macrophages that
were not present on M1 macrophages or their precursor cell,
CD14™" monocytes.

Glycoproteins Found Enriched on Human M1 Macro-
phages—Human CD14" monocytes differentiated into M1
macrophages were subject to SPEG analysis followed by LC
MS/MS. We found a total of two proteins that were enriched
and N-glycosylated that were not present on CD14™ mono-
cytes or human M2 macrophages (supplemental Figs. 6 and
7). Using homogeneous M1 macrophage cell blocks stained
with indoleamine 2,3-deoxygenase (IDO1) to assess M1
macrophage presence, we did not find either expressed in
human mCRPC tissue from the right tibia (supplemental Fig.
8). However, these glycoproteins that are enriched on macro-
phages may be useful as diagnostic or prognostic markers in
chronic infections and inflammatory diseases.

Homogeneous Populations of Human M1 and M2 Macro-
phages Secrete Pro- and Anti-Inflammatory Cytokines and
Angiogenic Factors—Human CD14" monocytes obtained
from peripheral blood of leukopak donors were differentiated
in vitro into M1 or M2 macrophages and then polarized for 9
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Fic. 2. Surface glycoproteins found enriched on human M2 macrophages. SPEG analysis followed by LC-MS/MS identified five novel
glycopeptides that are enriched on the surface of M2 macrophages (A). The red N (Asn) represents the site of N-linked glycosylation (A).
Expression of enriched glycoproteins found on M2 macrophages was measured using immunoblotting (B). Integrin a3 (ITGa3), macrophage
mannose receptor (CD206), cathepsin L, NHE, and legumain have increased expression relative to M1 macrophages (B).

days thereafter in vitro using our phased polarization method
(27). To ensure that the macrophages displayed inflammatory
and wound-healing capabilities, we then assessed cytokine
and growth factor secretion of both populations. To do this,
media were obtained from both M1 and M2 macrophages on
day 9. T,1 inflammatory cytokines (IL-6, IFN-vy, and IP-10/
CXCL10), T2 cytokine (IL-10), and pro-angiogenic growth
factor vascular endothelial growth factor (VEGF) were quan-
tified in cultured media by multiplex analysis (Fig. 3). We
previously demonstrated that these homogeneous popula-
tions of M1 macrophages cultured under phased conditions
produced anti-angiogenic factor IL-12 (p70) (27). However,
they also secrete other pro-inflammatory cytokines IP-10/
CXCL10 as well as interferon-vy (Fig. 3, A and B). M1 macro-
phages also secreted an abundance of IL-6 when compared
with the M2 macrophage population (Fig. 3C). Our homoge-
neous populations of M2 macrophages secreted the anti-
inflammatory cytokine IL-10, a potent inhibitor of natural killer
cell stimulatory factor/IL-12 (31) as well as an inhibitor of
interferon-+y (Fig. 3D) (32). Additionally, we found that our M2
macrophages secreted VEGF-A (Fig. 3E) important for wound
healing and angiogenesis. Cells and sections of cells from
tissue blocks of M2 macrophages were subject to immuno-
histochemistry and stained for CD206 (Fig. 4). Altogether,
these data demonstrate that the human macrophages used in
this study secrete pro- and anti-inflammatory cytokines as
well as growth factor VEGF. Additionally, these findings dem-
onstrate that these pro- and anti-inflammatory macrophages
bear expression of these glycoproteins.

Novel Glycoproteins Expression Detected in Metastatic
Castrate-resistant Prostate Cancer—To assess whether these
findings bore any clinical relevance, mCRPC samples were
obtained from The Johns Hopkins rapid autopsy program.
Samples were either subject to single cell dissociation or
FFPE. We assessed M2 macrophage infiltration into mCRPC
by performing flow cytometry using CD206 and M2 macro-
phage scavenger receptor CD163 (Fig. 4A). Complementary
experiments to assess M1 macrophage infiltration in mCRPC
tumors were also performed. We used CD86 and CD206
markers by flow cytometry and observed a paucity of M1
macrophage infiltration in mCRPC tumor samples isolated for
rapid autopsy. We are able to assess that a bulk of the tumor

mass is both CD206- and CD163-positive. Additionally, we
assessed macrophage presence in bone metastasis, a com-
mon site of MCRPC metastasis, using immunohistochemistry.
By staining for CD206 of a right tibia tumor obtained from
rapid autopsy, we were able to determine that CD206-positive
M2 macrophages were present (Fig. 4B). Altogether, these
results demonstrate that CD206, one of the glycoproteins
found enriched on M2 macrophages, bears clinical relevance
in mCRPC.

