1duosnuepy Joyiny 1duosnuepy Joyiny 1duosnuepy Joyiny

1duosnuepy Joyiny

Author manuscript
J Proteome Res. Author manuscript; available in PMC 2018 October 24.

-~ HHS Public Access
yd

Published in final edited form as:
J Proteome Res. 2018 January 05; 17(1): 486—498. doi:10.1021/acs.jproteome.7b00646.

Differential Content of Proteins, mRNAs, and miRNAs Suggests
that MDSC and Their Exosomes May Mediate Distinct Immune
Suppressive Functions

Lucia Geis-Asteggiante*vT, Ashton T. Belew*, Virginia K. Clements$, Nathan J. Edwards',
Suzanne Ostrand-Rosenberg$, Najib M. El-Sayed?¥, and Catherine Fenselaut

T Department of Chemistry and Biochemistry, University of Maryland, College Park, Maryland
20742, United States

* Department of Cell Biology and Molecular Genetics and Center for Bioinformatics and
Computational Biology, University of Maryland, College Park, Maryland 20742, United States

§ Department of Biological Sciences, University of Maryland Baltimore County, Baltimore,
Maryland 21250, United States

I Department of Biochemistry, Molecular and Cellular Biology, Georgetown University Medical
Center, Washington, D.C. 20007, United States

Abstract

Myeloid-derived suppressor cells (MDSC) are immature myeloid cells that accumulate in the
circulation and the tumor microenvironment of most cancer patients. There, MDSC suppress both
adaptive and innate immunity, hindering immunotherapies. The inflammatory milieu often present
in cancers facilitates MDSC suppressive activity, causing aggressive tumor progression and
metastasis. MDSC from tumor-bearing mice release exosomes, which carry biologically active
proteins and mediate some of the immunosuppressive functions characteristic of MDSC. Studies
on other cell types have shown that exosomes may also carry RNAs which can be transferred to
local and distant cells, yet the mRNA and microRNA cargo of MDSC-derived exosomes has not
been studied to date. Here, the cargo of MDSC and their exosomes was interrogated with the goal
of identifying and characterizing molecules that may facilitate MDSC suppressive potency.
Because inflammation is an established driving force for MDSC suppressive activity, we used the
well-established 4T1 mouse mammary carcinoma system, which includes “conventional” as well
as “inflammatory” MDSC. We provide evidence that MDSC-derived exosomes carry proteins,
mRNAs, and microRNAs with different quantitative profiles than that of their parental cells.
Several of these molecules have known or predicted functions consistent with MDSC suppressive
activity, suggesting a potential mechanistic redundancy.
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INTRODUCTION

Exosomes are membrane-bound extracellular vesicles of 30 to 100 nm in diameter that are
secreted by all eukaryotic cells.! Initially thought to remove unwanted cellular molecules,
research in the past decade has demonstrated that exosomes can contain bioactive molecules
such as proteins, lipids, mRNAs (mRNAs), and microRNAs (miRNAs).l’2 These nanosized
vesicles can play a major role in intercellular communication because they mediate multiple
biologic functions based on the cell type from which they originate.!

Exosomes can carry both miRNAs and mRNAs. miRNAs are noncoding RNAs composed of
18 to 25 nucleotides. They negatively regulate mRNA expression by repressing translation
or by inducing mRNA degradation.># These small RNAs exert their repressive function by
binding to the untranslated region (UTR) or open reading frame of the target mRNAs.3#
When transferred by exosomes into target cells, miRNAs can repress mRNA translation.>—3
In addition to their traditional repressive srole, miRNAs can also activate genes and thereby
drive processes such as inflammation.” !0 Moreover, exosomes may carry and transfer
protein-coding mRNAs to receiver cells.®7-11-13 Transferred mRNAs can be translated in
receiver cells if the translational machinery is accessible, and several studies have shown that
those transferred mRNAs give rise to functional proteins.”-12:13

Myeloid-derived suppressor cells (MDSC) are immature myeloid cells that accumulate in
the circulation and tumor microenvironment of most patients with cancer where they
suppress both adaptive and innate immunity and support the growth and metastases of
tumors. %13 Inflammation is a major driving force for MDSC and enhances their abundance
and their suppressive activity, thereby facilitating tumor progression.!®-19 Because both

20

inflammation and immune suppression facilitate cancer risk and tumor progression,=* we are

studying the impact of inflammation on the induction and function of MDSC. To study the
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impact of inflammation, we have compared MDSC that develop in tumor-bearing mice
under the standard inflammatory conditions associated with the presence of solid tumors
(“conventional” MDSC) and MDSC that developed under heightened inflammatory
conditions (“inflammatory” MDSC). The different inflammatory environments are generated
in mice carrying the syngeneic 4T1 mammary carcinoma (conventional MDSC; 4T1 tumor)
or 4T1 cells transfected with and expressing elevated levels of the proinflammatory mediator
IL-1 (“inflammatory” MDSC; 4T1/IL-1/ tumor).17-18:21.22 These previous studies
established that inflammation increases both the number of MDSC as well as the
suppressive potency of MDSC. We also know from our previous studies that the 25-30 nm
diameter exosomes released by these MDSC contained proteins that chemo- attracted
MDSC23-26 and that skewed antitumor immunity toward a tumor-promoting type 2 immune
response. >

Because studies in other cellular systems have demonstrated that exosomes also carry
miRNAs and mRNAs that impact receiver cells, we have interrogated MDSC and MDSC-
derived exosomes for miRNA and mRNA cargo. Our goal is to characterize the mechanisms
used by MDSC to mediate immune suppression and to determine the role of MDSC- derived
exosomes in these mechanisms. To achieve this goal, the protein, mRNA and miRNA
contents of conventional and inflammatory MDSC and MDSC-derived exosomes were
interrogated. Two to five biological replicates of matched parental cells and released
exosomes were analyzed by shotgun proteomics and next-generation sequencing to
determine the protein and RNA cargos, respectively. Relative quantitation was performed in
order to compare the RNA and protein content of exosomes with that of their parental cells
and between MDSC-derived exosomes of conventional and inflammatory MDSC. The
comprehensive qualitative and quantitative analysis of MDSC and MDSC-derived exosomal
cargos identified multiple miRNAs and mRNAs whose known or predicted function is
consistent with their involvement in MDSC-mediated immune suppression.

