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Myeloid-derived suppressor cells (MDSC) are immature myeloid cells that
accumulate in the tumor microenvironment of most cancer patients. They are a major
obstacle to immunotherapy because they suppress both adaptive and innate immune
responses. MDSCs collected from tumor-bearing mice release nano-sized vesicles, called
exosomes, which carry biologically active molecules and participate in intercellular
communication. Exosomes released by MDSC stimulate migration of other MDSC
towards the tumor microenvironment and convert macrophages to a tumor-promoting
phenotype. Among the proteins identified in MDSC-released exosomes, S100A8 and
S100A9 are low-mass, highly abundant, pro-inflammatory mediators already known to
contribute directly to the immune suppressive functions of MDSC.

The aim of this work was to successfully interrogate the exosomal intact protein
cargo using top-down proteomics, a strategy for protein analysis that has not previously

been applied to exosomes of any kind. Several protein forms (proteoforms) were fully



characterized, which is critical as post-translational modifications regulate protein
functions, cellular location and protein interactions. Additionally, since the tumor
promoting activity of MDSC is enhanced by inflammation, we focused on evaluating the
effect of increased inflammation on the proteoforms relative abundance using current
top-down label-free quantitation techniques (peak intensities and peak areas), and
comparing them to our recently validated spectral counting approach. Using spectral
counting we were able to estimate differences in abundances of both S100A8 and S100A9
proteoforms.

Furthermore, it has been previously reported that exosomes can carry micro
RNAs and messenger RNAs. In order to investigate if MDSC-derived exosomes also
contain RNAs, a collaborative study was carried out entailing the qualitative and
quantitative analysis of miRNAs, mRNA and proteins present in MDSC and their
exosomes, and evaluate their changes due to heightened inflammation. The MDSC and
exosome protein cargo was analysed by bottom-up proteomics in this case, and the
RNA cargo by next generation sequencing. A large number of mMRNA and miRNA
species were found to be carried by MDSC-derived exosomes and, strikingly, their
putative functions were associated to MDSC expansion and suppressive function, and

cancer development.
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Chapter 1: Introduction

1.1. Research significance and objectives

Myeloid-derived suppressor cells (MDSCs) are immature myeloid cells
produced during aberrant myelopoiesis that accumulate in the tumor microenvironment
of most cancer patients.> The tumor microenvironment is a complex environment in
which tumor and host cells interact.2 There MDSCs suppress both adaptive and innate
immune responses. MDSCs collected from tumor-bearing mice profusely release
nano-scale membrane-bound extracellular vesicles, called exosomes, which carry
biologically active proteins between cells.® These exosomes stimulate migration of
MDSC, due to the presence of pro-inflammatory mediators (S100A8 and S100A9), and
mediate MDSC conversion of macrophages to a tumor-promoting phenotype.® MDSC
immune suppressive activity is enhanced under heightened inflammation conditions,
promoting tumor progression and metastasis.*’ Therefore, these cells hinder current
immunotherapies. The broad objectives of our research group is to study the cargo
carried by MDSC-derived exosomes, in order to help understand MDSC immune
suppression  mechanisms, exosomal communication within  the tumor
microenvironment and more broadly, the biological characteristics of exosomes. We

also expect our study to help define new therapeutic targets.

My Ph.D. research work has focused on the interrogation and relative
quantitation of the protein, mMRNA and miRNA cargoes of exosomes shed by MDSC

using mass spectrometry and next generation sequencing. In this work, MDSCs and



MDSC-derived exosomes from tumor-bearing mice were obtained by injecting mice
with 4T1 and 4T1/IL-1p tumor mammary carcinoma cells. The 4T1/IL-1f3 tumor cells
are 4T1 tumor cells that were transduced to express the cytokine interleukin-1p, in
order to increase inflammation in the tumor microenvironment. This disturbance
allows us to study the MDSC and exosomal cargo formed under “conventional” and
“inflammatory” tumor microenvironment conditions. Both MDSC and exosomes were

provided by our collaborator Dr. Ostrand-Rosenberg at the University of Maryland

Baltimore County.

The first objective of my research was the successful identification of the
exosome protein cargo using top-down mass spectrometry, a proteomics approach that
has not been previously applied to any kind of exosomes. Top-down proteomics allows
the characterization of intact proteins and provides information on the many possible
protein forms (proteoforms) that can be present in a biological sample due to post-
translational modifications (PTMs) and sequence variants. The full characterization of
proteoforms, such as those of S100A8 and S100A9, is critical because PTMs may

regulate protein functions, cellular location and protein interactions.®

Considering that inflammation-induced MDSCs suppress immune response and
promote tumor progression more aggressively than conventional,*’ the qualitative and
quantitative effects of increased inflammation on exosomal proteoforms could provide
new insight on exosome and MDSC activity. However, top-down proteomics is still a
relatively new field of study and approaches for protein quantitation are not yet

2



established. The second objective aimed to evaluate the applicability of spectral
counting, a well-established quantitation approach in bottom-up proteomics (peptide
analysis), to top-down proteomics workflows. This work included the assessment of
sensitivity, precision and accuracy of spectral counting for proteoform relative

quantitation using a mixture of protein standards.

Apart from carrying proteins, exosomes can also carry RNAs.!! Several
miRNAs have been reported to regulate MDSC activity.2 The transfer of miRNA and
mRNA via exosomes into surrounding cells has been reported previously.**-%° The third
objective was to identify and quantify the mRNA and miRNA species present in MDSC
and MDSC-derived exosomes collected under conventional and inflammatory
conditions. This analysis provided predictive information about signaling pathways in

receiver cells that may be affected by the exosome cargo.



1.2. Protein analysis by mass spectrometry

1.2.1. Proteomics approaches

Proteomics comprises the study of the proteome in which mass spectrometry
(MS) plays a key role. Two main proteomics approaches are bottom-up and top-down.
Bottom-up proteomics entails chemical or enzymatic digestion of the proteins into
peptides prior to liquid chromatography tandem mass spectrometry (LC-MS/MS). In a
typical MS/MS analysis, peptides are ionized by electrospray ionization (ESI),
precursor ions isolated and collisionally excited to form fragments. The mass spectra
of fragment ions are then compared to MS/MS spectra predicted from amino acid
sequences to identify the peptides and infer proteins.® The major advantages of
bottom-up proteomics are that it is straightforward, simple to carry out in solution, can
be performed at lower mass resolution, and the bioinformatics tools used for data
analysis are well established.!” However, it also has limitations such as low sequence
coverage, limited ability to identify protein variants, and lack of reliable information
on post-translational modifications.'8 In the case of top-down proteomics, no digestion
is performed prior to LC-MS/MS; hence intact proteins must be ionized, precursor ions
isolated and fragmented. This approach offers information complementary to bottom-
up, providing molecular weight determination, identification of protein variants,
identification of one or multiple PTMs and determination of PTMs sites. However, top-
down also has its own limitations. High mass resolution is needed for determining
precursor and product ions masses. Also in order to obtain good fragmentation from

collision induced dissociation (CID) or electron transfer dissociation (ETD), more ions



need to be accumulated, activated and detected, requiring longer instrumental duty
cycles and limiting the ability to analyze complex mixtures on a chromatographic time
scale.}”1%20 For these reasons higher protein concentration and fractionation are
generally required to achieve sufficient data quality for identification and quantitation.
Additionally, only a few bioinformatics tools for top-down are freely or commercially

available, and many of them are still under development.

1.2.2. Electrospray lonization (ESI)

Several ionization techniques are used for protein analysis. Most commonly,
the transition from analytes in solution-phase to ionized molecules in the gas-phase is
achieved using a nanoESI source, which is set to deliver a solution at nanoscale flow
rates (nL/min) into the MS. This source ionizes the analytes under atmospheric pressure
by applying a potential difference (kV) between the emitter tip (used to deliver the
solution into the MS) and the counter electrode, producing an intense electric field.?
When the voltage is applied the charged components in the solution start separating
and cations migrate towards the end of the tip. As the solution leaves the capillary, a
Taylor cone is formed and charged droplets are emitted.?? As the droplets travel towards
the counter electrode they evaporate and shrink, until the surface tension of the shrunk
droplets equals the repulsion produced by the charged species present. At this point,
the Rayleigh instability limit is reached and smaller droplets are formed by fission.??
The droplet radius is just a few nm when the charged species are released into the gas-

phase.



There are three proposed mechanisms that can explain the release of molecular
ions depending on their size and shape: (1) the ion evaporation model (IEM), based on
the observation that high intensity electric fields applied to nanodroplets, containing
low molecular weight species, cause the direct expulsion of small ions from the
surface;?1?2 (2) the charge residue model (CRM), based on the transfer of charge from
the solvent of a droplet to a large globular specie contained in it that is released into the
gas phase when dryness is reached;?>?? and (3) the chain ejection model (CEM) in
which non-polar polymer chains, such as an unfolded protein, locate their non-polar
regions toward the surface of the droplet and are sequentially extruded until completely
ejected from the droplet.?? Unfolded proteins are ionized with multiple charges,
allowing proteins with large masses to fall inside the instrument m/z range (200 — 2000)

and be detected.

1.2.3. Orbitrap instruments

Top-down mass spectrometry requires the use of mass analyzers that provide
high mass resolution and accuracy. The orbitrap was invented in the 1990s by
Alexander Makarov.?3?* |t contains a spindle-like axial central electrode and a pair of
outer electrodes positioned symmetrically to each other (see Figure 1.1).2° In this
instrument ion trapping is achieved using only electrostatic fields, and hence, is not
limited by the need for an intense magnetic field. The orbitrap electrostatic potential
distribution is shown in Eq. (1); it is composed of an axial quadrupole field (produced
by the outer electrodes) and a radial logarithmic field (from the central electrode).?®

The orbitrap design was based on previous studies on a Kingdon Trap by Knight?® and
6



Gillig et al.,?” and uses the spindle-like geometry for the central electrode in order to
provide a purely harmonic potential in the axial direction with a frequency that is
independent of the ion’s initial conditions.?*% A detailed description of ion trajectories
and frequencies can be found elsewhere.?* The radial, axial and rotational frequencies
are shown here in Eq. (2-4). Both radial and axial frequencies can be used for m/z
determination, however the axial frequency is preferred because it is independent of
the ion’s initial velocity and radius. lons are injected into the orbitrap radially through
a slot offset from the center of the trap, in order to start coherent axial oscillations.?* A
deflector is used to compensate for electric field perturbations caused by the slot present
in the outer electrode. As the ion packets move coherently an image current is detected,

the axial harmonic frequency obtained by Fourier transform and m/z calculated.?®

=Kz O\ ke e[
U(r.2) —Z(ZZ 2)+2(Rm) IH[RM]+ C
Eq. (1)
Axial oscillation frequency: ©=V(g/mk Eq. (2)
R \2
Radial oscillation frequency: o, =w (Té”) -2 Eqg. (3)
Rotation frequency: (R,,,)2 Eq. (4)
|
w_ = R
¥ 2

where k is the axial restoring force, r and z are coordinates, Ry is the characteristic radius,

C is a constant, q is the ion charge, R is the radius of the ion trajectory.?

There are two orbitrap designs commercially available, the standard orbitrap

and the high field (HF) orbitrap, which mainly differ in their geometry.?® The standard



orbitrap design is available in several instruments (LTQ orbitrap XL, Velos and Q
Exactive), however newer instruments use the HF orbitrap (Elite, Q Exactive HF,
Fusion and Fusion Lumos). The major advantage of the HF orbitrap design is the
increase in resolving power by approximately 50% at a central electrode voltage of 3.5
KV and 80% at 5 KV, without compromising sensitivity.2° Thermo Scientific reports
a maximum resolution power (at 200 m/z) of 140,000 for the standard orbitrap and

240,000 for the HF design.

In this research work, both the LTQ orbitrap XL and Fusion Lumos were used.
Significant improvements were made in the span of 10 years between our acquisitions
of the orbitrap XL and Fusion Lumos instruments, as shown in the manufacturer’s
schematics (Figure 1.1a,b). The HF orbitrap provides higher scan rates and resolving
power. Additionally, higher sensitivity is obtained due to improved ion transfer, as
lower vacuum pressures are achievable, and effective and rapid precursor isolation by
the quadrupole mass filter installed in the front of the system.3® Another significant
improvement in the Fusion Lumos is increased ETD (see below) fragmentation
efficiency due to the new design of the ETD reagent (fluoranthene) source, and the
enlarged trapping capacity of the high pressure linear ion trap to accumulate reagent
and analyte ions for ETD reaction. A gain of 3-fold in fragment ion signal to noise
ratio is reported for ETD.%! Note that the first model of the LTQ orbitrap XL did not
have ETD capabilities. In our case, the system was retro-fitted to perform ETD. Initial
designs of ETD capable orbitrap instruments located the ETD source at the back of the

instrument, which has now been relocated to the front.%°
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Figure 1.1. Orbitrap mass analyzers used in this study: (a) LTQ orbitrap XL and (b) orbitrap
Fusion Lumos. (Schematics available at http://planetorbitrap.com)

1.2.4. Fragmentation techniques

Fragmentation is crucial for protein identification using top-down workflows.
The two most commonly used fragmentation techniques are collision induced

dissociation and electron transfer dissociation.

Collision induced dissociation (CID) relies on the conversion of kinetic energy
of accelerated precursor ions in the gas phase to internal (vibrational) energy by
collision with an inert gas (generally helium or argon). The dissociation of a molecule
depends on the amount of internal energy acquired from the collision, which depends
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on the acceleration voltage applied, the precursor and inert gas masses and the distance
difference between the center of mass of the colliding ions.>? The maximum energy
conversion is achieved when the center of mass are aligned and is estimated by Eq. (5),

assuming that the inert gas velocity is zero.*

KEiab = (KEcom mT) / (M1 + mp) Eq. (5)
where KEs is the laboratory kinetic energy, m, and mr are the precursor ion and inert

gas masses and KEcom is the gained internal energy.

However, the energy gained is often lower than that estimated by Eq. (5), and many
collisions may be required to accumulate sufficient internal energy to break a bond.*
CID of peptides and proteins, performed in ion traps and quadrupoles or multipoles,
mainly dissociates the polypeptide backbone at the amide bond. This fragmentation
produces a sequence of b- ions and y- type ions by breaking the peptide bond (C-N)
and retaining the N- or C-terminus of the protein, respectively (see Figure 1.2).

Additionally, neutral losses of water or ammonia are usually observed.

The main disadvantages of CID for top-down analysis are the lack of
fragmentation on the center sections of the protein sequences limiting residue cleavage
coverage,” and the loss of labile post-translational modifications (PTMs) such as
phosphorylation.’® Note that a variation of CID called higher-energy collisional

dissociation (HCD) by Thermo Fisher is also widely used in proteomics. The principle
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of this activation method is the same as CID but the energy provided for dissociation

is higher.

Electron transfer dissociation (ETD) achieves protein fragmentation through an
ion-ion reaction with a polycyclic aromatic radical anion, such as fluoranthene or
anthracene.?>3* This radical anion is produced by negative chemical ionization in a
separate area of the instrument and guided to the reaction cell, where it reacts with the
precursor ions transferring an electron. The electron transfer causes backbone
fragmentation at the amide nitrogen-alpha carbon (N-C,) bond, forming primarily c-
and z-type ions that retain the N- and C-terminus of the protein, respectively (see Figure
1.2).34% ETD is a non-ergodic fragmentation technique that offers the advantage of
producing fragmentation at the site where the electron is captured (independent of the
bond strength) and preserves side chains and PTMs.®* ETD fragmentation often
generates charge reduced species that do not fragment. It provides more efficient
fragmentation of precursor ions that carry higher charge states. Further fragmentation
of stable charge reduced species can be obtained with supplemental activation by CID

or HCD.%'

Figure 1.2. Dominant peptide backbone fragmentation by CID is represented in blue and by
ETD is represented in orange.
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1.3. Bioinformatics

1.3.1. Bottom-up proteomics

Automated high-throughput bottom-up protein identification bioinformatics
algorithms are well established. In general when performing a sequence database
search, the user needs to provide information on the protein sequence database of the
organism studied and the protease(s) utilized. An in silico digestion of the protein
sequence database is performed in order to obtain all possible peptides that can be
produced (including, if desired, flexibility for protease missed cleavages) and each
peptide MS/MS fragment ion series, which are generated following current
fragmentation theories.*®8 In order to identify the peptides present in a sample, the
experimental peptide and fragment m/z values are compared to the predicted MS/MS
spectra and a probability score is assigned to each peptide spectrum match (PSM)

obtained based on spectrum similarities.®®

There are many freely available search engines such as MSGF+,3%4% X1 Tandem
with native,** k-score*? and s-score*? scoring, OMSSA,* Andromeda,* MSAmanda®
and MyriMatch.*® Additionally, other popular commercially available search engines
are MASCOT*" and SEQUEST.*® The search scoring is performed in different ways
depending on the search engine used. Commonly used statistical methods for PSM
scoring are cross correlation,*® Bayesian probability,*” Poisson distribution,*® dot-
product,*®4! binomial distribution,*#> and multivariate hypergeometric distribution.*
The scores obtained can be transformed into p-values and/or expectation values (E-

values). However, these individual PSM statistics are not sufficient to assess the protein
12



identification confidence. Typically, datasets contain millions of spectra to be

compared; hence corrections for multiple testing are necessary.

After a list of scored PSMs is obtained, the identification confidence is assessed
by estimating the spectral false discovery rate (FDR),* which is the proportion of false
positive peptide identifications over the total number of peptide identifications. This is
generally done by performing a target-decoy search, for which a decoy database of the
same size than the targeted database is created by reversing or randomizing the amino
acid sequences of the organism protein sequence database, which is then concatenated
with the target database. The search is then performed against the concatenated
database. As both databases have the same size, it can be assumed that their false
positives distributions are similar and that the number of decoy identifications obtained
estimates the number of false positives observed in the target search, allowing the
estimation of the spectral FDR.>® PSMs are then filtered using a cutoff spectral FDR
chosen by the user and grouped into their corresponding proteins, following the

parsimony principle, for protein inference.

Although proteins are inferred from their peptides, the confidence of these
peptide identifications does not translate directly into protein identification confidence.
The main reason being that the identified PSMs (peptides) can be shared between more
than one putative protein, grouping into a smaller number of inferred proteins, even
though a large number of PSMs were identified. °1°> However, each PSM that

erroneously matches any of the proteins in the sequence database will directly increase
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the number false positive identifications compared to the smaller number of inferred
proteins, causing the FDR at the protein level to be larger than those observed for its
PSMs.>1%2  Ppost-search algorithms able to estimate protein level FDR are
ProteinProphet®® and MAYU.>* ProteinProphet’s cumulative score takes into account
the combination of the PSMs probabilities and is adjusted for the effect of non-random
peptide grouping.> MAYU estimates protein FDR using the target-decoy results, and
it assumes that the number of false positive protein identifications follow a

hypergeometric distribution.>*

Additionally, there is software available to combine results from several search
engines. Peptide identification arbiter by machine learning (PepArML)®> is a freely
available platform capable of combining the results of up to 7 different search engines:
MSGF+, X!Tandem with native, k-score, and s-score scoring, OMSSA, MASCOT, and
MyriMatch. This platform provides a higher number of peptide identifications than the
individual searches.® In a similar fashion, Proteome Discoverer v2.1 is a commercially
available software capable of combining results from various search engines (e.g.

MSAmanda, MASCOT and SEQUEST).

There are many approaches available to perform bottom-up gquantitation. This
research centers on the use of label-free quantitation approaches, such as spectral
counting, chromatographic peak intensities or peak areas, which allow retrospective
analysis of samples with no additional sample preparation steps, reducing costs and
time. Spectral counting for relative quantitation of proteins is based on the principle

that the likelihood of identifying a peptide is higher if the abundance of the protein of
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origin is high. Hence, it is expected that the counts of peptide identifications or protein
spectrum matches (PSMs) of a protein correlate with its abundance.**>° Zybailov et al.
has demonstrated that spectral counting provides reproducible results for peptides and
larger dynamic ranges than approaches based on peak intensity or area.®® However,

peak intensities or areas provides more accurate results.5162

1.3.2. Top-down proteomics

Top-down bioinformatics tools are less mature than their bottom-up
counterparts. ProSightPC was the first search engine to match high-resolution, accurate
MS and MS/MS data of intact proteins with protein sequence database, such as Uniprot
Knowledge base.?®%* The user provides the protein sequence database of interest, which
could include information on previously reported PTMs or PTMs that are inferred by
sequence similarity in Uniprot. In the absolute mass search, the software considers each
MS/MS spectrum acquired inside the precursor ion mass window selected. The
observed precursor ion mass and fragmentation is compared with the theoretical,
matching peaks counted and an expected value (E-value) computed to measure the
statistical significance of the protein spectrum match (PrSM) or protein
identification.%®% A small E-value means that the expected number of proteins with
this many matching peaks that are identified by chance is small. Inside ProSightPC, the
SequenceGazer tool is available for manual inspection of the assigned fragments and
propose putative PTM assignments or residue deletion, with recalculated E-values. In

late 2015, a plug-in of ProSightPC became available for Proteome Discoverer 2.1,
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called ProSightPD 1.0. This new format of ProSightPC includes all the above-
explained capabilities, though those tasks previously performed in SequenceGazer are
now substituted by ProsightL.ite.%® Additionally, similarly to bottom-up bioinformatics,
after target-decoy searches are performed ProSightPD is able to provide a list of protein

identifications that are under a selected FDR threshold (typically 1% FDR).

TopPIC is a freely-available software that similarly to ProSightPC is capable of
searching against a protein sequence database, identifying proteins and providing an E-
value and/or false discovery rate (FDR) value (if searched against a decoy database).%®-
% The most significant advantage over ProSightPC is that TopPIC searches are
significantly faster. A recent software update allows the user to add a list of putative
PTMs to be considered as variable modifications during the search. Up to 2 “unknown”
PTMs may be assigned using the MIScore method.®® Unfortunately, no interactive

PTM manipulation tool is provided.

MASH Suite is another freely-available software capable of performing top-
down protein identifications.’® The first version of this software was only capable of
targeted analysis, which required a priori knowledge of the protein(s) under study. In
2016, MASH Suite Pro’* was released and this version of the software, similarly to
TopPIC, includes search engine capabilities and the discovery of unknown PTMs using

the MSAlign+ algorithm.%8
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Independently of the software used, prior to start a search, the raw data obtained
from the instrument needs to be deconvoluted using a deconvolution algorithm
(THRASH,”? MSDeconv” or Xtract’#), which provides the decharged monoisotopic
and average masses of the precursor and fragment ions. It is important to notice that
TopPIC and ProSightPC software do not offer quantitation tools, as quantitation
approaches in top-down are not very advanced. The significance associated to top-
down proteomics quantitation is high because it opens the door to the study of
proteoform relative abundances, which could provide useful biological information.”™
Label-free approaches using extracted ion chromatogram intensities or areas have been

successfully used” " and will be further discussed in Chapter 3.

1.4. Myeloid derived suppressor cells

Myeloid-derived suppressor cells (MDSCs) are a heterogeneous population of
immature myeloid cells, which are present in all cancer patients. MDSCs are identified
by the plasma membrane markers CD11b and Grl in mice, and by the markers CD11b,
CD14, CD15, CD33 and absence of HLA-DR in humans.! MDSC are produced by
abnormal differentiation of the myeloid linage and are known to accumulate in the
tumor microenvironment, where they suppress both adaptive and innate immunity.”
Under normal conditions, haematopoietic stem cells differentiate into immature
myeloid progenitor cells, which further differentiate into three types of mature myeloid
cells: dendritic cells, macrophages and granulocytes. However, in the presence of
soluble factors released by tumor and host cells in the tumor microenvironment, the

production of MDSC is promoted.”*® Additionally, it has been demonstrated that
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inflammation increases MDSC abundance and suppression activity, facilitating tumor
progression.*’ Parker et al. recently described some of the pro-inflammatory tumor-
released factors that can drive MDSC activation, expansion, accumulation and immune
suppressor activity, which include: vascular endothelial growth factor (VEGF),
granulocyte-macrophage colony-stimulating factor (GM-CSF), granulocyte colony-
stimulating factor (G-CSF), prostaglandin E2 (PGEy>), interleukin-6 (IL-6), interleukin-
1B (IL-1P), S100A8/A9 and high-mobility group box 1 (HMGB-1), among others.!
Many of these tumor-released factors disturb normal cell functions by regulating
transcription factors, such as the signal transducer and activator of transcription
(STAT) 1, 3 and 6, and the nuclear factor—B.>’® Moreover, miRNAs can also regulate
MDSC production, accumulation and function, which will be discussed in more detail

in Chapter 4.

As stated previously, MDSCs are able to suppress the adaptive and innate
immune response by suppressing T cells and natural killer (NK) cells.t There are
several mechanisms known by which MDSCs can suppress T cells (reviewed in detail
18081y ‘namely: (1) amino acid starvation by local depletion of L-arginine, L-tryptophan
and L-cysteine; (2) production of nitric oxide; (3) production of reactive oxygen
species; (4) inhibition of T cell migration; (5) induction of apoptosis; (6) production of
regulatory T cells and Th17 cells. Contact with MDSCs or close proximity appears
necessary as suppression mechanisms are mediated by cell-surface receptors and labile
soluble factors.28 Additionally, exosomes released from MDSC have been found to

mediate MDSC’s ability to suppress the tumor immune response.®
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Proteomic studies by Sinha et al. demonstrated that MDSCs from tumor-free
and 4T1 mammary carcinoma tumor-bearing mice have N-glycan receptors that bind
S100A8/A9 heterodimer.®2 The authors also found that S100A8 and S100A9 are pro-
inflammatory mediators with chemotactic activity for MDSC, and are secreted by both
4T1 tumor cells and MDSCs, providing autocrine stimulation that helps maintain the
pro-inflammatory microenvironment.®2 There are few reports that analyze the MDSC
protein cargo by mass spectrometry. Boutte et al. found that pathways, such as platelet
aggregation and angiogenesis, were enriched when comparing the protein content of
MDSC from metastatic (4T1) and non-metastatic (67NR) mammary carcinoma tumor-
bearing mice by shotgun proteomics and spectral counting.®® Chornoguz et al.
compared the protein cargo of MDSCs from 4T1 and 4T1/IL-13 tumor-bearing mice.
Note that 4T1/IL-1p cells are transduced 4T1 cells that express IL-1p, a cytokine that
intensifies inflammation. One biological replicate was analyzed and 789 proteins were
identified and roughly quantified using peptide peak areas. Several pathways were
found to be up-regulated under heightened inflammation, including the caspase
network, Fas, TGF-B and IL-1 pathway.®* Moreover, a semi-quantitative analysis of
surface proteins on MDSC from 4T1 and 4T1/IL-1B tumor bearing mice by
Choksawangkarn et al., reported that SI00A8 and S100A9 can be localized in the
plasma membrane and are found in greater abundance under heightened

inflammation.®
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1.5. Exosomes shed by myeloid derived suppressor cells

Exosomes are membrane-bound extracellular vesicles of 30 to 100 nm in
diameter that are secreted by all eukaryotic cells and many prokaryotic cells.!* These
extracellular vesicles are formed following the endocytic pathway, where intra-luminal
vesicles (ILVs), which are formed by invagination of the membrane of early
endosomes, accumulate in multi-vesicular bodies (MVBs). These MVB can have two
fates: (1) degradation by fusing the lysosome, or (2) exocytosis by releasing the ILVs
into the extracellular space, where they are called exosomes.'®¢ Extracellular vesicles
are classically isolated from cell culture and biological fluids using centrifugation
speeds of =~100,000xg, after removal of larger vesicles and cell debris at lower
centrifugation speeds.®” Additionally, materials pelleted by ultra-centrifugation may
contain protein aggregates that co-isolate with exosomes and need to be removed using
a sucrose density gradient.® After isolation, the exosome size and shape needs to be
confirmed by transmission electron microscopy (TEM) or cryo-electron microscopy
(cryo-EM). Compared to TEM, where exosomes often present an artifactual cup-shape
morphology, cryo-EM maintains the exosome intact, and a round shape is clearly
observed.®® Exosomes are also often identified by proteins markers that are found to be
enriched in exosomes, such as the tetraspanins®® CD63, CD9 and CD81, heat shock
proteins Hsc70 and Hsp90, major histocompatibility complex (MHC) class I, and
proteins from the endosomal sorting complex required for transport (ESCRT), such as
apoptosis-linked gene 2-interacting protein X (Alix) and tumor-suppressing gene 101

(Tsg101).899192 Recently, Bobrie et al. reported that many of these proposed protein
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markers may actually be shared with other extracellular vesicle subpopulations that are

inadvertently co-isolated by ultra-centrifugation.®®

Interest on exosomes has increased during the past 10 years.** Even though
exosomes were initially thought simply to carry unwanted molecules, extensive
research has demonstrated that they actually carry bioactive proteins, lipids, mRNA
and miRNA.118% A broad number of biological roles have been suggested for these
vesicles depending on the cell type from which they originate. Exosomes have been
shown to participate in intracellular communication between B lymphocytes and CD4*
T cells.® Human exosomes from dendritic cells showed in vivo tumor growth
suppression.®® Additionally, pathological functions such as immunity suppression,
tumor progression, and metastasis have also been reported.*#°" Therapeutic uses of
exosomes including their use for delivery of drugs or other molecules to specific tissues

have been discussed by others.1#%

MDSC from 4T1 and 4T1/IL-1p tumor-bearing mice release exosomes of 25 -
30 nm in diameter. These exosomes have been reported to play a role on MDSC’s
immune suppressive response, in part, through the pro-inflammatory mediators
S100A8 and S100A9 that provide chemotactic activity for MDSC, and also by their
participation on MDSC-macrophage cross-talk, polarizing macrophages to a tumor-
promoting phenotype.® The MDSC-derived exosome protein cargo has been analyzed
previously by shotgun proteomics and spectral counting. A total of 412 proteins were

identified, and an increase in abundance for proteins related to innate immunity and
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exosome migration was observed under heightened inflammation.® Further work by
Burke et al., demonstrated that exosomes released by MDSC from 4T1/IL-1f3 tumor-
bearing mice carry ubiquitinated proteins, using a double immune-precipitation

approach prior to LC-MS/MS analysis.*®

The knowledge acquired on MDSCs and MDSC-derived exosomes by our
research group and others during the past several years demonstrates that both MDSC
and their exosomes play a key role in the tumor microenvironment, obstructing current
immunotherapies and possibly providing a link between inflammation and cancer
progression. However, there is still much of these mechanisms that remains unknown.
Our research group in collaboration with Dr. Ostrand-Rosenberg at UMBC and Dr.
Edwards at Georgetown University, have focused on increasing the understanding of
MDSC immune suppression mechanisms by interrogating the protein contents and
functions of MDSC and their exosomes. In this dissertation, efforts were made to study
their protein content using both bottom-up and top-down mass spectrometry
approaches. Additionally, working together with Dr. EI-Sayed at UMD, the mRNA and
miRNA contents were also studied using next generation sequencing. In all cases,
relative quantitation was performed in order to provide a deeper understanding of
quantitative differences between exosomes and their parental cells and also between
conventional and heightened inflammation conditions. We anticipate that this
information may help elucidate the role played by MDSC and MDSC-derived
exosomes as immune suppressors in the tumor microenvironment and their relationship

with increased inflammation, tumor progression and metastasis.
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Chapter 2: Identification of intact proteins carried by
immunosuppressive exosomes (adapted from reference '%).

This work was jointly authored with Dr. Avantika Dhabaria, who performed the sample
preparation, fractionation and LC-MS/MS analysis, and Lucia Geis Asteggiante, who
performed the data processing and analysis.

