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Abstract

Myeloid derived suppressor cells (MDSCs) can be subset into monocytic (M-), granulocytic (G-)
or polymorphonuclear (PMN-), and immature (i-) or early MDSCs and have a role in many
disease states. In cancer patients, the frequencies of MDSCs can positively correlate with stage,
grade, and survival. Most clinical studies into MDSCs have been undertaken with peripheral blood
(PB); however, in the present studies, we uniquely examined MDSCs in the spleens and PB from
patients with gastrointestinal cancers. In our studies, MDSCs were rigorously subset using the
following markers: Lineage (LIN) (CD3, CD19 and CD56), human leukocyte antigen (HLA)-DR,
CD11b, CD14, CD15, CD33, CD34, CD45, and CD16. We observed a significantly higher
frequency of PMN- and M-MDSCs in the PB of cancer patients as compared to their spleens.
Expression of the T-cell suppressive enzymes arginase (ARG1) and inducible nitric oxide synthase
(i-NOS) were higher on all MDSC subsets for both cancer patients PB and spleen cells as
compared to MDSCs from the PB of normal donors. Similar findings for the activation markers
lectin-like oxidized low-density lipoprotein receptor-1 (LOX-1), program death ligand 1 (PD-L1)
and program cell death protein 1 (PD-1) were observed. Interestingly, the total MDSC cell number
exported to clustering analyses was similar between all sample types; however, clustering analyses
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of these MDSCs, using these markers, uniquely documented novel subsets of PMN-, M- and i-
MDSCs. In summary, we report a comparison of splenic MDSC frequency, subtypes, and
functionality in cancer patients to their PB by clustering and cytometric analyses.
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1.

Introduction

In cancer patients the frequency of MDSCs positively correlate with cancer stage [1, 2] and
grade [3], and in some instances, overall survival [3]. Furthermore, the increased MDSC
frequency in the PB of cancer patients is associated with tumor secretion of hematopoietic
growth factors [4]. Initial studies defined suppressor cells based on their functionality [5, 6].
In the early studies, phenotypic markers for macrophages, T-cells, B-cells, and NK cells
were not yet fully available and so these cells were termed null cells [5]. Initially, these cells
were phenotypically defined as CD14* monocytes [6], and later with the availability of more
extensive antibody markers, suppressive myeloid cells in head and neck cancer patients were
reported to express the progenitor cell marker, CD34 [6]. Later, these myeloid cells were
also described as LIN™, lacking markers for CD3, CD19, CD56, and CD13, as well as HLA-
DR [7]. In other studies, MDSC subsets were shown to express the myeloid markers CD33
and/or CD11b in addition to being LIN™ and HLA-DR™1ow [7].

Currently, most researchers define the MDSC phenotype in humans as LIN"HLA-DR™/low
and express CD33* and CD11b™ [8] together with the expression of either the monocytic
marker CD14 or a granulocytic marker (CD15 or CD66b) to identify subsets of M- and
PMN-MDSCs respectively [7, 9, 10]. Additional markers to assess MDSC differentiation
have included CD16 and CD62L [9]. Recent studies have suggested that the expression of
LOX-1 can identify PMN-MDSCs [11]; however, we report herein that LOX-1 is expressed
in other MDSC subtypes. Presently, in addition to PMN-MDSCs and M-MDSCs an i-MDSC
subset can be identified as CD14~CD15~ and CD33™ [8].

MDSCs can further be functionally assessed by staining for ARG1 [12], reactive oxygen
species (ROS) [13], and i-NOS [12, 13]; whose expression has been directly correlated to T-
cell suppression [12, 13]. The substrate for both ARG1 and i-NOS is L-arginine. Hydrolysis
of L-arginine by ARG decreases T-cell activation [14], proliferation [14] and signaling by
the zeta protein of the T-cell receptor [14, 15]. Metabolism of L-arginine by i-NOS produces
high levels of nitric oxide (NO) which is cytotoxic to lymphocytes [16]. MDSCs also
produce superoxides that rapidly react with many molecules to form ROS such as hydrogen
peroxide, peroxynitrate and hydroxyl radicals [17]. ROS’s are additional contributors to the
suppressive activity of MDSCs and regulate the immune system by suppressing T-cell
function [18]:[17].