EXPERIMENTAL SECTION

Myeloid-Derived Suppressor Cells and Released Exosomes

BALB/c mice were injected with 7000 wild-type syngeneic 4T1 mammary carcinoma cells
or 4T1 cells transduced to constitutively express the cytokine IL-1 (4T1/IL- 18), as
previously reported.!7:18:21 Greater than 90% of the circulating leukocytes in the blood of
BALB/c mice with large 4T1 or 4T1/IL-18 tumors are MDSC as assessed by plasma
membrane markers (Grl and CD11b), content of arginase and reactive oxygen species, and
immune suppressive activity.!”-22 Each batch of MDSC consisted of 1 x 107 to 4 x 10% cells
and was obtained from the blood of 1 to 3 mice with >1.5 cm diameter tumors. Isolated
MDSC were stained with fluorescently tagged antibodies to the canonical MDSC markers
Grl and CD11b. MDSC used in all experiments were >90% Gr1* CD11b* as assessed by
flow cytometry. Each batch of MDSC was divided into two aliquots. One aliquot (1 x 10 to
4 x 10 MDSC) was used for shotgun proteomics and RNA analysis. For proteomics
analysis, MDSC were frozen at —80 °C in 1 mL of (90:10) fetal calf serum-dimethyl
sulfoxide and stored until used. In the case of RNA analysis, MDSC samples were processed
immediately without being frozen or exposed to fetal calf serum. Exosomes were prepared
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as previously described?? from the second aliquot of MDSC (9 x 109-3.6 x 108 cells) that
had not been frozen. Conventional and inflammatory MDSC-derived exo- somes prepared
by our procedure banded on sucrose density gradients between 1.2 and 1.3 g/mL were 20-30
nm in diameter and had functional activity for some of the mechanisms mediated by their
parental cells.23-26-27 RNAlater (Life Technologies, Carlsbad, CA) was added to the samples
collected for RNA analyses. MDSC and MDSC-derived exosomes from 4T1 and 4T1/IL-18
tumor-bearing mice are termed “conventional” and “inflammatory”, respectively. All animal
experiments were approved by University of Maryland Baltimore County and University of
Maryland College Park Institutional Animal Care and Use Committees.

Experimental Design

This study focused on interrogating the miRNA, mRNA, and protein cargo in MDSC and
their released exosomes under conventional and heightened inflammation. Four sample
types were analyzed: (1) conventional MDSC, (2) inflammatory MDSC, (3) conventional
MDSC-derived exosomes, and (4) inflammatory MDSC-derived exosomes. To assess the
effects of inflammation, conventional MDSC or their exosomes were compared to
inflammatory MDSC or their exosomes. Additionally, MDSC-derived exosomes were
compared to their corresponding parental cells. Figure 1 shows the experimental design. We
analyzed mRNAs and miRNAs of 2 biological replicates from conventional MDSC and their
corresponding exosomes. Three biological replicates of mRNAs and five biological
replicates of miRNAs were analyzed from inflammatory MDSC and their released
exosomes. Since our initial studies focused on the analysis of miRNAs under inflammatory
conditions and later extended to include mRNASs and conventional conditions, miRNA
samples derived from the same batch as the mRNA samples were included to reduce
possible batch effects, resulting in an unbalanced number of biological replicates. In the case
of proteins, 3 biological replicates were analyzed from conventional and inflammatory
MDSC and their corresponding exosomes.

RNA Isolation and Library Creation

Total RNA was isolated using the mirVana miRNA Isolation Kit (Life Technologies,
Carlsbad, CA) following manufacturer’s instructions with the addition of up to two
additional phenol extraction steps, necessary to remove excess lipids. Large RNA species
(>100nt) were isolated by precipitation in 33% ethanol, and small RNAs (>10nt) by
precipitation in 80% ethanol. Complementary DNA libraries were created using the TruSeq
Small RNA Library Preparation Kit and TruSeq RNA Library Preparation Kit version 2
(Illumina, San Diego, CA). Manufacturer’s instructions were followed except for the initial
amounts of exosomal total RNA, which was adjusted to compensate for the paucity of rRNA
and to ensure equivalent amounts across samples. The quality of MDSC large RNAs and
concentrations of all RNA libraries was evaluated using a 2100 Bioanalyzer (Agilent
Technologies, Santa Clara, CA). Libraries were sequenced using a HiSeq1500 sequencer at
the University of Maryland sequencing core (Illumina). Since our sample preparation
includes a polyadenylated (polyA) isolation step before sequencing, it is expected that a vast
majority (>99%) of the sequenced mRNAs are capped and translationally competent.
Additionally, we do not expect to detect nonexosome specific mRNA/miRNA reproducibly
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in our 2—>5 biological replicates in order to pass the identification criteria set. Details on
libraries created and sample replicates are summarized in Table S-1.