2.1. Introduction

Exosomes are extracellular vesicles of 30 — 100 nm in diameter that are shed by
many different types of cells and carry proteins, nRNA and miRNA.*! Myeloid derived
suppressor cells (MDSC) are immature myeloid cells that play an important role on
immunity suppression in cancer patients.! These cells are known to shed exosomes that
participate on MDSCs’ suppressive activity.® Up to this time, proteomic analyses of the
exosome protein cargo has been carried out by digesting proteins into peptides prior to
LC-MS/MS. This approach, called bottom-up proteomics, has many advantages, as it
provides a larger proteome coverage and high throughput.'” However, when proteins
are digested several pieces of information are lost. The study of intact proteins by top-
down mass spectrometry offers relevant complementary information, such as
identification of sequence variants and PTMs, including the determination of
modification sites and their spatial relationship.® Full characterization of these
different protein forms, called proteoforms, is crucial as little is known about their

possible impact on MDSCs’ activity.

Top-down proteomics of complex mixtures generally require extensive
separation in order to enhance protein identification performance. Gel-eluted liquid

fraction entrapment electrophoresis (GELFrEE) is a denaturing electrophoretic
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approach where proteins are separated based on their molecular weight (3.5-150 KDa).
The separation is carried out similarly to a sodium dodecyl sulfate - polyacrylamide gel
electrophoresis (SDS-PAGE), but in this case proteins are actually eluted out of the gel
into a chamber containing running buffer and equipped with a molecular weight cut-
off filter that separates the collection and anode chamber.1%%192 The system is stopped
at set time intervals and liquid fractions are manually collected from the chamber. As
the gel columns used are short, fractionation is quick and diffusion and dilution of
proteins is not significant.’®® Protein recoveries are reported to be >60%.1% Several

top-down analyses have successfully used GELFrEE,100:104-107

The protein cargo of exosomes shed by MDSC has been previously interrogated
by bottom-up proteomics, where 412 proteins were identified.® The aim of this study is
to identify and, when possible, fully characterize the low mass (< 25KDa) protein cargo
by top-down mass spectrometry. MDSC-derived exosomes from 4T1/IL-13 mammary
carcinoma tumor-bearing mice are lysed and their protein cargo fractionated using
GELFrEE and reversed-phase liquid chromatography prior to high resolution, high

accuracy MS/MS analysis.

2.2. Materials and methods

2.2.1. Exosomes shed from myeloid derived suppressor cells
BALB/c mice were injected with 7000 wild-type syngeneic 4T1 mammary

carcinoma cells transduced to constitutively express the cytokine IL-1p3, as previously
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reported.>®* Populations of MDSCs collected from blood of 1 to 3 mice (5x105-10’
cells per mouse) that were found to be > 90% Grl1* CD11b" by flow cytometry, were
incubated for 16 h in serum-free media at 37°C and 5% CO.. Exosome isolation was
performed following Burke et al.2 Briefly, cultures were centrifuged first at 805xg for
5 min, supernatant collected and then centrifuged again at 2,090xg for 30 min in order
to remove the cells. Exosomes in the supernatants were pelleted by ultracentrifugation
at 100,000xg for 20h, purified by sucrose density gradient (0.25 to 2 M) and
characterized by transmission electron microscopy. All animal experiments were

approved by UMBC and UMCP Institutional Animal Care and Use Committees.

2.2.2. Exosome lysis and protein fractionation

Exosomes were lysed using an 8M urea in 50 mM ammonium
bicarbonate buffer with protease inhibitor cocktail (Sigma-Aldrich. St. Louis, MO). A
lysate aliquot was buffer exchanged using 3 KDa molecular weight cut-off filters, to
reach a final concentration of 0.8 mM urea, prior to estimating the lysate protein content
using the Pierce BCA Protein Assay Kit (Thermo Fisher Scientific, Rockford, IL).
Note that exosomes shed from 1x108 cells contain approximately 100 pg of proteins.
The exosome lysate was visually inspected by SDS-PAGE using a 15 ug lysate aliquot
and stained with Commassie blue and silver stain (Thermo Fisher Scientific, Rockford,
IL). Additionally, histone content was determined using the EpiQuik Total Histone

Extraction Kit (Epigentek, Farmingdale, NY). All steps of the extraction kit protocol
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were followed with the exception of sample reduction, as dithiothreitol (DTT)
interferes with the BCA protein assay Kit.

For GELFrEE separation, 300 ug of protein were precipitated using a mixture
of CHCl3-MeOH-H0 (4:1:3, v/v)1® and re-suspended in GELFrEE sample buffer (an
SDS containing proprietary buffer). Prior to loading the sample into the 12% tris-
acetate polyacrylamide cartridge (Expedon, San Diego, CA), proteins were reduced
with 53 mM DTT at 50°C for 10 min. A total of 12 fractions were collected during the
2 h electrophoretic separation using the range of voltages (50 to 85 V) specified in the
manufacturer’s instructions. In order to remove the SDS from the sample, fractions
were re-precipitated and re-suspended in solvent A (97.5:2.5 H>O-acetonitrile in 0.1%
formic acid) and then further separated using reversed-phase (C3 chemistry) liquid
chromatography. GELFrEE separation efficiency was visualized by SDS-PAGE using

10 uL aliquots for each fraction and silver staining (Thermo Scientific, Rockford, IL).

2.2.3. Liquid chromatography mass spectrometry

Samples were analyzed using a Prominence LC system (Shimadzu, Columbia,
MD) coupled to an LTQ-orbitrap XL (Thermo Fisher Scientific, Waltham, MA).
Chromatographic separation was obtained using a C3 reversed-phase trap (0.3 x 5 mm,
5 um particle size) and column (0.1 x 150 mm, 5 um particle size), both obtained from
Agilent Technologies (Wilmington, DE). The injected sample was loaded into the trap,
desalted and concentrated using Solvent A at a flow rate of 10 pl/min for 15 min. The

sample was subsequently eluted from the trap and further separated in the analytical
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column by linearly increasing Solvent B (acetonitrile-H20, (97.5:2.5) in 0.1% formic
acid) from 0 to 80%, during the span of 200 min under a flow rate of 300 nL/min.

The analysis of intact proteins by mass spectrometry was achieved setting a
mass resolution of 60,000 (at m/z 400) for both precursor and product ions. lons were
collected based on a target automatic gain control of 10° and 10° for precursor and
product ions, respectively. Additionally, in order to improve MS1 and MS2 signal to
noise ratio, 5 microscans were averaged. Data dependent acquisition was carried out so
that the 3 most abundant precursor ions that carried charges higher than +4 (including
precursor ions with an undetermined number of charges) are isolated inside a 10m/z
window. The isolated precursor ions were fragmented using CID set to 25% normalized
collision energy. Dynamic exclusion was used in order to increase the variety of
precursor ion selected by excluding precursor ions for future selection for 240s after

being selected twice.

2.2.4. Bioinformatics

Spectra were deconvoluted using the THRASH algorithm’ and searched
against the Uniprot Knowledge Base Mus musculus protein sequence database (January
and May 2014) using ProSight PC 3.0. In order to account for putative PTMs, a 2,500
Da precursor mass tolerance window and 15 ppm product ion mass delta were set. A
protein was considered identified when an E-value <10~ was obtained. Additionally,
the identity of putative PTMs and site locations were assessed manually using the

SequenceGazer tool, requiring a mass difference < 15 ppm between the theoretical and
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observed mass and an E-value <10 in order to consider a proteoform as fully

characterized.

2.3. Results and discussion

The exosomal protein cargo has been successfully interrogated previously by
bottom-up analysis.®> Based on protein identifications reported by Burke et al., a
histogram was created showing the exosome protein cargo molecular weight (MW)
distribution (Figure 2.1). Considering that on the chromatographic time scale the LTQ
orbitrap XL capability for intact protein analysis is restricted to proteins of MW < 25

KDa, we could expect to find as many as 76 distinct proteins (18% of the identified

proteins).
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Figure 2.1. Molecular weight (MW) distribution of identified exosomal proteins based on
findings reported by Burke et al.®

However, it is relevant to notice that top-down analysis is less sensitive than
bottom-up analysis, due to the fact that larger ions are ionized and transferred less

efficiently than peptides and that, as intact proteins carry multiple charges, the
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precursor ion signal observed is diluted. Since GELFrEE fractionation follow the same
principles as SDS-PAGE, an exosome lysate was initially visualized by SDS-PAGE
and stained with both Commassie blue and silver stains, in order to obtain a rough
estimate of protein abundance by MW range. Figure 2.2 shows that there is a higher
abundance of proteins with MW <15-16KDa. Considering the previously reported

bottom-up analysis, at least 36 distinct proteins could be present in this MW range.®

From the 12 fractions obtained by GELFrEE and further separated by reversed-
phase (C3) fractionation, a total of 209 proteoforms from 21 distinct proteins were
identified in the mass range of 5 to 16 KDa. Separation obtained by GELFrEE was
helpful for identification purposes as many proteoforms were identified, but it was not
very effective since in many cases the same proteoforms were found to be spread

throughout many fractions (see Figure 2.3).
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Figure 2.2. SDS-PAGE gel of a 15 ug identified proteoforms by top-down mass
aliquot of exosome lysate stained with (a) spectrometry in each GELFrEE fraction
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Table 2.1 summarizes the identified (low mass) proteins, number of putative
proteoforms and fraction number in which their proteoforms were found. A detailed
list of proteins identified and proteoforms characterized is provided in Appendix 2.1,
which includes theoretical and observed masses, E-values, number of ions in which the

identification and characterization is based and, proposed putative PTMs.

Table 2.1. Distinct proteins identified by top-down mass spectrometry and number of putative
proteoforms found.

Number of

Anclfﬁ]s;:aorn Protein description prgltjetgg)\ﬁns E]Erf:t\)l/%a
identified
P09602 Non-histone chromosomal protein HMG-17 1 8
P47945 Metallothionein-4 1 4
P14069 S100 A6 1 2
P27005 S100 A8 42 2,3,4,56,7,8
P31725 S100 A9 1 3,4,56,7
P22752 Histone H2A.1 5 56,9
P27661 Histone H2A.X 1 7
Q6GSS7 Histone H2A.2A 2 6,7,9
Q8BFU2 Histone H2A.3 8 4,5,6,7,8,9
P70696 Histone H2B.1A 1 3
Q64475 Histone H2B.1B 13 4,5,6,7,8,9
Q6ZWY9 Histone H2B.1C 11 56,7,89
P10853 Histone H2B.1F 14 5,6,7,8,9,10
Q64478 Histone H2B.1H 7 56,7,89
P10854 Histone H2B.1M 10 56,7,8
Q64525 Histone H2B.2B 7 56,7,89
Q6LBFO Histone H3.1 4 56,7
P84228 Histone H3.2 14 56,7
P84244 Histone H3.3 21 56,7
P02301 Histone H3.C 24 56,7
P62806 Histone H4 21 2,3,4,5
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2.3.1. Exosomes carry histone proteoforms

Several nucleic acid binding proteins were found to be carried by exosomes.
Table 2.1 shows that 16 of the 21 proteins identified were sequence variants of the core
histones H2A, H2B, H3 and H4. A total of 163 histone proteoforms were identified and
only H3.1 (Q6LBF0), H3.3 (P84244), H3.C (P02301) and H4 (P62806) were also
observed unmodified. Some of the proteoforms found were fully or partially
characterized, considering the mass difference between the theoretical and observed
masses and the fragmentation obtained. The loss of N-terminus Met, characterized by
a mass difference of -131.04 Da, was found for all H2B variants except for H2B.1A
(P70696). In the case of H2B.1A, only one proteoform was found, comprising the loss
of -2203.20 Da. The loss of N-terminus Met with acetylation of the new N-terminus
corresponding to a total mass difference of -89.02 Da (Figure 2.4a), was observed for
H2A.1 (P22752), H2A.X (P27661) and H2A.2A (Q6GSS7). In the case of H2B.1C
(Q6ZWY9), loss of initial Met and methylation of the new N-terminus Pro was
observed (Figure 2.4b). H2B methylation of the N-terminus Pro has been observed in

Drosophila melanogaster Kc cells under heat shock conditions.1%

Interestingly, histones with proteolytically cleaved N-tails were also found.
Using the SequenceGazer tool, the mass difference observed for histone H3.2 (P84228)
and H3.3 (P84244; -2367.33 and -2294.28) could be assigned to the loss of 22 and 21
residues from the N-terminus, respectively. Their sequence and fragments observed are

shown in Figure 2.4c,d. This process called “histone clipping” has been previously
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reported for histone H3 in Tetrahymena thermophila,’*® mouse!'! and
human!‘?2embryonic stem cells, human fibroblasts and melanocytes,!** S. cerevisiae, !4
and human primary hepatocytes studied in vivo and hepatocarcinoma cells in vitro.!t®
Several cellular processes seem to be regulated by histone proteolytic processing,
including cell differentiation,'*%!12 cell senescence,!*® gene transcription,!*311® and
yeast sporulation.!!* To the best of our knowledge, the proteolytic cleavage of histone
H4 (P62806) N-tail has not been previously reported. Our work provided the full
characterization of a H4 cleaved proteoform, with a mass difference of -2300.43 Da,
that can be explained by the loss of the first 23 N-terminal amino acid residues. As
shown in Figure 2.5, the use of top-down proteomics provided significant
fragmentation (22 b-ions and 27 y-ions) that strongly supports the observation that
exosomes shed by MDSC carry several histone proteoforms, including forms that had

gone through a regioselective proteolytic process.

In the interest of estimating the contribution of histones to the lysate total
protein content, a commercially available histone extraction kit indicated for isolation
of histones from cell lysates and tissues was used. Based on this kit, it was estimated
that =~ 56% of the protein content corresponded to histones. However, later top-down
analysis of the supernatants collected from this extraction procedure showed the
additional presence of some S100A6 (P14069), S100A8 (P27005) and S100A9
(P31725). Hence, the previously reported percentage may overestimate the total

amount of histones present in the exosome lysate.
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Figure 2.4. Sequence of characterized histone proteoforms (a) H2A.1 (P22752; 14,038 Da),
(b) H2B.1C (Q6ZWY9; 13,780 Da) and the proteolytically cleaved histones (c) H3.2 (P84228;
13,011 Da) and (d) H3.3 (P84244; 13,024 Da). Fragment ions obtained by CID are shown in
color, where b-ions are represented in blue and y-ions in red. (Reprinted with permission from
Ref 100, Copyright 2014, Int. J. Mass Spectrometry. Elsevier B.V. DOI:
10.1016/j.ijms.2014.08.035).
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Figure 2.5. MS spectra corresponding to precursor ions of the proteolytically cleaved H4
proteoform (P62806; 9,044 Da), annotated MS/MS spectra and sequence. Fragment ions
obtained by CID are shown in color, where b-ions are represented in blue and y-ions in red.
(Reprinted with permission from Ref 100, Copyright 2014, Int. J. Mass Spectrometry. Elsevier
B.V. DOI: 10.1016/j.ijms.2014.08.035).
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2.3.2. Proteoforms of S1I00A8/A9 pro-inflammatory mediators in exosomes

The exosome lysate also contained 3 distinct proteins belonging to the S100
protein family. A total of 42 proteoforms of S100A8, and one proteoform each of
S100A6 and S100A9 were observed (see details in Appendix 2.1). In the case of
S100A6 (P14069; 9,955 Da), the proteoform observed presented the loss of N-terminus
Metl and acetylation of the new N-terminus Ala2 (Figure 2.6a). The characterized
S100A9 (P31725; 12,965 Da) proteoform comprised the loss of N-terminus Metl,
acetylation of Ala2 and methylation of His107 (Figure 2.6b). This finding supports
previously reported S100A9 PTMs characterized by bottom-up analysis of GluC and
LysC digests and the incorporation of tritium labeled methyl groups.!'” Raftery et al.
also reported the presence of a disulfide-bond between Cys79 and Cys90, however, we
do not expect to conserve disulfide bonds as samples are reduced prior to GELFrEE

fractionation.
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Figure 2.6. Sequence of characterized S100 family proteoforms of (a) S100A6 (P14069; 9,955
Da) and (b) S100A9 (P31725; 12,965 Da). Fragment ions obtained by CID are shown in color,
where b-ions are represented in blue and y-ions in red. (Modified from Ref 100. Reprinted
with permission, Copyright 2014, Int. J. Mass Spectrometry. Elsevier B.V. DOI:
10.1016/j.ijms.2014.08.035)
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Several S100A8 proteoforms were well characterized and examples are shown
in Figure 2.7a-e. The S100A8 (P27005; 10,157 Da) proteoform formed by the loss of
N-terminus Metl corresponded to the highest peak intensity signal of the non-
fractionated lysate, and was estimated to represent 70% of the total ion chromatogram
(TIC) intensity compiled by extracted ion chromatograms. The identification of Metl
acetylated S100A8 form (P27005; 10,330 Da) was supported by the fragmentation of
the peptide bond between Met1-Pro2 (ygs ion) and Thr39-Thr40 (bsg ion) (see Figure
2.7b). An oxidized form of S100A8 (P27005; 10,173 Da) was identified. Based on the
fragment ions available, there is enough evidence to clearly propose the loss of N-
terminus Metl, as supported by the series of b ions observed, but oxidation could be
located on any methionine or cysteine residue from position 15-44 (see Figure 2.7d).
The S100A8 proteoform (P27005; 10,200 Da) comprises the loss of N-terminus Metl
and the putative acetylation of Pro2, though acetylation could be alternatively placed
in any serine or lysine residue from position 2 to 39 (see Figure 2.7e). Moreover,
unmodified S100A8 (P27005; 10,288 Da) was also observed. Modifications
corresponding to additions of larger masses, ranging from 117.08 to 2,043.89 Da, were

observed but the identity of those mass additions was not determined.
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Figure 2.7. Sequence of characterized S100A8 (P27005) proteoforms (a) 10,157 Da, (b)
10,330 Da, (c) 10,288 Da, (d) 10,173 Da, (e) 10,200 Da. Fragment ions obtained by CID are
shown in color, where b-ions are represented in blue and y-ions in red. (Modified from Ref
100. Reprinted with permission, Copyright 2014, Int. J. Mass Spectrometry. Elsevier B.V. DOI:
10.1016/j.ijms.2014.08.035)
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S100A8 and S100A9 are pro-inflammatory mediators known to have
chemotactic activity for MDSC and carried by the exosomes® and to be present in the
cytosol and surface of MDSC.88 Functional studies of S100A8/A9 are generally
performed using antibodies that interact with different regions of these proteins. As this
interaction could be affected by the presence of post-translational modifications, the
characterization of S100A8/A9 proteoforms may add relevant information for future

functional bioassays.

Even though a large number of proteoforms were identified in this study, it is
clear that achieving full characterization is challenging. Fragmentation of intact
proteins by CID in the LTQ orbitrap XL, under a chromatographic time scale, provides
limited fragmentation. In this work, fragment ions were observed mostly in towards the
C-terminus sections of the protein sequence, with only a few fragments observed on
the first 30 N-terminal residues. The lack of fragment ions in the N-terminus region is
especially problematic for histone proteoforms, as many of their PTMs are located
there. Additional fragmentation using complementary approaches, such as ETD or
EThcD, should help overcome this limitation and will be considered for upcoming

studies.
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2.4. Summary

The low mass protein cargo of MDSC-derived exosomes was successfully
interrogated using extensive protein fractionation and top-down mass spectrometry.
GELFrEE coupled to reversed-phase fractionation provided a large number of protein
identifications, though significant overlap of proteins was observed between adjacent
fractions. More than 200 proteoforms from 21 distinct proteins were identified and
several of them characterized.

Forty-three proteoforms corresponded to S100A8 and S100A9, which are
chemoattractants relevant to MDSC’s activity. Additionally, more than 160 histone
proteoforms corresponding to 16 histone variants were also identified. Even though
histones represent a large part of the exosome cargo, there is no known function
associated to their presence in exosomes. Perhaps they play a role in supporting the
RNA cargo carried in exosomes, and/or upon delivery of that cargo to other cells
present in the tumor microenvironment. This increased knowledge about the diversity
of proteoforms carried by MDSC-derived exosomes should help better understand how

MDSC produces immune suppression and promotes tumor progression.
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Chapter 3: Evaluation of spectral counting for proteoform
quantitation in top-down proteomics (adapted from reference ''8).

3.1. Introduction

The study of intact proteins by top-down mass spectrometry provides the
identification of proteoforms, which are different forms of a protein due to single
nucleotide polymorphisms, alternative mRNA splicing, PTMs, and truncations.11%%0
These proteoforms may have varied regulatory functions, controlling processes such as
gene expression, cell cycle, proliferation, differentiation and cell-cell communication.®
Hence, the ability to fully characterize and quantify proteoforms is crucial to better

understand biological processes.

Quantitation strategies for intact proteins are still under development. The
applicability of stable-isotope labelling for proteoform quantitation was initially
demonstrated using a **N/*>N metabolic label in yeast,'?! and Stable Isotope Labeling
by Amino acids in Cell culture (SILAC) for the in vitro expressed growth factor
receptor-bound protein 2 (28KDa).*?? Collier et al., later quantified the proteome of
human embryonic stem cells using SILAC.*% Even though these metabolic labeling
strategies have provided fruitful results, their elevated costs and restriction to in vitro
studies and animal models limit their use.'?* Moreover, Hung and Tholey evaluated the
use of tandem mass tag (TMT), where the proteins of interest are labeled before LC-

MS/MS analysis and reported that the lack of complete labeling limits this approach.'?
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To this date, the only label-free quantitation approach broadly applied to top-
down proteomics uses precursor ions (MS1) integrated peak areas or peak intensities
from extracted ion chromatograms (EIC). Even here, there is a lack of consensus on
which signal should be used for quantitation. Mazur et al. summed the peak areas
obtained from the 5 most abundant protein charge states EIC to show differences in
abundance in human apolipoproteins.’?® Peak intensities of the 5 most intense
isotopomers normalized to the overall peak intensity were used to estimate the
percentage of phosphorylated cardiac troponin | proteoforms.’” Similarly, Chen et al.
estimated the percentage of phosphorylated H1 proteoforms, though in this case only
the peak intensity of the most abundant isotopomer was used.'?” The use of EIC peak
areas, considering all the observable protein charge states, was observed in a study on
human saliva where the abundances of 83 proteoforms produced by two different
glands (parotid and submandibular/sublingual gland) were compared.!?® In this case,
normalization was performed against the total ion chromatogram (TIC) maximum
intensity.'?8 The Kelleher group created a pipeline termed “Quantitative Mass Targets”
for top-down comparative analysis, which uses deisotoped precursor intensities
normalized to the TIC maximum intensity.’®12%130 Currently, automatic tools for peak
area/intensity estimation are not available, limiting the capability for high-troughput

analysis.

Discovery-based proteomics is generally performed in a data-dependent
manner, where the n most abundant precursor ions are selected for fragmentation.

Spectral counting is widely used for relative peptide quantitation and is based on the
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premise that abundant precursor ions have a higher probability and frequency of being
selected for fragmentation, and are more probable to provide a positive identification
based on the produced fragment ions.>®>° Hence, a correlation between the number of
counts of peptide identifications or peptide spectrum matches (PSM) and the protein
abundance can be suggested. This approach is quite easy to implement as database
search engines provide the number of identified peptides during data processing. For

various reasons it has not yet been applied to top-down proteomics.

This study aims to evaluate the applicability of spectral counting to top-down
proteomics workflows. We provide proof of concept that spectral counts can be used
to determine proteoform differential abundances by performing spiking experiments
and comparing the performance of spectral counting, normalized peak areas and
normalized peak intensities. Furthermore, all three approaches were applied to the
protein cargo from MDSC-derived exosomes produced under conventional and

heightened inflammation conditions.

3.2. Materials and methods

3.2.1. Exosomes shed from myeloid derived suppressor cells

BALB/c mice were injected with 7000 wild-type syngeneic 4T1 mammary
carcinoma cells or 4T1 cells transduced to constitutively express the cytokine IL-
1B (4T1/1L—1P), as previously reported.>34 Populations of MDSCs collected from

blood of 1 to 3 mice (5x108-107 cells per mouse) were confirmed to be > 90% Gr1*
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CD11b" by flow cytometry, and were incubated 16 h in serum-free media at 37°C and
5% CO,. Exosomes were isolated by ultracentrifugation and characterized by sucrose
density gradient and transmission electron microscopy as previously reported by Burke
et al.® In this study, exosomes shed from MDSCs from 4T1 and 4T1/IL-1B tumor-
bearing mice are termed “conventional” and “inflammatory”, respectively. All animal
experiments were approved by UMBC and UMCP Institutional Animal Care and Use
Committees.

Exosomes samples were prepared following Burke et al. with modifications.®
Lysis was performed using 8M urea in 50 mM ammonium bicarbonate buffer with
protease inhibitor and phosphatase inhibitor number 2 and 3 cocktails from Sigma-
Aldrich (St. Louis, MO) and deacetylase inhibitor cocktail from Santa Cruz
Biotechnologies (Dallas, TX). Lysates were buffer exchanged to reach a final
concentration of 8 mM urea, using 3 KDa molecular weight cut-off filters from
Millipore (Cork, Ireland). Protein content was measured using the Pierce BCA Protein
Assay Kit (Thermo Fisher Scientific, Rockford, IL). All lysates were prepared in
solvent A (97.5:2.5 H2O-acetonitrile in 0.1% formic acid) and analyzed by LC-MS/MS.

Four biological replicates for each condition, were each analyzed in triplicates.

3.2.2. Preparation of spiked exosome lysates

Exosome lysates containing 500 ng of protein were spiked with 5 protein
standards as specified in Table 3.1, in order to reach a total protein amount of 680 ng

for subsequent LC-MS/MS analysis. The protein standards used were: ribonuclease A
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from bovine pancreas (RNase, 13.7KDa), equine apomyoglobin (16.9KDa), and
carbonic anhydrase (CAH, 29KDa), all obtained from Sigma Aldrich and, recombinant
human tumor necrosis factor alpha (TNF-o, 17.3KDa) and apolipoprotein D
(20.3KDa) from Novoprotein (Summit, NJ).

Table 3.1. Description of spiked standard proteins into eight aliquots of an exosome lysate.!!8
Lysate TNF-a CAH RNase Apomyoglobin Apolipoprotein D

(ng) (ng) (ng) (ng) (ng) (ng)
500 40 10 50 60 20
500 20 50 10 40 60
500 60 - 60 20 40
500 50 20 40 60 10
500 50 40 20 10 60
500 10 40 20 50 60
500 5 100 5 70 -
500 1 100 1 78

3.2.3. 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 PepSwift
RP-4H monolith trap (0.1 x 5 mm) and ProSwift RP-4H column (0.2 x 250 mm), both
obtained from Thermo Fisher Scientific. Spiked samples were loaded into the trap,
desalted and concentrated using Solvent A at a flow rate of 5 pl/min for 5 min, and then
eluted from the trap and further separated in the analytical column by linearly
increasing Solvent B (acetonitrile-H20, (75:25) in 0.1% formic acid) from 5 to 55%,
during the span of 70 min under a flow rate of 1.5 uL/min. In the case of exosome
lysates, samples were desalted and concentrated for 10 min and then separated using a

linear gradient from 1 to 55% B for 145 min.
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The analysis of intact proteins by mass spectrometry was achieved setting a
mass resolution of 120,000 (at m/z 200) for both precursor and product ions. lon routing
multipole pressure was set to 3mTorr. lons were collected based on a target automatic
gain control of 10° and 5x10° for precursor and product ions, respectively. The
maximum injection time for both precursors and product ions was set to 200ms.
Additionally, in order to improve MS1 and MS2 signal to noise ratios, 5 microscans
were averaged for spiked samples and 2 microscans for exosome samples. Data
dependent acquisition was carried out in a fixed 10s duty cycle, in which the top n most
abundant precursor ions that carry charges higher than +4 (including precursor ions
with undetermined charge-states) are isolated by the quadrupole withina 1 m/z isolation
window. The isolated precursor ions were fragmented using CID set to 25% normalized
collision energy, or EThcD with 6 ms reaction time for ETD and 10% supplemental
activation with HCD. Dynamic exclusion (DE) was used in order to increase the variety
of precursor ions selected. The effect of DE was assessed using spiked samples. In the

case of exosome samples, precursor ions selected were excluded for 60s after selection.

3.2.4. Bioinformatics and relative quantitation

Spectra were searched against the Mus musculus database (Uniprot
KnowledgeBase, Oct. 2015) and a decoy database (created by reversing the mouse
database protein sequences) using the ProSightPD node 1.0 in Proteome Discoverer
2.1. In the case of spiked samples, the protein sequences of the standard proteins used

were manually added into the mouse database. The search parameters included
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precursor and product ion mass tolerance windows of 2.5 KDa and 15 ppm,
respectively. A protein/proteoform was considered identified if a protein spectrum

match (PrSM) had an estimated E-value < 10 and false discovery rate < 1%.

The total number of spectral counts were estimated based on the number of
times a proteoform was identified by counting the protein spectrum matches (PrSMs)
provided in ProSightPD search output both manually and using an in-house script.
Proteoform peak intensities and areas were manually estimated in Xcalibur from
deconvoluted extracted ion chromatograms. A minimum signal-to-noise (S/N) ratio of
3 was required for spectra deconvolution. Additionally, in order to improve quantitation
precision and accuracy,’® the obtained peak intensities and areas were normalized by

the total ion chromatogram maximum intensity and total area, respectively.

The evaluation of intact protein relative quantitation using spectral counts,
normalized peak areas and normalized peak intensities in top-down proteomics
entailed: (1) the initial confirmation that those metrics present a linear relationship with
the amount of standard protein spiked; (2) the comparison between the observed protein
ratios and expected ratios calculated using the known amounts of protein standard
spiked; (3) the estimation of statistical significance of differential abundance between
two samples, using Fisher’s Exact test for differential spectral counts and Student’s t-
test for comparison of means from normalized peak areas and intensities. In all cases,
the obtained p-values were corrected for multiple testing by estimating the Benjamini-

Hochberg FDR.*°
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The total number of spectral counts obtained from MDSC-derived exosome
lysates were 3-fold lower for exosomes shed under conventional conditions compared
to those under heightened inflammation. Hence, a global adjustment was performed to
force centering the median protein ratio to 1. Median correction was also performed for
peak areas and intensities. When comparing the proteoform corrected spectral counts
observed between inflammatory conditions, statistical significance was evaluated using
Fisher’s Exact and ? tests,'*! and a sample-label permutation test with a maximum of
100,000 trials per proteoform. Note that using an early stopping rule the number of
trials were reduced.®? In the case of normalized peak areas and intensities, statistical
significance was assessed using the Mann-Whitney test, which is less sensitive to the
presence of outliers. As previously stated, Benjamini-Hochberg FDR values were also
estimated. Excel and/or R programs were used for performing calculations, statistical

analysis and creation of graphs.

3.3. Results and discussion

3.3.1. Effect of dynamic exclusion and spectra averaging on spectral counting

Data-dependent acquisition is the preferred mode for proteomics discovery
studies. This acquisition mode provides higher protein/proteoform coverage as it
allows a more varied selection of precursor ions using the mass spectrometer dynamic
exclusion (DE) feature. Dynamic exclusion aims to avoid the repeated selection of

highly abundant precursor ions by excluding previously selected m/z for a user-defined
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period of time. In top-down proteomic workflows, precursor ions are generally
excluded for long periods of time, in order to increase the number of protein/proteoform
identifications. However, the increase in precursor ion variety is achieved at the cost
of reducing the likelihood of obtaining repeated measurements,'*¥ which reduces the
statistical power of spectral counting. Hence, DE is an important factor to consider and

needs to be evaluated.

