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ABSTRACT
Myeloid cells are known to play a crucial role in creating a tumor-promoting and immune suppressive 
microenvironment. Our previous study demonstrated that primary human monocytes can be polarized 
into immunosuppressive myeloid-derived suppressor cells (MDSCs) by cancer-associated fibroblasts 
(CAFs) in a 3D co-culture system. However, the molecular mechanisms underlying the immunosuppres-
sive function of MDSCs, especially CAF-induced MDSCs, remain poorly understood. Using mass spectro-
metry-based proteomics, we compared cell surface protein changes among monocytes, in vitro 
differentiated CAF-induced MDSCs, M1/M2 macrophages, and dendritic cells, and identified an extracel-
lular vesicle (EV)-mediated secretory phenotype of MDSCs. Functional assays using an MDSC/T-cell co- 
culture system revealed that blocking EV generation in CAF-induced MDSCs reversed their ability to 
suppress T-cell proliferation, while EVs isolated from CAF-induced MDSCs directly inhibited T-cell function. 
Furthermore, we identified fructose bisphosphatase 1 (FBP1) as a cargo protein that is highly enriched in 
EVs isolated from CAF-induced MDSCs, and pharmacological inhibition of FBP1 partially reversed the 
suppressive phenotype of MDSCs. Our findings provide valuable insights into the cell surface proteome of 
different monocyte-derived myeloid subsets and uncover a novel mechanism underlying the interplay 
between CAFs and myeloid cells in shaping a tumor-permissive microenvironment.
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Introduction

Immune checkpoint therapies, including PD1/PD-L1 inhibi-
tors, have revolutionized cancer treatment by enhancing anti-
tumor immunity. However, resistance to these therapies 
remains a significant challenge in achieving durable clinical 
responses.1 Myeloid cells, which are highly abundant in the 
tumor microenvironment (TME), may contribute to resistance 
to PD1/PD-L1 inhibitors via different mechanisms and play 
a crucial role in promoting an immunosuppressive TME.2 

Myeloid-derived suppressor cells (MDSCs) and M2 macro-
phages are examples of myeloid subsets that can suppress 
T-cell activation. These cells express inhibitory receptors such 
as ILT3 or ligands such as VISTA, which directly engage 
immune checkpoint receptors expressed on T-cells to curb 
T-cell activation.3 Additionally, myeloid cells can secrete 
immuno-modulatory cytokines, such as IL-10, and extracellu-
lar vesicles to induce immunosuppressive responses.4 Thus, 
a comprehensive understanding of the cell surface proteomes 

of myeloid cell subsets will shed light on molecular mechan-
isms underlying immunosuppression and provide novel com-
binatorial strategies.

Mass spectrometry-based proteomics has emerged as 
a valuable tool for identifying protein determinants that med-
iate immunosuppressive effects.5 The proteomes of murine 
myeloid cells, especially MDSCs, have been extensively studied 
and well characterized.6 Previous studies have focused on the 
total proteomes of myeloid cell subsets and identified altered 
expression of membrane receptors, endocytosis, and intracel-
lular vesicle trafficking of MDSCs.6 However, these studies did 
not include primary human myeloid cells, and whether the 
findings from these studies translate into the human system 
remains unknown.

In our previous study, we uncovered the important role of 
cancer-associated fibroblasts (CAFs) in educating tumor- 
infiltrating monocytes and polarizing them into MDSCs 
under a 3D culture condition.7 We profiled and compared 
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the proteomes of dendritic cells and CAF-induced MDSCs 
(CAF-MDSCs) and identified increased expression of NOX2 
in MDSCs.7 NOX2 produces reactive oxygen species that 
directly hinder CD8+ T-cell proliferation. However, our under-
standing of the myeloid cell subtypes derived from human 
primary monocytes at protein levels remains incomplete, pre-
venting the identification of key molecular mechanisms under-
lying immunosuppression in the TME.

In this study, we aimed to gain a deeper understanding of 
the cell surface proteome changes in human primary mono-
cyte-derived myeloid cell subsets, which are essential for inter-
cellular communication and can regulate T-cell functions. To 
achieve this, we explored multiple proteomics methods to 
capture cell surface proteins and selected an SP3-based 
method8 to quantify the cell surface protein changes among 
myeloid cell subsets, with a particular focus on CAF-MDSCs. 
We captured some of the reported immuno-modulatory cell 
surface molecules, such as ILT3 (LILRB4) and PD-L1 (CD274). 
By relating observed proteomic changes to biological processes, 
we identified pathways enriched in vesicle-mediated transport 
and increased extracellular vesicle (EV) production in MDSCs. 
We subsequently performed functional assays to demonstrate 
that MDSC-derived EVs contribute to the immunosuppressive 
effect on T-cells. Our findings provide a valuable resource for 
cell surface proteomics of myeloid subsets and inform the 
development of immunotherapy strategies to reverse immuno-
suppression triggered by MDSCs and CAFs in the TME.

Materials and methods

Ethics statement

All primary human lung squamous cell carcinoma (LSCC) 
samples used in this study were obtained from the Clinical 
and Translational Science Institute (CTSI) at the University of 
Minnesota, with patient consent approved by the Institutional 
Review Board protocol #0305M47681 in accordance with ethi-
cal standard of the US Common Rule and the Belmont Report. 
The CTSI is supported through the NIH, grant UL1TR002494. 
Human peripheral whole blood was purchased from 
STEMCELL Technologies, Inc. with donor’s informed consent.