Next-Generation Sequencing Data Analysis

The quality of the reads obtained was evaluated using FastQC (version 0.11.2; http://
www.bioinformatics.babraham.ac.uk) and biopieces (biopieces.org). RNA adapters were
removed from polyA libraries using Trimmomatic (version 0.33)28 and small RNA adapters
using Cutadapt (version 1.8.1).2% Libraries were separately mapped against the Ensembl
Mus musculus precomputed transcriptome database (version GRCm38.79/ mm10, Dec
2015) using Kallisto revision 0.42.330 with 19 nt indexes for small RNAs and 31 nt indexes
for large RNAs. The sorted pseudoalignments were counted against the Mus musculus
immature miRNA database (http://www.mirbase.org, 28645 entries, version 21).31-32

RNA Data Visualization and Clustering

Possible sequencing depth biases due to the variability of biological replicates and sample
batch effects were assessed. This process entailed the creation of density plots and boxplots,
hierarchical clustering analysis based on Pearson’s correlation and Euclidian distance, and
principal component analysis, before and after data normalization (Figure S-1—S4). Even
though miRNA of the MDSC recovered after shedding exosomes was not evaluated, it was
considered for hierarchical clustering as its replicates contributed to the measure of
experimental variance for batch effect estimation. Several normalization approaches were
evaluated including quantile,3 trimmed mean of M-values,3* relative log expression,3>
upper quartile,3® and variance stabilized data.3” In the case of miRNA, quantile
normalization was selected for data quality assessment. Normalization was not applied to the
mRNA reads because the mRNA profiles between exosomes and MDSC were significantly
different (see Figure S-3). In all cases, a log, transformed counts per million (cpm) reads
after low read count filtering was performed. A low read count was defined as any feature
with counts less than twice the number of samples or cases where any single sample has less
than 2 read counts. Moreover, bias due to batch effects was evaluated using several
algorithms, including: surrogate variable analysis (sva), ComBat (combating batch effects
when combining batches of gene expression microarray data),38 remove unwanted variation,

38,39 and batch factor removal via residuals.

RNA Differential Expression Analysis

MicroRNAs and mRNAs differences in abundance were estimated for all possible pairwise
comparisons using the Bioconductor packages linear model for microarray (limma),*0
empirical analysis of digital gene expression data in R (edgeR), and differential gene
expression analysis based on the negative binomial distribution (DESeq2).37 Our
interpretation of results was primarily based on limma outputs. Biological replicates were
performed with significant time between them. The data was initially treated as two separate
experiments and later combined; therefore, a significant batch effect was introduced and
needed to be addressed in the treatment of the data by the differential expression analyses.
Initial attempts at including a batch factor in the statistical model failed because the
experimental design was partially confounded, so the surrogate variable analysis (sva)
package was used to adjust the statistical models and address batch effects. As a result, a

J Proteome Res. Author manuscript; available in PMC 2018 October 24.


http://www.bioinformatics.babraham.ac.uk/
http://www.bioinformatics.babraham.ac.uk/
http://www.mirbase.org/

1duosnuepy Joyiny 1duosnuepy Joyiny 1duosnuepy Joyiny

1duosnuepy Joyiny

Geis-Asteggiante et al. Page 6

good agreement was observed for limma, edgeR, and DESeq2 using the combined data. The
resulting adjusted p-values were too conservative, so nonadjusted p-values were used to
select genes for further analysis. Genes with differential abundances were defined as those
with a fold- change >2 and (nonadjusted) p-value <0.05.

miRNA Target Gene Prediction

The miRNAtap package version 3.4 (https://bioconductor.org/packages/release/bioc/html/
miRNAtap.html) was used to determine miRNA targets for those miRNA with statistically
significant differences in abundance (fold-change >2, (nonadjusted) p-value <0.05).
miRNAtap combines the output of 5 prediction tools: DIANA,#! PicTar,*? miRanda,*3
TargetScan,** and miRDB.* Only those target genes that were predicted by at least 2 of the

tools were considered for functional analysis.

Sample Preparation for Shotgun Proteomic analysis

Exosome lysates and tryptic digests were prepared following Burke et al.23 All digested
lysates were lyophilized and reconstituted in solvent A (97.5:2.5 HyO-acetonitrile in 0.1%
formic acid) prior to LC—MS/MS.

MDSC were thoroughly washed by centrifugation at 900g for 10 min at 4 °C using 10 mL of
cold phosphate-buffered saline solution from Sigma-Aldrich (St. Louis, MO). MDSC pellets
were lysed by incubation in 8 M urea in 50 mM ammonium bicarbonate buffer with protease
inhibitor cocktail (Sigma- Aldrich) for 30 min at room temperature. In order to ensure that
cells are completely lysed and the lysate is homogeneous, MDSC were further lysed
mechanically using a set of syringes with needles of sequentially smaller gauge size (18, 20,
and 21.5) obtained from Becton Dickinson & Co. (Franklin Lakes, NJ) and performing 5-10
strokes each time. Cell debris was removed by centrifugation at 14000g for 10 min.
Supernatants were transferred to 3 kDa filters and buffer exchanged to reach an 8§ mM urea
concentration. The protein content of MDSC was measured using the Pierce BCA Protein
Assay Kit (Thermo Fisher Scientific, Rockford, IL) and 25 ug aliquots were reduced,
alkylated, and tryptic digested as reported in Burke et al.23

Protein Analysis by Liquid Chromatography Mass Spectrometry

Samples were analyzed using an Ultimate 3000 RSLCnano system (Dionex, Sunnyvale, CA)
coupled to an orbitrap Fusion Lumos Tribrid (Thermo Fisher Scientific, Waltham, MA).
Chromatographic separation was obtained using a C18 PepMap trap (0.3 x 5 mm, 5 ym
particle size, 100 A) and C18 Acclaim PepMap RSLC column (0.075 x 250 mm, 2 gm
particle size, 100 A), both obtained from Thermo Fisher Scientific. Samples (3 g) were
loaded into the trap, desalted, and concentrated using solvent A at a flow rate of 5 ¢L/min
for 10 min and then eluted from the trap and further separated in the analytical column by
linearly increasing solvent B (acetonitrile-H,O, (75:25) in 0.1% formic acid) from 5 to 55%,
during the span of 150 min under a flow rate of 0.3 gL/min.