A set of 5 standard proteins were used for DE optimization and spectral
counting assessment. The identity and quality of the standard proteins was evaluated
by LC-MS/MS, and 4 out of the 5 proteins were successfully characterized as
individual proteoforms. Apolipoprotein D was not identified in any of the mixtures.
Additionally, the identification of apomyoglobin in spiked samples was severely
hindered by co-eluting high intensity S100A8 proteoforms. Hence, three standard

proteins, CAH, TNF-a and RNase, were found suitable for further analysis.

The effect of DE on spectral counts was evaluated by spiking an exosome lysate
(500ng) with 50ng of three protein standards and analyzing the sample in triplicates
using the DE settings shown in Table 3.2. Note that the largest exclusion period
selected (200s) represents typical DE parameters used in discovery top-down analyses

and is longer than the observed LC peak widths of up to 180s.

Table 3.2. Dynamic exclusion settings evaluated.

Dynamic exclusion Number of times Exclusion window (s)
setting # selected in a 30s period
1 1 200
2 1 60
3 2 60
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The results observed for the DE settings evaluated are shown in Figure 3.1.
Compared to the typical DE setting used for top-down proteomics, highlighted in grey
in Figure 3.1, the reduction of exclusion time to 60s provided a higher number of
spectral counts per proteoform, as repeated selection of precursor ions (m/z) is allowed.
However, requiring the exclusion of a precursor ion only after the ion was selected
twice in a 30s period did not provided a higher number of counts. At least 10 counts
were observed for RNase and TNF-a.. The relative standard deviation of counts ranged
between 2 - 8% and 7 - 76% for RNase and TNF-a, respectively. The variability
observed for TNF-a can be explained by the presence of co-eluting S100A9
proteoforms from the exosome lysate. Significantly fewer counts were observed for
CAH, which is expected since the identification and quantitation of larger molecules
on the chromatographic time scale is limited by current instrumental ionization and
detection capabilities. Lower signal to noise ratios (S/N) are generally observed due to
ESI production of multiply charged species, and the reduced ion transfer and
fragmentation efficiency.’®* Additionally, larger proteins compete for ionization
against smaller easier to ionize proteins present in the complex sample. The effect of
DE was also evaluated for a set of 5 proteoforms present in the exosome lysate, which
were selected in order to represent a broad range of normalized intensities (0.2 — 37%
of the maximum TIC intensity). Independently of their signal intensities, DE showed a

similar effect on spectral counts to that observed for the standard proteins.
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Figure 3.1. Effect of dynamic exclusion and microscans averaging on PrSMs counts of (a) 2
protein standards spiked (50 ng) and 4 proteoforms found in the exosome lysate (representing
in average 0.2 — 4.2% of the TIC intensity), (b) CAH standard spiked, and (¢) S100A8 (10,157
Da) proteoform, which represents in average 37% of the TIC intensity. Error bars represent the
standard deviation of the mean. Typically used dynamic exclusion settings for top-down
proteomics are highlighted in light gray.!8

An additional parameter that significantly affects the application of spectral
counting in top-down proteomics is the number of averaged microscans used. The
process of injecting, storing and detecting an ion in the orbitrap is called a microscan.
For intact protein analysis, 5 or more microscans are generally averaged in order to
increase the S/N of precursor and product ions, as high-resolution and good quality
spectra are needed to determine their monoisotopic masses. This results in long duty

cycles, reduced ion sampling rates and reduced number of proteoforms identified.
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Nevertheless, considering the higher speed rates and fragmentation efficiencies
provided by the state-of-the-art orbitrap Fusion Lumos,*® the use of fewer microscans
was evaluated. A fixed duty cycle of 10s and DE of 60s for precursor ions that were
selected once in a 30s window were set, and precursor and product ions acquired
averaging 2 and 5 microscans. A 2.5-fold increase in the number of MS/MS acquired
was observed when 2 microscans were averaged (7-8 MS/MS) compared to 5
microscans (2-3 MS/MS). Additionally, an increase in the number of spectral counts
was also observed for most proteoforms (see Figure 3.1). In this study, spectral
counting will be ultimately applied to perform relative quantitation of the MDSC-
derived exosome protein cargo under two inflammation conditions. Hence, using DE
set to exclude precursor ions for 60s after been selected once and the averaging of 2

microscans will provide the highest number of proteoform identifications.

3.3.2. Exploring spectral counting applicability to top-down proteomics

The evaluation of spectral counting for relative quantitation of proteoforms was
performed using standard proteins spiked into a complex sample at various amounts
and, comparing its performance with currently used label-free quantitation approaches:
normalized peak intensities and normalized peak areas. This process entailed: (1)
determining the relationship between the spiked amount and signal measured; (2)
exploring the capabilities of each approach for detecting differential abundances; and
(3) determining the accuracy of each approach to estimate protein ratios. For this
purpose, 8 aliquots of an exosome lysate were spiked with varied amounts of standard

proteins (see Table 3.1), and analyzed in triplicates by LC-MS/MS. Proteoforms were
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identified in ProSightPD by searching against a modified Uniprot mouse protein
sequence database which included the protein sequences of the three standard proteins
spiked. Spectral counts were obtained by manually counting those PrSM that passed
the identification criteria stated in the “Materials and Methods” section. All acquired
spectra were deconvoluted. EIC peak areas and intensities were manually estimated
and normalized by TIC maximum area/intensity, usually showing relative standard

deviations < 25%.

Depending on the approach under evaluation, the signal measured (spectral
counts, normalized peak areas or normalized peak intensities) was plotted against the
standard protein amounts added to the sample. Figure 3.2a-c shows that irrespective of
the signal measured, a positive linear relationship was observed for the three standard
proteins spiked, with increasing measured signal as the amount spiked increases.
Additionally, even though all three approaches fit a linear model (R? ranging from 0.66
to 0.90), normalized peak intensities presented the highest R? for all 3 standard proteins

(Figure 3.2b).

The ability of each quantitation approach to detect statistically significant
differences in abundance was explored using spiked samples analyzed in triplicates.
Expected protein ratios were calculated for each standard protein as the ratio of pairs
of known spiked amounts and the statistical significance of the differential abundances
determined (see Figure 3.3a-c). The number of false positives and false negatives were

also estimated. In this study, a false negative (FN) is defined as the case where a

52



difference in abundance goes undetected (adjusted p-value > 0.05), even though the

known protein ratio is > 2 (highlighted in light red in Figure 3.3). Conversely, a false

positive (FP) is defined as the case where difference in abundance is detected (adjusted

p-value < 0.05), but the known protein ratio is < 2 (highlighted in light blue in Figure

3.3).
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Figure 3.2. Relationship observed between (a) normalized area, (b) normalized intensity, (c)
spectral counts, and the amount of standard protein spiked into the exosome lysate.!®
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In the case of spectral counts, differences in abundance were deemed significant
if the Fisher’s Exact test p-value, adjusted for multiple testing by Benjamini-Hochberg,
was <0.05. As shown in Figure 3.3a, differences in abundance were often detected for
RNase and TNF-a for known protein ratios > 2 and, CAH for protein ratios > 3. The
percentage of FN observed for TNF- o, RNase and CAH were 18%, 27% and 63%,
respectively. Additionally, FP were only observed for TNF- o for known protein ratios
< 2. As stated above, it is expected that larger proteins, such as CAH, will produce only
a moderate number of counts. When determining the significance of differences in
abundance, statistical tests such as Fisher’s Exact and XZ tests, which consider the
number of counts observed as independent observations, tend to overestimate
significance. Nevertheless, the overestimation did not seem to greatly affect marginal

p-values, as supported by the few FP observed.

In the case of normalized peak intensities and areas, the statistical significance
of differences in abundance was estimated using a Student’s t-test with Benjamini-
Hochberg correction. Figure 3.3b shows a large proportion of FN observed when using
normalized peak intensities, with 50%, 33% and 36% FNs for TNF- a, RNase and
CAH, respectively. Additionally, no FP were observed for this approach. Normalized
peak areas performed similarly to spectral counting, as the percentage of FNs observed
were 13%, 31% and 72% for TNF- o, RNase and CAH, respectively (see Figure 3.3c).
However, a FP was found for both TNF-a and RNase. Hence, in this study spectral
counting showed comparable or higher sensitivity than normalized peak areas and

intensities. This observation was unexpected as quantitation using peak areas or
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intensities is generally consider to be robust. Increasing the number of replicates could

help reduce the variability observed and provide better sensitivity.
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Figure 3.3. Volcano plots (-logio(p-value) vs. expected protein ratio) showing the ability of (a)
spectral counting, (b) normalized peak intensities, and (c) normalized peak areas to detect
differences in abundance. The horizontal dashed line represents the adjusted p-value threshold
of 0.05 (-logio(p-value) > 1.3). Differences in abundance of two-fold are marked by dotted
vertical lines. An re-scaled plot was added for spectral counting in order to be easily compared
to the other techniques. In this study, false positives (highlighted in light blue) are defined as
cases with known spiked protein ratios < 2 (logz(Ratio) between -1 and 1), with adjusted p-
values below 0.05 (-logio(p-value) > 1.3). False negatives (highlighted in light red) are cases
with known spiked protein ratios > 2 (log2(Ratio) < -1 and log.(Ratio) > 1) and adjusted p-
values above 0.05 (-logio(p-value) < 1.3).118
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Protein ratios were estimated for the three approaches evaluated and plotted
against the expected known protein ratios after performing a log. transformation
(Figure 3.4a-c; additional plots without log. transformation are provided in Appendix
3.1). A linear relationship was observed (R?> 0.5) in all cases, except for protein ratios
estimated for RNase by spectral counting, which presented a weak correlation (R? =
0.34, Figure 3.4a). The moderate R? values observed are expected due to the variability
observed at low spiking levels. This observation is even more noteworthy for spectral
counting, because as the amount of standard protein spiked into the complex sample
decreases, co-eluting proteins become more prominent reducing the likelihood of
identifying the spiked protein. The ability of each approach to estimate protein ratios
was evaluated based on the linear regression slopes observed, where a slope equal to 1
represents an accurate estimate. Normalized peak areas and peak intensities, provided
more accurate estimates, as supported by the observed correlation slopes ranging from
1.00 to 1.43 (Figure 3.4b-c). In the case of spectral counting, protein ratio estimates
obtained were less accurate, ranging from 0.68 — 1.40, but still followed the expected

trend. Spectral counting can therefore be used to estimate protein ratios.
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3.3.3. Spectral counting applied to the immunosuppressive exosome protein
cargo

The next step in this study was to apply all three previously evaluated
approaches to quantitatively study the proteoform cargo of exosomes shed by myeloid-
derived suppressor cells (MDSCs) collected from tumor-bearing mice with heightened
and conventional inflammation. For each condition, 4 biological replicates were

analyzed in triplicate as stated in the “Materials and Methods” section. Protein
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identifications and spectral counts were based on the combined search results for each
inflammation condition. A total of 20 distinct proteins were identified. Fourteen distinct
proteins with a total of 52 proteoforms were found in conventional exosomes, and 20
distinct proteins with a total of 70 proteoforms were found in inflammatory exosomes.
A total ion chromatogram showing protein fractionation can be found in Figure 3.5.
The present study identified fewer proteoforms when compared to our previous
interrogation of the exosomal protein cargo under heightened inflammation conditions,
where more than 200 proteoforms of the core histones and S100 family proteins were
identified.1® This observation is not surprising as the earlier study had included
fractionation on a GELFrEE apparatus. Nevertheless, it is relevant to note that in the
present work, an additional 12 distinct proteins corresponding to 29 proteoforms were
identified (e.g. Figure 3.6a-d,h). Additionally, extensive fragmentation within the N-
tail of histone H4 (P62906) allowed confirmation of proteoforms previously reported®
(e.g. Figure 3.6e,9) and characterization of additional proteoforms (e.g. Figure 3.6f).
Using the orbitrap Fusion Lumos, proteoform characterization was often
straightforward due to faster acquisition speeds and availability of both CID and
EThcD fragmentation. Depending on the proteoform, residue cleavage ranged from 13
to 97% based on the combined spectra of one precursor ion fragmented by both EThcD
and CID (see Appendix 3.2). The complete list of proteoform identifications including
putative PTMs is shown in Appendix 3.2, and a selection of sixteen fully characterized
proteoforms are shown in Figure 3.6. Several proteoforms of the biologically active
pro-inflammatory mediators S100A8 and S100A9 were also identified. Characterizing

their proteoforms is relevant as these proteins are chemotactic for MDSC and are
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present in high abundance in MDSC and their exosomes.>821% However, to the best of
our knowledge, there is currently no information linking one or more distinct
proteoforms to their chemotactic activity or linking increased inflammation to changes

in the relative abundances of individual proteoforms.
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Figure 3.5. Total ion chromatogram of an exosome lysate showing the separation of distinct
proteins in a monolith RP-4H column.

The total number of spectral counts was estimated for each inflammation
condition and compared to evaluate possible differences in sampling depth.
Inflammatory exosomes presented a higher total number of counts (6434 PrSMs) when
compared to conventional exosomes (2131 PrSMs), even though the same amount of
lysate was injected. Normalization was therefore needed to correct for the bias
observed. Assuming that systematic bias is not the major reason for the differences
observed and that most of the proteoforms identified show no differences in abundance,

a global median normalization can be performed. This normalization approach re-
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scales the number of spectral counts measured for the inflammatory samples in order
to obtain an overall median protein ratio of one (logz(Ratio)=0), expecting the protein
ratios measured to be symmetrically distributed around one.1%-13 Nevertheless, there
are inevitable systematic biases intrinsic to LC-MS/MS analysis. As discussed
previously, discovery proteomic analysis uses data-dependent spectra acquisition,
which by definition gives preference to abundant precursor ions. Additionally, lack of
reproducibility in the chromatography can severely affect quantitation. The bias
observed in sampling depth was also observed for normalized peak areas and peak
intensities, thus the same correction was performed separately for each approach

(Figure 3.7).

Relative quantitation was performed on the 22 proteoforms that were present in
at least two biological replicates for each condition. In the case of spectral counting,
differences in abundance were evaluated using the count-based Fisher’s Exact test, >
test and sample-label permutation test. In each case, p-values were adjusted for multiple
test correction by Benjamini-Hochberg. As stated in the previous section, the count-
based Fisher’s Exact test and y? test tend to overestimate significance. Since we
analyzed a sufficiently large number of data files (12 data files per condition), a sample-
label permutation test was applied in order to obtain empirical p-values and confirm
the results provided by the Fisher’s Exact test. When comparing the p-values of the
proteoforms with differences in abundance obtained for the Fisher’s Exact test and the

sample-label permutation test (see Table 3.3) the latter proved more conservative.
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(h) Hemoglobin subunit alpha {15,078 Da)
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(i) Non-histone chromosomal protein HMG-17 (9,286 Da)
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(j) S100A6 (10,074 Da)
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(k) S100A8 (10,157 Da)
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(1) S100A8 (10,173 Da)
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(m) 5100A8 (10,189 Da)
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THLALLTVIKINID] FIKIKIMLVLT] TTEl clPlQLFLVIQINLIINLE
1EIN LLFIRIETLIPLIINLS IDINLALTINLE LELELF L ATM v 1
1klviGlv1alslHikIplsTHIKT E

(n) S100A8 (10,205 Da)

P s ELIEKIAL SN LITIPIVIYIHIN YIsINT T QlGINIH
THIATLTY1KINIDT FIK] KMy TTT E1C1P @ FlvlQINLIINLI
1eINTL F RIETLLDLIINLS (DINLATIINLF LE LELFLL AlMLVLE
Ik viglv|a slHIkID sHKE

(0) 5100A8 (10,221 Da)
plsle L ElKLA L s|N L11IDIVIYIHIN ¥ SIN 1 QLGINIH
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Iklvlslvlals|Hlk D sTHIK]E

(p) S100A9 (12,963 Da)

B alnlk A p slQIm EIRLs 11717 1 11D1TIFIH QlYls]RrIK
1e161H P1D]TIL]S1KIKLE] FIRIQIMIVIELALQ L Al TLFIMIK
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Figure 3.6. Annotated sequences of a selection of 16 proteoforms found in the exosome lysates.
Proteoform name, accession number and observed mass are shown in each case. Putative PTM
assigned are color-coded. Full characterization was possible due to the elevated fragmentation
density observed. Fragment ions obtained by CID (b- and y- ions) are shown in blue and ETD
(c- and z- ions) are represented in red.
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Figure 3.7. Effect of normalization in the distribution of logx(protein ratios). Uncorrected and
corrected logz(protein ratios) are shown as estimated by normalized peak intensities (red),
normalized peak areas (green) and spectral counts (bluge).8

Based on the sample-label permutation test, changes in abundance of only six
proteoforms were significant, and these results often agreed with normalized peak areas
and peak intensities that were found significant by Mann-Whitney tests after
Benjamini-Hochberg correction. Hence, the results obtained with the sample-label
permutation test were used for further discussions. Additionally, as shown in Figure
3.8a,b there is good agreement between protein ratios estimated by normalized peak
intensities or normalized peak areas and spectral counting. However, spectral counting
provides a slightly higher number of proteoforms with significant differences in

abundance (Figure 3.8c-¢e).
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Figure 3.8. Comparison of log(ratios) found for the 22 quantified proteoforms in the exosome
samples estimated using (a) peak intensities and (b) peak areas vs. those obtained by spectral
counting. Proteoforms that showed statistically significant differences in abundance by (c)
spectral counting, (d) peak areas and (e) peak intensities are marked in red. The horizontal
dashed line in plots (c-e) represents the adjusted p-value threshold of 0.05 (-logio(p-value) >
1.3). Differences in abundance of two-fold are marked in plot (c-e) by dotted vertical lines.*!8
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Table 3.3. Summary of protein ratios and statistical significance for the 22 proteoforms present
in at least two biological replicates estimated by spectral counting, normalized peak areas and
normalized peak intensities. The six proteoforms with statistically significant differences in
abundance based on spectral counting and sample-label permutation test FDR are shown in
bold italics.!*

Spectral counting Peak Areas Peak Intensities
logz Fisher’s  Perm. Chi- logz Mann- " Mann-
ggssse%es Ratio Exact Sample  square Ratio | Whitney (I:)r?tzeﬁ;ilo) Whitney
(Counts)  FDR FDR FDR | (Area) FDR y FDR
Q9CPWS5: Actin related protein complex 2/3 subunit 5
16308.28 -1.6 1.4x108  1.2x10! 6.2x10°8 -2.6 1.6x101 -2.0 4.0x1072
P62204: Calmodulin
16779.85 -1.6 1.1x10% 2.3x101  1.2x10* -2.5 1.9x101 -1.2 7.3x101
16795.82 -1.6 5.4x10% 1.2x10! 5.6x10* -2.3 7.1x101 -15 7.3x101
P22752: Histone H2A type 1
12354.95 12 7.1x10°  1.4x10t 5.6x10° 13 1.2x101 14 7.5x1072
P01942: Hemoglobin subunit alpha
15063.71 -0.6 1.9x10?  6.3x10?  1.3x10* -1.6 3.9x101 -1.0 4.9x101
15077.81 -0.6 2.7x101  6.3x10t  2.0x10? -1.7 3.5x101 -0.9 5.0x101
P09602: Non-histone chromosomal protein HMG-17
928602 | 01  92x100 68x107 68x107 | 00 21x102 | 04 4.7x102
P14069: Protein S100-A6
1007427 | 07  13x107 28x107 95x102 | 00  31x102 | 03 3.1x102
P31725: Protein S100-A9
12963.26 | 2.4 3.0x10*2  7.5x10° 6.5x10 | 4.6 5.8x10* | 3.8 2.9x102
P27005: Protein S100-A8
10101.98 0.3 8.7x101  3.4x10! 5.9x10? 0.5 1.5x102 1.0 2.6x102
10140.03 2.8 4.8x10°  1.9x10*  7.4x10° 3.0 5.1x10° 2.0 2.5x1072
10157.05 0.3 1.3x10%°  9.2x10?  4.4x10® 0.6 2.2x10° 0.0 2.5x102
10172.99 -1.2 2.8x10° 35x102% 4.1x10° -0.2 1.5x1072 11 2.6x1072
10179.05 0.1 9.7x10!  8.8x10! 7.7x10% 0.2 8.0x10° 0.6 2.9x10%2
10189.07 -2.6 9.9x10° 35x102 7.2x10° -14 4.7x101 -04 6.8x101
10205.02 -3.5 3.5x107  1.3x102% 2.6x10° -2.1 7.2x101 -0.6 7.5x101
10212.54 -0.8 4.9x10t  5.1x10%  3.1x10? -0.7 9.6x101 1.8 6.6x101
10221.02 -2.4 8.0x10?  1.3x10? 7.6x101 -2.7 7.1x101 -2.2 7.3x101
10276.01 -04 5.1x101  4.1x107t  3.6x10? 0.0 5.2x1072 14 4.0x1072
10288.07 -0.2 4.1x10  5.1x10%  3.6x10% 14 5.8x10* 0.2 2.5%x1072
10304.04 -1.3 2.3x10*  6.3x102  2.5x10* 0.3 9.6x1078 -04 2.4x101
10340.04 0.0 9.7x101  9.4x10t  9.8x10! 0.3 5.8x10 0.4 2.5x1072
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The six proteoforms showing statistically significant differences in abundance
by spectral counting all belong to the chemotactic S100A8 (five proteoforms) and

S100A9 (one proteoform) proteins.

In the case of S100A8, four proteoforms were found in greater abundance (2.6
— 6 fold) in conventional exosomes, and one proteoform in greater abundance (7-fold)
in inflammatory exosomes. The S100A8 (P27005) proteoforms found in greater
abundance in conventional exosomes were characterized by the loss of Met1 and varied
degrees of oxidation. The high fragmentation density (74 — 90 % residue cleavage)
obtained allowed the determination of the oxidation site(s). The cysteine in position 42
was oxidized to sulfenic acid (Figure 3.6l). sulfinic acid (Figure 3.6m) and sulfonic
acid (Figure 3.6n) for S100A8 proteoforms corresponding to the observed masses
10,173 Da, 10,189 Da and 10,205 Da, respectively. Additionally, the S100A8
proteoform with an observed mass of 10,221 Da, could be explained by the loss of
Metl, oxidation of Cys42 to sulfonic acid and oxidation of Met37 (Figure 3.60).
Oxidizable forms of SI00A8 have been previously identified in vivo in neutrophils,**°
and have been proposed to play a protective role against reactive oxygen species
produced during inflammation.}4%14! Unfortunately, we were not able to fully
characterize the S100A8 proteoform (P27005; 10,140 Da) that was found in greater
abundance in inflammatory conditions, as the product ion spectrum was a mixture of
fragments from the co-isolated precursor ions corresponding to the S100A8

proteoforms 10,140 Da and 10,157 Da.
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In the case of S100A9, one proteoform (P31725; 12,963 Da) was found in
greater abundance (6-fold) in inflammatory exosomes. Proteoform characterization
was straightforward as good fragmentation density (60% residue cleavage) was
observed. This proteoform was formed by the loss of Metl, acetylation of Ala2,
methylation of His107, and the formation of a disulfide bond between Cys91 and
Cys111 (Figure 3.6p). A partial characterization of this SI00A9 proteoform has been

reported previously by Raftery et al.142

Only one of the S100A8 proteoforms (P27005; 10,173 Da) found to be in
greater abundance in conventional exosomes was also found to be significant by
normalized peak areas and peak intensities. Conversely, spectral counting, normalized
peak areas and peak intensities strongly agreed for those proteoforms found in greater

abundance in inflammatory exosomes.
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3.4. Summary

A thorough evaluation based on spiking experiments and a robust statistical
analysis, allowed the comparison of spectral counting with the most commonly used
top-down label-free quantitation approaches: normalized chromatographic peak areas
and intensities. This study provided proof of concept that spectral counting is applicable
to top-down proteomics workflows, and more importantly, that spectral counting has
comparable or better sensitivity than the often used chromatographic approaches.
Additionally, we demonstrated that spectral counting provides fair estimates of
proteoform ratios. The simplicity associated with performing spectral counting,
compared to the tedious integration of peak intensities or peak areas, renders it a helpful
screening tool that can be applied to large data sets in order to define putative
differentially abundant proteoforms. These proteoforms could be later targeted or
labeled in order to obtain a more accurate fold change, if necessary.

This study represents the first relative quantitation analysis of MDSC-derived
exosomal proteins at the proteoform level. We observed that a set of potentially active
proteoforms of S100A8 and S100A9 showed differences in abundance depending on

the tumor microenvironment inflammation condition.
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Chapter 4: Expression profiling of the miRNA, mRNA and
protein cargo of myeloid derived suppressor cells and their
exosomes.

This work was carried out in collaboration with Dr. Ashton Belew (A.B,) who
performed the sample preparation for RNA cargo analysis and the next generation
sequencing. Data processing and functional annotations of the RNA cargo was
performed by A.B. and Lucia Geis Asteggiante (L.G.A). Sample preparation for shot-
gun proteomics, LC-MS/MS analysis and final integrated data analysis was performed
by L.G.A.

4.1. Introduction

MicroRNAs are non-coding RNAs composed of 18 to 25 nucleotides that
negatively regulate mMRNA expression by repressing translation or inducing mRNA
degradation.'#3144 These small RNAs exert their repressing function by binding to the
3’-untranslated region (3’-UTR) or open reading frame (ORF) of the target
MRNAs.1%314 Many studies have shown that exosomes carry mRNA and miRNA,
which can be transferred to surrounding and distant cells.1*>1% Some of these studies
also report that the RNA cargo carried by exosomes is quantitatively different than that
of their parental (donor) cells, suggesting a somewhat selective loading. Several sorting
pathways have been proposed for loading miRNA into exosomes, though the detailed
mechanisms involved have not yet been definded.’®*'5? The emerging research on
exosomal miRNA profiles comparing healthy and disease donors, combined with the
observed stability of miRNAs in bodily fluids, has motivated their potential use as
surrogate biomarkers.*'% Regarding miRNA functions in exosomes, aside from the
traditional role of repressing mRNA expression when delivered into a receiver cell, it

has been demonstrated that miR-21 and miR-29a, carried in exosomes shed by HEK-
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293 cells, bind and activate the toll-like receptors TLR-8 (human) and TLR-7 (murine)

causing a pro-inflammatory response.*>#1>

As stated previously, exosomes are also known to contain protein-coding
mRNAs that can also be transferred into receiver cells.146:147:150.1% The integrity of these
MRNASs is relevant as they could be delivered and translated, if the translational
machinery is available, modifying the receiver cell. Several studies on varied cellular
types have shown that the transferred mRNA is functional and proteins are produced
in the receiver cell 147156158 Nevertheless, in complex biological settings such as the
tumor microenvironment, it is challenging to determine in vivo the identity of the
receiver cell(s) and if there is any selectivity in the delivery. Interestingly, Ekstrom et
al. used the information provided by pathway analysis of the mRNAs contained in
higher abundance in exosomes shed from human mast cells to propose and demonstrate

that CD34" progenitor cells are putative receiver cells.}4’

Myeloid-derived suppressor cells (MDSCs) are immature myeloid cells known
to accumulate in the tumor microenvironment, where they suppress both adaptive and
innate immunity.’® In the presence of inflammation, MDSC abundance in the tumor
microenvironment increases and their suppression activity becomes more aggressive,
facilitating tumor progression.* Their ability to suppress the tumor immune response
has been shown to be mediated by the release of exosomes (25 to 30 nm in diameter)
into the tumor microenvironment.® Our recent research has focused on interrogating

the protein cargo of MDSC-derived exosomes from mammary carcinoma tumor-
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bearing mice shed under different inflammatory conditions, in order to identify and
quantify putative biologically active proteins.>**1% However, to the best of our
knowledge, the miRNA and mRNA cargo of MDSC-derived exosomes has not yet been

interrogated.

The aim of this study was to identify and quantify the protein, mRNA and
mIiRNA contents of MDSCs and MDSC-derived exosomes shed under conventional
and heightened inflammation conditions. This work entailed the analysis of several
biological replicates of matched parental cells and released exosomes to determine the
protein contents by shotgun proteomics and RNA cargo by next generation sequencing
(see Figure 4.1). This analysis provided information about signaling pathways in

receiver cells that may be affected by the differential exosome cargo profiles.

Biological
replicates
Cancer cells np =5 mRNA Differential Functional
MDSC === najl"é3 = wwae % expression =% analysis
»
Neony = 2 mMiRNA Differential Target Functional
g w == |expression "=+ prediction == " o\ysis
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*, . -
\ — Proteins Peptide Spectral Functional
Exosomes = pectral unctiona
Conventional: 4T1 cells o g:ﬁ;”i 33 o _' IDs  countng ~  analysis

Inflammatory: 4T1/IL-1p cells

Figure 4.1. Scheme of the 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, mMRNA and miRNA content. The number of biological replicates per condition is
shown.

4.2. Materials and methods

4.2.1. MDSC and MDSC-derived 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-
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1B (4T1/1L-1P), as previously reported.>#* MDSCs were harvested from blood of 1 to
3 mice and MDSC populations confirmed to be > 90% Gr1* CD11b" by flow cytometry
(1x107- 4x108 cells) were used for further analyses. An aliquot equivalent to 1x108-
4x10" isolated MDSCs was stored in 1mL of (90:10) fetal calf serum - dimethyl
sulfoxide (FCS:DMSO) for both RNA and protein cargo analyses. The reminder of the
isolated MDSCs (9%x10°- 3.6x108 cells) were incubated for 16 h in serum-free media at
37°C and 5% CO,. Exosome shed during incubation were isolated by
ultracentrifugation and characterized by centrifugation on 0.25M to 2M sucrose
gradient and by transmission electron microscopy as previously reported by Burke et
al.® RNAlater from Life Technologies (Carlsbad, CA) was added to all the samples
collected for RNA analyses.

In this study, MDSC and MDSC-derived exosomes from 4T1 and 4T1/IL-13
tumor-bearing mice are termed “conventional” and “inflammatory”, respectively. All
animal experiments were approved by UMBC and UMCP Institutional Animal Care

and Use Committees.

4.2.2. RNA Isolation

Total RNA was isolated using the mirVana miRNA Isolation Kit from Life
Technologies (Carlsbad, CA) following manufacturer’s instructions with
modifications. Briefly, MDSC and MDSC-derived exosomes were lysed using the kit
lysis buffer containing detergent, to which phenol/chloroform, and guanidinium
isothiocyanate were added. One or two additional phenol extraction steps were

necessary to remove excess lipids. Lysates were then cleaned up using glass-fiber filter
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columns that immobilize RNA. Large RNA species (>100nt) were isolated by
precipitation in 33% ethanol, and small RNAs (>10nt) by precipitation in 80% ethanol.
The small RNA fraction collected was subsequently visualized using a 10% denaturing
polyacrylamide gel and Tris/Borate/EDTA (TBE) running buffer. Two biological
replicates of large and small RNAs species were analyzed for conventional MDSCs
and MDSC-derived exosomes. In the case of inflammatory MDSCs and MDSC-
derived exosomes, three and five biological replicates were analyzed for large and

small RNAs species, respectively.