Primary human cells

Primary human CD4 T-cells from healthy donors were pur-
chased from Biological Specialty Company (#215-07-10). 
Tumor infiltrating lymphocytes (TIL) were expanded from 
fresh tumor in the presence of IL-2 for 2 weeks. CD19+, CD8 
+, and CD4+ cells were isolated sequentially from 6 million 
cells of TIL by magnetic activated cell sorting using CD19 
Microbeads (Miltenyi Biotec #130-050-301), CD8 Microbeads 
(Miltenyi Biotec #130-045-201), and CD4 Microbeads 
(Miltenyi Biotec #130-045-101), respectively. Regulatory 
T-cells were isolated from 6 million cells of TIL using 
EasySep Human CD4+CD127lowCD25+ Regulatory T Cell 
Isolation Kit (STEMCELL Technologies, #18063). Human 
squamous cell carcinoma fibroblasts CAF1 were purchased 
from Vitro Biopharma (#CAF07-S); CAF2 and CAF3 were 
derived from freshly resected tumor samples purchased from 

the University of Minnesota, and patient clinicopathologic 
features were described previously.7 Cells were allowed to 
expand in complete growth medium: RPMI1640 + Glutamax 
(Gibco #61870036), 10% heat deactivated FBS (Sigma-Aldrich 
#F4135), 10 mM HEPES (Gibco #15630080), 1 mM sodium 
pyruvate (Gibco #11360070), 1X non-essential amino acid 
(Gibco #11140050), and 10 U/mL Penicillin-Streptomycin 
(Gibco #15140122). CD14+ monocytes were isolated from 
peripheral blood mononuclear cells (PBMC) using CD14 
microbeads (Miltenyi Biotec #130-050-201) following manu-
facturer’s instructions. PBMC were isolated from fresh human 
peripheral blood leukopak (STEMCELL Technologies 
#70500.1) using Lymphoprep (STEMCELL Technologies 
#07851) and Sepmate (STEMCELL Technologies #85450).

Sample preparation for total protein measurements

One million CD4 T-cells, or between 0.8 and 2 million cells for 
each TIL sub-type, were lysed in 50 µL sodium deoxycholate 
(SDC) lysis buffer. The SDC lysis buffer consists of 1% SDC 
(Sigma-Aldrich #30968), 10 mM TCEP (Tris(2-carboxyethyl) 
phosphine hydrochloride, Sigma-Aldrich #75259), 40 mM 
CAA (2-chloroacetamide, Sigma-Aldrich #22790) in 50 mM 
TEAB. Samples were incubated at 95°C for 15 minutes then 
cooled down to room temperature. Reduced and alkylated 
proteins were digested using Trypsin/Lys-C (Promega 
#V5072) overnight at 37°C. Digested peptides were purified 
using the Phoenix kit (PreOmics # P.O.00023). One million 
CD14+ monocytes and differentiated cells – cancer-associated 
fibroblast-induced myeloid-derived suppressor cells (CAF- 
MDSC), immature dendritic cells (iDC), M1 macrophages 
(M1), and M2 macrophages (M2) were lysed in either SDC 
lysis buffer or SP3 lysis buffer. SP3 lysis buffer is composed of 
5% SDS, 10 mM TCEP, 55 mM CAA, in 50 mM TEAB 
(Triethylammonium bicarbonate, Thermo #90114). Peptide 
clean-up was performed following a published protocol.8

Sample preparation for cell surface protein measurements

Cell surface labeling were performed using Pierce cell surface 
protein isolation kit (Thermo #89881) using the sulfo-NHS- 
SS-biotin reagent. Additional reagents used for labeling are 
NHS-biotin (Thermo, #20217) or alkoxyamine-biotin 
(Thermo, #26137) or alkoxyamine-SS-biotin (Thermo, 
#26138). Briefly, ten million CD4 T-cells (Biospecialty 
#215-07-10) were resuspended in ice-cold DPBS (Gibco 
#14190144) then treated with cell surface labeling reagents 
following manufacturer’s recommendation. Labeled cells 
were processed following the iST protocol9 using a 5% SDC 
lysis buffer consisting of 5% sodium deoxycholate (Sigma- 
Aldrich #30968), 10 mM TCEP (Tris(2-carboxyethyl)phos-
phine hydrochloride, Sigma-Aldrich #75259), 40 mM CAA 
(2-chloroacetamide, Sigma-Aldrich #22790) in 50 mM Tris, 
pH 8.5. Samples were incubated at 95°C for 15 minutes then 
cooled down to room temperature. Reduced and alkylated 
proteins were digested using Trypsin/Lys-C (Promega 
#V5072) in 50 mM TEAB overnight at 37°C. Digested pep-
tides were purified using the Phoenix kit (PreOmics # P. 
O.00023).
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Sample preparation for EV protein measurements

Purified EVs (25 µg) were resuspended in SP3 lysis buffer and 
processed as described above. Tandem Mass Tag (TMT) plexes 
were separated by donor. Each TMT10-plex contains duplicate 
samples of EVs from four cell types from one donor and one 
pooled sample, leaving the last channel empty. TMT-labeled 
peptides were fractionated using high pH reversed phase frac-
tionation on an Agilent 1100 HPLC system equipped with 
a XBridge Peptide BEH C18 column (130 Å, 3.5 µm, 2.1 mm 
x 150 mm; Waters) at a constant flow rate of 0.25 mL/min. 
A 200-µg solution of peptides solvent A (20 mM NH4HCO2, 
10% ACN, pH 10) was separated by increasing solvent B (20  
mM NH4HCO2, 90% ACN, pH 10) to a concentration of 10% 
in 5 min, to 35% in 55 min, 55% in 5 min and to 100% in 5 min. 
Next, 100% B was held constant for 5 min before switching 
back to 0% B in 1 min, and column re-equilibration at 0% B for 
14 min. A total of 72 fractions were collected in a 96-well plate 
in 1 min intervals from 0 min to 72 min (A01 to A12 followed 
by B12 to B01 and so on). Fractions were combined by pooling 
rows A, C, E and B, D, F for a total of 24 final fractions. Pooled 
peptide fractions were dried down and resuspended in 0.2% 
formic acid in water.