MDSCs are activated myelopoietic progenitor cells and in some studies have been reported
to express PD-L1 [19], which can suppress T-cell function and inhibits T-cell activation via
PD-1 binding [20, 21]. Previous studies on myeloid cells suggested that they do not express
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PD-1; however, PD-1 expression was recently reported on M-MDSCs [22] in patients with
treatment-refractory non-Hodgkin’s lymphoma who had a higher frequency of PD-1*M-
MDSCs in their PB as compared to patients who responded to treatment or normal donors
[22]. This suggest that PD-1 expression on MDSCs could be clinically relevant, as this may
reverse therapy resistance to checkpoint inhibitors [22].

Flow cytometric analyses can identify MDSCs as confirmed by functional analyses [23];
however, no biological clustering analyses have been used to further subset MDSC
population beyond PMN-, M- or i-MDSCs. Clustering algorithms such as, spanning tree
progression analysis (SPADE) [24] and CytoBackBone [25] can be used to identify rare
cellular subsets [24]. The SPADE algorithm analyzes multidimensional data acquired from
flow cytometry and/or CyTOF and clusters phenotypically similar cell populations into a
hierarchically organized branched tree structure [24]. However, SPADE does not allow the
inclusion of markers from multiple staining panels, which is possible using CytoBackBone
[25]. Both clustering algorithms were used in our studies to assess if additional novel human
MDSC subpopulations could be identified.

We report herein a lower frequency of MDSCs in the spleens of cancer patients as compared
to their PB. Further, expression of the Fc receptor, CD16 [26, 27], can act as a maturation
marker differentiating mature PMNs from immature myeloid cells. In addition, the
clustering analyses identified both common and unique MDSCs subpopulations based on the
expression of maturational and functional markers. Thus, in addition to extending the MDSC
phenotypic studies to include the spleen cells of cancer patients our studies also used both
SPADE and CytoBackBone analysis of human MDSCs in the PB and spleens of cancer
patients; provided unique insight into potential novel MDSC subsets.

Materials and Methods

2.1. Tissue Samples

All samples from patients and donors were obtained after receiving the approval of the
Institutional Review Board at the University of Nebraska Medical Center; informed consents
were obtained from all donors. Venous blood samples from healthy adult donors were
collected in sodium heparin tubes (Becton Dickinson, Franklin Lakes, NJ). Cancer patient
PB samples were collected by venous blood draw prior to surgery. Blood samples were kept
at 4 °C and stained within two hours of collection. To ensure that all micrometastases are
cleared the regional lymph nodes are removed and assessed and a splenectomy is routinely
done with a distal pancreatectomy as the spleen and body/tail of the pancreas share the same
blood supply. Spleens from cancer patients, eight of whom received neoadjuvant
chemotherapy six weeks prior to surgery, were collected from 14 males and 7 females with a
mean age of 64 years (Table 1). Patient samples were collected from 11 pancreatic
adenocarcinomas, 4 pancreatic neuroendocrine tumors, 1 intraductal papillary mucinous
neoplasm, 1 neuroendocrine gastric mucosa, 1 colorectal cancer, 1 colon cancer, 1
lymphoepithelial cyst, and 1 bland, hypocellular, spindle cell lesion. Spleens were removed
as early as possible to limit ischemia and cell loss following ligature of the splenic
vasculature. Following removal from the patient, the spleen was sterilely macerated into
approximately 1-cm? fragments in the operating room and placed into a sterile 500 mL easy
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grip polystyrene container (Corning, Corning, NY) with 100 mLs of Hanks Balanced Salt
Solution (HBSS) (Gibco, Gaithersburg, MD). Specimen weight was obtained by weighing
the container and HBSS prior to and following spleen addition. To analyze total cell
populations, processing of splenic tissue was conducted in a Stomacher 80 Biomaster
(Seward, Bohemia, NY), a laboratory paddle blender [28-30]. The spleen fragments were
placed into a stomacher bag (Seward, Bohemia, NY) with HBSS, and processed into a single
cell suspension using a Stomacher 80 Biomaster (Seward, Bohemia, NY). All samples were
stained for flow cytometry analysis within 2 hours of collection.