4.2.3. Creation of cDNA libraries and sequencing

MicroRNA cDNA libraries were created using the TruSeq Small RNA Library
Preparation Kit from I[llumina (San Diego, CA) following manufacturer’s instructions.
Transcripts (MRNA) cDNA libraries were created using the TruSeq RNA Library
Preparation Kit version 2 from Illumina. Manufacturer’s instructions were followed for
MDSCs and exosomes, with the exception that the initial amounts of exosomal RNA
had to be adjusted in order to compensate for the lack of ribosomal RNA and ensure
equivalent amounts across samples. The quality of MDSCs’ large RNAs species and
concentration of all RNA libraries was evaluated using a 2100 Bioanalyzer from
Agilent Technologies (Santa Clara, CA). Libraries were sequenced using a HiSeq1500

sequencer from Illumina.
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4.2.4. Processing next-generation sequencing data

The quality of the reads obtained was evaluated using FastQC*® and biopieces
(biopieces.org). Large RNA adapter sequences were removed using Trimmomatic*®°
and, small RNA adapters using Cutadapt.’®! Libraries were mapped against the
Ensembl Mus musculus genome with annotations (version GRCm38.75/mm10, Dec
2015) using Bowtie'®? and TopHat;'® and the Mus musculus pre-computed Ensembl
transcriptome database (version GRCm38.79/mm10, Dec 2015) using Kallisto.'®*
Alignments were performed limiting seed sequences to 10 nt for Bowtie and 20 nt for
TopHat, requiring the absence of mismatched seeds and assigning multi-matched reads
to one locus. In the case of Kallisto, 19 nt indexes were used for small RNAs and 31
indexes for large RNAs. In all cases, alignments were sorted using SAMtools.®® For
Bowtie and TopHat, aligned reads were counted for each gene using HTSeq.*®® The

sorted alignments were mapped against the Mus musculus immature miRNA database

(http://www.mirbase.org, version 21).16".168

4.2.5. 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. Even though miRNA of the MDSC recovered after shedding exosomes
was not evaluated in this study, it was still considered for hierarchical clustering as its

replicates provided variance for batch effect estimation. Several normalization
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approaches were evaluated including quantile,'®® trimmed mean of M-values,*”
relative log expression,”* upper quartile!’? and variance stabilized data.1” 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. 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 such as
surrogate variable analysis (SVA) and ComBat (Combating Batch Effects When
Combining Batches of Gene Expression Microarray Data),'’* remove unwanted

variation'’® and batch factor removal via residuals.

4.2.6. 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),’® empirical analysis of digital gene expression data in R
(edgeR)'"* and differential gene expression analysis based on the negative binomial
distribution (DEseq).”® The Benjamini-Hochberg method was used to adjust p-values
for multiple testing. Since the biological replicates were analyzed at two time points
with several months in between, data was initially treated separately. As both data sets
showed similar trends, the data was combined and the statistical models were adjusted

to include batch. Ultimately, limma was selected for further data analysis, as the results
74



using the combined data showed a good agreement between models. Genes with
differential abundances were defined as those with a fold-change > |2| and adjusted p-

value < 0.05.

4.2.7. miRNA target gene prediction

The miRWalk2.0'77178 database web tool was used to determine targets for the
top 5 miRNA that presented statistically significant differences in abundance (fold-
change >|2|, adjusted p-value < 0.05). miRWalk combines the output of 11 prediction
tools: DIANA,'® PicTar,'®® miRanda,’®! TargetScan,’®? Pita,'®® RNAHybrid,®*
miRDB,® mirBridge,'® miRNAMap,*®” RNA22,'% doRiNA,*® and a validated target
database miRTarBase.'®® Only those target genes with match seed of 8 nt that were
predicted by at least 2 of the tools were considered for Gene Ontology (GO) and/or

KEGG pathway analysis.

4.2.8. Gene ontology and pathway annotations

mMRNA and miRNA target genes that were found to be significantly enriched
(fold-change >|2|, adjusted p-value < 0.05) in our pairwise comparisons were annotated
against GO categories using the R package gProfiler.!®® Gene enrichments were

considered statistically significant for adjusted p-values < 0.05.
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4.2.9. Sample preparation for shotgun proteomic analysis

4.2.9.1. Exosome lysis

Exosomes were prepared following Burke et al.? Briefly, lysis was performed
in 8M urea in 50 mM ammonium bicarbonate buffer with protease inhibitor cocktail
from Sigma-Aldrich (St. Louis, MO). Lysates were buffer exchanged to reach a final
concentration of 8 mM urea, using 3 KDa molecular weight cut-off filters (MWCOF)
from Millipore (Cork, Ireland). The protein content was measured using the Pierce
BCA Protein Assay Kit (Thermo Fisher Scientific, Rockford, IL). Twenty-five
microgram lysate aliquots were: (1) reduced by incubating the sample with 20 mM
DTT for 30 min at 56°C; (2) alkylated by incubating the sample with 40 mM
iodoacetamide for 30 min in the dark at room temperature; and (3) tryptic digested by
incubating the lysates for 16h using Trypsin Gold (Promega Corporation, Madison,
WI1) in a 1:50 ratio between trypsin and sample protein content. Digestion was stopped
by adding formic acid to reach a final concentration of 1%. All digested lysates were
lyophilized and reconstituted in solvent A (97.5:2.5 H,O-acetonitrile in 0.1% formic
acid) prior to LC-MS/MS. Three biological replicates for each condition were analyzed,

performing five technical replicates per sample.

4.2.9.2. MDSC lysis

MDSCs were thoroughly washed by centrifugation at 900 x g for 10 min at 4°C
using 10 mL of cold phosphate buffered saline solution from Sigma-Aldrich. MDSC
pellets were lysed by incubation in 8M urea in 50 mM ammonium bicarbonate buffer

with protease inhibitor cocktail for 30 min at room temperature. In order to ensure that
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cells are completely lysed and the lysate is homogeneous, MDSCs were further lysed
mechanically using a set of syringes with needles of sequentially smaller gauge size
(18, 20, 21.5) obtained from Becton Dickinson & Co. (Franklin Lakes, NJ) and
performing 5-10 strokes each time. Cell debris were removed by centrifugation at
14,000 x g for 10 min, supernatants transferred to 3 KDa MWCOF and buffer
exchanged to reach an 8 mM urea concentration. The protein content of MDSC was
measured using the Pierce BCA Protein Assay Kit. Twenty-five microgram aliquots
were reduced, alkylated and digested as stated previously. Three biological replicates

for each condition were analyzed, each with five technical replicates.

4.2.10. 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, 5um particle size, 100A) and C18 Acclaim PepMap RSLC
column (0.075 x 250 mm, 2um particle size, 100A), both obtained from Thermo Fisher
Scientific. Samples were loaded into the trap, desalted and concentrated using Solvent
A at a flow rate of 5 pl/min for 10 min, and then eluted from the trap and further
separated in the analytical column by linearly increasing Solvent B (acetonitrile-H20,
(75:25) in 0.1% formic acid) from 5 to 55%, during the span of 150 min under a flow

rate of 0.3 uL/min.
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Precursor ion mass resolution of 120,000 (at m/z 200) and product ion unit mass
resolution were used. lons were collected based on a target automatic gain control of
4x10° and 4x102 for precursor and product ions, respectively. The maximum injection
times for precursor and product ions were set to 50ms and 100ms, respectively. Data
dependent acquisition was carried out in a fixed 3s duty cycle, in which the top n most
abundant precursor ions (intensity > 1x10%) carrying charges from +2 to +7 were
isolated by the quadrupole within a 1.6 m/z isolation window. Dynamic exclusion (DE)
was set to exclude precursor ions for 60s after being selected once in 30s. The isolated
precursor ions were fragmented using CID with helium set to 35% normalized collision

energy.

4.2.11. Protein identification and relative quantitation

This study entailed the analysis of four sample types: conventional MDSCs,
inflammatory MDSCs, conventional exosomes and inflammatory exosomes. Three
biological replicates per sample type were analyzed by LC-MS/MS with five technical
replicates per biological replicate. A total of 60 data files were searched against the
Uniprot Mus musculus reference protein sequence database including isoforms
(January 2015) using three search engines (MSGF+, X!Tandem and OMSSA) in
PepArML.>® Search parameters allowed for up to 1 missed cleavage and, a precursor
(monoisotopic or first 1*C peak) and product ion mass tolerance of 0.05 and 0.5 Da,
respectively. 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
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variable modifications. Spectral FDR were estimated in PepArML following Elias and
Gygi.* Identified peptides were filtered by spectral FDR < 0.31% and a two-unshared
peptide global parsimony applied. The resulting protein FDR was of at most 1%, as

estimated using MAYU.>

Label-free relative quantitation was performed by spectral counting. An in-
house software was used to provide the number of peptide spectrum matches (PSM) or
spectral counts for each inferred protein based on PepArML search results, after
spectral FDR filtering. Differences in abundance between conditions were estimated
following Old et al. using Eq. (6).%" Ratios from spectral counts (Rsc) were estimated
for each identified protein and statistically significant differences in abundance were
determined using the Fisher’s Exact test with Benjamini-Hochberg adjustment for
multiple testing.® Three comparisons were carried out: (1) inflammatory exosomes vs.
conventional exosomes; (2) inflammatory MDSC vs. conventional MDSC; and (3)
MDSC vs. exosomes irrespective of inflammation condition. Depending on the
comparison, Rsc >1 means that a protein is present in greater abundance, by more than
2-fold, in the “inflammatory” or “MDSC” samples. On the contrary, Rsc < -1 refers to
an increase in abundance, by more than 2 —fold, in the “conventional” or “exosomes”

samples.
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Rsc = loga((n2+f)/(n1+f)) + loga((ti-n1+f)/(t2-na+f)) Eqg. (6)

where n; and n refers to the number of spectral counts obtained for a protein in sample
1 and 2, t; and t; is the total number of spectral counts observed in each sample and f
is a correction factor of 0.5 added in order to adjust for cases where a protein is not
identified in one of the sample types compared. In this study, the subscript 2 refers to
the “inflammatory” condition when comparing between inflammation conditions, or
“MDSC” when comparing MDSC vs. exosomes. Inversely, subscript 1 refers to
spectral counts of a protein belonging to the “conventional” condition or “exosomes”.

4.2.12. Proteomics gene ontology analysis

Identified proteins were annotated by GO categories using the generic and PIR
(Protein Information Resource, http://pir.georgetown.edu) GO slims, and the Database
for Annotation, Visualization and Integrated Discovery version 6.7 (DAVID).192:1%
Additionally, the Kyoto Encyclopedia of Genes and Genomes (KEGG)'** and
Reactome!® pathway databases were used to determine putative enriched pathways.
Enrichment of GO categories and KEGG pathways were evaluated using all the
identified proteins as background and the Fisher’s Exact test with Benjamini-Hochberg

adjustment for multiple testing.

4.3. Results and discussion

4.3.1. RNA isolation and data quality assessment

The RNA fractions isolated from MDSCs and MDSC-derived exosomes were
visualized and RNA concentrations measured by capillary electrophoresis using the
Bioanalyzer instrument. The characteristic 18S and 28S ribosomal RNA (rRNA) peaks

were observed in the MDSC large RNA fraction as expected (Figure 4.2a), showing no
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apparent RNA degradation during sample preparation. Similarly, good isolation was
shown for the MDSC small RNA fractions (Figure 4.2b). Evidence that MDSC-derived
exosomes carry mRNA and miRNA is shown in Figure 4.2c-d. Ribosomal RNA was
not detectable in MDSC-derived exosomes, which is in agreement with previous small
RNA studies on exosomes shed by mast cells,}*®4" melanoma cells,**® and colon
cancer cells.® Crescitelli et al. reported that rRNA is generally found in apoptotic
bodies, supporting the conclusion that our exosome samples were not contaminated

with dead cells.1%
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Figure 4.2. RNA size distribution observed by capillary electrophoresis for MDSCs (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 x-axis as [nt] for nucleotide length.

The yield of the large and small RNA fractions normalized to the number of
MDSC cells incubated for exosome release was similar for inflammatory and
conventional exosomes. Table 4.1 summarizes the average concentration of small and
large RNA fractions per sample type. Fourteen small RNA libraries and eleven large
RNA libraries were sequenced with good accuracy as reported by FastQC (Appendix
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4.2). The reads obtained, which are sequences of nucleotides from the RNA analyzed,
were mapped against the Ensembl Mus musculus genome. An average of 81,130 and
69,474 reads were mapped to mMRNA in exosomes and MDSC, respectively. In the case
of miRNA, the number of mapped reads were ~2,500 for both MDSC and their
exosomes. The individual reads that could be mapped for miRNA and mRNA samples
are summarized in Figure 4.3a-b. The gene expression distribution for each library was
evaluated by density plots, showing the number of reads (logx(filtered counts per
million reads)) mapped per gene. A similar density profile was observed for miRNA in
both exosomes and MDSC (Figure 4.3c). However, the exosomal mRNA profiles were
different than those of the MDSC mRNA libraries (Figure 4.3d). In the case of
exosomes, fewer genes were detected but with a larger number of hits per gene, for this

reason mRNA libraries were not normalized.

Table 4.1. Average RNA concentrations measured for MDSCs and MDSC-derived exosomes
by inflammation condition. Concentrations are normalized by the number of MDSCs or the
number of MDSCs that were incubated to release the exosomes are also shown.

Samole tvpe RNA Condition Concentration Concentration
pietyp fraction (ng/uL) (ng/uL per 106 cells)

EX0SOMeS Small Conventional 13 0.14
Inflammatory 58 0.13

EX0SOMeS Large Conventional 29 0.33
9 Inflammatory 84 0.28

Conventional 6 0.71

MDSCs Small Inflammatory 43 0.94
Conventional 23 2.65

MDSCs Large Inflammatory 100 3.27

The RNA libraries were classified using PCA, including a surrogate variable
(SVA). Clear clusters were observed, shown in Figure 4.4a-b, based on sample type

(MDSC and exosome) and to a certain degree also by inflammation condition. The two
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first principal components accounted for 67 and 87% of the variance for miRNA and
MRNA analyses, respectively. Additionally, the analyzed libraries were inspected by
plotting heatmaps using the Pearson’s correlation coefficients (Figure 4.4c-d) and
Euclidean distance (Appendix 4.3) as similarity measurements in order to perform
unsupervised grouping of individual libraries. Figure 4.4c-d also show clear differences
in groups based on sample type (MDSC and exosome), and a reasonable segregation

by inflammation condition.
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Figure 4.3. Number of mappable sequence reads for each library of (a) miRNA after quantile
normalization and (b) mRNA without normalization. Density plot showing the number of genes
vs. logz(count per million reads) after low count filtering per gene for (¢c) miRNA after quantile
normalization and (d) mMRNA without normalization.
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Figure 4.4. Principal component analysis plots for (a) miRNA and (b) mRNA. Heatmap of
hierarchical clustering by Pearson’s correlation for (¢) miRNA and (d) mRNA.

4.3.2. mRNA profiles and putative functions

A total of 53,491 mRNA transcript isoforms were identified with two or more
raw read counts in at least one of the samples analyzed. In the case of exosomes, 27,482
and 25,743 mRNA transcripts were identified under inflammatory and conventional
conditions, respectively. In the case of MDSC, 23,685 and 22,981 mRNA transcripts
were identified under inflammatory and conventional conditions, respectively (see

Appendix 4.1).
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For relative quantitation purposes mRNA identifications were filtered to
remove low read count identifications as stated in the “Methods and Materials” section,
reducing the number of total mMRNA transcripts to 40,433 confident identifications.
Subsequently, four quantitation comparisons were performed: (1) MDSC inflammatory
vs. conventional, (2) exosomes inflammatory vs. conventional, (3) exosomes Vvs.
MDSC under conventional inflammation, and (4) exosomes vs. MDSC under
heightened inflammation (see Appendix 4.1). The number of mRNA transcripts found
to be in greater and lower abundance for each comparison is shown in Table 4.2. A
large proportion of the mRNA transcripts found showed statistically significant
differences in abundance, when comparing exosomes to their parental cells irrespective
of their inflammation conditions. However, differences between inflammation
conditions are more subtle, with only 1-6% of the total mRNA transcripts found
presenting statistically significant differences in abundance in exosomes and MDSCs.
For the purpose of this study, we will focus on comparing the exosome mRNA cargo
to that of their parental cells and evaluating the effect of inflammation on the exosome

MRNA cargo.

Table 4.2. Number of mRNA transcript isoforms found to have statistically significant
differences in abundance.

# mRNAs greater  # mRNAs lower

Claim e e in abundance in abundance
Infl. MDSC vs. Conv. MDSC 1,847 2,447
Infl. exosomes vs. Conv. exosomes 339 1,489
Conv. exosomes vs. Conv. MDSC 17,783 7,262
Infl. exosomes vs. Infl. MDSC 18,858 10,457
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4.3.2.1. Comparing the mRNA cargo of exosomes and their parental cells

A large number of mRNA transcripts were found to be in greater abundance in
exosomes when compared to their parental cells. In order to evaluate the putative
functions the enriched cargo can have when delivered and translated into a receiver
cell, GO categories and KEGG pathways were annotated. Many GO biological
processes and KEGG signaling pathways were found to be enriched in exosomes.
Figure 4.5 show the statistically significant (adjusted p-value < 0.05) enriched
categories, including the percentage of functional genes found that belonged to each

category. In most cases similar processes and pathways were enriched independently

of the inflammation condition.

Several of the enriched GO categories were related to intercellular
communication including: “chemotaxis”, “cell-cell signaling”, “cell surface signaling”,
“cell aggregation” and “biological adhesion” (see Figure 4.5). Since these categories
involve surface proteins, we utilized the enriched GO cellular compartment categories
“cell surface” (53% of functional genes, p-value = 8.2x10®), “cell periphery” (48% of
functional genes, p-value = 3.6x107) and “plasma membrane” (47% of functional
genes, p-value = 1.3x10°®) to determine the mRNA transcripts that encode for surface
proteins. A total of 1,804 mRNA transcripts can translate into surface proteins, and 128
out of 1,804 corresponded to integrins and CD proteins, which are interesting proteins
as many are membrane receptors or ligands that could modulate various signaling
pathways on the receiver cell.*® A detailed list of this 128 mRNA transcripts and their

estimated fold-change is shown in Appendix 4.4. The largest difference in abundance
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was observed for DDR2 mRNA encoding for CD167b (Q62371), which was found to
be 1,783-fold more abundant in inflammatory exosomes than their corresponding
parental cells, and only 32-fold higher in conventional samples. CD167b is a tyrosine
kinase receptor expressed in mesenchymal cells that binds collagen I and 111. Elevated
levels of DDR2 mRNA and CD167b have been observed in breast cancer tumors and

are associated with poor prognosis and metastasis.?% 2%

Interestingly, KEGG pathways related to cancer, such as “basal cell
carcinoma”, “proteoglycans in cancer”, “choline metabolism in cancer” and “pathway
in cancer” were enriched in exosomes. Additionally, KEGG pathways and GO
biological processes related to growth, cell proliferation, cell migration and survival®®
were also significantly enriched in exosomes, and VEGF and ErbB signaling pathways
related to angiogenesis®® and chemotaxis®® were observed to be statistically
significant under inflammatory conditions only (see Figure 4.5). Therefore, depending

on the receiver cell, these mRNA transcripts could participate in relevant signaling

pathways affecting tumor progression, invasion and metastasis.

Most of the mRNA transcripts with the largest differences in abundance (>
2000-fold) in exosomes, irrespective of their inflammation condition, encode for
Uniprot TrEMBL predicted proteins. Approximately 10 out of the top 60 mRNA
transcripts encoded for Uniprot SwissProt (manually annotated) proteins, including E3
ubiquitin-protein ligase Midline-1 (O70583) and E3 ubiquitin-protein ligase RNF152

(Q8BG47). Normally in the cell, these proteins transfer the ubiquitin carried by the
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ubiquitin conjugating enzyme (E2) to a substrate protein and are important as it
determines the linkage site.2% The mRNA transcripts of E2 and E1 ubiquitin activating

enzymes were also observed in greater abundance in exosomes.

In the case of the mRNA transcripts encoding for the characteristic pro-
inflammatory proteins S100A8 (P27005) and S100A9 (P31725), exosomes contained
less of these MRNA transcripts than their parental cells, and no significant difference
in abundances were observed between inflammation conditions. However, the mRNA
transcripts encoding for HMGB1 (P63158) were found at similar levels in both

exosomes and MDSC.

4.3.2.2. Comparing the mRNA cargo of exosomes

The number of mRNA transcript isoforms carried by exosomes that showed
differences in abundance when comparing their inflammation condition were markedly
lower with only a few mRNA transcripts encoding for Uniprot TrEMBL predicted
proteins (Table 4.2). The largest fold-change observed in this comparison was ~170-
fold. Even though the number of enriched mMRNA transcripts was lower, the putative
GO biological processes and KEGG pathways that may be affected if these transcripts
are expressed in a receiver cell were very interesting and some differences between

inflammation conditions can be observed (see Table 4.3).
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Figure 4.5. Selected enriched (a) GO biological processes and (b) KEGG pathways for
transcripts detected in greater abundance in exosomes, when compared against their parental
cells, for conventional (blue) and inflammatory (orange) conditions. Categories shown were
statistically significant with adjusted p-value < 0.05.
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In the case of MRNA transcripts found in greater abundance in conventional
exosomes, most of the enriched GO biological processes were related to metabolism,
endocytosis and regulation of gene transcription. Several biological process categories
composed of a small number of genes, were well represented with 60-75% of the
functional genes found in our samples. An example is: “positive regulation of histone
deacetylase activity”, which is a process relevant for gene transcription and could have
varied biological effects.??” Additionally, no KEGG pathway was found to be

significantly enriched.

In the case of mMRNA transcript isoforms found in greater abundance in
inflammatory exosomes, GO biological processes related to regulation of gene
transcription, intercellular communication, and cell differentiation were enriched. In
this case the biological processes “regulation of histone H3-K27 acetylation” and
“oncogene-induced cell senescence”, both related to gene transcription, were found to
be highly represented (67%). Additionally, “blood vessel endothelial cells
differentiation” a process related to angiogenesis and promoted by VEGF was also
found to be enriched under inflammatory conditions.?®® Several KEGG pathways
related to cancer were found to be enriched in inflammatory exosomes, including
“pathways in cancer”, which was previously discussed above to be enriched in

exosomes when compared to their parental cells.
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Table 4.3. Selected enriched GO biological processes and KEGG pathways for mRNA
transcripts that were found to be in greater abundance in (a) conventional exosomes and (b)
inflammatory exosomes, when comparing inflammation conditions.

(a) Greater abundance in conventional exosomes

GO Biological Process % Functional genes Adj. p-value
Adherens junction assembly 16% 3.4x10%?
Developmental process 7% 2.1x10°
Locomotion 8% 1.4x1073
Metabolic process 6% 1.5x103
Negative regulation of gene expression 7% 3.0x107?
Negative regulation of mesenchymal cell proliferation 50% 1.5x1072
Negative regulation of pinocytosis 75% 1.9x1072
Positive regulation of cholesterol homeostasis 60% 4.5x107?
Positive regulation of histone deacetylase activity 60% 4.5x107?
Positive regulation of protein ubiquitination 14% 3.5x107
Positive regulation of translation 14% 4.0x107?
Ras protein signal transduction 10% 3.0x107
Receptor-mediated endocytosis 11% 4.0x107?
Regulation of cell communication 7% 1.0x104
Regulation of cell differentiation 7% 4.0x10?
Regulation of receptor internalization 23% 1.4x107
Regulation of vascular permeability 26% 3.4x107?
Response to inorganic substance 9% 3.1x1072
Ribonucleotide metabolic process 9% 4.8x107?

(b) Greater abundance in inflammatory exosomes

GO Biological Process % Functional genes Adj. p-value
Blood vessel endothelial cell differentiation 33% 3.8x107?
Canonical Wnt signaling pathway 4% 3.4x107
Cell surface receptor signaling pathway 2% 7.7x10°%
Cell-cell signaling 3% 3.1x10°®
Chromatin organization 3% 2.8x107?
Macrophage differentiation 14% 6.8x10°°
Negative regulation of cell differentiation 3% 2.4x10°%
Negative regulation of cell proliferation 3% 3.0x10°®
Negative regulation of growth 4% 2.3x107
Negative regulation of transcription from RNA 30 4.9x10°2

polymerase Il promoter

Oncogene-induced cell senescence 67% 7.8x10°%
Positive regulation of cellular metabolic process 2% 2.4x107
Positive regulation of MAPK cascade 3% 1.1x10?
Positive regulation of protein binding 7% 4.0x102
Positive regulation of transcription, DNA-templated 2% 2.2x107?
Regulation of cell communication 2% 1.9x107
Regulation of cellular response to drug 67% 7.8x10°3
Regulation of developmental process 2% 1.1x10*
Regulation of histone H3-K27 acetylation 67% 7.8x10°3
Regulation of phospholipase activity 9% 3.4x10
Response to calcium ion 6% 8.1x103

KEGG Pathway % Functional genes Adj. p-value
Basal cell carcinoma 11% 1.7x1073
Hippo signaling pathway 6% 3.4x10°
Melanogenesis 6% 4.5x102
Pathways in cancer 3% 3.1x107
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4.3.3. miRNA profiles and putative functions

A total of 1,890 miRNAs were identified with two or more raw read counts in
at least one of the samples analyzed. The median number of miRNA identified in
conventional and inflammatory exosomes were 557 and 426, respectively. In the case
of conventional and inflammatory MDSC, the median number of miRNAs identified
were 721 and 574, respectively (see Appendix 4.1). Seventy-five miRNAs, listed in
Appendix 4.5, were present in all 14 libraries with at least five raw read counts. After
performing low read count filtering, a total of 1,453 miRNAs confident identifications
were used for the four relative quantitation comparisons under analysis. For the purpose
of this study, we will focus on those miRNA that were found in greater abundance in
exosomes and the exosomal miRNAs that have abundance differences between
inflammation conditions. The number of miRNAs found to be in greater or lower
abundance for each comparison is shown in Table 4.4. An important observation is that
43% (~624) of all the miRNAs found were predicted by Ensembl. Predicted miRNAs
as defined by Ensembl (http://useast.ensembl.org/info/genome/genebuild/ncrna.html)
entail the determination of similar regions in the Mus musculus genome using BLAST
(Basic Local Alignment Search Tool) and comparing against miRBase sequences from
all species. Additionally, Ensembl requires that the aligned nucleotide sequence can
form a hairpin structure. Hence, this study offers experimental evidence of the
existence of these miRNA. Additionally, approximately half of these predicted

mMiRNAs were found to be in greater abundance in inflammatory exosomes.
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Table 4.4. Number of miRNA found to have statistically significant differences in abundance.

# miRNAs greater in # miRNAs lower in
" abundance abundance
Comparison (miRBase, Ensembl (miRBase, Ensembl
predicted) predicted)

Infl. MDSC vs. Conv. MDSC 53 (23, 30) 110 (92, 18)
Infl. exosomes vs. Conv. exosomes 41 (13, 28) 59 (50, 9)
Conv. exosomes vs. Conv. MDSC 199 (86, 113) 106 (102, 4)

Infl. exosomes vs. Infl. MDSC 499 (198, 301) 84 (78, 6)

MicroRNAs carried by exosomes could be delivered to MDSCs (autocrine
signaling) or other host cells (paracrine signaling) present in the tumor
microenvironment, where they may perform their repressing activity.#>1492%9 |n order
to better understand the putative biological processes that could be repressed in the
receiver cell, mRNA targets were predicted for the top 5 most enriched miRNAs for
each comparison of interest. Prediction tools propose putative mRNA targets based on
prior knowledge on conserved seed sequences by which a miRNA binds to one or
various mRNA  transcripts  with  different  degrees of  sequence
complementarity.143210211 A major disadvantage of using prediction tools is that based
on the current knowledge on miRNAs and miRNA-mRNA interactions and the fact
that partial complementarity is considered, these tools provide a large number of false

positives (~70%), rendering functional analyses difficult to interpret,?10212

In this study, the miRWalk database was used for target prediction as it
combines the output of 11 different prediction algorithms and a database of validated
targets.1’"1’® In order to be conservative, we required that at least 2 of the predictive
tools must agree on a predicted mRNA target for it to be considered for further analysis.
Nevertheless, in this study the data processing of the small RNA provided a list of

identified immature miRNAs instead of mature miRNAS, not being able to differentiate
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between the -3p and -5p strands. Thus both the -3p and -5p strand were considered
when performing target prediction, albeit only one may be present. This could
exacerbate the number of false positive and false negative mRNA targets predicted as
different strands can have different targets. As an example, miRWalk predicts that miR-
146a-3p and miR-146a-5p have 418 and 532 targets, respectively; but only 18 of those
targets are actually shared. Aiming to compensate for the limited sensitivity and
specificity of predicting mRNA targets, we also based our analysis on thorough
literature search to include the most up-to-date validated targets related to our

biological study model.

The GO biological processes annotated for the predicted mRNA targets of the
top 5 most enriched miRNAs in each comparison is provided in Table 4.5. The GO
categories obtained for the conventional vs. inflammatory exosomes comparison were
similar between conditions, though a few more categories were found to be
significantly enriched under inflammatory conditions. The biological processes
targeted in both conditions included: protein phosphorylation, DNA transcription and
the transport of molecules. Additionally, apoptosis process, cell adhesion and vesicle-
mediated transport were found enriched under inflammatory conditions. In the case of
those top 5 most enriched miRNA in exosomes when compared to their parental cells,
similar GO biological processes were found to be enriched independently of their
inflammation conditions, including again phosphorylation, cell cycle and DNA
transcription. Interestingly, protein ubiquitination and blood vessel remodeling were

found enriched in inflammatory exosomes.
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Table 4.5. GO biological processes annotated for the predicted mMRNA targets of the top 5 most
enriched miRNAs.

% .
Top 3 GO Biological Process Fraction Adj. p-
mMiRNAS value
of genes
Exosomes Infl. vs. Conv. - Greater abundance in Conv.
miR-122 Nervous system development 2.8 3.4x10?
miR-125b-1 Phosphorylation 4.3 3.6x10°3
miR-143 Protein phosphorylation 3.9 3.8x102
miR-9-2 Protein transport 4.0 2.7x10?
miR-10b Regulation of transcription, DNA-templated 13.3 6.0x107
Small GTPase mediated signal transduction 2.0 1.2x107
Transcription, DNA-templated 11.3 3.1x10°®
Transport 10.5 4.0x10?
Exosomes Infl. vs. Conv. - Greater abundance in Infl.
miR-6481 Apoptotic process 3.9 3.5x10°%
MiR-5627 Homophilic cell adhesion via plasma membrane adhesion 15 2 5x107
molecules
miR-7062 Phosphorylation 4.0 3.8x10?
miR-3075 Regulation of transcription, DNA-templated 12.8 2.8x107?
miR-704 Transport 11.2 9.1x10°
Vesicle-mediated transport 1.8 7.1x10°3
Exosomes vs. MDSC (Conv.). - Greater abundance in Exosomes Conv.
miR-467b Brain development 2.0 3.1x107?
miR-3470a Cell cycle 4.4 2.9x1072
miR-6538 Phosphorylation 4.4 3.2x107?
MiR-592 Positive regulation of transcription from RNA polymerase 6.8 7 910
Il promoter
miR-2137 Positive regulation of transcription, DNA-templated 4.7 1.3x10*
Regulation of transcription from RNA polymerase Il 39 2 6x102
promoter
Regulation of transcription, DNA-templated 145 3.3x10°
Transcription, DNA-templated 12.2 8.8x10°
Exosomes vs. MDSC (Infl.). - Greater abundance in Exosomes Infl.
miR-6538 Blood vessel remodeling 0.6 2.8x102
miR-2137 Cell cycle 4.3 4.4x103
miR-467b Multicellular organism development 6.7 4.7x103
miR-146a Phosphorylation 4.6 1.6x10*
MiR-6367 Positive regulation of transcription from RNA polymerase 6.7 4.0x10
Il promoter
Positive regulation of transcription, DNA-templated 4.5 2.4x10°
Protein phosphorylation 4.3 5.1x10*
Protein polyubiquitination 1.2 4.7x10°
Regulation of cell cycle 1.2 2.4x10?
Regulation of transcription from RNA polymerase Il 30 6.6x10°
promoter
Regulation of transcription, DNA-templated 14.5 7.7x10°8
Transcription, DNA-templated 12.6 7.3x10°°
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Many of the miRNAs found have information on validated targets in MDSC
and/or other cells in the tumor microenvironment. A list of selected miRNAs with
previously validated functions is provided in Table 4.6. In general, processes similar to
those seen for the top 5 most enriched miRNAs are targeted, such as DNA transcription,
apoptosis and angiogenesis. Notably, miR-126a, miR-146a, miR-155, miR-690 and
miR-9-2 were found in greater abundance (2.8 to 18.3-fold) in inflammatory exosomes
when compared to their parental cells. Among these miRNAs, mir-146a showed the
highest fold change of 18.3-fold. This miRNA binds to the 3°-UTR of TNF receptor-
associated factor 6 (TRAF6) and IL-1 receptor-associated kinase 1 (IRAK1), both
players in the NF-xB pathway. The repression of these targets by miR-146a negatively
regulates NF-xB activation, imposing a stop to inflammation®'® and, in other cases,

reducing myeloproliferation, thus suppressing the development of malignant tumors.?4

MiR-494, miR-223 and miR-690 are relevant for MDSC suppressive function
in the tumor microenvironment, as they are capable of affecting the cell cycle,
suppressing the differentiation of myeloid cells and increasing MDSC proliferation. In
our study, only miR-690 was found to be in greater abundance in exosomes irrespective
of their inflammation condition.'?®> MiR-17 and miR-20a were not enriched in
exosomes, these miRNAs affect the release of reactive oxygen species, which is an
important mechanism for MDSC suppression of T-cell function.! Hence, their transfer
from exosomes to other MDSCs would not be desirable. A key miRNA found to be

enriched in exosomes is miR-155. If delivered to MDSC, miR-155 is known to cause
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Table 4.6. Selected miRNASs found in this study with previously reported functions related to MDSC and/or the tumor microenvironment, including
their validated targets. Differences in abundance (logz(fold-changes)) are shown and significant results (adjusted p-value < 0.05) are marked in bold.