Precursor ion mass resolution of 120000 (at m/z200) and product ion unit mass resolution
were used. Tons were collected based on a target automatic gain control of 4 x 103 and 4 x
103 for precursor and product ions, respectively. The maximum injection times for precursor
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and product ions were set to 50 and 100 ms, respectively. Data dependent acquisition was
carried out in a fixed 3 s duty cycle, in which the top n most abundant precursor ions
(intensity >1 x 10%) carrying charges from +2 to +7 were isolated by the quadrupole within a
1.6 m/zisolation window. Dynamic exclusion was set to exclude precursor ions for 60 s after
being selected once in 30 s. The isolated precursor ions were fragmented using CID set to
35% normalized collision energy. Five technical replicates per biological replicate were
injected in order to achieve in-depth protein identifications.

Protein Identification and Relative Quantitation

A total of 60 data files were converted into peak lists and formated as mzXML files using
msconvert from ProteoWizard (version 3)46 and searched against the Uniprot Mus musculus
reference protein sequence database including isoforms (release 01_2015, January 2015,
52654 entries) using three search engines (MSGF+ [version (v10072) (6/30/2014)], X!
Tandem [version 2010.01.01.4], and OMSSA [version 2.1.1]) with PepArML (http://
edwardslab.bmcb.georgetown.edu/PepArML).47 Search parameters allowed for up to 1
missed cleavage and a precursor (monoisotopic or first 13C peak) and product ion mass
tolerance of 0.05 and 0.5 Da, respectively. The protease trypsin was selected.
Carbamidomethylation was considered as a fixed modification, and oxidation of methionine,
deamination of N-terminus glutamine, dehydration of N-terminus glutamic acid, and pyro-
carbamidomethylation of N-terminus cysteine as variable modifications. Spectral FDR was
estimated by PepArML following Elias and Gygi.*8 Peptide spectrum matches (PSMs) were
filtered at spectral FDR <0.31%, and global parsimony was applied, for which proteins were
inferred on the basis of at least two unshared peptides in at least one of the four sample
types. Protein FDR was estimated at <1% after applying the MAY U’ correction for large
data sets.

Label-free relative quantitation was performed by spectral counting. In-house software was
used to count the number of PSMs, also known as spectral counts, for each protein after
filtering of PSMs by spectral FDR and protein inference by global parsimony. Differences in
abundance between conditions were estimated following Old et al.>® Spectral counts ratios
(Rsc) were estimated for each identified protein and statistically significant differences in
abundance determined using Fisher’s Exact test with Benjamini-Hochberg adjustment for
multiple testing.>! Three comparisons were carried out: (1) inflammatory exosomes versus
conventional exosomes, (2) inflammatory MDSC versus conventional MDSC, and (3)
exosomes versuss MDSC irrespective of inflammation condition. Rsc >1 means that a
protein is present in greater abundance (fold-change >2) in “inflammatory exosomes” for
comparison (1), “inflammatory MDSC” for comparison (2), and “exosomes” for comparison
(3). Conversely, Rsc < —1 refers to an increase in abundance in “conventional exosomes” for
comparison (1), “conventional MDSC” for comparison (2), and “MDSC” for comparison

3.

Gene Ontology and Pathway Analyses

mRNAs and putative mRNA targets of miRNAs with significant change in abundance [fold-
change X2, (nonadjusted) p-value .05] for each pairwise comparison were annotated with
respect to gene ontology (GO) categories and the Kyoto Encyclopedia of Genes and
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Genomes (KEGG) pathway database using the R package gProfiler,>Z which uses the Mus
musculus genome as background and the hypergeometric distribution with Benjamini-
Hochberg adjustment for multiple testing to estimate the enrichment significance of

differentially abundant gene-sets.

Identified proteins were annotated by their GO categories using the generic and PIR (Protein
Information Resource, http://pir.georgetown.edu) GO slims and the KEGG pathway
database.”? Enrichment of GO categories and KEGG pathways by differentially abundant
proteins (fold-change >2, adjusted p-value <0.05) was evaluated by Fisher’s Exact test,
using the entire set of identified proteins as background and the Benjamini-Hochberg
adjustment for multiple testing. In all cases, GO gene-sets or KEGG pathways were
considered statistically significantly enriched in differentially abundant RNAs or proteins for
adjusted p-values <0.05.

Data Submission

RESULTS

The mRNA and miRNA sequences were submitted to the Sequence Real Archive NCBI with
the following bioproject accession PRINA363057. Mass spectrometric data was deposited
into the ProteomeXchange Consortium (http://proteomecentral.proteomexchange.org) via
the PRIDE>* partner repository with accession PXD006204 and doi: 10.6019/PXD006204.

MDSC-Derived Exosomes Carry RNAs

The RNA fractions isolated from MDSC and MDSC-derived exosomes were visualized by
capillary electrophoresis using the Bioanalyzer. The characteristic 18S and 28S rRNA
(rRNA) peaks were observed in the MDSC large RNA fraction as expected (Figure 2a),
showing minimal RNA degradation during sample preparation. The observed distributions of
isolated RNA in the MDSC small RNA fractions were unique to those samples and
consistent, suggesting that the isolations were successful (Figure 2b). The large and small
RNA fractions collected from MDSC-derived exosomes contain RNAs with nucleotide
lengths that correspond to that of mRNA and miRNA, respectively (Figure 2, panels ¢ and
d). Ribosomal RNA was minimally detected in MDSC-derived exosomes, which is in
agreement with previous small RNA studies on exosomes® 733 and supports the
conclusion that our exosome samples were not contaminated with dead cells.’” The RNA
libraries were sequenced and mapped against the Ensembl Mus musculus genome. Reads
mapped on an average of 81130 and 69474 distinct annotated mRNA transcripts in
exosomes and MDSC, respectively, and 2500 annotated miRNAs for both MDSC and their
released exosomes. The pseudo counts of the RNA libraries were passed to SVA and PCA
and plotted in order to visualize sample clustering (see Figure 3, panels a and b). The two
first principal components accounted for 56 and 84% of the variance for miRNA and mRNA
analyses, respectively. Clear clusters were observed by sample type (MDSC and exosomes),
indicating a significant level of reproducibility between biological replicates and to a lesser
degree by inflammation condition.
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Differential mRNA Profiles and Functional Analysis