Multicolor Staining and Acquisition

Membrane phenotypic staining was undertaken on all samples following ammonium-
chloride-potassium lysis of red blood cells. Post lyse, cells were washed and blocked with
intravenous immunoglobulin G (IVIG) (Grifols, Research Triangle Park, NC) for 30 minutes
at 4°C. Post incubation cells were washed, aliquoted at 1x10° cells/ml/tube and stained with
monoclonal antibodies (Supplemental Table (ST) 1) per manufacturer recommendation and
incubated on ice for 30 minutes in the dark. These staining panels and appropriate
fluorochrome-labeled CD45 compensation controls for each panel are shown in ST 2. The
samples were stained using the following flow panels as follows: Enzyme Panel - Arginase
and i-NOS expression, Panel 2- expression of CTLA-4, CD33, CD34 and LOX-1 and Panel
3- expression of PD-L1 and PD-1 on MDSCs. Post antibody incubation the stained cells
were washed and fixed with BD stabilizing fixative per manufacturer’s instructions.
Intracellular flow staining was similar to the above procedure; however, after 15 minutes of
the 30-minute antibody incubation intracellular solution A (Invitrogen, Camarillo, CA) was
added to the intracellular tubes. Post 30-minute antibody incubation, cells were washed, and
intracellular solution B (Invitrogen) and the intracellular antibody of interest was added to
the intracellular tubes for an additional 20 minutes. Post intracellular staining cells were
again washed and fixed. Cells were analyzed on an LSRII Green Flow Cytometer configured
with 355-nm, 405-nm, 532-nm, 561-nm, 488-nm, and 633-nm lasers (BD). Internal quality
assurance procedures included cytometer setup using tracking beads (BD), that were used
according to the manufacturer’s instructions.

2.3. Cytometric Data Analysis

Post acquisition, data was exported and stored using the flow cytometry standard (FCS) 3.1
format and analyzed using FlowJo software version 10.6 (FlowJo, Ashland, OR). Cells were
compensated using FlowJo with the CD45* stained compensation tubes. A representative
dot plot analysis of the gating strategy for panel 1 is shown in Supplemental Figure (SF) 1.
For flow analysis, all panels were first gated as forward scatter-area (FSC-A) x side scatter-
A (SSC-A) to omit dead or apoptotic cells. This was followed by two single-cell gates to
omit doublets (FSC-A x FSC-height (H) and SSC-A x SSC-H), followed by a CD45 x SSC-
A gate to remove any additional apoptotic cells.

The CD45* cells were placed on a LIN x SSC-A gate to select LIN™ lymphocytes (to
remove CD3* T-cells, CD19* B-cells, and CD56" NK cells). A HLA-DR x SSC-A gate was
applied to the LIN~ cell population to remove macrophages. HLA-DR~19W cells were gated
by a CD11b x SSC-A to collect CD11b* myeloid cells. The CD11b* cell population was
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then gated on a CD16 x SSC-A gate to differentiate mature PMN’s (CD16%) from immature
MDSCs (CD167). CD16~ cells were separated into CD15* PMN-MDSC and CD14* M-
MDSC populations. Cells that didn’t express CD15 or CD14 were gated using a CD33 x
SSC-A gate to collect CD33* i-MDSCs. In summary, M-MDSC were defined as CD45*LIN
~HLA-DR™'%" CD11b*CD16-CD14*CD15~, PMN-MDSC as CD45*LIN™ HLA-DR
-lowCcp11h*CD16-CD14-CD15%, and i-MDSC as CD45*LIN™ HLA-DR™oWCD11b
*CD16"CD14-CD15-CD33*. Monocytes and granulocytes were defined as LIN"CD11b
*HLA-DR*CD14" and LIN"CD11b*HLA-DR*CD15* respectively. Median fluorescence
intensity (MFI) was used to report the extent of marker expression on the cell membrane.
MFI was collected using FlowJo software on positive populations.

2.4. Clustering Analysis

In our studies, a SPADE tree consists of two main components which are: nodes and
clusters. Each node on a SPADE tree is represented as a circle that varies in size and color,
representing both cell frequency (the larger the node the higher the cell frequency) and
intensity (MFI) of marker expression (ranging from low to high). Nodes that are
phenotypically similar are grouped together to form a cluster that is identified with a number
(annotation). Thus, clusters reflect the results of all parameters assessed. The SPADE
algorithm clusters the data into a hierarchy such that cell clusters located on the outer
aspects of the SPADE tree are less differentiated as compared to the inner clusters.