Exo vs. MDSC  Exo vs. MDSC Exosomes MDSC
. . . Reported (Infl.) (Conv.) Infl. vs. Conv.  Infl. vs. Conv.
MIRNA Putative function targets Logz Adj.p- Logz Adj.p- Logz Adj.p- Logz Adj.p- Ref.
(FC) wvalue (FC) wvalue (FC) wvalue (FC) value
miR-126a Promotes angiogenesis SPRED-1 15 4.1x10% 2.8 1.2x10°% -1.7 27x102 -04 50x10% 8
miR-146a Regulates inflammation TRAFS, 42 50x10° 27 85x102 02 89x107 -13 28x107 oo
IRAK1, STAT1 ' ' ' ' ' : . : 217,218
Promotes MDSC expansion, Treg cell SHIP1, PTEN
miR-155 survival and production of Tn1. SOCS1, MAF 1.8 19x102 1.8 3.2x102 -0.2 7.7x10' -0.2 8.0x101 224
Evades apoptosis PU.1, FADD
miR-17 Reduces MDSC suppressive functions STAT3 -0.3 5.7x10! -1.6 2.3x10%2 1.0 14x10! -0.3 5.7x10t 2%
miR-199a-1  Reduces NF-«B activity and cytokine IKKp 09 36x10' 17 6.6x10% -42 17x10* -33 4.2x10* .
miR-199a-2 production 20 1.1x102 0.2 8.0x10' 05 59x10! -1.2 1.3x10%
miR-20a Reduces MDSC suppressive functions STAT3 -0.7 24x10' -14 75x10% 1.0 2.0x10' 03 54x10t &
miR21a  [romotes MDSCexpansionandtumor  orey oneps 01 7.5x10% -07  18x107 05  33x10% 03 40x10T  ae

angiogenesis. Induces IL-10
Suppress myeloid cell differentiation,
promotes monocyte differentiation
miR-494 Promotes MDSC accumulation PTEN -1.0 1.6x10! 08 4.6x10' -03 7.5x10% 15 7.3x102 @ 2%
Suppress myeloid cell differentiation

miR-223 MEF2C,NFIA 05 2.3x10' -06 25x10' 09 8.2x102 -02 6.0x10t 2%12%2

miR-690 . C/EBPa 20 49x10% 3.2 1.3x10% 0.0 9.7x10' 1.2 1.4x10% 215
and promotes MDSC expansion

miR-9-2 Promotes angiogenesis I:B;ill 2.3 3.0x10% -0.8 4.4x10%' -51 8.2x10° -82 2.1x10°

miR-98 Evades apoptosis Fas, c-Myc 01 9.0x10' 09 25x10% 1.0 1.7x10t 1.9 2.0x10% 23%523%

Note: C/EBPB, CCAAT/enhancer binding protein-p; FADD, Fas-Associated protein with Death Domain; IKKp, Inhibitor of nuclear factor kappa-B kinase
subunit beta.; IRAK, IL-1R-associated kinase; MAF, macrophage-activating factor; MEF2C, myeloid ELF1-like factor 2C; NFIA, nuclear factor I/A; NF-kB,
nuclear factor-kB subunit 1; PDCDA4, programmed cell death 4; PTEN, phosphatase and tensin homologue; RUNXZ, runt-related transcription factor 1;
SPRED-1, Sprouty Related EVH1 Domain Containing 1; STAT, Signal transducer and transcription activator; TRAF6, TNFR-associated factor 6; SHIP1, SH2-
domain-containing inositol-5-phosphatase 1.
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MDSC expansion and production of 1L-10.2%° The increased production of IL-10 by
MDSC has been associated with the polarization of macrophages to a tumor-promoting
phenotype (M2) and the induction of regulator T cells (Treg).1?3” The induction of Treg
is important as they can also suppress tumor immunity.?*® If miR-155 was delivered to
Treg, it has been reported that it targets SOCS-1 increasing cell survival.2382%
Therefore, exosomes carry a selective miRNA cargo that could be important in tumor

microenvironment cell-cell communication if transferred.

4.3.4. Protein profiles and functional analyses

The protein cargo of MDSCs and exosomes shed by MDSCs from tumor-
bearing mice under two inflammation conditions was interrogated and the effect of
inflammation on protein abundance determined, as previously reported.>* The aim of
carrying out these quantitative comparisons is to deepen our knowledge on the identity
and abundance differences of proteins carried by MDSC-derived exosomes and their
parental cells by extending our inventory using the orbitrap Fusion Lumos, a state-of-
the-art mass spectrometer. Additionally, this work includes the first global relative
quantitation between MDSC-exosomes and their parental cells providing novel
information. Three biological replicates per inflammation condition were analyzed by
LC-MS/MS. Five technical replicates per sample were injected in order to achieve in-
depth protein identifications. A total of 60 data files were analyzed in PepArML using
the search engines OMSSA, X!Tandem and MSGF+, as stated in the “Materials and

Methods” section.
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4.3.4.1. MDSC-derived exosome protein cargo

Exosomes shed from MDSC were found to carry 814 (6,030 unshared peptides)
and 1,189 (7,702 unshared peptides) proteins identified with protein FDR of at most
1% for conventional and inflammatory exosomes, respectively. These analyses
amounted to a combined total of 1,249 proteins, with 61% overlap between conditions
(see Figure 4.6). A complete list of proteins identified is provided in Appendix 4.1.
Interestingly, 754 (93%) of the proteins identified in conventional exosomes were also
present in inflammatory exosomes. However, 435 (35%) of the total proteins identified
were found exclusively in inflammatory exosomes. Since the same amount of total
protein was injected per condition, differences in protein identifications can be due to
the actual absence of some proteins in one of the conditions or, more likely due to

differences in protein abundances between conditions.
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Figure 4.6. Characterization of exosomal proteins. (a) Venn diagram comparing the proteins
identified in conventional and inflammatory exosomes, showing a large overlap between
conditions. (b) Differences in abundance are shown by plotting —logio(adj. p-value) vs. protein
ratio from spectral counts (Rsc). Statistically significant results present a —logio(adj. p-value) >
1.3 corresponding to an adjusted p-value < 0.05 (FDR<5%), and are marked by an horizontal
dashed line. Two fold-change in abundance (Rsc between 1 and -1) are marked by dotted
vertical lines.
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Several proteins that are usually regarded as exosome markers were identified
including CD9; heat shock proteins Hsp70 protein-4, Hsp cognate 71KDa, Hsp90a and
Hsp90B; MHC Il 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.8%9192 Additional
proteins observed included annexins (A1-A7 and A11), flotillin-1, and small GTP-ases-
Rab proteins. A suite of integrins, tetraspanins and other surface proteins were also
identified and are listed in Table 4.7. Many of these proteins have been previously
reported to be present in exosomes shed by MDSC,3824 including 5 glycoproteins
that Chauhan et al. identified to be on the surface of exosomes using a chemical method

that selectively enriches for exosome surface N-linked glycoproteins.?4

Out of the 1,249 proteins identified 353 were assigned to the GO category
“nucleic acid binding”, including several histone isoforms. Twenty-four ribosomal
proteins were identified in exosomes, 12 proteins belonging to the 40S subunit and 12
proteins to the 60S subunit of the ribosome. Almost half of them were found in
inflammatory exosomes only. Considering that exosomes do not carry rRNA, as shown
in the previous section, the presence of a whole ribosome is not expected. However,
many proteins related to translation, including 21 eukaryotic translation initiation
factors, 7 elongation factors and 19 aminoacyl-tRNA synthetases were found. In the
cell, the function of aminoacyl-tRNA synthetases is to attach a specific amino acid to
tRNA for mRNA translation. In our case, exosomes were found to contain aminoacyl-

tRNA synthetases for all the 20 amino acid residues except Q in inflammatory

100



exosomes, and Q, M and | in conventional exosomes. Strikingly, proteins that have
been proposed to sort miRNA into extracellular vesicles, such as heterogeneous
ribonucleoproteins (hnRNP) and protein argonaute-2 (AGO-2),1124 were also carried
by exosomes. The role of these proteins could be related to cell-cell communication,
sorting a set of mMiIRNAs into the exosome and stabilizing them for future delivery into
receiver cells, or simply a sorting mechanism to remove unwanted miRNAs from the

cell.

Furthermore, several proteins related to proteolysis were identified. Thirty-four
of the proteins found were part of the proteasome including: 7 a-subunits and 6 -
subunits of the 20S core, immunoproteasome subunits (proteasome subunit beta type-
9, -8 and -10), proteasome regulators (14 proteins of the 19S regulatory particle,
proteasome-associated protein ECM29, proteasome activator complex subunit 1
(PA28a) and subunit 2 (PA28B)).24224% In the cell, the immunoproteasome and
PA280 are in part responsible for producing MHC class | antigen peptides.?*424%
Adams has recently reported the presence of 30 proteasome proteins in inflammatory
exosomes, from which 9 were found to be ubiquitinated.?*® Lai et al. reported the
presence of the 20S proteasome and immunoproteasome inside exosomes and
associated to exosomes shed from mesenchymal stem cells collected from plasma and

demonstrated that it was functional in intact exosomes.2*’
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Table 4.7. List of selected surface proteins identified in exosomes including their ratio from
spectral counts (Rsc). Statistically significant differences in abundance correspond to observed
fold-change > 2 (Rsc > 1 or Rsc < -1) and Fisher’s Exact test FDR < 5%, are shown in bold.

A;zc;;tie(;r:] # DS (Infl. \?ss.‘cConv) HPI
Tetraspanins
P40240 CD9 antigen 0.1 9.0x10?
Q8QZY6 Tetraspanin-14 -0.2 1.0
Q8R2S8 CD177 antigen 0.0 8.8x101
Integrins
E9Q604 Integrin alpha-M (CD11b) -0.8 4.0x10°16
054890 Integrin beta-3 (CD61) -0.3 6.6x1071
P09055 Integrin beta-1 (CD29) -1.3 1.9x107
P11835 Integrin beta-2 (CD18) -0.8 3.3x10%®
P24063 Integrin alpha-L (CD11a) 0.8 8.2x1072
Q61739 Integrin alpha-6 (CD49f) -1.4 2.9x101
Q62469 Integrin alpha-2 (CD49b) -0.3 1.0
Q9QUMO Integrin alpha-11b (CD41) -0.6 2.2x10°
Other Surface Proteins
ABEOQY8 Immunoglobulin superfamily member 2 (CD101) 2.1 5.2x10!
009126 Semaphorin-4D (CD100) -11 4.6x101
035598 Disintegrin and r;r(z[?elilr?plr(())'c(ecl:rglsgéjcc;maln containing 0.6 6.0 x10-2
035930 Platelet glycoprotein Ib alpha chain (CD42b) -1.7 3.2x1016
054990 Prominin-1 (CD133) 15 3.1x10?
P06800 Receptor-type tyrosine-protein phosphatase C (CD45) 0.4 2.0x101
P09581 Macrophage colony-(séll:r)nlullg';mg factor 1 receptor 1.0 1 ax10
POCWO02 Lymphocyte antigen 6C1 (Ly6C) 0.8 3.4x101
P10810 Monocyte differentiation antigen CD14 0.0 7.5x101
P10852 4F2 cell-surface antigen heavy chain (CD98) 3.1 4.0x10°
P18337 L-selectin (CD62L) 0.1 7.7x101
P18572 Isoform 2 of Basigin (CD147) -1.7 5.8x102
P19973 Lymphocyte-specific protein 1 -0.8 1.5x10?
P27931 Interleukin-1 receptor type 2 (CD121b) 2.3 2.4x107
P35343 C-X-C chemokine receptor type 2 (CD182) 0.7 4.6x10t
P35441 Thrombospondin-1 (TSP-1) -1.3 9.4x101%
P35461 Lymphocyte antigen 6G (Ly6G) -0.3 1.0
97484 Leukocyte mmun&glﬂczgg:lg (I;)li;tgc)eptor subfamily B 29 7 9%10°2
Q01102 P-selectin (CD62P) -1.8 8.8x1073
Q2VLH6 Scavenger receptor cys&tce::r)liér?:():h type 1 protein M130 29 1.0x102
Q60767 Lymphocyte antigen 75 (CD205) 0.2 5.1x10!
Q64455 Receptor-type tyrosine-protein phosphatase eta (CD148) -1.3 5.8x102
QIQWK4 CDS5 antigen-like (CD5L) -2.1 2.8x1073
Q9Qzu3 Platelet glycoprotein V (Fragment) (CD42d) -2.2 9.6x101
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The differences in protein abundance related to heightened inflammation were
determined by spectral counting. Spectra were counted using an in-house software and
a total of 98,714 and 120,844 spectral counts were obtained for conventional and
inflammatory exosomes, respectively. The median spectral counts per protein observed
for exosomes was ~20, with ~200 proteins presenting more than 100 counts. The
distribution of counts observed per sample type is shown in Appendix 4.6. Ratios from
spectral counts (Rsc) were estimated as stated in the “Materials and Methods” section
and statistically significant differences in abundance were defined as cases that
presented a fold-change > 2 (Rsc > 1 or Rsc < -1) and a Fisher’s Exact test FDR < 5%.
Rsc varied from -4.8 to 4.6, corresponding to fold-changes from 28-fold decrease to
24-fold increase in inflammation, with a median Rsc value of 0.6. Out of the 1,249
proteins identified, 69 (6%) proteins were found to be in greater abundance in
conventional exosomes (Rsc <-1) and 347 (28%) in inflammatory exosomes (Rsc >1).
The relative quantitation results are visualized in a volcano plot in Figure 4.6. For each
condition, functions and pathways of the enriched proteins were investigated based on

the generic GO and PIR GO slims, and KEGG and Reactome databases.

In the cases of proteins with greater abundance in inflammatory exosomes, the
GO molecular function “nucleotide binding” (6.5-fold, p-value = 5.7x10°) was
significantly enriched. Sixteen ribosomal proteins were found to be 2 to 16-fold more
abundant under inflammation conditions. Many proteins known to participate in
MRNA translation were also in higher abundance under inflammation conditions.

Regarding proteins that may be related to miRNA sorting, the abundances of 6 out of
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the 15 hnRNP were found to be 2.3 to 8-fold higher under inflammation conditions.
AGO-2, a protein which is part of the RNA-induced silencing complex,?*® was found
2.8-fold higher in abundance. Additionally, proteins with protease activity, caspase-1,
caspase-6, cathepsin B, cathepsin G and 3 regulatory subunits of the proteasome were
found to be 2.1 to 13-fold in greater abundance in inflammatory exosomes.
Interestingly, the thiol protease inhibitor Stefin-2 was also found 2.1-fold more
abundant in inflammation. This protein inhibits cysteine cathepsins, such as cathepsin

B, 24 also found to be enriched in inflammatory exosomes.

In the case of conventional exosomes, the proteins that were enriched were
significantly represented in the KEGG pathway “complement and coagulation
cascades” (6.7-fold, p-value = 0.007). This pathway has been linked to inflammation
and cancer, and can assist in tumor angiogenesis and metastasis.?>*?! The statistically
significant GO molecular function “oxygen binding” (18-fold, p-value = 5.6x10™) was
found to be enriched in conventional exosomes, due to the identification of hemoglobin
subunits. Although these proteins are not expected in MDSC, their presence could be
explained by the surface protein CD163, which is known for its ability to bind and
internalize complexes of hemoglobin-haptoglobin.?®> The surface proteins CD42b,
CD42d and CD62P, found to be enriched in conventional exosomes, are platelet surface

markers previously reported to be abundant in MDSC from 4T1 tumor-bearing mice.

Relative quantitation results were summarized in Table 4.8 for a selected set of

proteins, which are of particular importance as they have been previously reported to
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increase MDSC accumulation, expansion, and/or promote MDSC suppressive activity.
Functional redundancy is observed, as different proteins may produce a similar
outcome through diverse mechanisms. Additionally, note that biologically active
proteins such as S100A8, S100A9 and HMGB1 did not present differences in
abundance. The lack of difference in abundances for SI00A8 and S100A9 in exosomes
from animals with more and less inflammation does not match our results at the
proteoform level shown in the previous chapter. However, this type of behavior can be
explained by the fact that our bottom-up proteomics approach do not take into account
modified peptides, other than those carrying an oxidation on Met. Hence, the resultant
relative quantitation by bottom-up analysis could be considered an “average” of all
existing proteoforms. Unfortunately, in top-down proteomics not all proteoforms
present are always identified, as a result estimating an “average” relative quantitation
for comparison purposes can be challenging. Additionally, in the case of S100AS8, it is
clear that one proteoform (loss of initial Met), which showed no differences in
abundance by top-down proteomics, corresponded to the majority of the TIC signal.
Thus, the effect of minor proteoforms may not be reflected on our bottom-up analysis.
This observation demonstrates that both approaches offer relevant and complementary

information.
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Table 4.8. List of proteins found in exosomes known to play a role on MDSC accumulation,
expansion and/or suppression activity in the tumor microenvironment. Statistically significant
(adjusted p-value < 0.05) estimated fold-changes when comparing inflammatory and
conventional exosomes are shown.

Protein Fold-
Accession Description chan Reported function Ref.
# ge
Greater abundance in inflammatory exosomes
Q61176 Arginasel (ARG1) 13.2 MDSC suppression of T cells 1
Membrane receptor that interacts with
galectin-3, present in MDSC and their 253 254
P10852 CD98 8.6 exosomes. Chemoattractant for MDSCs
and macrophages.
Marker of tumor-associated macrophages
Q2VLHS6 CD163 75 (M2). Assomate_d _to tumor progressionand 255 256
poor prognosis in breast and colorectal
cancer.
Macrophage . .
P34884  migration inhibitor 2.8 Cytoklner.omgzgzstisml\élr[)Srgvstﬁpansmn, 251,258
factor (MIF) P 9 '
Greater abundance in conventional exosomes
Platelet factor 4 Chemokine, chemoattractant for 259
Q92126 (PF-4) 2.3 monocytes and neutrophils.
-~ Receptor to leukocyte surface antigen
P35441 Thron(w_?g;p_g;dm 1 25  CD47. Chemotactic for MDSC. Promotes 240
tumor progression.
P09055 CD29 24 Suppress Tcell proliferation, acting 260

together with CD11b and CD18.
No significant difference in abundances

Chemotactic for MDSC. Stimulate MDSCs 3
P27005 S100A8 11 accumulation and suppressive activity.
P31725 S100A9 16 Chemotactic for MDSC. Stimulate MDSCs 3

accumulation and suppressive activity.
. - Pro-inflammatory protein secreted by
High-mobility MDSCs. Increase MDSC production, 261
P63158 group box 1 15 . - S
accumulation and suppressive activity,
(HMGB1) . .
promoting tumor progression.

4.3.4.2. MDSC protein cargo

The protein content of parental MDSCs that were matched to their exosomes
was interrogated in order to offer a complete context for further comparisons. A
combined total of 1,423 proteins were identified from which 1,141 proteins (7,162
unshared peptides) were found in conventional MDSC and 1,255 (7,556 unshared

peptides) in inflammatory, with protein FDR of at most 1%. A significant overlap
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(68%) in proteins identified between conditions was observed as shown in Figure 4.7.
A complete list of proteins identified is provided in Appendix 4.1. Several
characteristic MDSC surface markers (CD11b, Ly6C and Ly6G) and an intracellular
marker (ARGI) were identified as expected.»?? Additionally, several cell-surface
markers were identified. Unsurprisingly many of the identified proteins are shared with
those found in their exosomes (see Table 4.9). Out of the 28 CD proteins listed in Table
4.9, 19 were previously reported to be found on the surface of MDSC by Chauhan et
al.?* supporting the conclusion that our analysis was able to capture part of the surface

proteins.

As stated previously, relative quantitation was performed by spectral counting.
A total of 103,677 and 116,751 spectral counts were obtained for conventional and
inflammatory MDSCs, respectively. The median spectral count observed for MDSC
was also ~20, with ~220 proteins presenting more than 100 counts (see Appendix 4.6.).
Rsc varied from -6.8 to 5.4, corresponding to a 111-fold decrease and a 42-fold increase
in inflammatory MDSC, with a median Rsc value of 0.2. Based on our quantitation
criteria, 123 (9%) proteins were found in greater abundance in conventional MDSC
(Rsc <-1) and 231 (16%) in inflammatory MDSC (Rsc >1), as shown in Figure 4.7.
Note that a smaller number of proteins exhibited differences in abundance when

compared to the cargo of inflammatory or conventional exosomes.
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Table 4.9. List of selected cell-surface proteins identified in MDSCs. Statistically significant
differences in abundance present fold-change >2 (Rsc > 1 or Rsc < -1) with Fisher’s Exact test
FDR < 5% and are shown in bold.

Protein (ﬁffcl
Accession Description Vs, ' FDR
# Conv.)
Tetraspanin
Q8R2S8 CD177 antigen -1.3 1.9x104?
Integrins
E9Q604 Integrin alpha-M (CD11b) -1.1 1.1x10%
054890 Integrin beta-3 (CD61) -0.4 1.0
P11835 Integrin beta-2 (CD18) -15  5.4x107%
P24063 Integrin alpha-L (CD11a) -1.6 3.0x10%0
Q9QUMO Integrin alpha-11b (CD41) -1.1 1.aixiot
Other surface proteins
A2AFGT7 Neural cell adhesion molecule L1 (CD171)* -5.0 1.1x10%0
ABEQY8 Immunoglobulin superfamily member 2 (CD101) -1.5 6.9x101
035930 Platelet glycoprotein Ib alpha chain (CD42b) 1.2 3.6x107
P06800 Receptor-type tyrosine-protein phosphatase C (CD45) -1.3 1.6x10%
POCWO02 Lymphocyte antigen 6C1 (Ly6C) 5.7 2.1x10Y
P10810 Monocyte differentiation antigen CD14 -0.6 2.9x101
P10852 4F2 cell-surface antigen heavy chain (CD98) 0.0 1.0
P13595 Neural cell adhesion molecule 1 (CD56) -1.9 4.0x10%
P17047 Lysosome-associated membrane glycoprotein 2 (CD107b) -1.3 2.2x101
P18572 Isoform 2 of Basigin (CD147)* -3.9 1.8x10*
P19973 Lymphocyte-specific protein 1 -0.6 3.1x107
P27931 Interleukin-1 receptor type 2 (IL-1r2, CD121b) 3.3 2.3x10°3
P31809 Carcinoembryonic antlge(régéagg)d*cell adhesion molecule 1 39 1.0x10°
P35441 Thrombospondin-1 (TSP-1) -0.2 5.0x10!
P35461 Lymphocyte antigen 6G (Ly6G) -1.8 6.8x10°
P40223 Granulocyte colony-stimulating factor receptor (CD114) -1.9 4.0x101
P55772 Ectonucleoside triphosphate diphosphohydrolase 1 (CD39)* -3.7 7.2x10*
ium, ium-transporting ATP ni -
P97370 Sodium/potassium-tra (scpcl:))égg) ase subunit beta-3 11 7 8x10L
— Tyrosine-protein ph()(sggit?;:/ g(i)rnp_rsgifpmf type substrate 1 35  26x10°
Q01102 P-selectin (CD62P) -0.6 7.1x101
Q60767 Lymphocyte antigen 75 (CD205) -0.5 7.2x1071
Q64277 ADP-ribosyl cyclase/cyclic ADP-ribose hydrolase 2 (CD157)* -3.9 1.8x10*
Q64455 Receptor-type tyrosine-protein phosphatase eta (CD148) -0.9 1.5x101
Q6SJQ7 CMRF35-like molecule 1 (CD300f) -0.3 9.9x101
Q9QUNT7 Toll-like receptor 2 (TLR-2, CD282) -1.9 4.0x10t
Q9QzU3 Platelet glycoprotein V (Fragment) (CD42d) 3.1 6.5x10°3

Note: * Identified only in conventional MDSC
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Figure 4.7. Characterization of MDSC proteins. (a) Venn diagram comparing the proteins
identified in conventional and inflammatory MDSC. (b) Differences in abundance are shown
by plotting —logio(adj. p-value) vs. protein ratio of spectral counts (Rsc). Statistically significant
results present —logio(adj. p-value) > 1.3, corresponding to an adjusted p-value < 0.05, and are
marked by an horizontal dashed line. Two fold-change in abundance (Rsc between 1 and -1)
are marked by dotted vertical lines.

In the case of proteins with greater abundance in inflammatory MDSC, GO
molecular functions that take part in metabolic processes “transferase activity” (2.6-
fold, p-value = 0.045), “isomerase activity” (2-fold, p-value = 0.030) and “ligase
activity” (2.5-fold, p-value = 0.0003) were significantly enriched. This is expected as
more MDSCs are produced under inflammatory conditions.® The largest fold-change
observed in inflammatory MDSCs was for thiol protease inhibitor Stefin-3, with a 42-
fold increase in abundance. Regarding the chemotactic SI00A8/A9 heterodimer known
to regulate MDSC accumulation and suppressive activity, SI00A8 was found in 4.2-
fold greater abundance in inflammatory MDSC, but S100A9 showed no significant
changes in abundance with a marginal 1.8-fold increase (p-value = 8x107%).
Additionally, the cytokine MIF, which as stated previously could be in part responsible
for the accumulation of MDSC in the tumor microenvironment, was found to be in 13-

fold greater abundance. Proteins known to enhance MDSC suppressive activity,* such
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as ARG1 and STATS3 (signal transducer and activator of transcription 3) were also
found to be in greater abundance when compared to conventional MDSC, observing a

8- and 2.4-fold increase, respectively.

Many proteins found in greater abundance in conventional MDSCs were cell
surface proteins, with the highest fold changes of 52-fold estimated for the MDSC
marker LyC6. The metalloproteinase-9 (MMP9), known to increase MDSC production
and promote angiogenesis,?®® was found 3-fold in greater abundance in conventional

MDSC.

4.3.4.3. Comparing the protein cargo of exosomes and their parental cells

Differences between MDSC-derived exosomes and their parental cells were
evaluated by performing global parsimony of all exosome and all MDSC samples,
irrespective of their inflammation condition. This comparison provides novel
information as it represents the first quantitative comparison between the protein cargo
of MDSC-derived exosomes and their parental cells. A total of 1,726 proteins were
identified with protein FDR of at most 1%, from which 1,256 corresponded to
exosomes and 1,434 to MDSC. Figure 4.8 shows that more than half of the proteins
(58%) were identified in both MDSC and exosomes. A complete list of proteins
identified is presented in Appendix 4.1. Based on extensive literature we expect
exosomes to contain a selective cargo. In order to investigate the major differences
between the protein cargo of exosomes and parental cells, relative quantitation was

performed and functional categories and pathways were assigned to those proteins
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found to be in greater abundance in exosomes. A total of 371 proteins (21%) were
found in greater abundance in exosomes (Rsc <-1) and 612 proteins (35%) were found
in greater abundance in MDSC (Rsc >1) shown as a volcano plot in Figure 4.8. Based
on the GO cellular compartment category assignments, proteins found in greater
abundance in exosomes were localized to the “extracellular region”, “extracellular

9

space” and “cell surface”. Significantly enriched GO molecular functions included

P11

“antigen binding”, “signal transducer” and “peptidase activity” (see Table 4.10).
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Figure 4.8. (a) Comparison of proteins identified in MDSC vs. MDSC-derived exosomes
shown in a Venn diagram. (b) Differences in abundance are shown by plotting —logio(adj. p-
value) vs. protein ratio of spectral counts (Rsc). Statistically significant results have —logio(adj.
p-value) > 1.3 corresponding to an adjusted p-value < 0.05, and are marked by an horizontal
dashed line. Two fold-change in abundance (Rsc between 1 and -1) are marked by dotted
vertical lines.
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Table 4.10. GO categories and KEGG pathways enriched for proteins in greater abundance in
exosomes when compared to their parental cells.

Number .
Database Pathway of '.:(;]Id AdJuTted
proteins Enrichment p-value
GO Extracellular region 216 1.3 2.9x10°8
Cellular Extracellular space 64 1.6 3.5x10°
Compartment Cell surface 35 15 1.7x102
Antigen binding 11 2.4 3.7x107
GO Molecular Signal transducer activity 30 1.7 3.7x107
Function Peptidase activity 55 1.6 6.3x10°®
Transferase activity 86 1.3 4.4x107?
Amino sugar and nucleotide sugar metabolism 11 2.8 1.8x102
Complement and coagulation cascades 14 3.1 1.0x10°3
KEGG Cysteine and methionine metabolism 8 3.1 4.0x1072
Pentose phosphate pathway 11 2.7 2.8x102
Proteasome 19 2.6 1.0x1073
Purine metabolism 18 2.2 1.8x1072

Immunoglobulins were identified among the “antigen binding” proteins. Out of
the 8 proteins found, 5 were detected exclusively in exosomes (see Table 4.11). The
protein Ig mu chain C region was found to be 64-fold higher in abundance in exosomes.
Note that immunoglobulins have been previously identified in MDSC-derived
exosomes.® The enrichment for molecular functions related to proteolysis in the
exosomes may correlate with the higher abundance of proteins belonging to the
proteasome. Additionally, caspase-3 and -6 were found to be 2.2 and 3.4-fold more
abundant in exosomes, respectively. Sixteen cell surface proteins shown in Table 4.12
were found to be enriched in exosomes, including the exosome marker CD9 which was
found to be 89-fold more abundant. The “complement and coagulation cascade”
remains an enriched pathway (see Table 4.10) when comparing exosomes and their

parental cells.
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Table 4.11. Immunoglobulins found enriched in exosomes. Note: * Identified only in exosomes

Protein Accession # Description MDSCRS\;:S. Exo FDR
P01878 Ig alpha chain C region* -3.7 1.7x10*
P06336 Ig epsilon chain C region* -3.9 4.5x10°
P01868 Ig gamma-1 chain C region secreted form -4.1 1.3x10°
P01812 Ig heavy chain V region MOPC 173* -3.0 8.1x10°®
P01786 Ig heavy chain V region MOPC 47A* -3.6 3.2x10*
P01837 Ig kappa chain C region -2.9 9.7x101®
P01639 Ig kappa chain V-V region MOPC 41* -3.8 8.6x10°
P01872 Ig mu chain C region -6.0 2.3x101?