Considering all analyzed samples, a total of 40433 mRNA transcript isoforms were
confidently identified (Table S-2). The number of mRNA transcripts found to have
differences in abundance for each pairwise comparison is shown in Table 1. On average,
~45% of the mRNA transcript isoforms identified showed statistically significant differences
in abundance, when comparing exosomes to their parental cells irrespective of their
inflammation conditions. Many of these mRNA transcript isoforms encoded for Uniprot
TrEMBL predicted proteins. Differences between inflammation conditions are more subtle,
with only ~3.5% of the total mRNA transcript isoforms showing differences in abundance.
Enriched GO categories and KEGG pathways were identified for the differentially expressed
mRNA species in each pairwise comparison (see Table S-3).

mRNA Transcripts differentially expressed in exosomes compared to their parental cells
showed a similar enrichment in GO categories and KEGG pathways independently of the
inflammation condition. Several of the enriched GO biological processes were related to

EEINT3 9% ¢

intercellular communication, such as “chemotaxis”, “cell-cell signaling”, “cell surface
signaling”, “cell aggregation”, and “biological adhesion” (see Figure 4a). Moreover,
processes regulating growth, cell proliferation, cell migration, and cell survival were also
significantly enriched. On the basis of the GO cellular compartment categories “cell surface”
(53% of genes, adjusted p-value = 8.2 x 1079), Cell periphery” (48% of genes, adjusted p-
value = 3.6 x 1077), and “plasma membrane” (47% of genes, adjusted p-value = 1.3 x 1079),
a total of 1804 mRNA transcripts identified encode for surface-associated proteins,
including membrane receptors and ligands that could modulate various signaling pathways
on the receiver cell. Additionally, a large number of KEGG signaling pathways were found
to be enriched for the differentially expressed mRINA transcripts in exosomes when
compared to their parental cells, including “proteoglycans in cancer”, “choline metabolism
in cancer”, and “pathways in cancer” (Figure 4b). A few pathways were enriched in
exosomes under inflammatory conditions only, including the “vascular endothelial growth

factor (VEGF) signalling pathway”, “transforming growth factor-8 (TGF-p) signalling

pathway”, and “ErbB signaling pathway” associated with angiogenesis®® and chemotaxis.>®

Exosomal mRNA transcripts with statistically significant differences in abundance when
inflammatory and conventional exosomes are compared and showed clear differences in
their enriched GO biological processes. The enriched processes in inflammatory exosomes

ELINT3 LLINT3

include “cell-cell signaling”, “cell surface receptor signaling pathway”, “macrophage
differentiation”, “blood vessel endothelial cell differentiation”, “negative regulation of
endothelial cell proliferation”, and several processes related to regulation of gene
transcription. Moreover, KEGG “pathways in cancer” was also found to be enriched in
inflammatory exosomes. No KEGG pathways were found to be significantly enriched in

exosomes under conventional conditions (Table S-3).

Differential miRNA Profiles and Functional Analysis

A total of 1453 miRNAs were confidently identified and differential expression estimated
(see Table S-4). The number of miRNAs found to be in greater and lower abundance for
each of four pairwise comparisons are summarized in Table 1. Notably, 43% (~624) of the
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miRNAs were annotated as predicted by Ensembl-regions of the Mus musculus genome that
can form a hairpin structure and are homologous to miRBase sequences. Hence, this study
offers experimental evidence for the existence of these miRNAs. Additionally,
approximately half of the predicted miRNAs were found to be in greater abundance in
inflammatory exosomes.

MicroRNA targets were predicted for those miRNAs with statistically significant differences
in abundance for each comparison of interest. miRNA targets were assigned when at least 2
out of the 5 predictive tools agreed (see Table S-5). When immature miRNAs were
identified, both the —3p and —5p strand were considered when performing target prediction,
although just one may be present. Functional analyses were performed using all predicted
targets for each selected miRNA, resulting in numerous KEGG pathways and GO biological
processes that could be affected by the miRNAs’ repressive activity if transferred to a
receiving cell (see Table S-6). Many miRNA targets that participate in biological processes
associated with cell differentiation, cell proliferation, cell migration, apoptosis, immune
system, and angiogenesis were associated with differentially abundant miRNAs found to be
enriched in exosomes compared to their parental cells, as shown in Figure 5. These putative
targets could negatively or positively regulate cellular processes in myeloid cells,
macrophages, T cells, epithelial, endothelial, and mesenchymal cells; all of which play a role
in tumor progression and metastasis. Moreover, considering those miRNAs enriched in
exosomes when comparing their cargo based on inflammation condition, the KEGG
pathway “apoptosis” (adjusted p-value = 0.021) was found to be enriched under heightened
inflammation.

Differential Protein Profiles and Functional Analysis

We have previously interrogated the protein content of conventional and inflammatory
MDSC and MDSC-derived exosomes. These studies focused on determining the effect of
inflammation on MDSC and exosomes separately.23-%0 The present work provides the first
protein relative quantitation between MDSC-derived exosomes and their matched parental
cells independently of their inflammation condition, by searching and quantifying the
combined data set of inflammatory and conventional samples. A total of 1726 proteins were
identified with protein FDR of at most 1%, from which 1256 corresponded to exosomes and
1434 to MDSC, with a 58% overlap in proteins identified. As expected, many proteins
considered exosome markers,! such as CD9; heat shock proteins Hsp70 protein-4, Hsp
cognate 71KDa, Hsp90a, and Hsp908, MHC II molecules; and components of the ESCRT
endosomal sorting machinery such as Alix (programmed cell death 6-interacting protein)
and vacuolar protein sorting-associated proteins Vps25, Vps4B, and Vps37B were identified
in exosomes. The proteins CD9, Vps4B, and Vps37B were found to be enriched in
exosomes when compared to their parental cells, with CD9 presenting the largest difference
in abundance of 89-fold (adjusted p-value = 1.6 x 10732). Other proteins enriched in
exosomes include annexins A4, A6, and A7 and the histones H2A.z, H2B, H3.1, H3.2, and
H4.