Liquid chromatography – tandem mass spectrometry (LC- 
MS/MS)

A 10 µL solution of peptides was loaded to an Acclaim™ 
PepMap™ 100 C18 trap column (100 μm I.D. x 2 cm length, 
5 μm particle size, Thermo Scientific) at a flow rate of 10 μL/ 
min in 100% solvent A (0.1% FA in HPLC grade water). 
After 5 min of loading and washing, peptides were trans-
ferred to an analytical column (whole proteome: EASY- 
Spray™, 75 μm I.D x 75 cm, 2 μm particle size; enriched 
samples and TMT-labeled samples: EASY-Spray™, 75 μm I. 
D x 50 cm, 2 μm particle size, Thermo Scientific) and sepa-
rated at a flow rate of 300 nL/min using a 300 min (whole 
proteome) or 120 min (enriched samples and TMT-labeled 
samples) non-linear gradient from 5% to 38% solvent 
B (0.1% FA in HPLC grade ACN). Subsequently, the solvent 
B concentration was increased to 70% and held constant for 
10 min followed by a decrease to 3% solvent B for 1 min and 
re-equilibration at 3% solvent B for 10 min. The overall 
method duration was 332 min and 152 min, respectively, 
from injection to injection. The mass spectrometer (whole 
proteome and enriched samples: Q Exactive HF, Thermo 
Fisher Scientific) was operated in data dependent mode, 
automatically switching between MS1 and MS2 spectra 
(MS/MS). MS1 spectra were acquired at a resolution of 
120,000 in the Orbitrap using an automatic gain control 
(AGC) target value of 1e6 with a maximum injection time 
of 50 ms. Up to 20 peptide precursors were selected for 
fragmentation by higher energy collision-induced dissocia-
tion (HCD) with an isolation width of 1.2 Th, a maximum 
injection time of 40 ms, an AGC target value of 1e3, 27% 
normalized collision energy (NCE) and a resolution of 
15,000. Dynamic exclusion was set to 30 s and singly 

charged precursors were excluded. Whole proteome samples 
were injected twice. Fractionated TMT-labeled samples were 
analyzed in Orbitrap Fusion Lumos mass spectrometer 
(Thermo Fisher Scientific) where MS3 fragmentation was 
employed to reduce TMT-related ratio compression 
effects.10 MS1 spectra were acquired using the following 
parameters: a resolution of 120,000, an AGC target value 
of 1e6, and maximum injection time of 100 ms. The top 20 
precursors were selected for MS2 scans with collision- 
induced dissociation (CID) fragmentation using the follow-
ing parameters: resolution 35,000, AGC 1e6, maximum 
injection time 100 ms, isolation window 0.7 Th, and normal-
ized collision energy (NCE) 35%. Singly charged species 
were excluded from MS2 analysis and dynamic exclusion 
was set to automatic. MS3 quantification scans were per-
formed using ten SPS ions with a resolution of 50,000, NCE 
of 55% and maximum injection time of 86 ms.

Mass spectrometry data processing and analysis

Peptide and protein identification and quantification were 
performed using MaxQuant11 version 1.6.14 for label-free sam-
ples and version 1.6.17 for TMT samples. MS2 data were 
searched against the Swissprot reference database (human pro-
teins 42,233 entries; downloaded 16.08.2017) using the 
embedded search engine Andromeda. Carbamidomethylated 
cysteine was set as fixed modification; Oxidation of methio-
nine, and N-terminal protein acetylation were set as variable 
modifications. Trypsin/P was specified as the proteolytic 
enzyme with up to two missed cleavage sites allowed. 
Fragment ion tolerance was set to 20 ppm. For label-free 
samples, the ‘match-between-runs option’ (0.5 min match 
time window) was enabled. Search results were filtered for 
a minimum peptide length of 7 seven amino acids, 1% peptide 
and protein false discovery rate. Default settings were kept for 
all other parameters.

Further processing and analysis were done using the Perseus 
software v1.6.14.012 Reverse hits, proteins marked with “only 
identified by site” and potential contaminants were removed. 
Intensity values were log2 transformed and normalized to the 
median intensity. For label-free analysis, 50% of valid values in 
total were allowed. Missing values were randomly imputed 
from a normal distribution. For each condition the median of 
the log2 protein intensity distribution was shifted 1.8 standard 
deviations to lower values and the width was set to 0.3 standard 
deviations compared to the original distribution of measured 
values. For TMT analysis, cross-plex normalization was done 
by median centering for each protein within each plex (row- 
wise normalization).13 Differential abundance analysis was 
performed using two-sample student’s t-test with Benjamini- 
Hochberg false discovery rate correction. Venn diagram ana-
lyses were done using the web tool Venny 2.1 (Venny, RRID: 
SCR_016561) (https://bioinfogp.cnb.csic.es/tools/venny/). 
Pathway and process enrichment analyses were done in 
Metascape (https://metascape.org/).14 Gene ontology enrich-
ment and protein network analyses were done in STRING 
(https://string-db.org/).15
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CAF-MDSC generation

CAF-MDSC were generated as described previously.7 Briefly, 
monocytes were isolated from PBMC using CD14 MicroBeads 
(Miltenyi Biotec # 130-050-201). To generate CAF-MDSC, 
2 million monocytes were added to the bottom well of 
a 6-well plate containing 2 mL complete media with 20 ng/ 
mL GM-CSF (R&D Systems #215-GM) containing 1 million 
cells of 3D CAF culture in a transwell insert. Media was 
replaced at day 4 and cells were collected at day 7 then used 
in subsequent assays.

iDC generation

Isolated monocytes were cultured in ImmunoCult™ DC 
Differentiation Medium (STEMCELL Technologies #10987 
and #10988) following manufacturer’s instructions. Briefly, 
2 million monocytes per well were seeded in a 6-well plate 
(Corning #3471) containing 2 mL of media. Cells were differ-
entiated for 7 days, and media was replaced on day 4. Cells 
were collected on day 7 and used in subsequent assays.