SPADE analysis was performed using MATLAB (Natick, MA) with the SPADE 3.0 source
code and parameters recommended and described by Qui Peng [24]. Each of the three
sample types (cancer patients PB and spleen, and normal donors PB) and sources were
assessed for each flow tube with images of the corresponding SPADE trees captured.
Parameters used for each SPADE analysis were as follows: 1) The target number of nodes
was = 200; 2) arcsin transformation was set to 150; and 3) percent down sampling = 3%.
Cellular phenotypes were assigned to SPADE clusters based upon the expression of the
chosen phenotypic markers. The relative marker expression for each annotation was
exported from SPADE and used to generate a heatmap in Excel based upon first through
third median quartiles. The fluorochromes from each flow cytometry panel had varying
expression levels dependent upon sample type and source (ST 3).

In our initial studies, the total CD45* cell populations for each sample and panel were
analyzed in SPADE; however, the low frequency of MDSCs precluded an in-depth clustering
analysis of unique subpopulations. To achieve our objective, the total MDSC cell
populations (CD45"LIN™ HLA-DR™1°WCD11b*CD16™ ) were exported from FlowJo and
analyzed using SPADE. This allowed further insight and identification of discrete, unique
MDSC subpopulations (clusters). This approach is similar to a study by Anchang et al [31]
who applied SPADE to an manually gated population of B-cells to assess B-cell
lymphopoiesis.

To further aid in the identification of novel MDSC subsets and to incorporate markers from
multiple staining panels, we utilized the CytoBackBone algorithm. CytoBackBone is run in
R and merges overlapping markers from multiple staining panels [25]; the source code is
available at: https://github.com/tchitchek-lab/CytoBackBone. Unfortunately, the Enzyme
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panel could not be included as it incorporated intracellular staining, resulting in variable
FSC-A and SSC-A. A distance threshold of 3 was used for each merge, FCS files were
exported from R and analyzed in SPADE.

2.5. Statistics

All statistics were calculated using SPSS (Statistical Package for Social Sciences, Armonk,
NY). Data was first tested for normality using a Shapiro-Wilk test. An independent T-test
was used to determine significant difference between unpaired data. To determine significant
differences between paired cancer patient PB and spleen cells a paired T-test was conducted.
Results are presented as means * standard error of the mean (SEM). To correct for multiple
comparisons, the Benjamini-Hochberg [32] (BH) procedure was used with a false discovery
rate of 0.05. An asterisk or other marker is used to designate statistical significance with a
BH adjusted P-value < 0.05.

3. Results

3.1. Physical Characterization of MDSC Subpopulations

The frequency (percent), size, and granularity of PMN-, M-, and i-MDSCs from the PB and
spleen cells of cancer patients are compared to the PB of normal donors as shown in Fig. 1.
PMN-MDSCs, due to their larger size (FSC) and granularity (SSC) have similar light
scattering properties to granulocytes. Furthermore, M-MDSC are smaller and less granular
than PMN-MDSCs and have a similar FSC and SSC profile similar to monocytes. The
smallest and least granular MDSCs are i-MDSCs, which can be subset based on their FSC
and SSC profile that is similar to hematopoietic progenitor cells [33]. The frequency of total
MDSCs (based on CD45* cells) in the PB of cancer patients (9.5+1.6), was significantly
higher than observed in their spleens (3.3+0.8) or in the PB of normal donors (2.2+0.26)
(Fig. 1). Furthermore, PMN-MDSCs as a frequency of CD45* cells was significantly higher
than M-MDSCs; with an increase in cancer patients PB (45.5 fold), cancer patients spleen
cells (39 fold) and normal donors PB (8.5 fold) respectively (Fig. 1). Similarly, as a
frequency of CD45* cells we observed a significantly higher frequency of M-MDSCs, but
not PMN- or i-MDSCs in the PB of cancer patients as compared to their spleens (Fig. 1).