Differences in protein abundance were estimated by spectral counting. All peptide-spectrum
matches incident on a protein, including modified and shared peptides, were counted using
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inhouse software. A total of 261164 and 264500 PSMs were counted for MDSC and MDSC-
derived exosomes, respectively. The median spectral count per identified protein was ~20,
with ~260 proteins associated with more than 150 PSMs. Spectral count ratios (Rsc) were
estimated as stated in the experimental procedures. A total of 371 proteins (21%) were found
in greater abundance in exosomes, and 612 proteins (35%) were found in greater abundance
in MDSC. Detailed lists of peptides identified, proteins inferred, and their relative
abundances estimated by spectral counting are presented in Table S-7. GO and KEGG
functional analyses were performed for those proteins found to be enriched in each pairwise
comparison (Table S-8). Table 2 summarizes the GO categories and KEGG pathways
enriched for proteins found in greater abundance in exosomes when compared to their
parental cells. Notably, 64% of the proteins found in greater abundance in exosomes were
localized to the “extracellular region”, “extracellular space”, and/or “cell surface”. We
observed that many of the proteins corresponding to the “extracellular region” term included
cytoplasmic and plasma membrane proteins. This can be explained by the fact that the GO
term “extracellular region” includes “extracellular exosome”, which means that we observed
an enrichment in proteins that have been previously reported to be present in exosomes.
Additionally, many of the enriched surface proteins have been previously reported to be
present in exosomes shed by MDSC,23-26:61 including 5 glycoproteins rigorously identified
by Chauhan et al. to be on the surface of MDSC-derived exosomes.20 Significantly enriched

GO biological processes included “immune system process”, “cell adhesion”, and
“coagulation”.

DISCUSSION AND CONCLUSIONS

In this study, we provided evidence that MDSC-derived exosomes carry proteins, mRNAs,
and miRNAs. We connected the predicted function of the RNAs and proteins in the exosome
cargo with the known functions of MDSC, observing that the RNA cargo may in part
mediate MDSC immunosuppressive activity and suggesting a potential mechanistic
redundancy between functional proteins and RNAs. Through relative quantitation analyses,
we demonstrated that there are significant qualitative and quantitative profile differences
between MDSC and their released exosomes, with an average of 24%, 45%, and 30% of the
identified miRNAs, mRNAs, and proteins estimated to be enriched in exosomes (irrespective
of their inflammation condition). Moreover, exosomes were found to carry proteins reported
to participate in (1) exosome biogenesis and protein loading,%? such as the enriched proteins
CD9 and Vps4B, and (2) loading of particular miRNAs into exosomes,®3-93 including the
heterogeneous nuclear ribonucleoprotein A2/B1, argonaute-2, and the nuclease-sensitive
element-binding protein-1 known to bind to miRNA-223, a miRNA identified in our
samples. These observations support the hypothesis that certain proteins and miRNAs are
preferentially loaded into exosomes through selective sorting mechanisms. The loading of
selected proteins and RNAs into the exosomes suggests that MDSC and MDSC-derived
exosomes may mediate some distinct immune suppressive functions.

Putative roles played by exosomes as intercellular communicators were proposed based on
previously reported functions of proteins and miRNAs from MDSC, MDSC-derived
exosomes and other cells, and based on the knowledge gathered in our study through GO
functional annotations and KEGG pathway enrichment analyses (see Figure 6 and Table S-9,
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panels a and b for detailed references). Exosomes might deliver a wealth of mRNA
transcripts that encode for proteins associated with biological processes such as “cell-cell
signalling”, “chemotaxis”, “cell adhesion”, and “regulation of cell proliferation” to MDSC
and other cells in the tumor microenvironment. Not surprisingly, some of the putative
functions found for the mRNA transcripts overlap with that of the protein cargo, as most
(91%) of the proteins carried in exosomes are also encoded by the mRNA transcripts
present. Only 111 of the 1256 proteins identified in exosomes were not accompanied by
their mRNA transcripts, from which 71 proteins belong to the GO cellular compartment
categories “membrane”, “cell surface”, and “extracellular region”. Interestingly, only the
biological process “complement activation, classical pathway” (adjusted p-value = 0.03) was
found to be enriched in exosomes due to the presence of 5 immunoglobulins and C4B-
binding protein (C4B-bp), all found in greater abundance in exosomes compared to their
parental cells. Similarly, regarding mRNA transcript isoforms, the “complement and
coagulation cascades” KEGG pathway was also found to be enriched in inflammatory

exosomes when compared to their parental cells.

Autocrine chemotaxis is very important for MDSC function. The proinflammatory proteins
S100A8 and S100A9 present in exosomes mediate MDSC accumulation, enhance MDSC
immunosuppressive function, and promote tumor growth and metastasis.2? These proteins
are abundant in MDSC and MDSC-derived exosomes,?3-2> and in our study they were found
to be 4 to 6-fold (adjusted p-value ~ 0) more abundant in MDSC. Additionally, our group
has previously reported the chemotactic effect of leukocyte surface antigen CD47 and
thrombospondin-1 (TSP-1) on the exosome surface, causing observable MDSC migration.28
In the current study, TSP-1 was found to be 12-fold (adjusted p-value ~ 0) enriched in
exosomes. The pro-inflammatory protein high mobility group box protein 1 (HMGBI1), a
highly abundant protein secreted by MDSC that also induces MDSC production and
accumulation,®® showed no difference in abundance between MDSC and their released
exosomes. Other proteins previously shown to have chemotactic activity for leukocytes
when secreted are the cytokine macrophage migration inhibition factor (MIF) (2-fold,
adjusted p-value = 9.2 x 1073)67-68 and the chemokine platelet factor-4 (PF-4) (5-fold,
adjusted p-value = 3.0 x 1078) both found here to be enriched in exosomes.®

MDSC induce Tgeg or Th17 cells through the secretion of TGF-p1 together with IL-10 or
IL-6, respectively.'> Moreover, membrane-bound TGF-B81 on MDSC can impair natural
killer (NK) cell cytotoxicity.”? In this study, TGF-B1 was 4.3-fold (adjusted p-value = 8.4 x
10~14) enriched in exosomes when compared to their parental cells (irrespective of the
inflammation conditions), allowing us to speculate that exosomal TGF-f1 may also play a
role in these MDSC suppressive mechanisms.