DISCUSSION

Myeloid progenitor cells develop into pro-monocytes and
are released into the circulation via leukocyte extravasation
where they undergo differentiation into monocytes. These
cells then migrate into tissues where they differentiate into
resident tissue macrophages and help to protect these sites
from infection and promote wound healing. When these cells
encounter specific environmental cues, such as chemokines
and cytokines, monocytes demonstrate functional polariza-
tion toward one of two phenotypically different subsets of
macrophages: T,,1 (also known as M1 macrophages) or T,2
(also known as M2 macrophages). M1 macrophages are
known to produce pro-inflammatory cytokines and play an
active role in destroying intracellular bacteria and sensitizing
cancer cells to FasR-mediated apoptosis (33, 34). In our pre-
vious report (27), we demonstrated that differentiating into M1
and M2 macrophages using the phased polarization pro-
duced homogeneous populations. Using multiplex cytokine
analysis, we assessed cytokine secretion of these homoge-
neous macrophage cell types. The data from this study dem-
onstrate that homogeneous populations of M1 macrophages
secreted IFN-y, IL-6, and IP-10/CXCL10 (Fig. 3, A-C). These
data align with the inflammatory nature of this subset of
macrophages. Conversely, homogeneous populations of M2
macrophages produced IL-10 and VEGF-A (Fig. 3, D and E).
Together, these results indicate that when polarizing human
CD14" monocytes using the phased polarization method
will yield cells that bear the function of either an M1 or M2
macrophage.

To truly identify how different our homogeneous popula-
tions of macrophages were from each other, we assessed
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Fic. 3. Macrophages secrete known cytokines associated with each cell type. Conditioned media were collected from polarized M1 and
M2 macrophages in vitro on day 9. Media were then analyzed for pro- and anti-inflammatory cytokines. M1 macrophages were found to secrete
more IFN-v, IFN-y-induced protein 10/CXCL10 (/P-10/CXCL10), and interleukin-6 (/L-6) relative to M2 macrophages (A-C). M2 macrophages
secreted vascular endothelial growth factor (VEGF-A) and interleukin-10 (/L-70) (D and E).

glycopeptides that were enriched on the cell surfaces of each
macrophage population. Using SPEG analysis on CD14"
monocytes, M1 and M2 macrophages, we observed a signif-
icant difference of glyco-phenotype. The glyco-phenotypic
change was drastic between cell types and indicative of a
significant change on cell behavior and function. We, for the
first time, have identified two proteins, acid oxidase isoform 1
and lysosome-associated membrane glycoprotein 3, that are
N-glycosylated and enriched on the surface of M1 macro-
phages (supplemental Figs. 6 and 7). Altogether, we were able
to identify several enriched glycoproteins that were expressed
on M1 and M2 macrophages (Fig. 2) that were not present on
other myeloid cell types that we tested. One of these N-linked
glycoproteins that was enriched on M2 macrophages was the

macrophage mannose receptor (CD206) (Fig. 2B and supple-
mental Fig. 2). This endocytic receptor binds to mannose,
fucose, and N-acetylglucosamines that are found on the cell
surface of microorganisms (35). It has also been demon-
strated to regulate glycoprotein homeostasis (36). It is not
found on expressed tumor cell types making it exclusive to
immune cells. Given the important role that M2 macrophages
play in eliciting tumor cell epithelial-to-mesenchymal transi-
tion (7), tumor cell invasion, and circumvention of therapy as
well as being phenotypically similar to M2-tumor-associated
macrophages (M2-TAMs), we then measured CD206 expres-
sion in MCRPC samples. This lethal form of prostate cancer
does not respond to current therapeutics and continues to be
an unmet medical need claiming the lives of men annually in
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Fic. 4. CD206-positive macrophages found in mCRPC samples.
Rapid autopsy samples were subject to single cell homogenization
followed by flow cytometry (A-C) or FFPE (D). Assessment of CD206
and CD163 in epicardial lymph node and liver metastases was per-
formed using flow cytometry (A-C). Immunohistochemistry of CD206
of mCRPC isolated from right tibia was also performed (D).

the United States and worldwide. Using epicardial lymph
node and two liver mCRPC samples obtained from rapid
autopsy, we used CD206 as well as the scavenger receptor
(CD163) (Fig. 4, A-C) to assess the M2-TAM infiltrate. Al-
though we did not find CD163 to be N-glycosylated or en-
riched at <0.1 FDR using SPEG, CD163 expression has been
long associated with M2 macrophages and M2-TAMs. We
found that the mCRPC tumors samples were between 38 and
75% of M2 macrophages that co-expressed CD206 and
CD163, although a paucity of CD86- and CD206-positive
populations were found (Fig. 4, A-C). The low expression of
CD86 may be due to a dearth of M1 macrophage infiltration in

these MCRPC samples. Additionally, performing IHC for
CD206 (Fig. 4D) further validated the M2 macrophage pres-
ence in these rapid autopsy samples.