M1 and M2 macrophage generation

Isolated CD14+ monocytes (2 million per well) were cultured 
in 2 mL ImmunoCult™ -SF Macrophage Medium (STEMCELL 
Technologies #10961) supplemented with 50 ng/mL M-CSF 
(STEMCELL #78057) for 4 days. On day 4, (1) for M1 activa-
tion, media was supplemented with 10 ng/mL LPS and 50 ng/ 
mL IFNg (#78020); (2) for M2a activation, media was supple-
mented with 10 ng/mL IL-4 STEMCELL (#78045). Cells were 
collected on day 7 and used in subsequent assays.

T-cell suppression assay

Autologous CD8+ T-cells were isolated from PBMC using 
EasySep™ Human CD8+ T-Cell Isolation Kit (STEMCELL 
Technologies # 17953). Isolated cells were labeled with CFSE 
(Invitrogen # C34554) and resuspended in complete media at 
1 million cells/mL. On day 7 of MDSC generation, differentiated 
cells were detached using Detachin (Genlantis #T100100) and 
resuspended in complete media at 1 million cells/mL. CFSE- 
labeled CD8+ T-cell (T) and MDSC (M) were combined at 
a ratio of 2:1 (100,000:50,000) T:M in a 96-well plate (Corning 
#7007) containing IL-2 (Gibco # PHC0026), CD3/CD28 beads 
(Thermo #11161D) and filled with complete media to a final 
volume of 200 µL. Nonproliferating control does not contain 
CD3/CD28 beads and T-cell only control does not contain 
MDSC. For compound treatments, cells were treated at EC90 
concentration of the inhibitors used: 300 nM of nSMase2i 
(EC50 = 30 nM) or the inactive control; 300 nM of CA2i 
(EC50 = 1 nM), 100 nM of MMP9i (EC50 = 10 nM), and 10  
µM of FBP1i (EC50 = 1 µM). Vehicle control used is DMSO 
(2 µL). For EV treatment, isolated EVs from a 3-day culture 
were purified and added to T-cells. After 3 days, cells were 
collected for FACS analysis. Cells were washed with FACS 
buffer (2% FBS, 1 mM EDTA in DPBS) and stained with Live/ 
Dead NIR dye (Biolegend #423106) for 30 mins then with PE 
anti-human CD8 antibody (Clone SK1, Biolegend #344706, 

RRID:AB_1953244) for 30 mins. Cells were fixed using BD 
Cytofix and FACS analysis was performed in BD LSRFortessa 
or BD FACSymphony A3 flow cytometer (BD Biosciences). 
Data analysis was performed in FlowJo v. 10.6.2 or v. 10.9.0 
(FlowJo). The percentage of suppression was calculated using 
the established formula: ((Log2(y) of T-cell alone – Log2(y) of 
T-cell+Myeloid cells)/Log2(y) of T-cell alone) x 100, where y is 
the mean fluorescence intensity (MFI) of CFSE on the whole 
population divided by the MFI of CFSE of non-proliferating 
cells.16

Extracellular vesicle (EV) isolation

Following the 7-day differentiation of CAF-MDSC, media was 
replaced with 2 mL complete media containing exosome- 
depleted FBS (Systembio #EXO-FBSHI-50A-1) and cultured 
for additional 3 days. Conditioned media was collected and 
EVs were isolated by size exclusion chromatography (SEC) 
for functional assays or by PureExo® exosome isolation kit 
(101Bio #P101L) for LC-MS/MS analysis. SEC was performed 
using qEV2 columns (Izon Science LTD) with the qEV 
Automated Fraction Collector (Izon Science LTD). Thirteen 
2-mL fractions were collected per sample and concentrated to 
a final volume of 0.5 mL using Amicon® Ultra-15 Centrifugal 
Filter Unit (Millipore #UFC9010).

EV characterization

EV size, count, and purity were characterized using nanopar-
ticle tracking analysis.17 Each sample was diluted accordingly 
and loaded onto Nanosight NS300 (Malvern Panalytical) using 
a 1-mL disposable syringe. Five captures were recorded per 
measurement of samples. Data were analyzed using NanoSight 
NTA software v3.40 (Malvern Panalytical). Surface marker 
expression on EVs were measured by flow cytometry analysis 
as described.18 Briefly, EVs were captured on Streptavidin 
magnetic beads (Millipore # LSKMAGT10) coated with bioti-
nylated anti-human CD9 (Biolegend #312112) and anti-human 
CD81 (Biologend #349514) antibodies then stained with PE- 
conjugated anti-human CD63 (Biologend #353004) or anti- 
human CD81 (Biologend #349506) or anti-human CD9 
(Biologend #312106) or mouse IgG1κ isotype antibody 
(Biologend #400114)

Statistical analysis

Statistical analysis was performed using GraphPad Prism 9 
(GraphPad). Statistical tests applied are indicated in the figure 
legends. Differences were considered statistically significant 
when p ≤ 0.05.