The “complement and coagulation cascades” that are enriched in exosomes have been linked
to inflammation and cancer, due to their roles in innate immunity and their ability to protect
against injury and pathogens.” Under chronic inflammatory conditions, these pathways also
facilitate tumor progression and metastasis by supporting angiogenesis, cell proliferation,
and apoptosis evasion.”> Markiewski et al. demonstrated that tumor progression in mice
carrying TC-1 cervical carcinoma is reduced after knockout of complement proteins C3 or
C4 and that complement component C5a drives the accumulation of MDSC.”? In our study,
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a notable enrichment of complement regulatory factor H (46-fold, adjusted p-value = 1.9 x
10716) and C4B-bp (41-fold, adjusted p-value = 4.4 x 10737) was observed in exosomes.
This is interesting as several noncanonical functions have been reported for these proteins in
human studies including: (1) activating B-cells through the binding of C4B-bp to CD40,74
(2) activating neutrophils and increasing their production of reactive oxygen species by
binding CD11b/CD18,7’ (3) promoting migration of monocytes by chemotaxis,’>-7¢ and (4)
escaping complement activation and immune surveillance in the tumor microenvironment.”’

A large number of miRNAs were identified in our study, with almost half of the
identifications corresponding to predicted miRNAs. Some of the miRNAs we identified in
MDSC-derived exosomes have been previously detected in MDSC themselves. For example,
miR-146a, which is 18-fold [(nonadjusted) p-value = 5.0 x 1073] enriched in exosomes,
binds to the 3’-UTR of TNF receptor-associated factor 6 (TRAF6) and IL-1 receptor-
associated kinase 1 (IRAK1) mRNAs, both relevant in the NF-xB pathway.”® The repression
of these targets negatively regulates NF-xB activation, controlling inflammation’8 and, in
other cases, reducing myeloproliferation and suppressing the development of malignant
tumors.”® Four miRNAs identified in MDSC-derived exosomes, miR-9, miR-494, miR-223,
and miR-690, could play a role in regulating MDSC suppressive function, as they are
capable of affecting the cell cycle, suppressing the differentiation of myeloid cells, and
increasing MDSC proliferation.80-8! From these 4 miRNAs, only miR-690 was found in our
study to be in greater abundance in exosomes when compared to their parental cells,
irrespective of the inflammation condition. A key miRNA found to be enriched in exosomes
is miRNA-155, which if delivered to MDSC could cause MDSC expansion and increase the
production of IL-10.82 Exosomal delivery of miRNA-155 to surrounding MDSC therefore
could contribute to the cross-talk between MDSC and macrophages through increased
MDSC production of IL-10.83-8% Notably, MDSC-derived exosomes are known to increase
MDSC production of IL-10, although the mechanism by which the exosomes exert this
function was not determined. Additionally, IL-10 induces regulatory T cells (Tgreg), and
miR-155 could increase their survival by suppressing the expression of cytokine signaling 1
(SOCS-1), which also contributes to suppression of antitumor immunity. 1383

RNAs responsible for several biological processes and pathways related to cancer were
found to be enriched in inflammatory exosomes. Four differentially abundant miRNAs
(miRNA-7022, miRNA-7062, miRNA-5134, and miRNA-704) had predicted mRNA targets
that are part of the apoptotic pathway including Fas. Fas is also a validated target of miRNA-
98, a miRNA identified in exosomes and MDSC. miRNA-98 showed no difference in
abundance between high and low inflammatory exosomes, no difference in abundance
between exosomes and their parental cells, and a 3.7-fold enrichment in inflammatory
MDSC when compared to conventional MDSC. Interestingly, it has been previously
reported that MDSC are able to resist Fas-mediated apoptosis under heightened
inflammation.®” Hence, if these exosomal miRNAs were delivered to MSDCs, they could
contribute to the observed MDSC extended half-life by repressing Fas expression.

A significant overlap between the exosomal protein and mRNA cargo was observed with
91% of the proteins in exosomes being accompanied by their respective mRNA. From those
mRNA-protein pairs, 54 corresponded to mRNAs and proteins that are both present in
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greater abundance (i.e., fold- change X and (nonadjusted) p-value €.05) in exosomes when
compared to their parental cells. As stated in the experimental section, the vast majority of
the mRNA transcripts found are capped and translationally competent, hence, the transfer of
mRNAs can be beneficial as many copies of the encoded protein can be produced from an
mRNA transcript, offering a more lasting effect in the receiver cell. In the case of miRNAs,
determining the degree of overlap between miRNAs and mRNA transcripts was made more
challenging by the significant number of false positive predictions generated by currently
available tools. Nevertheless, focusing on miRNAs previously studied in MDSC, we found
that these miRNAs are not often accompanied by their enriched validated target mRNAs.
This is important as it supports the idea that the miRNA observed is not bound to its mRNA
and, hence, it is available to carry its repressive function. As discussed above, both proteins
and RNAs carried in exosomes could mediate MDSC immune suppressive functions by
promoting MDSC accumulation and expansion. Therefore, we hypothesize that the
exosomal proteins and RNAs may have a synergistic effect and/or provide for mechanistic