Table 4.12. Surface proteins found enriched in exosomes.
Protein — R

Accession # Description MDSC FDR

vs. Exo
Q9QWK4 CDS5 antigen-like 4.4 1.1x107
P40240 CD?9 antigen -6.5 1.7x10%2
035598 Disintegrin and metalloplrgt(%rg)a:géjcc;mam containing protein 55 7 3x10-16
Q61739 Integrin alpha-6 (CD49f) -2.2 8.6x1073
P09055 Integrin beta-1 (CD29) -3.5 3.2x10%0
054890 Integrin beta-3 (CD61) -3.2 2.7x10%
P27931 Interleukin-1 receptor type 2 (CD121b) -2.3 6.1x10%0
P18337 L-selectin (CD62L) -3.4 1.2x10°
Q60767 Lymphocyte antigen 75 (CD205) -1.4 1.1x10*
P09581 Macrophage colony-stimulating factor 1 receptor (CD115) -5.0 3.7x101!
035930 Platelet glycoprotein Ib alpha chain (CD42b) -2.6 5.4x10%
Q9QzuU3 Platelet glycoprotein V (CD42d) -3.0 9.6x1018
Q2VLHS6 Scavenger receptor cys&tggi(srg):h type 1 protein M130 3.9 4.9%10°3
009126 Semaphorin-4D (CD100) -3.7 1.6x10*
Q8QzY6 Tetraspanin-14 -5.4 1.4x10°1
P35441 Thrombospondin-1 (TSP-1) -35 ~0
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The pro-inflammatory proteins S100A8 and S100A9 were 5.8 and 3.6-fold
more abundant in MDSC, respectively. HMGB1 showed no difference in abundance.
The cytokine MIF and the chemokine PF-4 were found 2.2 and 4.8-fold more abundant
in exosomes, respectively. The transforming growth factor--1 (TGF-1) showed no
difference in abundance in MDSC or MDSC-derived exosomes when comparing
inflammation conditions. However, when comparing all exosomes and all MDSC,
TGF-B1 was found 4.3-fold higher in abundance in exosomes (p-value = 8.4x104),
Tumor cells and MDSC have been reported to secrete TGF-B1 into the tumor
microenvironment. TGF-B1 secreted by MDSC together with IL-10 or IL-6 can induce
Treg Or Th17 cells, respectively.! Additionally, Xiang et al. demonstrated that
exosomes from 4T1 tumors that were enriched in TGF-f1 and PGE> were able to

induce MDSC accumulation in the tumor microenvironment.264

4.3.5. An example: integrating the miRNA, mRNA and protein cargo profiles
from MDSC-derived exosomes to propose putative effects on signaling
pathways related to cancer.

The KEGG pathway “pathways in cancer”, shown in Figure 4.9, was selected
to visualize the putative combined effect of the exosome cargo. This pathway integrates
10 signaling pathways (MAPK, cAMP, Wnt, VEGF, TGF-B, p53, mTOR, PI3K/Akt,
JAK-STAT and PPAR signaling pathways), cell-cycle and apoptosis, many of which
were previously discussed to be important for MDSC suppressive activity and tumor

progression. The most enriched miRNAs, mRNAs and proteins in exosomes compared
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to their parental cells were marked over the pathway map (Figure 4.9). The difference
in coverage depth between our proteomics and transcriptomics analyses is quickly
noted in Figure 4.9, as a larger number of mRNA transcripts than proteins were
identified. This can be explained by the current bias of discovery shotgun proteomics
towards the identification of abundant proteins. As observed, the mRNA and protein
cargos often overlap, which could be seen as a redundant approach to target the
pathway of interest. Additionally, most of the enriched miRNAs present are not
accompanied by their target mMRNA or their encoded protein. In most cases the effect
that the exosome cargo would have over the pathways is not contradictory, which
means that the mMRNAs, miRNAs and proteins carried are not often activating and

suppressing the same pathway.

In Figure 4.9, it can be observed that the MAPK, VEGF and Wnt pathways are
activated and could promote cell proliferation, angiogenesis and tissue invasion.
Additionally, miR-98 and miR-155 could be in part responsible for evading cell
apoptosis. Several miRNAs, mRNA and proteins that would ultimately block cell
differentiation are also present. All this information taken together supports the
observation that MDSC-derived exosomes carry a selective protein, mRNA and
miRNA cargo and that cell-cell communication through exosomes could contribute

significantly to tumor progression and metastasis.
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Figure 4.9. Map of “pathways in cancer” (KEGG, Kanehisa Laboratories, http://www.genome.jp/kegg-bin/show_pathway?mmu05200) overlaid with the mRNA
(red stars), miRNA (yellow stars) and proteins (blue stars) found to be enriched in exosomes vs. parental cells. A detailed list of the map is found in Appendix 4.7.
Boxes colored in green are genes present in the genome.
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4.4. Summary

The MDSCs and MDSC-derived exosome protein, miRNAs and mRNAs
cargoes were successfully interrogated using bottom-up proteomics and next-
generation sequencing. We first demonstrated that exosomes shed from MDSC carry
MRNAs and miRNAs. All cargoes (MRNA, miRNA and proteins) were found to be
selectively enriched when compared to their parental cells. Strikingly, this study
provided experimental evidence of ~624 Ensembl predicted miRNAs; many of them
present in higher abundance in exosomes than in their parental cells. Additionally,
relative quantitation of the protein, mMRNA and miRNA cargoes revealed quantitative
differences between inflammation conditions.

Several biological processes such as promoting cell proliferation, blocking cell
differentiation and promoting angiogenesis were found to be enriched under heightened
inflammation. However, a limitation of performing functional analysis on miRNA
target genes, is that miRNAs can have more than one target and repression will most
likely happen to those mMRNA transcripts present in higher abundance in the receiver
cell. Hence, it is difficult to predict the combined effect of the exosome cargo in the
tumor microenvironment, requiring future biological assays possibly considering

different types of receiver cells.
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Chapter 5: Conclusion and prospectus

Myeloid derived suppressor cells (MDSC) are an immunosuppressive
heterogeneous population of immature monocytes present in most cancer patients!
known to release extracellular vesicles, called exosomes, into the tumor
microenvironment. Exosomes act as a mean of communication with other cells
(paracrine activity) and stimulate the expansion and accumulation of MDSC in the
tumor microenvironment (autocrine activity).® Unfortunately, the presence of MDSCs
is known hinder immunotherapy as they suppress both adaptive and innate immune
responses. Moreover, many cancers are accompanied by inflammation, a processes
that further intensify MDSC suppressive activity causing an aggressive tumor

progression and metastasis.*”’

This thesis work addressed the cargo of MDSC and their immunosuppressive
exosomes, aiming to gather knowledge that can offer insights on the mechanisms by
which MDSCs cause immune suppression, focusing on the role of exosomes as
intercellular communication mediators in the tumor microenvironment. In order to
achieve our objective a well-established mouse model based on conventional mammary
carcinoma (4T1 cells) and heightened inflammation mammary carcinoma (4T1/1L-1pB)
was used. This work centered on the analysis of intact proteins using advanced mass
spectrometric instrumentation for top-down mass spectrometry analysis. We
successfully interrogated the protein cargo of MDSC-derived exosomes, identifying

more than 200 low-mass proteoforms from 21 distinct proteins using extensive protein
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fractionation through a 2D fractionation approach, combining GELFrEE and reversed-
phase LC. Several proteoforms of the pro-inflammatory S100A8 and S100A9 proteins,

which are chemotactic for MDSC, were identified and many fully characterized.

Since post-translational modifications can define protein function and their
participation in different cellular processes, we were also interested in obtaining
quantitative information that could help understand if there were differences in
abundance at the proteoform level related to inflammation. However, approaches for
proteoform relative quantitation by top-down analysis are not well-established.
Therefore, we evaluated the applicability of spectral counting for top-down proteomics
workflows and compare its performance to the most commonly used label-free
strategies based on chromatographic peak areas and peak intensities. Through carefully
planned spiking experiments and robust statistical analysis, we demonstrated that
spectral counting was simple to apply and offered fairly accurate proteoform ratio
estimates, with similar or better sensitivity the often used chromatographic approaches.
Spectral counting was subsequently applied to the exosome samples, producing the first
relative quantitation analysis of MDSC-derived exosomal proteins at the proteoform
level. Differences in abundance related to the presence of inflammation were observed
for some of the S1I00A8 and S100A9 potentially active proteoforms. Future biological
assays for these proteoforms could help define if the observed changes have any

biological relevance.
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Under the same premise that inflammation is an important factor on tumor
progression and recognizing that exosomes in other biological settings are known to
carry and transfer nRNAs and miRNAs;!! we decided to study the protein, mMRNA and
miRNA contents of parental MDSCs and MDSC-derived exosomes shed under
conventional and heightened inflammation conditions. In this case, shotgun proteomics
was performed due to the higher proteome coverage offered when compared to top-
down mass spectrometry. In this study we provided evidence that MDSC-derived
exosomes carry mRNA and miRNA. Relative quantitation demonstrated quantitative
differences between the exosome cargo and the cargo of their parental cells, supporting
the hypothesis that selective loading into the exosomes is possible. Additionally,
quantitative and functional analyses of the exosome cargo generated under
conventional and heightened inflammation conditions are consistent with clinical

observations that inflammation is linked to cancer development.
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Appendices

Appendix 2.1. List of identified intact proteins in MDSC-derived exosomes. Proteins
with similar masses were grouped in colored boxes and counted once.1%

Protein  Ascension Theoretical Observed Mass E-

variant # Mass (Da) IE/IDaaS)S Diff (Da) Value :T:?)g?ll‘?ct;t)ir;)ar:

Putative post-

HMG-17  P09602 9417.07 9285.97 -131.10  2.8E-09 Loss of initial Met

MT-4 P47945 6269.31 5621.02 -648.29  4.9E-06

Loss of initial Met +

S100 A6 P14069 10044.29 9955.27 -89.02  3.4E-08 ;
acetylation Ala2

S100 A8 P27005  10288.07 10137.93  -150.13  7.4E-10
SI00A8  P27005  10288.07  10139.09 -148.98 3.2E-09 'Modification localized

to first 3 amino acids
S100 A8 P27005 10288.07 10147.11 -140.95  4.9E-09
S100 A8 P27005 10288.07 10155.96 -132.11  2.6E-13
S100 A8 P27005 10288.07 10156.94 -131.13  1.6E-17 Loss of initial Met
S100 A8 P27005 10288.07 10159.88 -128.19  5.4E-17
S100 A8 P27005 10288.07 10170.02 -118.04  4.9E-09
S100 A8 P27005 10288.07 10172.04 -116.03  7.6E-12

S100 A8 P27005 10288.07 10172.99 -115.08  6.7E-27

S100 A8 P27005 10288.07 10177.11 -110.95  6.0E-09
S100 A8 P27005 10288.07 10178.93  -109.14  9.7E-12
S100 A8 P27005 10288.07 10184.03  -104.04  1.4E-09
S100 A8 P27005 10288.07 10185.03  -103.04 2.4E-10
S100 A8 P27005 10288.07 10187.95  -100.11 2.7E-08
S100 A8 P27005 10288.07 10189.05 -99.02 2.2E-16
S100 A8 P27005 10288.07 10190.02 -98.05 5.0E-10
S100 A8 P27005 10288.07 10195.10 -92.97 2.0E-09
S100 A8 P27005 10288.07 10195.83 -92.23 6.7E-09

S100 A8 P27005 10288.07 10199.06 -89.01 1.9E-06

S100 A8 P27005 10288.07 10200.03 -88.04 3.6E-16
S100 A8 P27005 10288.07 10200.92 -87.14  4.4E-13
S100 A8 P27005 10288.07 10201.95 -86.12 5.0E-10
S100 A8 P27005 10288.07 10203.05 -85.02 3.1E-09
S100 A8 P27005 10288.07 10211.01 -77.05 2.4E-10
S100 A8 P27005 10288.07 10212.08 -75.99 2.0E-16
S100 A8 P27005 10288.07 10212.98 -75.08 3.8E-05
S100 A8 P27005 10288.07 10216.08 -71.99 4.0E-05
S100 A8 P27005 10288.07 10221.97 -66.09 3.7E-06
S100 A8 P27005 10288.07 10222.98 -65.09 2.7E-05
S100 A8 P27005 10288.07 10244.60 -43.47 1.3E-05
S100 A8 P27005 10288.07 10266.90 -21.17 1.6E-12
S100 A8 P27005 10288.07 10268.98 -19.09 1.2E-25

Loss of initial Met +
oxidation of Met37

Loss of initial Met +
acetylation Pro2
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Observed

Putative post-

Pro_tein Ascension  Theoretical Mass _Mass E- translational
variant # Mass (Da) (Da) Diff (Da) Value modification
S100 A8 P27005 10288.07 10287.06 -1.01 1.5E-14
S100 A8 P27005 10288.07 10288.03 -0.04 1.9E-32
S100 A8 P27005 10288.07 10289.08 1.02 7.8E-20
S100 A8 P27005 10288.07 10309.11 21.04 1.9E-32
S100 A8 P27005 10288.07 10309.96 21.90 1.9E-09
5100 A8 P27005 10288.07 10310.98 22.91 1.2E-27
SI00A8  P27005 1028807 1033007 4201  41E-1p Acevieron ofinital
5100 A8 P27005 10288.07 10339.96 51.89 1.5E-30
5100 A8 P27005 10288.07 10340.96 52.90 1.9E-23
5100 A8 P27005 10288.07 10366.21 78.15 7.5E-07
5100 A8 P27005 10288.07 10405.15 117.08 2.0E-07
5100 A8 P27005 10288.07 10570.30 282.23 1.5E-05
5100 A8 P27005 10288.07 10571.17 283.11 1.2E-14
S100 A8 P27005 10288.07 10572.23 284.16 7.9E-09
S100 A8 P27005 10288.07 10587.13 299.06  1.1E-05
S100 A8 P27005 10288.07 10593.16 305.09 6.1E-07
S100 A8 P27005 10288.07 10595.14 307.08  2.2E-06
S100 A8 P27005 10288.07 10985.39 697.32  5.5E-05
S100 A8 P27005 10288.07 11004.01 715.94 1.1E-08
S100 A8 P27005 10288.07 12330.95 2042.88  1.7E-07
S100 A8 P27005 10288.07 12331.96  2043.89 6.3E-05
Loss of initial Met +
S100 A9  P31725 13041.29  12965.14  -76.15  9.3E-19 acetylation Ala2+
methylation H107
H2A.1 P22752 14126.95 14020.80 -106.15  5.7E-05
H2A1  P22752 1412695 14037.98  -88.97  17E-12 LO:se?;lg;gﬁls'\gfzt ¥
H2A.1 P22752 14126.95 14063.95 -63.00 1.8E-08
H2A.1 P22752 14126.95 14080.84 -46.11 3.3E-05
H2A.1 P22752 14126.95 14818.31 691.36 1.9E-06
H2AX ~ P27661  15133.44 1504442  -89.02  1.8E-07 "O:sei’;g;gﬁ's'\:g *
Q6GSS7 14086.89 13285.25 -801.64  6.9E-09
H2A2A  6Gss7 1408689  13097.90  -88.99  6.3-09 0SS of initial Met +
acetylation Ser2
H2A.3 Q8BFU2 14112.93 1249786 -1615.08 6.3E-08
H2A.3 Q8BFU2 14112.93 14020.80 -92.13 6.0E-05
Loss of initial Met + 2
methylations (any K or
R residues from 2 -
H2A.3 Q8BFU2 14112.93 14037.98 -74.95 1.0E-08 24) + 2 methylations
(any K or R residues
from 24-50)
H2A.3 Q8BFU2 14112.93 14041.01 -71.92 1.3E-09
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Observed

Putative post-

Pro_tein Ascension  Theoretical Mass _Mass E- translational
variant # Mass (Da) (Da) Diff (Da) Value modification
H2A3  Q8BFU2 1411293 1406184  -51.09 50E.09 -0SSOfinitial Met+
phosphorylation Ser2
H2A.3 Q8BFU2 14112.93 14063.88 -49.06 1.6E-05
H2A.3 Q8BFU2 14112.93 14080.84 -32.09 1.4E-05
H2A.3 Q8BFU2 14112.93 14818.31 705.38  1.8E-08
H2B.1A P70696 14227.76 12024.56  -2203.20 7.6E-08
H2B.1B Q64475 13943.56 12228.71  -1714.85 1.5E-14
H2B.1B Q64475 13943.56 13077.81  -865.75  1.3E-05
H2B.1B Q64475 13943.56 13765.41  -178.15 2.6E-05
H2B.1B Q64475 13943.56 13766.40  -177.16  1.9E-06
H2B.1B Q64475 13943.56 13767.32  -176.24  2.1E-09
H2B.1B Q64475 13943.56 13778.42  -165.15 1.9E-08
H2B.1B Q64475 13943.56 13779.53  -164.04  3.9E-08
H2B.1B Q64475 13943.56 13780.41  -163.16  2.8E-06
H2B.1B Q64475 13943.56 13780.41  -163.16  1.2E-06
H2B.1B Q64475 13943.56 13780.44  -163.12  3.8E-09
H2B.1B Q64475 13943.56 13780.47  -163.09 4.5E-06
H2B.1B Q64475 13943.56 13781.54  -162.02 3.1E-05
Loss of initial Met +
H2B.1B Q64475 13943.56 1379451 = -149.05 4.3E-06 dehydration (any S or
Y residues from 7-95)
Loss of initial Met +
loss of ammonia (on
H2B.1B Q64475 13943.56 13795.48 = -148.08 2.0E-06  N-terminus or any N
or Q) from residue 2-
50
H2B.1B Q64475 13943.56 13795.49 = -148.07 2.8E-11
H2B.1B Q64475 13943.56 13796.39 = -147.18 2.8E-11
H2B.1B Q64475 13943.56 13796.42 = -147.14  4.4E-15
H2B.1B Q64475 13943.56 13796.42 = -147.14 1.5E-12
H2B.1B Q64475 13943.56 13796.42 =~ -147.14 6.7E-10
H2B.1B Q64475 13943.56 13796.47 =~ -147.09 1.3E-10
H2B.1B Q64475 13943.56 13797.41 -146.15  1.5E-12
H2B.1B Q64475 13943.56 13797.51 = -146.05 1.0E-10
H2B.1B Q64475 13943.56 13797.54 = -146.02 2.7E-10
H2B.1B Q64475 13943.56 13810.47  -133.09 3.6E-17
H2B.1B Q64475 13943.56 13811.54  -132.03 3.4E-05
H2B.1B Q64475 13943.56 1381255  -131.02 8.6E-06 Loss of initial Met
H2B.1B Q64475 13943.56 13814.47  -129.10 7.6E-05
H2B.1B Q64475 13943.56 13816.34  -127.22  8.9E-07
H2B.1B Q64475 13943.56 13820.46  -123.10 1.0E-05
H2B.1B Q64475 13943.56 13837.48  -106.09 3.7E-05
H2B.1B Q64475 13943.56 13838.41  -105.16 2.2E-06
H2B.1B Q64475 13943.56 13841.42  -102.15 8.3E-05
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Observed

Putative post-

Pro_tein Ascension Theoretical Mass _Mass E- translational
variant # Mass (Da) (Da) Diff (Da) Value modification
H2B.1B Q64475 1394356 1389438  -49.18  9.8E-05
H2B.1B Q64475 1394356 1456348  619.92  4.3E-07
H2B.1C Q6ZWY9  13897.56  13139.36  -758.20  3.8E-09
H2B.1C Q6ZWY9  13897.56 1376553  -132.03 3.2E-08
H2B.1C QB6ZWY9  13897.56 1376654 -131.02 19E-07  Loss of initial Met
H2B.1C Q6ZWY9  13897.56  13767.42 -130.14  7.0E-13
H2B.1C Q6ZWY9  13897.56 1376839  -129.17 7.2E-07
H2B.1C Q6ZWY9  13897.56  13779.48 -118.08 1.1E-07
H2BAC Q6ZWY9  13897.56 1378053  -117.03  1.2E-06 Lﬁztﬁ;;g‘&i‘ |'3Vr|§;+
H2B.1C Q6ZWY9  13897.56 1378148  -116.07 9.1E-11
H2B.1C Q6ZWY9  13897.56 1378541 -112.15 4.9E-07
H2B.1C Q6ZWY9  13897.56 1379542  -102.14 5.8E-12
H2B.1C Q6ZWY9  13897.56  13796.39  -101.17 7.2E-12
H2B.1C Q6ZWY9  13897.56  13799.34  -98.21  3.0E-05
H2B.1C Q6ZWY9  13897.56 1381156  -86.00  1.5E-05
H2B.1C Q6ZWY9  13897.56 1381351  -84.05  1.8E-05
H2B.1C QB6ZWY9  13897.56  13822.44  -7512  7.2E-13
H2B.1C Q6ZWY9  13897.56 1384142  -56.14  1.3E-10
H2B.IC QB6ZWY9  13897.56  14577.92  680.36  2.4E-07
H2B.IF  P10853  13927.57 13077.81 -849.76  2.6E-05
H2B.IF  P10853 1392757  13122.99  -80458 2.6E-05
H2B.F  P10853  13927.57 1377852  -149.05 9.2E-05 "%S:h‘;z'rg'tf:fr: g"ﬁe; ¥
H2B.IF  P10853  13927.57 1377952 -148.05 2.6E-05 “:':‘:I':S'fzt';)nql'r?;:é'ézd
H2B.IF  P10853 1392757 1378041 -147.16 6.2E-11
H2B.IF  P10853 1392757 1378154 -146.03 12E-06
H2B.IF  P10853 1392757 1379451 -133.06 16E-14
H2B.IF  P10853 1392757 1379548  -132.09 3.8E-09
H2B.IF  P10853 1392757 1379653 -131.04 6.6E-07  Loss of initial Met
H2B.IF  P10853 1392757 13797.54  -130.03 2.6E-05
H2B.IF  P10853 1392757 13801.39 -126.18 3.4E-05
H2B.IF  P10853 1392757 1381149 -116.08 8.6E-06
H2B.IF  P10853 1392757 13816.34 -111.22 7.6E-05
Loss of initial Met +
H2B.IF  P10853  13927.57 1383841  -89.16  1.0E-05  acetylation (any K
residues from 56-62)
H2B.IF  P10853  13927.57 1384142  -86.15  1.6E-07
H2B.IF  P10853 1392757 1389438  -33.18  6.1E-08
H2B.IF  P10853 1392757 1446856 54099  2.5E-05
H2B.IF  P10853  13927.57 1450423  576.66  7.8E-05
H2B.IF  P10853  13927.57 1454335 61578  6.6E-07
H2B.IF  P10853 1392757 1456348 63592  9.8E-05
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Observed

Putative post-

Pro_tein Ascension Theoretical Mass _Mass E- translational
variant # Mass (Da) (Da) Diff (Da) Value modification
H2B1H Q64478 1391157  13139.36  -77222 84E-09
H2BAH Q64478 1391157 1376553  -146.05 5.6E-11
H2BAH Q64478 1391157 1376654  -14503 1.0E-14
H2BAH Q64478 1391157 1376839 -143.18 5.7E-08
H2B1H Q64478 1391157 1377948  -132.09 7.2E-07
H2B1H Q64478 1391157 1378047 -131.10 3.4E-13  Loss of initial Met
H2B1H Q64478 1391157 1378148  -130.09 8.2E-07
Loss of initial Met +
H2BAH Q64478 1391157 1379656  -11502 1.4E-07 oxidation of Met60 or
Met63
H2BAH Q64478 1391157 1379838 -113.19 3.4E-05
H2BAH Q64478 1391157 13799.34  -112.23 4.8E-08
H2BAH Q64478 1391157 1381634  -9523  1.2E-09
H2B.IM  P10854 1392757  13139.36  -78821 3.2E-08
H2BIM  P10854 1392757 1374856  -179.01  6.1E-09
H2BIM  P10854 1392757 1376542 -162.14 1.0E-11
H2BIM  P10854 1392757 1376654 -161.03  7.2E-07
H2BIM  P10854 1392757 13768.39 -159.18  3.4E-13
H2BAM  P10854  13927.57 1377953  -148.04 1.2E-o7 Modification localized
to first 8 aminoacids
H2B.IM  P10854  13927.57 13779.60 -147.97 2.5E-05
H2BIM  P10854 1392757 1378148  -146.09 1.8E-10
H2BIM  P10854 1392757 1378547  -14210 1.1E-05
H2B.IM  P10854 1392757 1379656  -131.01 48E-08  Loss of initial Met
H2B.IM  P10854  13927.57 1379934 -128.22 5.8E-12
H2BAM  P10854  13927.57 1381247 -11510 7.2E-12  -0sSofinitial Met+
oxidation of Met60
H2BIM  P10854 1392757  14577.92  650.35  1.0E-08
H2B2B Q64525 1391157  13139.36  -772.22  8.4E-09
H2B2B Q64525 1391157 1376553  -146.05 5.6E-11
H2B2B Q64525 1391157 1376654  -14503  7.2E-07
H2B2B Q64525 1391157 1376839  -143.18  1.1E-07
H2B2B Q64525 1391157 1377949  -132.09 1.9E-06
H2B2B Q64525 1391157 1378056  -131.01 82E-07  Loss of initial Met
H2B2B Q64525 1391157 1378148  -130.09 4.8E-08
Loss of initial Met +
H2B2B Q64525 1391157 1379656  -115.02 1.4E-07 oxidation of Met60 or
Met63
H2B2B Q64525 1391157  13798.38  -113.19  5.8E-08
H2B2B Q64525 1391157  13799.34  -112.23  3.4E-05
H2B2B Q64525 1391157 1381545  -96.12  4.8E-08
H2B2B Q64525 1391157 1381634 9523  1.2E-09
H31  Q6LBFO 1539448 1307110 -232338 6.4E-05
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Observed

Putative post-

Protein  Ascension Theoretical Mass Mass E- translational
variant # Mass (Da) (Da) Diff (Da) Value modification
Loss of initial Met +
H3.1 Q6LBFO 15394.48 15305.56 -88.92 1.5E-07 acetylation (any K
residues from 16-48)
H3.1 Q6LBFO 15394.48 15318.56 -75.93 5.2E-07
H3.1 Q6LBFO 15394.48 15393.48 -1.00 7.2E-05
H3.2  P84228 1537851 1301117 -2367.33 10E-09  -0SSOf 22 residues
from N-terminus
H3.2 P84228 15378.51 13024.22  -2354.28 9.7E-11
H3.2 P84228 15378.51 13025.13  -2353.38 9.9E-08
Loss of 22 residues +
H32  P84228 1537851 1302615 -2352.36 8.1E-08 Methylation (any K or
R residues from 23-
37)
Loss of 22 residues +
methylation (any K or
H32  Pe4228 1537851  13039.22 -2339.28 2.7E-05 - residuesfrom 23-
37) + methylation (any
K or R residues from
38-90)
H3.2 P84228 15378.51 13043.19 -2335.31 5.3E-06
H3.2 P84228 15378.51 13054.25 -2324.26 6.7E-07
H3.2 P84228 15378.51 13056.11  -2322.40 7.8E-08
Loss of 21 residues +
H3.2  P84228 1537851 1309818 -2280.33 7.4E-0p Methylation (any K or
R residues from 22-
90)
H3.2 P84228 15378.51 13709.39 -1669.11 5.8E-05
H3.2 P84228 15378.51 13724.14 -1654.37 1.1E-05
H3.2 P84228 15378.51 1402799 -1350.52 1.5E-07
H3.2 P84228 15378.51 15291.43 -87.08 3.0E-06
Loss of M N-terminus
i i + acetylation (any K
H3.2 P84228 15378.51 15305.49 73.02 4.4E-10 residues from 16-48) +
oxidation of Met91
H3.2 P84228 15378.51 15319.42 -59.09 4.4E-07
H3.2 P84228 15378.51 15332.52 -45.99 1.8E-07
H3.3 pP84244 15318.50 13011.17 -2307.33 1.0E-09
H3.3  P84244 1531850 1302422 -229428 O7E-11  -0SSOf 21 residues
from N-terminus
H3.3 P84244 15318.50 13026.15 -2292.35 2.0E-09
H3.3 P84244 15318.50 13035.10 -2283.40 9.9E-08
H3.3 P84244 15318.50 13038.18 -2280.32 8.1E-08
H3.3 pP84244 15318.50 13039.22  -2279.28 1.3E-08
H3.3 pP84244 15318.50 13040.10 -2278.40 5.0E-10
H3.3 pP84244 15318.50 13041.09 -2277.41 1.7E-19
H3.3 P84244 15318.50 13043.19 -2275.31 5.0E-21
H3.3 pP84244 15318.50 13054.25 -2264.25 2.4E-13
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Observed

Putative post-

Pro_tein Ascension  Theoretical Mass _Mass E- translational
variant # Mass (Da) (Da) Diff (Da) Value modification
H3.3 P84244 15318.50 13056.11 -2262.39 2.7E-05
Loss of 21 residues +
H3.3 P84244 15318.50 13065.16  -2253.34 3.0E-05 acetylation (any K
residues from 59-89)
H3.3 P84244 15318.50 13069.20 -2249.31 5.3E-06
H3.3 P84244 15318.50 13083.08 -2235.42 7.8E-08
H3.3 P84244 15318.50 13098.18 -2220.32 7.4E-06
H3.3 P84244 15318.50 13709.39  -1609.11 5.8E-05
H3.3 P84244 15318.50 13724.14  -1594.37 1.1E-05
H3.3 P84244 15318.50 15275.44 -43.06 1.5E-07
H3.3 P84244 15318.50 15291.45 -27.05 5.0E-07
H3.3 P84244 15318.50 15305.56 -12.94 1.7E-06
H3.3 P84244 15318.50 15318.56 0.05 8.7E-05
H3.3 P84244 15318.50 15319.47 0.96 6.7E-05
Methylation (any K or
H3.3 P84244 15318.50  15332.56 1406  4.6E-05 R residues from 51-
73)
H3.3 P84244 15318.50 15334.45 15.94 8.9E-06
Oxidation of initial
H33  P84244 1531850 15347.48  28.98  7.0E-06 (aMnstlz methylation
from 53-84)
Loss of 22 residues +
methylation (any K or
H3.C ~ P02301 1530550 1301117 -2294.32 5.3E-13 5% Tﬂ}%‘:ﬁ;gﬁg}%ﬂy
K or R residues from
58-91)
H3.C P02301 15305.50 13024.22  -2281.27 2.5E-12
H3.C P02301 15305.50 13026.15 -2279.35 1.7E-12
H3.C P02301 15305.50 13035.10 -2270.40 1.9E-12
H3.C P02301 15305.50 13038.18 -2267.31 1.0E-09
H3.C P02301 15305.50 13039.22  -2266.27 9.7E-11
H3.C P02301 15305.50 13040.10 -2265.39 2.0E-09
H3.C P02301 15305.50 13041.09 -2264.41 1.6E-08
H3.C P02301 15305.50 13043.19 -2262.30 9.9E-08
H3.C ~ P02301 1530550 1305425 -2251.25 8.1E-08 Lforzsnf‘;ﬁe;fnsl'gﬂss
H3.C P02301 15305.50 13056.11 -2249.39 1.3E-08
H3.C P02301 15305.50 13065.16  -2240.34 5.0E-10
H3.C P02301 15305.50 13070.17 -2235.33 1.7E-19
H3.C P02301 15305.50 13083.08 -2222.41 2.7E-05
H3.C P02301 15305.50 13098.18 -2207.32 3.0E-05
H3.C P02301 15305.50 13709.39  -1596.10 5.3E-06
H3.C P02301 15305.50 13724.14  -1581.36 7.8E-08
H3.C P02301 15305.50 1379195 -151355 7.4E-06
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Observed

Putative post-

Pro_tein Ascension Theoretical Mass _Mass E- translational
variant # Mass (Da) (Da) Diff (Da) Value modification
H3.C P02301 1530550  13807.65 -1497.85 5.8E-05
H3.C P02301 1530550  13823.67 -1481.83 1.1E-05
H3.C P02301 1530550  13837.46 -1468.03 1.8E-06
H3.C P02301 1530550  15290.51  -14.98  15E-07
H3.C P02301 1530550 1530451  -0.99  1.8E-09
H3.C P02301 1530550 1530556  0.07  6.2E-08
H3.C P02301 1530550 1530643 093  1.8E-08
H3.C P02301 1530550 1531643 1093  7.7E-07
H3.C P02301 1530550  15331.37  25.87  4.4E-06
H3.C P02301 1530550  15347.48  41.99  6.8E-06 Acggfrtéor';sﬁgﬁesg K
H3.C P02301 1530550 16018.36  712.86  7.0E-06
4 P62806 1136038 904397 231641 63E07 oo ordresidues
H4 P62806  11360.38  9059.95  -2300.43 13E-13 "forzsrﬂ\lzf’e;fnsl'gﬂss
H4 P62806  11360.38  9079.86  -2280.52 3.8E-07
Loss of 18 residues +
2 methylathions (any
H4 P62806  11360.38  9584.41  -177597 3.2E-07 K or R residues from
20-53) + oxidation of
Met85
Loss of 18 residues +
Ha P62806  11360.38 970537  -1655.01 2.7E-08 gr”%efgé’lﬁ‘&os“fsré"’r‘mg
23)
Loss of initial Met +
dimethylation R4 + 2
H4 P62806  11360.38 1128526  -75.12  2.7E-08 methylations (any K or
R residues from 21-
40)
H4 P62806  11360.38  11287.29  -73.09  1.6E-06
H4 P62806  11360.38  11299.32  -61.07  1.4E-11
H4 P62806  11360.38  11300.32  -60.06  8.1E-15
H4 P62806  11360.38  11301.32  -50.06  7.0E-08
H4 P62806  11360.38 1130229  -58.09  5.3E-06
H4 P62806  11360.38  11303.18  -57.21  3.6E-12
H4 P62806  11360.38 1130424  -56.14  7.3E-07
H4 P62806  11360.38 1132520  -3519  1.0E-06
H4 P62806  11360.38  11329.34  -31.05 5.3E-10
Loss of ammonia (on
H4 P62806  11360.38 1134321  -17.17  1.2E-05 ggrg‘é?;je:;ﬂ{\'
40)
H4 P62806  11360.38 1134443  -1595  1.8E-05
H4 P62806  11360.38  11353.38  -7.00  4.1E-08
H4 P62806  11360.38  11359.35  -1.03  1.8E-19
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Protein  Ascension Theoretical O?\;(:;\ged Mass E- F;E;igfﬁigg:
variant # Mass (Da) (Da) Diff (Da) Value modification

H4 P62806 11360.38 11365.22 4.84 7.4E-38

H4 P62806 11360.38 11381.28 20.90 2.1E-12

H4 P62806 11360.38 11384.44  23/24.059 3.3E-09

H4 P62806 11360.38 12314.91 95453  6.7E-05

H4 P62806 11360.38 13765.57  2405.19 1.2E-10

H4 P62806 11360.38 1378257 242219 3.2E-10

H4 P62806 11360.38 13796.41  2436.02 2.8E-05

Appendix 3.1. Linear regression plots of observed and expected protein ratios without

log> transformation obtained for (a) normalized area,
spectral counts. 8

(a) Normalized areas

RNase y=1.65x R°=0.85 TNF-a y=1.12x R?=0.78

(b) normalized intensity, (c)

CAH y=3.40x R*=0.66
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Appendix 3.2. Complete list of proteoforms identified and comparison of differential abundances calculated by spectral counting,
normalized intensity and area.'!®
Note: All identifications required < 1% FDR against a decoy database. PrSM counts shown were corrected by global median normalization
* Residue coverage obtained for those proteoforms that were fully characterized. Coverages were determined by combining the fragment ions obtained from 2

spectra one obtained by CID and one by EThcD fragmentation.
# mass differences (ppm) were provided for those proteoforms that were fully characterized. Unknown mass additions are stated in the Putative PTM section.