3.2. Frequency and Absolute Number of Myeloid Cell Subsets

Herein, we report the relative frequencies of myeloid cells and MDSCs, as a frequency of
CD45™ cells, in the PB and spleens of cancer patients as compared to normal donors (Fig. 2).
The frequency of granulocytes (LIN"CD11b*HLA-DR*CD15%) in the PB of cancer patients
was observed to be statistically identical to the PB of normal donors. In addition, we
observed a significantly higher frequency of granulocytes in the PB of cancer patients as
compared to their spleens. Interestingly a significantly higher frequency of PMN-MDSCs
(reported as a frequency of CD45" cells) was observed in the PB of cancer patients as
compared to their spleens. The frequency of PMN-MDSCs and total MDSCs in the PB of
cancer patients was significantly higher as compared to the PB of nhormal donors.
Furthermore, the absolute numbers of total MDSCs and PMN-MDSCs were significantly
higher in the PB of cancer patients as compared to the PB of normal donors (8.8- and 10.9-
fold, respectively). However, we were unable to compare the absolute numbers of myeloid
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cells and MDSCs for spleens because a section of splenic tissue was used for pathology.
Interestingly, the frequency of monocytes, PMN-, and i-MDSC subpopulations were
significantly higher in the PB of normal donors and cancer patients as compared to the
spleen cells of cancer patients. Indeed, the frequencies of all myeloid cells, including M-
MDSCs, was significantly higher in the PB of cancer patients as compared to their spleens;
with the exception of hematopoietic progenitor cells (LIN"CD14~CD15CDIIb~CD34"),
which were significantly higher in the spleens of cancer patients.

Functional and Maturational Markers on MDSC Subsets

In our studies, we observed a lower frequency of CD33* PMN-MDSCs (as a percent of
PMN-MDSCs) in cancers patients” PB (82%) and spleens (78%) as compared to the PB of
normal donors (87% respectively) (Fig. 3A). Similarly, a lower frequency of CD33* M-
MDSCs (as a percent of M-MDSCs) was observed in cancers patients’ PB (77%) and
spleens (74%) as compared to the PB of normal donors (96.9%) respectively (Fig. 3B).
CD33 expression could not be assessed on i-MDSCs as they’re phenotypically defined as
being CD33* (Fig. 3C). Reported as the percent of PMN-MDSCs, the frequency of CD34"
PMN-MDSCs in the PB and spleens of cancer patients was statistically identical to normal
PB (Fig. 3A). The same was observed for CD34* M-MDSCs (as a percent of M-MDSCs)
for all sample types and sources (Fig. 3B). Reported as a frequency of CD45* cells, the PB
of cancer patients had a higher frequency of i-MDSCs as compared to their spleens (Fig. 2).
However, when reported as the frequency of i-MDSCs, the PB of cancer patients had lower
frequency of CD34* i-MDSCs as compared to their spleens (Fig. 3C). In addition, the
frequency of CD34* i- and M-MDSC for each sample type and source was 3.4-5.7-fold and
2.2-3.2-fold lower than PMN-MDSCs respectively. Interestingly, the frequency of
CD34*CD33* M- and i-MDSCs were 2.7-3.3 and 3.3-8.9-fold lower as compared to
CD34*CD33* PMN-MDSCs for each sample type and source. Furthermore, the frequency
of CD337CD34* PMN-MDSCs (Fig. 3A), M-MDSCs (Fig. 3B), and i-MDSCs (Fig. 3C)
(reported as the frequency of PMN-, M-, and i-MDSCs respectively) for any sample type or
source was statistically the same.

The expression of checkpoint markers (PD-L1 and PD-1) and the scavenger receptor,
LOX-1, on MDSCs were also analyzed (Fig. 3D-F). The frequency of PD-L1* PMN-
MDSCs (Fig. 3D), M-MDSCs (Fig. 3E), and i-MDSCs (Fig. 3F) (as a percent of PMN-, M-,
and i-MDSCs respectively) were statistically identical for each sample type and source.
Furthermore, no significant difference was observed in the frequency of PD-L1* MDSCs, as
a percent of total MDSCs, from any sample type or source (data not shown). The frequency
of PD-1* PMN-MDSC:s (as a percent of PMN-MDSCs) in the spleens (2.6+1.3) of cancer
patients, but not their PB (1.84+0.73), were significantly higher as compared to the PB of
normal donors (0.05+0.02) (Fig. 3D). However, no significant difference was observed in the
frequency of PD-1 expression on M- (Fig. 3E) or i-MDSCs (Fig. 3F) for any sample type or
source examined.