redundancy.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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ABBREVIATIONS
ADAM disintegrin and metalloproteinase domain-containing
protein
Alix (PDCD4) programmed cell death 6-interacting protein
ARG-I arginase |
C/EBPa CCAAT/enhancer binding protein-a
C4B-bp C4B-binding proteins
cpm counts per million
FADD fas-associated protein with Death Domain
Fas tumor necrosis factor receptor superfamily member 6
HMGB1 high mobility group box protein 1
IRAK IL-1R-associated kinase
MAF macrophage-activating factor
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MDSC myeloid-derived suppressor cell(s)
MEF2C myeloid ELF1-like factor 2C
MIF macrophage migration inhibitor factor
MMP9 matrix metallopeptidase 9
NFIA nuclear factor I/A
NF-xB nuclear factor-xB subunit 1
PF-4 platelet factor-4
PSM peptide spectrum matches
PTEN phosphatase and tensin homologue
RUNX1 runt-related transcription factor 1
SPRED-1 sprouty Related EVH1 Domain Containing 1
STAT signal transducer and activator of transcription
TGF-B transforming growth factor-8
TRAF6 tumor necrosis factor receptor-associated factor 6
TSP-1, thrombospondin-1
SOCS-1 suppressing the expression of cytokine signaling 1
UTR untranslated region
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Functional
analysis

Functional
analysis

Experimental design. MDSC and their released exosomes from tumor-bearing mice injected
with 4T1 or 4T1/IL-1 mammary carcinoma cells were analyzed for protein, mRNA, and
miRNA content. The number of biological replicates per condition is shown.
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Figure 2.

RNA size distribution observed by capillary electrophoresis for MDSC (a) large RNA and
(b) small RNA fractions; and exosomes (c) large RNA and (d) small RNA fractions. The y
axis is labeled as [FU] for fluorescence units and the x axis as [nt] for nucleotide length.
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Figure 3.

Principal component analyses (PCA) were performed using all (a) miRNAs and (b) mRNAs
after filtering for low counts, normalization, and surrogate variable analysis to account for
batch effects in the experimental model. In these PCA analyses, each point represents a
sample color-coded by the experimental condition and shaped based on their experimental
batch, as detailed in the figure.
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Selected enriched (a) GO biological processes and (b) KEGG pathways for mRNA
transcripts detected in greater abundance in exosomes, when compared against their parental
cells, for conventional (red) and inflammatory (blue) conditions. Categories shown were
statistically significant with adjusted p-value <0.05. The complete list of functional
annotations of mRNA transcripts can be found in Table S-3.
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Figureb.
Selected enriched GO biological processes of predicted miRNA targets by miRNAtap based

on miRNAs detected in greater abundance in conventional (red) and inflammatory (blue)
exosomes. Categories were statistically significant with adjusted p-value <0.05. The
complete list of functional annotations of miRNA targets can be found in Table S-6.
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Figure 6.
Putative functions of (a) proteins and (b) miRNAs carried by MDSC-derived exosomes in

the tumor microenvironment based on previously reported functions in exosomes and cells
and GO functional annotation and KEGG pathway analyses. Demonstrated functions of
MDSC-exosomes are shown with filled lines and putative functions with dotted lines.
Proteins and miRNAs enriched in exosomes when compared to their parental cells are
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shown in bold. Additional information including references used to create this figure can be
found in Table S-9, panels a and b.

J Proteome Res. Author manuscript; available in PMC 2018 October 24.



1duosnuepy Joyiny 1duosnuepy Joyiny 1duosnuepy Joyiny

1duosnuepy Joyiny

Geis-Asteggiante et al.

Table 1.

Page 28

Number of miRNA, mRNA, and Proteins Found to Have Statistically Significant Differences in Abundance

. . . a
for Each Pairwise Comparison

pairwise comparison

number of enriched

MDSC infl. vs conv.

conv. vs infl.

exo. infl. vs conv.
conv. vs infl.

conv. exo. vs MDSC
MDSC vs exo.

infl. exo. vs MDSC
MDSC vs exo.

combined infl. and conv.  exo. vs MDSC

MDSC vs exo.

mMRNAs

1847
2447
339
1489
17783
7262
18858
10457

miRNAs

(predicted)

53 (30)
110 (18)
41 (28)
59(9)
199 (113)
106 (4)
499 (301)
84 (6)

proteins

231
123
347
69

371
612

Additionally, the numbers of enriched predicted miRNAs by Ensembl are specified in parentheses. Note that “Exo.” refers to exosomes, “Infl.”
refers to inflammatory condition and “Conv.” refers to conventional condition. The total number of mRNA transcript isoforms and miRNAs
identified across all samples were 40433 and 1435, respectively.
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GO Categories and KEGG Pathways Enriched with Proteins in Greater Abundance in Exosomes Compared to

Parental Cells

database

GO cellular compartment

GO molecular function

GO biological processes

KEGG

GO term/KEGG pathway
extracellular region
extracellular space
cell surface
antigen binding
signal transducer activity
peptidase activity
transferase activity
immune system process
carbohydrate metabolic process
organic acid metabolic process
proteolysis
peptide metabolic process
nitrogen compound metabolic process
cell adhesion
metabolic process
nucleoside metabolic process
nucleotide metabolic process
protein metabolic process
coagulation
regulation of body fluid levels

cofactor metabolic process

amino sugar and nucleotide sugar metabolism

complement and coagulation cascades
cysteine and methionine metabolism
pentose phosphate pathway
proteasome

purine metabolism

proteins
216
64
35
11
30
55
86
90
33
58
74
14
30
51
161
30
46
45
22
27
31
11
14
8
11
19
18

p-value
29 %1078
3.5x 107
1.7 x 1072
3.7x 1072
3.7x 1072
6.3 %1073
4.4 %1072
3.1x1073
1.9x 1072
23 %1073
1.7 x 1072
1.3x 1072
3.0x 1072
1.3x 1072
2.4 x1072
2.1x1073
23x1073
1.4x 1074
1.3 x1072
1.3x 1072
1.3x 1072
1.8x 1072
1.0x 1073
4.0x 1072
2.8 x 1072
1.0x 1073
1.8 x 1072
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