Grey highlight means that the proteoform had < 3 counts or was not present in 50% of the biological replicates

MW — Mann-Whitney test

895.01 Da
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Spectral counting Peak Areas Peak Intensities
Mass log2 Fisher log2 MW log2 MW
. ; 0 5
Acession Pr;‘;tseso(fgg)“ Putative PTM (d'frfﬁ) oo | Ratio) Exacts  FEIT XESU i) adi | (C)  adj
pg ' Counts FDR Area p-value | Int. p-value
P31786 9905.15 Loss of initial M -0.71 49 2.3 2.1x1071  1.8x101 7.9x107?
Q9CY02 11693.83 Loss of initial M 0.43 15 -0.6 7.9x101  7.1x101! 5.2x10%
QoCPW5 | 1618930 | lossofiniial M+ 0 |4 10 97x10% 56x100  3.6x10%
acetylation S2
Loss of initial M +
Q9CPW5 16308.28 acetylation S2 + -1.37 54 -1.6 1.4x10% 1.2x10? 6.2x108 | -2.6 1.6x10% [ -2.0 4.0x102
cysteinylation C45
Loss of initial M + i i o o “l
Q9CPWS5 17016.69 827.39 Da 1.0 9.7x10 5.6x10 3.6x10
Loss of initial M + a 4 4
Q9CPWS5 17049.05 859 76 Da - - -1.4 2.6x10 4.1x10 1.4x10
QoCPW5 | 1708431 | lossofinitial M+ - - 16  18x10! 3.0x107 9.4x102




Spectral counting

Peak Areas

Peak Intensities

Mass .
. . log2 Fisher log2 MW log2 MW
[0) 2
Acession Pr;‘;tseso(fgg‘ Putative PTM (d'frfr']) oo | Ratio) Exacts  FEIT XESU i) adi | (C)  adj
pr; ' Counts FDR Area p-value | Int. p-value
Loss of initial M + i ) ) 1 1 2
Q9CPWS5 17123.18 933.89 Da 2.3 1.9x10 4.7x10 7.9x10
Loss of initial M + i i ) 4 4 2l
Q9CPWS5 17789.69 1600.39 Da 2.0 3.4x10 4.7x10 1.3x10
Loss of initial M + ) ) _ 1 1 1
Q9CPWS5 17861.28 1671.98 Da 1.6 5.6x10 6.1x10" 2.1x10
Loss of initial M +
P62204 16764.84 acetylation A2 + - - 1.0 9.7x10' 1.9x10* 3.6x10?
27.03 Da
Loss of initial M +
P62204 16779.85 acetylation A2 + -0.34 46 -1.6 1.1x10* 2.3x101 1.2x10% | -25 2.0x10%| -1.2  7.3x10%
trimethylation K 116
Loss of initial M +
acetylation A2 +
P62204 16795.82 trimethylation K 116 -1.82 27 -1.6 5.4x10* 1.2x10' 5.6x10* -2.3  7.1x10%| -15 7.3x10%

+ oxidation between

residues 64 to 136
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Spectral counting

Peak Areas

Peak Intensities

Mass .
. . log2 Fisher log2 MW log2 MW
[0) 2
Acession Pr:]‘;geso(fg;‘;‘ Putative PTM (d'frfr']) oo | Ratio) Exacts  FEIT XESU i) adi | (C)  adj
p;; ' Counts FDR Area p-value | Int. p-value

Loss of initial M +

acetylation A2 + i i i a a P
P62204 16811.91 trimethylation K116 + 2.6 1.2x10 3.0x10 5.2x10

32.05 Da
Q64433 | 10866.88 | Lossofintial M+ 404 | oy 33 13x10? 28x10% 8.9x103
acetylation A2

P35175 10982.50 -16.52 Da - - -14 1.3x10% 2.8x10! 7.9x10?

Loss of initial M +
P35173 11661.93 acetylation S2 + 0.34 29 0.0 1.0 9.6x101 9.9x10?

cysteinylation C69

Loss of initial M +
P29391 20698.51 acetylation T2 -1.95 - - 2.8 6.3x10? 6.3x102% 3.2x1072

Da

Loss of initial M +

p22752 12354.95 acetylation S2 + loss 1.71 63 1.2 7.1x10° 1.4x10% 5.6x10% | 1.3 1.2x10'| 14  7.5x10?
of C-term after V114

Loss of initial M +

P22752 14038.9 acetylation S2 + -0.26 13 -5.0 1.4x10® 5.0x10t 5.9x107

citrullination R4
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Spectral counting

Peak Areas

Peak Intensities

Mass .
. - log2 Fisher log2 MW log2 MW
[0) 2
Acession Pr:]‘;geso(fg;‘;‘ Putative PTM (d'frfr']) 2| Ratio)  Exacrs  PETT Bt aie)  adi | (WC)  adj
p;; ' Counts FDR Area p-value | Int. p-value
Loss of initial M +
acetylation S2 +
Q6GSS7 12315.85 citrullination R4 + 0.31 59 3.2 2.1x102 1.8x102% 1.3x1072
loss of C-term after
V1il4
P10853 13796.53 Loss of initial M 0.11 33 2.0 3.6x101 2.6x101 1.3x10%
P62806 9044.01 Loss until L23 -2.26 92 3.3 1.2x10% 6.3x10? 9.0x10°
P62806 | 9060.04 Loss until L23 + 172 | 76 28  63x102 63x10? 3.2x10?
oxidation M85
P62806 9706.44 - - - 2.0 3.6x101 6.3x102% 1.3x10?
Loss of initial M +
acetylation S2 +
P62806 11286.33 citrullination R4 + -2.03 57 1.0 9.7x101  3.4x10t 3.6x10?
methylation K21 or
K32
Loss of initial M +
acetylation S2 +
P62806 11301.34 citrullination R4 and -0.97 65 0.7 3.8x101 59x10! 2.6x10*

R18 + dimethylation
K21

133




Spectral counting Peak Areas Peak Intensities
Accession | Proteoform I\éli??s % log2 Fisher Perm 2 test log2 MW log2 MW
e mass (Da) Putative PTM ( rﬁ) reso* (Ratio) Exact's FDR' XFDR (1/C) adj. (1/C) adj.
p;; ' Counts FDR Area p-value | Int. p-value
Loss of initial M +
acetylation S2 +
P62806 11317.32 citrullination R4 and -1.92 56 -1.5 1.1x10  6.3x10% 5.7x1072
R18 + dimethylation
K21 + oxidation M85
Loss of initial M +
acetylation S2 +
P62806 11342.35 citrullination R4 + -2.69 81 4.2 4.8%x10° 6.3x102? 1.2x10*
acetylation K17 +
dimethylation K21
P62806 11360.35 Unmodified -2.90 43 -1.6 1.2x101  4.4x101 6.2x10?
Loss of initial M +
P01942 14907.63 | cysteinylation C105+ | 0.80 45 -3.2 2.2x102 2.8x10t 1.3x1072
loss of C-term R
Loss of initial M +
PO1942 | 1492163 AAS S69T + 056 | 40 26  12x101 3.0x107 52x102
cysteinylation C105 +
loss of C-term R
P01942 14944.73 Loss of initial M 0.40 26 15 1.2x102 1.4x101 9.0x10°3
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Spectral counting Peak Areas Peak Intensities
Accession | Proteoform I\éli??s % log2 Fisher Perm 2 test log2 MW log2 MW
e mass (Da) Putative PTM ( rﬁ) reso* (Ratio) Exact's FDR' XFDR (1/C) adj. (1/C) adj.
pr; ' Counts FDR Area p-value | Int. p-value
Loss of initial M + i 5 1 5
P01942 14958.73 AAS S69T 0.21 61 2.2 4.8x10 6.3x10 6.7x10
P01942 15063.71 Lossofinitiall M+ 1 0) | 47 0.6 1.9x107  6.3x107 1.3x101 | -1.6 3.9x101 | -1.0  4.9x10%
cysteinylation C105
Loss of initial M +
P01942 15077.81 AAS S69T + -1.26 64 -0.6 2.8x101  6.3x10! 2.0x1071 -1.7  3.6x101| -09 4.9x1071
cysteinylation C105
Loss of initial M +
P02088 15697.09 disulfide bond C14- -0.33 30 2.3 2.1x10t 6.3x102 7.9x1072
Co94
P09602 9286.02 Loss of initial M -0.91 59 0.1 9.3x101  6.8x10! 6.8x1071 0.0 2.1x10%2 04 4.8%102
P09602 | o157.94 | Lossofiniiall M+ 4 0| oy 25  39x102 1.9x10% 0.017785
loss of C-term K
Po9027 | 1173978 | OXidationM109+ 4, o 4 32 22x102  28x101  1.3x102
phosphorylation S86
P99027 11659.84 Oxidation M109 1.13 20 -2.5 3.0x102 2.8x10t 1.7x102
P99027 11643.82 Unmodified -0.40 10 -1.6 5.6x101 4.7x10! 2.1x101
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Spectral counting

Peak Areas

Peak Intensities

Accession
nD

Proteoform
mass (Da)

Putative PTM

Mass
diff.

(ppm)

%
res.*

log2
(Ratio)
Counts

Fisher
Exact's
FDR

Perm.
FDR

¥ test
FDR

MW
adj.
p-value

log2
(1/C)
Area

log2 MW
(1/C) adj.
Int. p-value

P14069

P31725

P31725

P31725

P31725

10074.27

12963.26

12979.33

13146.28

13203.28

Loss of initial M +
acetylation A2 +
cysteinylation C3

Loss of initial M +
acetylation A2 +
methylation H107 +
disulfide bond C91-
Cl11

Loss of initial M +
acetylation A2 +
methylation H107 +
disulfide bond C91-
C111 + oxidation
Ms81

Loss of initial M +
acetylation A2 +
methylation H107 +
disulfide bond C91-
C111 + 183.03 Da

Loss of initial M +
acetylation A2 +
252.02 Da

0.36

0.41

6.21

80

60

65

2.4

2.0

2.8

2.3
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1.3x101 2.8x10?

3.0x10*2  7.5x10°

3.6x107  6.3x1072

6.3x107  1.1x10%

2.1x101  6.4x102

9.5x102

6.5x101!

1.3x10?

3.2x10%?

7.9x10%2

0.0 3.1x1072

46  5.8x10*

0.3 3.2x10?

38 3.0x10?




Spectral counting Peak Areas Peak Intensities
Accession | Proteoform I\éli??s % log2 Fisher Perm 2 test log2 MW log2 MW
e mass (Da) Putative PTM ( rﬁ) reso* (Ratio) Exact's FDR' XFDR (1/C) adj. (1/C) adj.
pr; ' Counts FDR Area p-value | Int. p-value
Loss of initial M +
P31725 13683.93 acetylation A2 + - - 1.0 9.7x10t  1.9x10* 3.6x10?
732.68 Da
Loss of initial M +
acetylation A2 + 1 1 1
P08228 15841.80 disulfide bond C57- 2.73 13 0.6 9.7x10 6.0x101  6.1x10
C146
Loss of initial M +
P27005 9675.83 loss of C-term 2.97 70 0.4 9.7x10!  8.4x10t 6.9x101
residues (S86 - E89)
Loss of N-terminus
P27005 10101.98 | (M1-P2) + acetylation | -0.60 85 0.3 8.7x101 3.4x10! 5.9x10' [ 05 1.5x102| 1.0 2.6x10?
S3
P27005 10140.03 -148.04 Da - - 2.8 4.8x10° 1.9x10* 7.4x10° | 3.0 51x10°| 2.0 25x10?
P27005 10157.05 Loss of initial M 2.35 97 0.3 1.3x101° 9.2x102 4.4x10° | 06 2.2x10°| 0.0 25x10?
Loss of initial M +
P27005 10172.99 cysteine sulfenic acid | -2.84 90 -1.2 2.8x10°% 35x10? 4.1x10° | -0.2 15x102| 1.1  2.6x1072
C42
p27005 | 10179.05 | LOSSOfinitial M+ : i 0.4 97x101 88x101 7.7x10 | 0.2 80x10°| 06 29x10°

22.03 Da
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Spectral counting

Peak Areas

Peak Intensities

Mass .
. . log2 Fisher log2 MW log2 MW
(o) 2
A"Cff;s'on Pr;‘;tseso(fgg‘ Putative PTM (d'frfr']) ref* (Ratio)  Exact's F;;g' "F[t)e;t /C) adj. | (11C)  adi.
pr; ' Counts FDR Area p-value | Int. p-value
Loss of initial M +
P27005 10189.07 | cysteine sulfinic acid | 4.96 89 26  99x10%° 35x102 7.2x10° | -14 47x10%| -04 6.8x10%
C42
P27005 10194.98 Loss of initial M + - ; RV 6.9x10* 1.9x10% 7.2x10*
37.95 Da
P27005 | 10199.01 | LossofinitialM+ - 0 40 20 91x10° 1.1x10° 6.6x10°
acetylation P2 or S3
Loss of initial M +
P27005 10205.02 | cysteine sulfonic acid | 1.44 74 35 35x107 1.3x102 2.6x10% | 21 7.2x10% | -06 7.5x10?!
C42
P27005 | 10212.54 Lossgg‘z”['f;'\“ ; ] 08  49x10' 51x107 32x10% | 07 96xi0%| 1.8  6.6x10%
Loss of initial M +
P27005 10221.02 oxidation M37 + 1.41 80 2.4 8.0x1012 1.3x102 7.6x10M | -27 7.1x101| -2.2  7.3x10%
cysteine sulfonic acid
C42
P27005 10228.59 Loss of initial M + - ; 16 56x107  4.1x10% 2.1x10%
71.56 Da
P27005 10235.02 Loss of initial M + - - 2l 3.2x107 2.8x101  9.9x107
78.00 Da
Loss of initial M + 1 1 1 2 2
P27005 10276.01 177 | 78 0.4 51x107  4.1x10% 3.6x10T | 0.0 52x102| 1.4  4.0x10

cysteinylation C42
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Spectral counting Peak Areas Peak Intensities
Accession | Proteoform I\éli??s % log2 Fisher Perm 2 test log2 MW log2 MW
e mass (Da) Putative PTM ( rﬁ) reso* (Ratio) Exact's FDR' XFDR (1/C) adj. (1/C) adj.
pr; ' Counts FDR Area p-value | Int. p-value
P27005 10288.07 Unmodified -0.62 91 -0.2 41x101  5.1x10t 3.6x10? 1.4 58x10%| 0.2 2.5x10?
P27005 10304.04 Oxidation M1 -1.70 81 -1.3 2.3x10* 6.3x10? 25x10* | 03 9.6x10°| -0.4 2.4x10%
Loss of initial M +
P27005 10340.04 aminoethyl benzene -1.66 86 0.0 9.7x10% 9.4x10' 9.8x10! | 0.3 5.8x10%| 0.4  25x10?
sulfonylation C42
P27005 10366.05 +77.98Da - - -1.9 3.0x102% 4.4x10% 1.8x107?
Loss of initial M + ) ) 2 2 P
P27005 10377.12 290.09 Da 3.0 3.7x10 6.3x10% 2.0x10
Loss of initial M + i i o o 5
P27005 10423.15 266.12 Da 4.7 7.5x10 2.6x10" 5.2x10
Loss of initial M + ) ) 1 1 2
P27005 10455.19 298.17 Da 2.3 2.1x10 1.8x10*  7.9x10
Loss of initial M + 5 1 5
P27005 10469.21 31219 Da - - 3.6 1.5x10 1.1x10"  3.4x10
Loss of initial M + ) ) 4 2 -4
P27005 10483.21 396.19 Da 2.7 9.4x10 5.3x10% 8.7x10
P27005 10554.22 +266.15 Da - - 1.0 9.7x101  3.4x10t 3.6x107?
p27005 | 10689.35 | Lossofinitial M+ i : 10 97x10% 19x10% 3.6x107

532.32 Da
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Appendix 4.1. Results of data processing for the analysis of the mRNA, miRNA and
protein cargo are attached in separate Appendix 4.1 pdf file.

Appendix 4.2. Sequencing quality assessment by FastQC showed that in the first 67
base pairs assignments a Phred quality score > 30 was obtained, which corresponds to
an accuracy > 99.9% in assigning the correct base pair.

Quality scores across all bases (Sanger / lllumina 1.9 encoding)
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Fosition in read {bp)

Appendix 4.3. Heatmap of hierarchical clustering by Euclidean distance for (a)
miRNA and (b) mRNA.
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Appendix 4.4. mRNA transcripts found in greater abundance in exosomes compared to
MDSC that translate into surface proteins, as annotated by GO cellular compartment
categories: “cell surface”, “cell periphery” and “plasma membrane”. Statistically
significant fold-changes (FC > 2, with adjusted p-value < 0.05) for the comparisons

of exosomes vs. MDSC under conventional and inflammatory conditions are shown.

Uniprot

Ensembl . Uniprot
Transcript ID A((:Sc\?vsizgc_)n Accession Description I';ﬁ CE(n:v
(ENSMUST#) (TrEMBL) ' '
Prot)
00000000161 Q3uv74 Integrin beta 2-like 6.6 -
Interleukin-12 receptor subunit beta-
00000000808 Q60837 1(CD212) 7.8 12.0
00000000834 P41047 Q544E9 CD95L (FasL) 5.2 5.9
00000001040 QYERM2 Q14ABO Intercellular adhesion molecule 4 48.9 844
(CD242)
00000001548 Q62470 Integrin alpha-3 (CD49c) 124.3 -
00000002379 Q9Z1P5 CD320 antigen 170.5 85.4
Integrin alpha E, epithelial- i
00000006101 Q60677 associated 8.7
Basal cell adhesion molecule
00000003061 QI9R069 (CD239) 150.9 3.0
Low affinity immunoglobulin
00000005678 P20693 epsilon Fc receptor (CD23) 24.1 10.3
Band 3 anion transport protein i
00000006749 P04919 Q53ZN9 (CD233) 15.7
Multidrug resistance protein 1B i
00000009058 P06795 B2RUR3 (CD243) 5.3
00000009705 Q63961 Endoglin (CD105) 42.2 164.8
00000012847 Q91zX1 CD209a antigen 13.3 -
Signaling lymphocytic activation i
00000015460 Q9IQUM4 Q544K1 molecule (CD150) 5.0
00000015540 088324 CD83 antigen 6.5 -
00000015998  Q9QWK4 CD5 antigen-like 68.0 -
00000016640 Q9EP73 Q3u472 CD274 antigen 6.7 -
00000017453 QIERPS CD300 antigen Il(lge family member 9.8 10.2
00000017799 P27512 CD40 antigen 23.8 16.9
00000019248 Q3UP36 CD22 antigen 46.5 33.6
00000019633 055237 QO05A52 CD70 antigen 101.0 44.9
Hyaluronan mediated motility
00000020579 Q00547 receptor (CD168) 10.4 10.5
Tumor necrosis factor ligand
00000022592 035235 superfamily member 11 (CD254) 9.8 15.7
Tumor necrosis factor receptor
00000022663 Q9QZM4 superfamily member 10B (CD262) 30.0 60.1
00000022871 P43407 Syndecan-2 (CD362) 29.0 -
00000023335 Q9JLB9 Nectin-3 (CD113) 736.7 2335
00000023341 E9QMY1 CD200 antigen - 56.7
00000023464 Q9ROR1 Q544J8 Melanotransferrin (CD228) 259.9 3126
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Uniprot

Ensembl . Uniprot
Transcript ID A(CSC\?VSiZﬁn Accession Description I';?I C'(:)Sv
(ENSMUST#) (TrEMBL) : '
Prot)
00000024044 P06332 Q3TSV7 CD4 antigen 5.9 -
Ammonium transporter Rh type A
00000024721 Q9QUTO (CD241) 22.8 48.9
00000025166 P15116 Cadherin-2 (CD antigen CD325) 513.8  189.9
00000026360 Q0VvBDO Integrin beta 8 206.5 32.6
00000026917 P97333 Neuropilin-1 (CD304) 3.9 -
00000027165 P31041 CD28 antigen 6.2 -
Interleukin-1 receptor type 1
00000027241 P13504 Q32MHO0 (CD121a) 60.8 13.3
Programmed cell death protein 1 i
00000027507 Q02242 Q544F3 (CD279) 69.5
Tumor necrosis factor receptor
00000027559 035305 superfamily member 11A (CD265) 66.6 33.2
Tumor necrosis factor ligand
00000028024 P43488 B6DXE3 superfamily member 4 (CD252) 95.8 6.9
Macrophage mannose receptor 1 i
00000028045 Q61830 Q2HZ94 (CD206) 3.6
00000028106 A2ARAS8 Integrin alpha 8 133.3 76.9
00000028111  P01590 e nstEld r(eccgpztg)r SURERIE  me gy
Ectonucleoside triphosphate
00000028328 055026 Q921R1 diphosphohydrolase 2 (CD39 50.1 88.5
antigen-like 1)
00000028735 Q9QXX0 Q3UVN4 Protein jagged-1 (CD339) 4.5 5.6
00000029744 E9Q6R1 Integrin, alpha 10 17.9 -
Kell blood group glycoprotein
00000031899 Q9EQF2 homolog (CD238) 89.1 159.3
Lymphocyte activation gene 3
00000032217 Q61790 protein (CD223) 44.3 58.5
00000032234 Q2VLH6 CD163 antigen 47.8 -
Ecto-ADP-ribosyltransferase 4
00000032341 Q9CRAO0 (CD297) 16.3 12.3
Killer cell lectin-like receptor
00000032472 Q99)B4 subfamily B member 1B allele B 60.8 7.9
(CD161b)
00000032486 P41272 Q3U4X0 CD27 antigen 11.6 8.7
00000032968 P25918 CD19 antigen 3.2 -
GPI-linked NAD(P)(+)-arginine
00000033300 Q60935 Q545U9 ADP-ribosyltransferase 1 (CD296) 1336 1311
00000033051 E9PXZ7 Integrin, alpha D 14.9 75.1
00000033888 Q91ZzW7 Q3KNN8 CD209e antigen 63.4 -
00000034056 Q99MB1 Toll-like receptor 3 (CD283) 85.7 -
00000034339 P55284 Cadherin-5 (CD144) 71.6 22.7
00000034510 Q9JKF6 Nectin-1 (CD111) 12.6 11.9
00000034774 AOAFO(;B"'” Integrin alpha 11 4087  169.4
00000035203 062190 Macrophage-stimulating protein 1643 i

receptor (CD136)
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Uniprot

Ensembl . Uniprot
Transcript ID A(CSC\?VSiZﬁn Accession Description I';?I C'(:)Sv
(ENSMUST#) (TrEMBL) ' '
Prot)
Prostaglandin D2 receptor 2

00000037261 Q97236 (CD294) 252.8 78.7
00000037882 Q8VBX4 CD207 antigen 32.3 18.5
00000039788 Q8VE9S8 ABMDC5 CD276 antigen 7.2 5.1
00000043059 QIQURS Semaphorin-7A (CD108) 5.1 6.2
00000044060 Q91Z2W9 CD209c antigen 45.1 54.8
00000044165 B8JK39 Integrin alpha 9 272.7 6.5
00000044228 B1ARJ9 CD79B antigen 4.8 4.2

CD3E antigen, epsilon polypeptide i
00000047036 Q76KJ5 associated protein 2.2
00000049681 Q8VvDV0 Integrin, beta-like 1 22.3 92.6

Epithelial cell adhesion molecule
00000053577 Q99JW5 (CD326) 19.6 -
C-C chemokine receptor type 4
00000054414 P51680 (CD194) 55.4 15.6
00000056117 Q62469 Integrin alpha 2 14.8 11.2
00000058755 Q61088 Q3V1B2 Frizzled-4 (CD344) 235 19.5
00000059888 Q920T9 Integrin beta 6 1186  348.7
00000061673 Q3V3R4 Integrin alpha 1 3.6 8.1
00000062572 Q9R216 Frizzled-9 (CD349) 307.8 79.2
00000065248 P10300 Q3TEKS8 CD8 antigen, beta chain 1 3.8 -
Immunoglobulin iota chain
00000075017 P13372 Q545E0 (CD179a) 82.3 82.1
00000070630 Q91Vv9s8 CD248 antigen, endosialin 568.9 24.8
Lysosome-associated membrane

00000081880 Q7TST5 glycoprotein 3 (CD208) 48.0 25.5
00000084086 Q8CJ91 Q3UTX5 CD209b antigen 83.6 78.5
00000093812 Q8R422 A6MDD3 CD109 antigen 10.9 12.5

NKG2-D type Il integral membrane i
00000095412 054709 protein (CD314) 12.6
00000099112 G3X90Q1 Integrin alpha 7 448 18.6
00000099972 Q792F9 Integrin alpha 4 - 2.3
00000100335 Q64449 C-type mannose receptor 2 (CD280) 106.5 29.1

Integrin alpha E, epithelial-

00000102537 Q8BS01 associated 10.9 12.8

Prostaglandin F2 receptor negative i
00000102694 Q9WV9al regulator (CD315) 4.8
00000102805 Q6XIVE Cell surface glycoprotein CD200 663.5 168.0

receptor 2
Inducible T-cell costimulator

00000102827 Q9IWVS0 (CD278) 4.1 3.8
00000105672 Q8R037 Secreted CD137 antigen 22.3 -
00000106237 Q3V0T4 Integrin, alpha D 135.8 190.3
00000106458 A2A863 Integrin beta 4 6.8 -
00000106460 A2A863 Integrin beta 4 482.7  299.0
00000106461 A2A863 Integrin beta 4 16.1 -
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Uniprot

Ensembl . Uniprot
Transcript ID A(CSC\?VSiZﬁn Accession Description I';ﬁ C'(:)Sv
(ENSMUST#) (TrEMBL) : '
Prot)
Platelet endothelial cell adhesion
00000106796 Q08481 molecule (CD31) 40.1 -
00000107164 QIERPS CD300 antigen Ilck;e family member 1155 i
00000107739 Q62470 Integrin alpha 3 - 333
00000108551 ~ 035930  A2cFBg  lateletglycoprotein Ibalphachain g5 54,
(CD42b)
00000111131 A2BI28 CD59b antigen 12,5 19.9
00000111132 Q6PBG1 CD59b antigen 2104  230.6
00000112101 Q61739 Integrin alpha 6 98.0 -
High affinity immunoglobulin alpha
00000112477 Q2TB54 and immunoglobulin mu Fc receptor ~ 119.4 100.1
(CD351)
00000112517 B1AYG6 Integrin beta 6 86.8 93.5
00000112576  QOWUL5  Q3U304 ngramme‘j(é‘i.')';;%ﬁ;th Lhigand2 599 572
00000114586 I7HJQ8 CD99 antigen-like 2 106.7  130.7
00000117102 Q8BKG4 Q14933 Frizzled-10 (CD350) 3258  127.6
Epithelial discoidin domain-
00000117301 Q03146 containing receptor 1 (CD167a) 185.1 2645
00000119365 E9PXZ3 Integrin, alpha 10 60.6 37.8
00000120375 Q62470 Integrin alpha 3 8.3 -
00000135386 CD84 antigen 3.4 -
Integrin-linked protein kinase i
00000136687 D3YZA5 (Fragment) 9.7
Integrin alpha FG-GAP repeat
00000142615 Q3TWL5 containing 2 122.3 36.3
00000149150 F7DB81 Integrin alpha 9 22.3 146.6
00000155249 F6VSK8 Integrin alpha 6 352.6 60.1
00000163230 Q80VX2 CD200 antigen 219.6 135
Interleukin-2 receptor subunit beta
00000163494 P16297 (CD122) 37.0 56.2
00000165365 Q8VE98 A6MDC5 CD276 antigen - 40.9
00000166731 E9Q7T2 Cell surface glycoprotein CD200 443 1955
receptor 3
Activated leukocyte cell adhesion
e GRS molecule soluble isoform (CD166) ol i
Platelet-derived growth factor
00000168162 P26618 receptor alpha (CD140a) 5025  370.9
00000168176 055186 A2BI31 CD59a antigen 222.4 -
00000170051 Q08857 Q3UAI3 CD36 antigen 12.3 -
C-X-C chemokine receptor type 5 i
00000179828 Q04683 (CD185) 99.9
C-C chemokine receptor type 9
00000180093 QIWUTY (CDW199) 717.6 97.5
00000189718 Q3UP36 CD22 antigen 140.8 70.0
00000194134 Q61391 CD10 antigen 1669 3785
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Ensembl

Uniprot

Uniprot

Transcript ID Afscfvsizg?n Accession Description I';ﬁ C'(:)Sv
(ENSMUST#) Prot) (TrEMBL) : '
00000194690 Q62371 CD167b antigen 17829  31.2
00000195656 Q9ET39 SLAM family member 6 (CD352) 34.7 12.1
Appendix 4.5. List of miRNAs found in all MDSC and exosomes samples
mMiRNAS
let-7d mir-16-1 mir-26a-2 mir-340 mir-6240 Gm23632
let-79 mir-181a-2 mir-26b | mir-3473f mir-652 Gm27512
let-7i mir-186 mir-27a mir-351 mir-709 Gm25190
mir-10a mir-192 mir-27b mir-423 mir-92a-1 Gm25442
mir-1198 mir-1928 mir-28a mir-425 Gm23935 Gm28017
mir-140 mir-1954 mir-3057 mir-451a Gm24270 Gm27468
mir-142b mir-1957a mir-30a mir-451b Gm24715 Gm27864
mir-146a mir-1983 mir-30d mir-484 Gm?24245 Gm27773
mir-146b mir-21a mir-30e mir-486a Gm?22655 Gm27399
mir-148a mir-22 mir-30f mir-5099 Gm25960 Gm27284
mir-148b mir-221 mir-320 mir-5100 Gm25732
mir-151 mir-223 mir-328 mir-582 Gm?24083
mir-15a mir-24-2 mir-339 mir-6236 Gm25301

Appendix 4.6. Distribution of spectral counts obtained for MDSC and MDSC-derived
exosomes from tumor-bearing mice under conventional and inflammatory condition.
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Appendix 4.7. List of genes that correspond to the KEGG “pathways in cancer”, including the
mMRNA, miRNA and proteins found in greater abundance in exosomes compared to MDSC,
irrespective of their inflammation condition. Species that are marked as Y were found and N
were not.