Data availability

All processed and normalized data shown in the manuscript 
are available as Supplementary Tables 1 and 2. The mass 
spectrometry proteomics data have been deposited to the 
ProteomeXchange Consortium via the PRIDE19 partner repo-
sitory with the dataset identifiers PXD035259 and PXD035248.
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Results

Changes in the cell surface proteome during CAF-induced 
monocyte-to-MDSC differentiation

To maximize the coverage of membrane proteins, we tested 
several methods for enrichment of cell surface proteins using 
detergents and commercially available kits and reagents based 
on chemical labeling of surface amines and glycans 
(Supplementary Fig. S1). Performance of each method was 
assessed based on the number of identified proteins contain-
ing one or more predicted transmembrane domain (TMD) 
according to MDM20 housed in the Human Protein Atlas 
(https://www.proteinatlas.org/) (Supplementary Fig. S1a). 
The in-stage tip (iST) method gave the highest coverage of 
membrane proteins from primary human lymphocytes 
(Supplemantary Fig. S1a – c). Next, we compared iST with 
the single-pot, solid-phase-enhanced sample preparation 
(SP3)8 workflow to assess cell surface proteome coverage in 
myeloid cells. We found a ~ 25% increase in the total protein 

identification and ~ 20% increase in cell surface protein iden-
tification using SP3 compared to iST (Supplemantary Fig. 
S1d). We selected the SP3 sample processing workflow in 
subsequent experiments due to the increased cell surface 
proteome depth.

We next sought to understand the proteomic differences of 
monocytes and monocyte-derived MDSCs by utilizing the 
MDSC-generating protocol we previously reported 
(Figure 1a).7 We compared the cell surface proteome of 
monocytes before and after co-culturing with CAFs. From 
a total of 5399 proteins quantified in both cell types, 1145 
proteins are annotated as cell surface proteins 
(Supplementary Table S1 and Figure 1b). Comparative analy-
sis using a two-sample t-test returned 526 and 160 cell surface 
proteins that are significantly up- or downregulated com-
pared to the starting monocytes, respectively (FDR <0.05) 
(Figure 1b). Cell surface proteins identified in CAF-MDSC 
include CD14, CD33, ITGAM, and members of the S100 
family (Supplementary Table 1). The differentially expressed 

Figure 1. Changes in the cell surface proteome during monocyte-to-MDSC differentiation show the upregulation of vesicle-related pathways. (a) Monocytes were 
differentiated to CAF-MDSC and subjected to label-free proteomics. (b) Differential protein expression analysis of cell surface proteins in CAF-MDSCs vs. monocytes; cell 
surface proteins were filtered based on gene ontology cellular component (GOCC) terms ‘plasma membrane’ and ‘extracellular space’; colored dots represent 
significantly altered proteins (red = up; blue = down) (c) Enriched pathway and process terms based on differentially expressed proteins in CAF-MDSC using metascape.
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proteins were annotated and analyzed using Metascape14 

(http://metascape.org) to identify altered pathways and pro-
cesses (Figure 1c). Proteins downregulated in CAF-MDSCs 
were engaged in leukocyte degranulation (GO:0043299), 
migration (GO:0050900), and lymphocyte activation 
(GO:0046649) (highlighted in blue), which suggest previously 
described functions of MDSCs related to their interaction 
with other immune cells (Figure 1c). Significant terms 
enriched in the upregulated proteins in CAF-MDSCs include 
‘regulated exocytosis’ (GO:0045055), ‘vesicle-mediated trans-
port’ (R-HSA-5653656), and ‘regulation of vesicle-mediated 
transport’ (GO:0060627) (highlighted in red) (Figure 1c). 
These terms suggest an increase in the bulk transport of 
proteins and other (bio)molecules through vesicles.

The cell surface proteome of CAF-MDSC

To investigate if the vesicle-mediated secretory phenotype is 
specific to CAF-MDSCs, we generated diverse monocyte- 
derived subsets – immature dendritic cells (iDC), M1 macro-
phages (M1), and M2 macrophages (M2) to compare their cell 
surface proteomes by LC-MS/MS (Figure 2a). Principal com-
ponent analysis of cell surface protein profiles shows differ-
ences that are driven by the cell types (Figure 2b). Cluster 
analysis of cell surface proteins (1195 proteins) identified in 
all myeloid cell subsets revealed a group of cell surface proteins 
enriched in CAF-MDSC (cluster #10) (Supplementary Fig. 
S2a). This cluster is comprised of 93 proteins that are highly 
expressed in CAF-MDSCs derived from 3 donors 
(Supplementary Fig. S2b). Metascape analysis of this cluster 