Another protein that was enriched on M2 macrophages was
the lysosomal protease enzyme, cathepsin L (Fig. 2). The
up-regulation of this protein is correlative with poor cancer
prognosis and has been identified as a targetable marker in
cancer (37). Additionally, studies have shown that phorbol
12-myristate 13-acetate (PMA) treatment can lead to cathep-
sin L secretion by prostate tumor cells in vitro leading to
increased Matrigel invasion (38). Recent data from our group
demonstrated that this protein was amplified in prostate can-
cers and was positively correlated with high Gleason scores
(39). However, herein we found that it is also enriched on M2
macrophages, which may allude to the ability of M2 macro-
phage to aide in tumor invasion and subsequent metastasis.
Other proteins that were enriched on M2 macrophages were
legumain, an asparaginyl endopeptidase that is overex-
pressed in solid tumors and abundantly expressed on M2-
TAMs (40, 41). Legumain has been implicated in playing a
significant role in tumorigenesis and ablation of legumain
using prodrug-suppressed angiogenesis and metastasis in
pre-clinical models (40). In tumor cells, cathepsin L and legu-
main both appear to be regulated by tumor suppressor cys-
tatin 6 (CST6); however, this protein does not appear to be
secreted by macrophages (42, 43). Additionally, legumain and
cathepsin have both been reported to localize to caveolae and
are expressed and activated while on the cell surface of tumor
cells where they interact with annexin Il (44). Legumain was
demonstrated in membrane-associated vesicles concen-
trated at the invadopodia of tumor cells and on cell surfaces
where it co-localized with integrins (45). We found both ca-
thepsin and legumain enriched on M2 macrophages and may
allude to each of them being in an active state. This result
confirms a recent report that demonstrated increased legu-
main cell-surface expression after monocytes were differen-
tiated into M2 macrophages (46). Together, these proteases
suggest the multiple roles that M2 macrophages could play in
degrading matrix to aide in tumor escape.

Integrins are heterodimeric transmembrane surface recep-
tors that can mediate adhesion and cell survival (47, 48). We
found integrin &3, which forms a heterodimer with integrin g1
to mediate cell adhesion to laminin, enriched on M2 macro-
phages (Fig. 2). We did not find 3 integrins enriched on either
population. However, this may be relevant to macrophage-
tumor interaction during several steps of metastasis. Prostate
cancer cells lose integrin B4 and have an increased expres-
sion of integrin a6 and B1 (49). Integrin B1 has been reported
to be expressed on prostate cancer cells clinically (50), and
this increased expression of integrin «3 on M2 macrophages
may confer its association with prostate tumor cells. This may
allow the formation of the tumor microenvironment of metas-
tasis (TMEM) (51), which is made up of tumor cells, macro-
phages, and endothelial cells that synergistically allow intrav-
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asation in pre-clinical models. More studies are warranted in
this regard. Na*/H" exchangers (NHE) are integral membrane
proteins that are responsible for numerous cellular processes,
ranging from the fine control of intracellular pH and cell vol-
ume to systemic electrolyte, migration, acid-base, and fluid
volume homeostasis (52). Additionally, one well studied NHE
member, NHE1, has been demonstrated to be pivotal in mi-
croglial cell migration and glioma-microglial interactions (53).
We find NHE7 enriched on the M2 macrophage cell surface
(Fig. 2 and supplemental Fig. 5), which to our knowledge has
not been linked to prostate cancer. Additionally, we per-
formed RNA-sequencing analysis on each subset of human
macrophages (data not shown), and we did not observe each
enriched glycoprotein suggestive that there are differences at
the glycoproteomic level that are not observed at the mRNA
level. Finally, we found legumain expressed on the cell surface;
however, it does not appear to be well studied in M2-TAMs nor
in mCRPC and thus also warrants further investigation. Alto-
gether, we believe that using these markers for localized and
distant disease could be indicative of how immunosuppressive
as well as aggressive a tumor is and what treatment strategies
could be used to remedy this malady.
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