. Putative
David Gene Name in Pathway ;25:' dﬁ ?53;32 miRNA
' ' target

Adaptor protein, phosphotyrosine interaction, PH domain and
leucine zipper containing 1(Appl1)
Adenomatosis polyposis coli 2(Apc2)
Adenomatosis polyposis coli(Apc)
Adenylate cyclase 1(Adcyl)

Adenylate cyclase 2(Adcy?2)

Adenylate cyclase 3(Adcy3)

Adenylate cyclase 4(Adcy4)

Adenylate cyclase 5(Adcyb5)
Adenylate cyclase 6(Adcy6)

Adenylate cyclase 7(Adcy7)

Adenylate cyclase 8(Adcy8)

Adenylate cyclase 9(Adcy9)

Androgen receptor(Ar)

Angiotensin |1 receptor, type 1la(Agtrla)
Angiotensin Il receptor, type 1b(Agtrlb)
Avraf proto-oncogene, serine/threonine kinase(Araf)
Aryl hydrocarbon receptor nuclear translocator 2(Arnt2)
Aryl hydrocarbon receptor nuclear translocator(Arnt)
Axin 1(Axinl)

Axin 2(Axin2)

B cell leukemia/lymphoma 2(Bcl2)
Baculoviral 1AP repeat-containing 2(Birc2)
Baculoviral AP repeat-containing 3(Birc3)
Baculoviral AP repeat-containing 5(Birc5)
Baculoviral AP repeat-containing 7 (livin)(Birc7)
BCL 2-associated agonist of cell death(Bad)
BCL2-associated X protein(Bax)
BCL2-like 1(Bcl2I1)

BH3 interacting domain death agonist(Bid)
Bone morphogenetic protein 2(Bmp2)

Bone morphogenetic protein 4(Bmp4)
Bradykinin receptor, beta 1(Bdkrb1)
Bradykinin receptor, beta 2(Bdkrb2)

Braf transforming gene(Braf)
Breakpoint cluster region(Bcr)

Breast cancer 2, early onset(Brca2)

C-abl oncogene 1, non-receptor tyrosine kinase(Abl1)
Cadherin 1(Cdhl)

Casitas B-lineage lymphoma b(Cblb)
Casitas B-lineage lymphoma c(Cblc)
Casitas B-lineage lymphoma(Cbl)
Caspase 3(Casp3)

Caspase 8(Casp8)

Caspase 9(Casp9)

z|<|z|z|z|z|z|<|< | zZ|z|< < << zZ|<|Z|Z|Z|<|< | zZ|< < | Z| Z|< | Z|< | << | zZ| < |z | < < |z | << <]z ] <]z
<|Z|I<L|Z|Z|Z|1Z|1Z|Z2|Z|Z2|Z2|Z2|Z2|Z|Z2|Z|Z2|Z|Z2|Z2|Z2|Z2|Z2|Z2|Z2|Z2|Z2|Z|Z2|Z2|Z2|Z2|Z2|Z2|Z2|Z2|Z2|Z2|Z2|Z2|Z2|Z2] 2
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Putative

David Gene Name in Pathway ;?)Erll\ldé ?gg;ﬂg mMiRNA
) ' target
Catenin (cadherin associated protein), alpha 1(Ctnnal)
Catenin (cadherin associated protein), alpha 2(Ctnna2)
Catenin (cadherin associated protein), alpha 3(Ctnna3)
Catenin (cadherin associated protein), beta 1(Ctnnb1)
CCAAT /enhancer binding protein (C/EBP), alpha(Cebpa) miR-690

CDC28 protein kinase 1b(Cks1b)

CDC28 protein kinase regulatory subunit 2(Cks2)

Cell division cycle 42(Cdc42)

Chemokine (C-X-C motif) ligand 12(Cxcl12)

Chemokine (C-X-C motif) receptor 4(Cxcr4)

Coagulation factor Il (thrombin) receptor(f2r)

Coagulation factor Il (thrombin) receptor-like 3(f2rl3)

Coiled-coil domain containing 6(Ccdc6)

Collagen, type 1V, alpha 1(Col4al)

Collagen, type 1V, alpha 2(Col4a2)

Collagen, type 1V, alpha 3(Col4a3)

Collagen, type 1V, alpha 4(Col4a4)

Collagen, type 1V, alpha 5(Col4a5)

Collagen, type 1V, alpha 6(Col4a6)

Colony stimulating factor 1 receptor(Csflr)

Colony stimulating factor 2 receptor, alpha, low-affinity
(granulocyte-macrophage)(Csf2ra)

Colony stimulating factor 3 receptor (granulocyte)(Csf3r)

Conserved helix-loop-helix ubiquitous kinase(Chuk)

CREB binding protein(Crebbp)

C-terminal binding protein 1(Ctbpl)

C-terminal binding protein 2(Ctbp2)

Cullin 2(Cul2)

Cyclin D1(Ccnd1)

Cyclin E1(Ccnel)

Cyclin E2(Ccne2)

Cyclin-dependent kinase 2(Cdk2)

Cyclin-dependent kinase 4(Cdk4)

Cyclin-dependent kinase 6(Cdk6)

Cyclin-dependent kinase inhibitor 1A (P21)(Cdknla)

Cyclin-dependent kinase inhibitor 1B(Cdkn1b)

Cyclin-dependent kinase inhibitor 2A(Cdkn2a)

Cyclin-dependent kinase inhibitor 2B (p15, inhibits
CDK4)(Cdkn2b)

Cytochrome c, somatic(Cycs)

Cytochrome c, testis(Cyct)

Death associated protein kinase 1(Dapk1)

Death-associated protein kinase 2(Dapk?2)

Death-associated protein kinase 3(Dapk3)

Deleted in colorectal carcinoma(Dcc)

Dishevelled segment polarity protein 1(Dvl1)

Dishevelled segment polarity protein 2(Dvl2)

Dishevelled segment polarity protein 3(Dvl3)

E1A binding protein p300(Ep300)

E2F transcription factor 1(E2f1)

<|1Z|1Z2|<|1Z2|<[<L|Z2|<[Z|<| < [Z|Z2|1Z|KL|<L[Z|1Z2|Z|<L|Z2|<(Z2|Z2|Z2|Z2| Z2 |Z|¥X|<¥[X|<LX[L[<L|<L[<L|<L|Z[<L]|Z2|Z2|Z2|Z2|Z2|<|<|Z

2\ Z2|1Z2|1Z2|1Z2|1Z2|1Z2|1Z2|1Z2|1Z2|1Z2| Z2 |Z|1Z|1Z|1Z|1Z|1Z|1Z|1Z|1Z2|1Z2|1Z2|1Z2|1Z|1Z2|1Z| Z2 ||Z21Z21Z21Z21Z2|1Z21Z2|1Z2|1Z21Z2Z2|<(2222Z222
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E2F transcription factor 2(E2f2)

E2F transcription factor 3(E2f3)

Egl-9 family hypoxia-inducible factor 1(Eginl)

Egl-9 family hypoxia-inducible factor 2(EgIn2)

Egl-9 family hypoxia-inducible factor 3(EgIn3)

Endothelial PAS domain protein 1(Epasl)

Endothelin receptor type A(Ednra)

Endothelin receptor type B(Ednrb)

Epidermal growth factor receptor(Egfr)

Epidermal growth factor(Egf)

Erb-b2 receptor tyrosine kinase 2(Erbb2)

Fas (TNF receptor superfamily member 6)(Fas)

miR-
98/let-7

Fas (TNFRSF6)-associated via death domain(Fadd)

miR-155

Fas ligand (TNF superfamily, member 6)(Fasl)

FBJ osteosarcoma oncogene(Fos)

Fibroblast growth factor 1(Fgfl)

Fibroblast growth factor 10(Fgf10)

Fibroblast growth factor 11(Fgf11)

Fibroblast growth factor 12(Fgf12)

Fibroblast growth factor 13(Fgf13)

Fibroblast growth factor 14(Fgf14)

Fibroblast growth factor 15(Fgf15)

Fibroblast growth factor 16(Fgf16)

Fibroblast growth factor 17(Fgf17)

Fibroblast growth factor 18(Fgf18)

Fibroblast growth factor 2(Fgf2)

Fibroblast growth factor 20(Fgf20)

Fibroblast growth factor 21(Fgf21)

Fibroblast growth factor 22(Fgf22)

Fibroblast growth factor 23(Fgf23)

Fibroblast growth factor 3(Fgf3)

Fibroblast growth factor 4(Fgf4)

Fibroblast growth factor 5(Fgf5)

Fibroblast growth factor 6(Fgf6)

Fibroblast growth factor 7(Fgf7)

Fibroblast growth factor 8(Fgf8)

Fibroblast growth factor 9(Fgf9)

Fibroblast growth factor receptor 1(Fgfrl)

Fibroblast growth factor receptor 2(Fgfr2)

Fibroblast growth factor receptor 3(Fgfr3)

Fibronectin 1(Fnl)

FMS-like tyrosine kinase 3 ligand(FIt3l)

FMS-like tyrosine kinase 3(FIt3)

Forkhead box O1(Foxol)

Frizzled class receptor 1(Fzd1l)

Frizzled class receptor 10(Fzd10)

Frizzled class receptor 2(Fzd2)

Frizzled class receptor 3(Fzd3)

Frizzled class receptor 4(Fzd4)

<|<|<|<|<|<|z|z|z|z|<|<|< << << << <<= === == === ===z =z <] << <] <] <] z]<]z]z]z

Z2\1Z2\1Z2|1Z2|1Z2|1Z2|1Z2|1Z2|K|Z2|1Z2|1Z2|1Z2|1Z2|1Z2|1Z2|1Z2|1Z2|1Z2|1Z2|1Z2|1Z2|1Z2|1Z2|1Z2|1Z2|1Z2|1Z2|Z2|Z2|Z2|Z2|1Z2|1Z2|1Z2|1Z2|Z2| Z2 |Z|1Z|1Z|1Z|1Z|1Z|1Z2|1Z2|1Z2|1Z2|Z2
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Frizzled class receptor 5(Fzd5)

Frizzled class receptor 6(Fzd6)

Frizzled class receptor 7(Fzd7)

Frizzled class receptor 8(Fzd8)

Frizzled class receptor 9(Fzd9)

Fumarate hydratase 1(Fh1)

GLI-Kruppel family member GLI1(Glil)

GLI-Kruppel family member GLI12(Gli2)

GLI-Kruppel family member GLI3(Gli3)

Glycogen synthase kinase 3 beta(Gsk3b)

GNAS (guanine nucleotide binding protein, alpha stimulating)
complex locus(Gnas)

Growth factor receptor bound protein 2(Grb2)

Guanine nucleotide binding protein (G protein), alpha inhibiting
1(Gnail)

< |z| < |z|<|<|<|<]|<|<|<]|<]|<

Z (2| Z2 |Z|1Z2|1Z2|1Z2|1Z2|1Z2|1Z2|1Z2|1Z(2

Guanine nucleotide binding protein (G protein), alpha inhibiting
2(Gnai2)

z2

Z

Guanine nucleotide binding protein (G protein), alpha inhibiting
3(Gnai3)

Guanine nucleotide binding protein (G protein), beta 1(Gnb1)

Guanine nucleotide binding protein (G protein), beta 2(Gnb2)

Guanine nucleotide binding protein (G protein), beta 3(Gnb3)

Guanine nucleotide binding protein (G protein), beta 4(Gnb4)

Guanine nucleotide binding protein (G protein), beta 5(Gnb5)

Guanine nucleotide binding protein (G protein), gamma
10(Gng10)

Z |1ZIK¥|KX|Z|1Z| 2

Z |(Z2|1Z2|1Z2|1Z2|1Z2| Z2

Guanine nucleotide binding protein (G protein), gamma
11(Gngll)

2

Z

Guanine nucleotide binding protein (G protein), gamma
12(Gngl2)

2

b

Guanine nucleotide binding protein (G protein), gamma
13(Gng13)

Guanine nucleotide binding protein (G protein), gamma 2(Gng?2)

Guanine nucleotide binding protein (G protein), gamma 3(Gng3)

Guanine nucleotide binding protein (G protein), gamma 4(Gng4)

Guanine nucleotide binding protein (G protein), gamma 5(Gng5)

Guanine nucleotide binding protein (G protein), gamma 7(Gng7)

Guanine nucleotide binding protein (G protein), gamma 8(Gng8)

Guanine nucleotide binding protein (G protein), gamma
transducing activity polypeptide 1(Gngtl)

< |<|z|z|<|<|z| <

Z |1 Z2|1Z|1Z2|1Z2|1Z2|1Z2| 2

Guanine nucleotide binding protein (G protein), gamma
transducing activity polypeptide 2(Gngt2)

Guanine nucleotide binding protein, alpha 11(Gnall)

Guanine nucleotide binding protein, alpha 12(Gnal2)

Guanine nucleotide binding protein, alpha 13(Gnal3)

Guanine nucleotide binding protein, alpha q polypeptide(Gnaq)

Guanine nucleotide-binding protein G(1)/G(S)/G(O) subunit
gamma-5(L0C102641276)

Harvey rat sarcoma virus oncogene(Hras)

Heat shock protein 90 alpha (cytosolic), class B member
1(Hsp90ah1)

Z || Z2 [ZIZ|Z|Z| 2

Z |Z2| Z2 | Z|1Z|1Z2|1Z| Z2
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Heat shock protein 90, alpha (cytosolic), class A member
1(Hsp90aal)

Heat shock protein 90, beta (Grp94), member 1(Hsp90b1)

Hedgehog-interacting protein(Hhip)

Hepatocyte growth factor(Hgf)

Histone deacetylase 1(Hdacl)

Histone deacetylase 2(Hdac?)

Hypoxia inducible factor 1, alpha subunit(Hifla)

Inhibitor of kappab kinase beta(lkbkb)

miR-155,
miR-199

Inhibitor of kappab kinase gamma(lkbkg)

Insulin-like growth factor 1(1gf1)

Insulin-like growth factor | receptor(lgfir)

Integrin alpha 2(ltga2)

Integrin alpha 2b(Itga2b)

Integrin alpha 3(Itga3)

Integrin alpha 6(Itga6)

Integrin alpha V(ltgav)

Integrin beta 1 (fibronectin receptor beta)(ltgb1)

Interleukin 6(116)

Janus kinase 1(Jak1)

Jun proto-oncogene(Jun)

Junction plakoglobin(Jup)

Kirsten rat sarcoma viral oncogene homolog(Kras)

Kit ligand(Kitl)

Kit oncogene(Kit)

Laminin B1(Lamb1)

Laminin gamma 3(Lamc3)

Laminin, alpha 1(Lamal)

Laminin, alpha 2(Lama?2)

Laminin, alpha 3(Lama3)

Laminin, alpha 4(Lama4)

Laminin, alpha 5(Lamab)

Laminin, beta 2(Lamb?2)

Laminin, beta 3(Lamb3)

Laminin, gamma 1(Lamcl)

Laminin, gamma 2(Lamc2)

Lymphoid enhancer binding factor 1(Lef1)

Lysophosphatidic acid receptor 1(Lparl)

Lysophosphatidic acid receptor 2(Lpar2)

Lysophosphatidic acid receptor 3(Lpar3)

Lysophosphatidic acid receptor 4(Lpar4)

Lysophosphatidic acid receptor 5(Lpar5)

Lysophosphatidic acid receptor 6(Lpar6)

Matrix metallopeptidase 1a (interstitial collagenase)(Mmpla)

Matrix metallopeptidase 1b (interstitial collagenase)(Mmplb)

Matrix metallopeptidase 2(Mmp2)

Matrix metallopeptidase 9(Mmp9)

Max protein(Max)

MDS1 and EVI1 complex locus(Mecom)

<|z|z|<|z|z|<|< <<z << << << << < << << | z|<|z|z|z|Zz|Zz|Zz|Zz|< < | Z|< | Z|<| 2] Z |z|<|z|z|<|z| 2

Z2\1Z2|<K|Z2|1Z2|1Z2|1Z2|1Z2|1Z2|1Z2|1Z2|1Z2|1Z2|1Z2|1Z2|1Z2|1Z2|1Z2|1Z2|1Z2|1Z2|1Z2|1Z2|1Z2|1Z2|1Z2|1Z2|1Z2|1Z2|1Z2|1Z2|<|1Z2|<X|Z2|<X|Z2|1Z2|1Z2|1Z2| Z2 |Z|1Z|1Z|Z2|1Z2|Z| Z2
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Mechanistic target of rapamycin (serine/threonine kinase)(Mtor)

Met proto-oncogene(Met)

Microphthalmia-associated transcription factor(Mitf)

Mitogen-activated protein kinase 1(Mapk1)

Mitogen-activated protein kinase 10(Mapk10)

Mitogen-activated protein kinase 3(Mapk3)

Mitogen-activated protein kinase 8(Mapk8)

Mitogen-activated protein kinase 9(Mapk9)

Mitogen-activated protein kinase kinase 1(Map2k1)

Mitogen-activated protein kinase kinase 2(Map2k?2)

Mutl homolog 1(Mlh1)

Muts homolog 2(Msh?2)

Muts homolog 3(Msh3)

Muts homolog 6(Msh6)

Myelocytomatosis oncogene(Myc)

miR-
98/let-7

Neuroblastoma ras oncogene(Nras)

Neurotrophic tyrosine kinase, receptor, type 1(Ntrk1)

Nitric oxide synthase 2, inducible(Nos2)

NK-3 transcription factor, locus 1 (Drosophila)(Nkx3-1)

Nuclear factor of kappa light polypeptide gene enhancer in B
cells 1, p105(Nfkb1)

Z |X|1Z2IK|Z| < |1Z|KX|Z|<L|Z|1Z2|<|Z|Z2|<|Z|<L[X|Z

Z |1 Z|1Z2|1Z2|1Z2| 2 |(Z|1Z|1Z2|1Z2|1Z2|1Z21Z21Z2|KL1Z|KL|Z2|1Z2|Z2

miR-9

Nuclear factor of kappa light polypeptide gene enhancer in B
cells 2, p49/p100(Nfkb2)

z2

Z

Nuclear factor of kappa light polypeptide gene enhancer in B
cells inhibitor, alpha(Nfkbia)

Nuclear receptor coactivator 4(Ncoa4)

Paired box 8(Pax8)

Patched 1(Ptchl)

Patched 2(Ptch?2)

Peroxisome proliferator activated receptor gamma(Pparg)

Peroxisome proliferator activator receptor delta(Ppard)

z|<|<|<|<|z| z

Z|1Z|1Z2\1Z2|1Z2|1Z2| Z

Phosphatase and tensin homolog(Pten)

2

Z

miR-494
miR-21a
miR-155

Phosphatidylinositol 3 kinase, regulatory subunit, polypeptide 3
(p55)(Pik3r3)

Phosphatidylinositol 3-kinase catalytic delta polypeptide(Pik3cd)

Phosphatidylinositol 3-kinase, catalytic, alpha
polypeptide(Pik3ca)

Phosphatidylinositol 3-kinase, catalytic, beta polypeptide(Pik3ch)

Phosphatidylinositol 3-kinase, regulatory subunit, polypeptide 1
(p85 alpha)(Pik3r1)

< |<| < |<| <

Z |Z2| Z2 |Z Z

Phosphatidylinositol 3-kinase, regulatory subunit, polypeptide 2
(p85 beta)(Pik3r2)

2

b4

Phosphoinositide-3-kinase, catalytic, gamma
polypeptide(Pik3cg)

Phosphoinositide-3-kinase, regulatory subunit 5, p101(Pik3r5)

Phospholipase C, beta 1(Plcbl)

Phospholipase C, beta 2(Plch2)

Phospholipase C, beta 3(Plch3)

zZ1Z2|<|Z| 2

Z\Z2\Z2|1Z| Z2
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Phospholipase C, beta 4(Plch4)

Phospholipase C, gamma 1(Plcgl)

Phospholipase C, gamma 2(Plcg2)

Placental growth factor(Pgf)

Platelet derived growth factor receptor, alpha
polypeptide(Pdgfra)

Platelet derived growth factor receptor, beta polypeptide(Pdgfrb)

Platelet derived growth factor, alpha(Pdgfa)

Platelet derived growth factor, B polypeptide(Pdgfb)

Pleckstrin homology domain containing, family G (with rhogef
domain) member 5(Plekhg5)

Predicted gene 15776(Gm15776)

Predicted gene 5741(Gm5741)

Predicted gene 9840(Gm9840)

Promyelocytic leukemia(Pml)

Prostaglandin E receptor 1 (subtype EP1)(Ptger1)

Prostaglandin E receptor 2 (subtype EP2)(Ptger2)

Prostaglandin E receptor 3 (subtype EP3)(Ptger3)

Prostaglandin E receptor 4 (subtype EP4)(Ptger4)

Prostaglandin-endoperoxide synthase 2(Ptgs2)

Protein inhibitor of activated STAT 2(Pias2)

Protein kinase C, alpha(Prkca)

Protein kinase C, beta(Prkch)

Protein kinase C, gamma(Prkcg)

Protein kinase, camp dependent, catalytic, alpha(Prkaca)

Protein kinase, camp dependent, catalytic, beta(Prkach)

PTK2 protein tyrosine kinase 2(Ptk2)

RADS51 recombinase(Rad51)

Ral guanine nucleotide dissociation stimulator(Ralgds)

Rala binding protein 1(Ralbp1)

Ras association (ralgds/AF-6) domain family member 1(Rassf1)

Ras association (ralgds/AF-6) domain family member 5(Rassf5)

RAS guany!| releasing protein 1(Rasgrpl)

RAS guany!| releasing protein 4(Rasgrp4)

Ras homolog family member A(Rhoa)

RAS, guanyl releasing protein 2(Rasgrp2)

RAS, guanyl releasing protein 3(Rasgrp3)

RAS-related C3 botulinum substrate 1(Racl)

RAS-related C3 botulinum substrate 2(Rac?2)

RAS-related C3 botulinum substrate 3(Rac3)

Ret proto-oncogene(Ret)

Retinoblastoma 1(Rb1)

Retinoic acid receptor, alpha(Rara)

Retinoic acid receptor, beta(Rarb)

Retinoid X receptor alpha(Rxra)

Retinoid X receptor beta(Rxrb)

Retinoid X receptor gamma(Rxrg)

Rho guanine nucleotide exchange factor (GEF) 1(Arhgefl)

Rho guanine nucleotide exchange factor (GEF) 11(Arhgefll)

Rho guanine nucleotide exchange factor (GEF) 12(Arhgef12)

<|z|z|<|z|<|<|z|z|<|<|z|z|<|<| z|zZ|<|Z| Z|<|< | Z|<|<| 2|<| 2 |<|<|<| 2| Z| Z|Z|<| 2| 2| Z| < |<|<|<] < |<|z|<|<
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Rho-associated coiled-coil containing protein kinase 1(Rock1)

Rho-associated coiled-coil containing protein kinase 2(Rock?2)

RIKEN cdna 4930544G11 gene(4930544G11Rik)

Ring-box 1(Rbx1)

Runt related transcription factor 1(Runx1)

miR-9

Runt-related transcription factor 1; translocated to, 1 (cyclin D-
related)(Runx1t1)

Serine/threonine kinase 36(Stk36)

Serine/threonine kinase 4(Stk4)

Signal transducer and activator of transcription 1(Statl)

miR-146a

Signal transducer and activator of transcription 3(Stat3)

Signal transducer and activator of transcription 5A(Stat5a)

Signal transducer and activator of transcription 5B(Stat5b)

SMAD family member 2(Smad?2)

SMAD family member 3(Smad3)

SMAD family member 4(Smad4)

Smoothened, frizzled class receptor(Smo)

Solute carrier family 2 (facilitated glucose transporter), member
1(Slc2al)

Son of sevenless homolog 1 (Drosophila)(Sos1)

Son of sevenless homolog 2 (Drosophila)(Sos2)

Sonic hedgehog(Shh)

S-phase kinase-associated protein 2 (p45)(Skp2)

Spleen focus forming virus (SFFV) proviral integration
oncogene(Spil)

miR-155

Suppressor of fused homolog (Drosophila)(Sufu)

Thymoma viral proto-oncogene 1(Akt1)

Thymoma viral proto-oncogene 2(Akt2)

Thymoma viral proto-oncogene 3(Akt3)

TNF receptor associated factor 4(Traf4)

TNF receptor-associated factor 1(Traf1)

TNF receptor-associated factor 2(Traf2)

TNF receptor-associated factor 3(Traf3)

TNF receptor-associated factor 5(Traf5)

TNF receptor-associated factor 6(Traf6)

miR-146a

Transcription elongation factor B (SlI1), polypeptide 1(Tcebl)

Transcription elongation factor B (Sll1), polypeptide 2(Tceb2)

Transcription elongation factor B polypeptide 1(LOC102642819)

Transcription factor 7 like 1 (T cell specific, HMG box)(Tcf711)

Transcription factor 7 like 2, T cell specific, HMG box(Tcf712)

Transcription factor 7, T cell specific(Tcf7)

Transformation related protein 53(Trp53)

Transformed mouse 3T3 cell double minute 2(Mdm2)

Transforming growth factor alpha(Tgfa)

Transforming growth factor, beta 1(Tgfb1)

Transforming growth factor, beta 2(Tgfb2)

Transforming growth factor, beta 3(Tgfb3)

Transforming growth factor, beta receptor I(Tgfbrl)

Transforming growth factor, beta receptor 11(Tgfbr2)

Translocated promoter region, nuclear basket protein(Tpr)

Z|1ZIK<K|<L|KL|1Z|KX|Z|Z|Z|<|<L|Z2|Z|Z|1Z2|Z2|Z|Z2|<|Z|<X|<L[X|<]| Z2 |K¥X[X[Z2|Z| 2 |K(Z2|1Z|1Z2|Z2|<|<L|Z2|Z2|Z2| < |Z|Z2|<X|Z|Z2

2|1 Z2|1Z2|1Z2|1Z2|K|Z2|1Z2|1Z2|1Z2|1Z2|1Z2|1Z2|1Z2|1Z2|1Z2|1Z2|1Z2|1Z2|1Z2|1Z2|1Z2|1Z2|Z2|Z2| Z2 |Z|1Z|1Z|Z| Z2 |Z2|1Z2|1Z2|1Z2|1Z2|1Z2|1Z2|1Z2|1Z2|1Z2] Z2 |(Z2|1Z2|<X|Z2|2
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Trk-fused gene(Tfg)

Tropomyosin 3, gamma(Tpm3)

Vascular endothelial growth factor A(Vegfa)

Vascular endothelial growth factor B(Vegfh)

Vascular endothelial growth factor C(Vegfc)

Vascular endothelial growth factor D(Vegfd)

V-crk avian sarcoma virus CT10 oncogene homolog(Crk)

V-crk avian sarcoma virus CT10 oncogene homolog-like(Crkl)

Von Hippel-Lindau tumor suppressor(Vhl)

V-raf-leukemia viral oncogene 1(Rafl)

V-ral simian leukemia viral oncogene A (ras related)(Rala)

V-ral simian leukemia viral oncogene B(Ralb)

V-rel reticuloendotheliosis viral oncogene homolog A
(avian)(Rela)

Wingless-type MMTYV integration site family, member 1(Wnt1)

Wingless-type MMTYV integration site family, member
10A(Wnt10a)

< [<X| Z2 |1Z|1Z|<|Z|1Z2|1Z|Z2|<|Z|<|Z2|Z

Z |Z| Z2 | Z|1Z2|1Z2|1Z|1Z2|1Z2|1Z2|1Z2|1Z2|1Z2|1Z2|Z2

Wingless-type MMTYV integration site family, member
10B(Wnt10b)

<

Z

Wingless-type MMTYV integration site family, member
11(Wntl11)

<

Z

Wingless-type MMTYV integration site family, member
16(Wnt16)

Wingless-type MMTYV integration site family, member 2(Wnt2)

Wingless-type MMTYV integration site family, member
2B(Wnt2b)

Wingless-type MMTYV integration site family, member 3(Wnt3)

Wingless-type MMTYV integration site family, member
3A(Wnt3a)

Wingless-type MMTYV integration site family, member 4(Wnt4)

Wingless-type MMTYV integration site family, member
5A(Wntba)

Z |Z2 Z2 |1Z] Z2 |Z2| Z

Wingless-type MMTYV integration site family, member
5B(Wnt5b)

b

Wingless-type MMTYV integration site family, member 6(Wnt6)

Wingless-type MMTYV integration site family, member
7A(Wnt7a)

Wingless-type MMTYV integration site family, member
7B(Wnt7h)

Wingless-type MMTYV integration site family, member
8A(WNnt8a)

< | < | << <|=<|<| < [<l=<|<| <

Wingless-type MMTYV integration site family, member
8B(Wnt8b)

<

Wingless-type MMTYV integration site family, member
9A(WNnt9a)

<

Wingless-type MMTYV integration site family, member
9B(Wnt9b)

X-linked inhibitor of apoptosis(Xiap)

Zinc finger and BTB domain containing 16(Zbtb16)

Z|1Z
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