Figure 2. The cell surface proteome of CAF-MDSC is enriched in proteins. (a) Monocytes were differentiated to cancer-associated fibroblast-induced myeloid derived 
suppressor cells (CAF-MDSC), immature dendritic cells (iDC), M1 and M2 macrophage and subjected to label-free proteomics. (b) Principal component analysis of the cell 
surface proteome profile of monocytes and differentiated cells – CAF-MDSC, iDC, M1 and M2 macrophage. (c) Differential protein expression analysis of cell surface 
proteins in CAF-MDSC vs. iDC or M1 or M2 macrophage; cell surface proteins were filtered based on GOCC terms ‘plasma membrane’ and ‘extracellular space’; 
significantly enriched cell surface proteins in CAF-MDSC (fold change > 2; FDR < 0.05) are enclosed in red box (dotted line on x-axis: Log2 = 1.0; y-axis: p-value 
(BH) = 0.05). (c) Overlap of significantly enriched cell surface proteins in CAF-MDSC vs. other cell types. (d) Gene ontology enrichment of significantly enriched cell 
surface proteins in CAF-MDSC (44 proteins) using STRING DB.
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shows pathway enrichment in ‘vesicle-mediated transport’ 
(R-HSA-5653656) (Supplementary Fig. S2c, highlighted in 
red). Moreover, cluster #10 is also enriched in terms related 
to its known functions in supporting the extracellular matrix, 
cell migration, and immune cell activation (Supplementary Fig. 
S2c, highlighted in orange). Next, the total quantified proteins 
in each cell type (CAF-MDSC, iDC, M1, M2) were compared 
to the levels in the starting monocytes using student’s t-test 
(Supplementary Fig. S2d). Significantly enriched proteins that 
were annotated as cell surface proteins (fold change > 2; FDR <  
0.05) were filtered and subjected to functional protein associa-
tion networks analysis using the STRING15 database 
(Supplementary Fig. S2e). Out of the 468 cell surface proteins 
significantly enriched in CAF-MDSCs, 189 (40%) are anno-
tated as ‘vesicle’ (GO:0031982). In iDCs, none of the 197 
significantly enriched cell surface proteins are annotated as 
vesicle proteins. Both macrophage populations had similar 
proportion of vesicle proteins; 53 out of 145 proteins in M1 
(37%) and 55 out of 148 proteins (37%) in M2, which were ~  
3.5-fold lower in number than CAF-MDSCs. To identify 
uniquely enriched proteins in CAF-MDSCs, we compared the 
cell surface proteome of CAF-MDSCs to the other popula-
tions – iDC, M1, and M2 using student’s t-test (Figure 2c). 
We found 44 cell surface proteins that were significantly 
enriched in CAF-MDSCs (Figure 2d). Gene ontology enrich-
ment of these 44 proteins revealed that the most significant 
terms include ‘vesicle’, ‘extracellular exosome’, ‘secretory vesi-
cle’, ‘secretion’, ‘export from cell’ and ‘vesicle-mediated trans-
port’ (Figure 2e). Taken together, by comparing to monocytes 
or monocyte-derived myeloid cell subsets, our proteomic ana-
lysis revealed that CAF-MDSCs possess a unique secretory 
phenotype by producing extracellular vesicles, which can 
have an impact on the crosstalk between MDSCs and T-cells. 
This prompted us to further investigate if CAF-MDSC-derived 
EVs contribute to the immunosuppressive function of CAF- 
MDSCs.

Suppression of T-cell proliferation by CAF-MDSC EVs

CAF-MDSCs potently suppress autologous T-cell proliferation 
through multiple mechanisms (Figure 3a).7 To investigate 
whether the release of EVs from CAF-MDSCs impacts immune 
suppression, we treated the co-culture of CAF-MDSCs and 
autologous CD8+ T-cells with an inhibitor of nSMase2 (neutral 
sphingomyelinase S2), a key enzyme in the biosynthesis of 
ceramide required for the generation of EVs (Fig. 43b).21 

Treatment with the nSMase2 inhibitor (nSMase2i)22 signifi-
cantly decreased the ability of CAF-MDSCs to suppress the 
proliferation of T-cells while treatment with the inactive form 
of the nSMase2i did not show any significant change in the 
proliferation of T-cells, showing that the reduction in T-cell 
suppression is specific to nSMase2 inhibition (Figure 3b and 
Supplementary Fig. S3a). The inhibitor of nSMase2 did not affect 
T-cell proliferation when T-cells were treated in the absence of 
CAF-MDSCs (Supplementary Fig. S3b). Both compounds did 
not exhibit a reduction in the viability of CAF-MDSCs, indicat-
ing that the decreased suppressive activity is not due to com-
pound toxicity (Supplementary Fig. S3c). The observed 
reduction in suppressive activity is likely attributed to the 

significant decrease in the amount of EVs released from the 
cells, as indicated by measurements of total EV protein isolated 
from nSMase2i-treated CAF-MDSCs (Supplementary Fig. S3d). 
Next, EVs released by CAF-MDSCs, iDCs, M1 and M2 macro-
phages were isolated and purified by size exclusion chromato-
graphy and characterized by nanoparticle tracking analysis and 
flow cytometry (Supplementary Fig. S4).23 Using this method 
specific for small EVs, the particles isolated from CAF-MDSC 
and iDC are between 108 and 120 nm in size; while EVs from M1 
and M2 macrophage are between 75 and 97 nm in size 
(Figure 3c). The isolated EVs contain 80–93% of particles 
between 30 and 150 nm in size (Supplementary Fig. S4a) that 
display the surface markers CD63, CD9, and CD81 
(Supplementary Fig. S4b). Negative markers of EVs proposed 
in MISEV 201823 include ApoA1/A2, ApoB and Alb. We quan-
tified the levels of ApoB by LC-MS/MS and found an overall 
depletion of ApoB levels in EVs compared to levels in cells 
(Supplementary Fig. S4c), while ApoA1/A2 and Alb were not 
detected. Quantification of purified EVs showed that CAF- 
MDSCs produced significantly greater amounts of EVs than 
the other cell types while iDCs showed the least amount of 
EVs (Figure 3d). To determine whether EVs released by CAF- 
MDSCs directly inhibit T-cell proliferation, we treated autolo-
gous CD8+ T-cells with increasing amounts of CAF-MDSC EVs 
derived from coculture with 3 different CAF donors and found 
a concentration-dependent reduction in T-cell proliferation 
(Figure 3e). Next, we compared the suppressive effect of CAF- 
MDSC EVs with EVs derived from other myeloid cells by treat-
ing T-cells with equal amounts of EVs. We found that CAF- 
MDSC EVs significantly reduced the proliferation of T-cells of 
up to 25%, which is 2-fold greater in effect compared to iDC EVs 
at 12.5%, while M2 EVs showed a slight reduction of 7.5% and 
M1 EVs did not show any significant effect (Figure 3f).

The protein cargo of CAF-MDSC EVs

To dissect how CAF-MDSC-derived EVs suppress T-cell 
proliferation, we profiled the protein cargo of EVs isolated 
from 3 independent donors of monocyte-derived cells 
(CAF-MDSC, iDC, M1, M2) using a Tandem Mass Tag 
(TMT)-based workflow (Figure 4a). A total of 196 proteins 
were identified in all samples (Supplementary Table S2). 
Taking the overlap of the CAF-MDSC proteome with the 
proteins in the corresponding EVs, 158 were shared while 
38 proteins were found exclusively in the EVs (Figure 4b). 
Gene ontology enrichment of these 38 proteins showed that 
the majority of proteins consisted of extracellular matrix 
proteins. Out of the 196 total EV proteins, 190 are con-
tained in Vesiclepedia (http://microvesicles.org/), 
a collection of experimentally validated EV proteins. 
Enrichment analysis of these proteins also showed gene 
ontology terms associated with EVs and the extracellular 
matrix (Figure 4c). We determined which proteins are 
enriched in CAF-MDSC EVs compared to other cell types 
and identified ten proteins that show significant enrichment 
in CAF-MDSC EVs. Functional protein network analysis in 
STRING15 (https://string-db.org/) revealed two association 
networks; one is composed of Laminin subunit beta-1 
(LAMB1) and Laminin subunit gamma-1 (LAMC1) that 
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form the laminin complex in the extracellular matrix and 
the second is composed of eight proteins – Osteopontin 
(SPP1), Metalloproteinase inhibitor 1 (TIMP1), Matrix 
metalloproteinase-9 (MMP9), Carbonic anhydrase 2 
(CA2), Cytochrome c (CYCS), Triosephosphate isomerase 
(TPI1), Fructose-1,6-bisphosphatase 1 (FBP1) and Fructose- 
1,6-bisphosphatase 2 (FBP2) that are involved in the for-
mation and regulation of the extracellular matrix, as well as 

fructose metabolism24 (Figure 4d). To interrogate the func-
tion of these proteins, we searched the chemogenomics 
database CHEMGENIE25 for tool compounds. Three of 
the ten proteins (CA2, MMP9, and FBP1) have available 
tool compounds in the database. We selected one inhibitor 
for each protein based on the potency and selectivity that 
we then used in the T-cell functional assay. The CAF- 
MDSC/T-cell co-culture were treated with the 

Figure 3. Suppression of autologous CD8 T-cell proliferation by CAF-MDSC extracellular vesicles (EV). Autologous CD8 T-cell were co-cultured with CAF-MDSC and 
treated with nSmase2 inhibitor (b) or treated with EVs (e-f) for 3 days then T-cell proliferation was measured by CFSE dilution using flow cytometry. (a) EVs released by 
CAF-MDSC can potentially suppress T-cell proliferation; this effect could be reversed by inhibiting the enzyme neutral sphingomyelinase 2 (nSmase2) that is important in 
EV generation. (b) Co-cultures of CAF-MDSCs and autologous CD8 T-cells were treated with an nSmase2 inhibitor (nSmase2i) or its inactive form. (c-d) EV 
characterization by nanoparticle tracking analysis to measure particle size and number. (e) Suppression of autologous CD8 T-cell proliferation by EVs released by CAF- 
MDSC using 6.25, 12.5, 25, 50, 100 µg EV or (f) 100 µg EVs isolated from myeloid cells based on protein content. Data shown is mean ± SEM from three independent 
experiments. Multiple group comparison by one-way ANOVA; ****= p < 0.001, ***= p < 0.001, **= p < 0.01 *= p < 0.05, ns = not significant.
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Figure 4. CAF-MDSC extracellular vesicle protein cargo. (a) Proteins contained in EVs isolated from monocyte-derived cells were quantified by TMT-based LC-MS/MS. 
(b) Overlap of CAF-MDSC EV proteins with CAF-MDSC proteome and gene ontology enrichment of proteins uniquely identified in the EV. (c) Overlap of CAF-MDSC EV 
proteins with experimentally validated EV proteins in the vesiclepedia database (http://microvesicles.org/) and gene ontology enrichment of CAF-MDSC EV proteins. 
(d) Venn diagram showing the overlap of significantly enriched proteins in CAF-MDSC EV vs. iDC EV or M1 EV or M2 EV; box plot of the normalized intensity of the 10 
enriched proteins, each box represents one replicate in the LC-Ms/MS analysis; functional protein network analysis and gene ontology enrichment of the 10 proteins 
using STRING DB. (e) CAF-MDSC/T-cell coculture were treated with inhibitors of CA2 (0.01 µM), MMP9 (0.1 µM), and FBP1 (10 µM) then T-cell proliferation was measured 
by CFSE dilution assay. The percentage of suppression was calculated using the established formula: ((Log2(y) of teff alone – Log2(y) of Teff+Myeloid cells)/Log2(y) of 
teff alone) x 100, where y is the mean fluorescence intensity (MFI) of CFSE on the whole population divided by the MFI of CFSE of non-proliferating cells.16 (f) effect of 
FBP1 inhibition in CAF-MDSC on T-cell proliferation. Data shown is mean ± SEM from three independent experiments. Multiple group comparison by one-way ANOVA; 
**= p < 0.01, *= p < 0.05, ns = not significant.
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corresponding inhibitors CA2i, MMP9i, FBP1i, then T-cell 
proliferation was measured. Of the three inhibitors tested, 
FBP1i lowered the T-cell suppression of CAF-MDSC by 
10% (mean of 3 donors), while CA2i and MMP9i did not 
affect CAF-MDSC activity (Figure 4e). Repeated experi-
ments in the three donor-derived CAF-MDSCs showed 
a reversal of supression as indicated by the significant 
increase in T-cell proliferation by FBP1 inhibition in CAF1- 
MDSC (12%) and CAF2-MDSC (11%), and a slight differ-
ence in CAF3-MDSC (3%) compared to the DMSO control 
while treatment of T-cells alone did not result in any 
change in cell proliferation (Figure 4f). Together, we pin-
pointed cargo proteins highly enriched in CAF-MDSC- 
derived EVs and show that among them, FBP1 can poten-
tially curb T-cell proliferation and thus mediate the sup-
pressive function of CAF-MDSCs.

Discussion

Extracellular vesicles, including exosomes, have been leveraged 
by tumor cells to modulate intercellular communication and 
evade T-cell surveillance in the TME. For example, tumors 
release PD-L1+ exosomes that bind to cytotoxic T-cells and 
impair their function, thus allowing tumors to avoid T-cell 
mediated killing.26,27,28 Additionally, the uptake of miR-92- 
containing CAF-derived exosomes can upregulate PD-L1 
expression in breast cancer cells, further contributing to 
immune evasion.29 Tumor-derived exosomes can also induce 
suppressive immune cells, such as MDSCs, in vivo.30

Here, we showed that additional cell types other than tumor 
cells can help bypass T-cell surveillance by producing EVs. To 
dissect the modes of intercellular communication by which 
CAF-MDSC effect T-cell function, we first focused on measur-
ing the cell surface proteome of CAF-MDSCs that include 
surface ligands and receptors that mediate cell-to-cell interac-
tions. By quantifying changes in the cell surface proteomes 
among multiple myeloid cell subsets, we discovered that CAF- 
MDSCs have upregulated pathways and processes involving 
exocytosis and vesicle-mediated transport. This led us to 
hypothesize that CAF-MDSCs release EVs to curb T-cell acti-
vation. By inhibiting EV biogenesis controlled by nSMase2 in 
CAF-MDSCs, we demonstrated that these CAF-MDSCs have 
significantly reduced ability to suppress T-cell proliferation. 
Consistently, EVs isolated from CAF-MDSCs directly inhibit 
T-cell proliferation to a greater extent than EVs isolated from 
related myeloid cells. Of note, nSMase2 inhibition lead to 
increased secretion of microvesicles (MV) in a human breast 
cancer cell line31; additional studies are needed to define the 
role of CAF-MDSC derived MVs.

Given that cargo proteins are one of the key messengers in 
EVs to exert effects in target cells, pinpointing cargo proteins is 
critical for understanding EV function. However, there is very 
limited knowledge on protein cargo contents within EVs 
released by CAF-MDSCs or other myeloid cell subsets. To fill 
this gap, we have characterized the protein cargo of CAF- 
MDSC EVs and found that the enriched proteins are members 
and regulators of the extracellular matrix and fructose 

metabolism. Using available tool compounds in the chemoge-
nomics database,25 we identified FBP1 as a possible mediator of 
T-cell suppression. FBP1 is a rate-limiting enzyme in gluco-
neogenesis, which plays a role in the dysfunction of natural 
killer cells by inhibiting glycolysis and viability.32 Further 
investigation may be warranted to understand whether the 
uptake of FBP1-containing EVs by T-cells cause aberrant gyco-
lysis or if our observed reversal of T-cell suppression is due to 
the inhibition of FBP1 in EVs. Both tool compounds for CA2 
and MMP9 did not affect the T-cell suppressive activity of 
CAF-MDSC in our assay. Reports indicate that both proteins 
may behave in a capacity that is not directed toward T-cell 
suppression. CA2 mediates carbon dioxide sensing by immune 
cells33 while MMP9 acts to recruit myeloid cells in the TME.34

Our study provides evidence supporting an EV-mediated 
mechanism of T-cell suppression by MDSCs induced by 
CAFs, which is independent of the direct influence of 
cancer cells. This finding aligns with our previous study, 
which demonstrated that inhibiting NOX2 function alone 
cannot fully reverse CD8+ T cell suppression. Hence, it 
suggests the presence of additional mechanisms involved 
in dampening CD8+ T cell proliferation. The current 
study explores an alternative mechanism, highlighting the 
role of CAF-MDSC-secreted EVs in suppressing T cell pro-
liferation. A more detailed characterization of cargo con-
tents in CAF-MDSC EVs, such as nucleic acids and lipids, 
and EV uptake by T-cells will elucidate this mechanism 
further. Given the emerging clinical studies have shown 
that the monocytic MDSC- and stromal-gene expression 
signatures are significantly correlated with poor response 
to anti-PD1 therapy for many tumor types, gaining new 
insights into the CAF-MDSC-T-cell axis in the context of 
stroma-rich tumors can provide prospective therapeutic 
avenues.2 Further research is warranted to determine if 
our observations can be generalized across different types 
of MDSCs, thus enhancing the generalizability and broader 
understanding of MDSC-mediated immunosuppression. In 
addition, future investigations may explore the impact of 
MDSC-secreted EVs on CD4 T-cell responses and their 
potential implications in therapeutic resistance. Using this 
approach of unbiased proteome profiling of disease-relevant 
model systems, we can inform a screening strategy, such as 
the proof-of-concept small molecule screen in CAF-MDSCs 
in this study, to generate mechanistic hypotheses for target-
ing the CAF-MDSC axis, which can be extended to similar 
disease models and other tissue types.
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