The frequency of LOX-1* PMN-MDSCs (as a percent of PMN-MDSCs) in the PB
(4.7+0.79) and spleen cells (8.8+2.0) of cancer patients were significantly higher as
compared to the PB of normal donors (0.37£0.35) (Fig. 3D). Similarly, the frequency of
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LOX-1* M-MDSCs (as a percent of M-MDSCs) in the PB (1.98 + 0.67) and spleens
(1.9+0.58) of cancer patients was significantly higher as compared the PB of normal donors
(0+0) (Fig. 3E). As reported previously (Fig. 2), the frequency of i-MDSCs (as a percent of
CD45™ cells) was lower in the PB and spleens of cancer patients as compared to the PB of
normal donors. However, when reported as a percent of i-MDSCs, a higher frequency of
LOX-1* i-MDSCs in the PB of cancer patients was observed as compared to the PB of
normal donors (Fig. 3F). In contrast, no significant difference was observed in the frequency
of CTLA-4* PMN-, M-, or i-MDSCs for any sample type or source (Fig. 3D-F).

We also examined the frequency of MDSCs, which express the functional mediators ARG1
and i-NOS. ARG1* PMN-MDSCs (as a percent of PMN-MDSCs) in the PB (70.3+6.1) and
spleen cells (77.8+£16.1) of cancer patients were significantly higher as compared to the PB
of normal donors (38.6+10.3) (Fig. 3G). Conversely, the frequency of ARG1* M- (Fig. 3H)
and i-MDSCs (Fig. 3l) (as a percent of M- and i-MDSCs respectively) were identical
between each sample type or source. In contrast to the identical frequencies in M-MDSCs
between the different PB sources (Fig. 2), there were significantly higher frequencies of i-
NOS* M-MDSCs (as a percent of M-MDSCs) in the PB and spleens of cancer patients as
compared to the PB of normal donors (Fig. 3H). Similarly, a significantly higher frequency
of i-NOS* M-MDSCs was observed (as a percent of M-MDSCs) in the spleen cells of
cancer patients as compared to their PB (Fig. 3H). Interestingly, as a percent of i-MDSCs, a
significantly higher frequency of i-NOS™* i-MDSCs was observed in the PB of cancer
patients as compared to the PB of normal donors (Fig. 31). Despite these differences, no
significant differences were observed in ARG1*i-NOS* PMN-, M-, or i-MDSCs for any
sample type or source examined.

3.4. MFI of Functional Markers ARG1 and i-NOS

The MFI of ARGL1 expression in the PB and spleen cells of PMN-MDSCs (610464 and
690468 respectively) and granulocytes (642+39 and 722459 respectively) of cancer patients
was significantly higher as compared to the PB of normal donors (321+43 and 502+12
respectively) (Table 2). The MFI of ARG1 expression in PMIN-MDSCs was statistically
similar to granulocytes in the PB and spleen cells of cancer patients. Similarly, the MFI of
ARG1 expression for all cellular population studied in the PB and spleen cells of cancer
patients was statistically similar. The MFI of i-NOS expression in PMN-MDSCs was
significantly higher in the PB of cancer patients (455+140) and normal donors (447+234) as
compared to spleens (80+80). Similarly, the MFI of i-NOS expression in granulocytes in the
PB of cancer patients (2,729+288) was significantly higher as compared to their spleens
(1,924+206), but not the PB of normal donors (2,177+67). However, no significant
difference was observed in the MFI of i-NOS in M- or i-MDSCs or monocytes for any
sample type or source (Table 2).

3.5. Clustering Analysis (SPADE) of Total Cells

In our initial studies, the SPADE algorithm was used to identify the major cellular subsets in
total (CD45%) PB leukocytes (Fig 4A). However, because total leukocytes include
granulocytes, monocytes, and lymphocytes, SPADE was limited in its ability to extensively
differentiate subpopulations within the low frequency of MDSCs. While this approach
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identified three additional MDSC subsets, it was unable to further subset them (Fig. 4A).
However, when we selected total MDSCs using FlowJo for analysis in SPADE, numerous
additional MDSC clusters were identified (Fig. 4B).

3.6. Clustering Analyses Identification of Novel MDSC Subsets

SPADE trees were established (Fig. 5 and SF 2-4) for each flow panel. Although, the cell
number of MDSCs exported into the clustering analyses were similar between sample types
and sources, we noted differences in the frequency of each type of MDSC (Fig. 5). In Fig. 5,
a series of SPADE trees are shown demonstrating the results from cell frequency. The
SPADE trees indicates the cell frequency ranging from low (blue) to high (red) and follows a
hierarchical organization with immature cells on the outer branches and differentiated cells
on the inner branches. Consistent with the hierarchical organization of the SPADE trees,
progenitor cells are found at a low frequency (i.e. blue) on the outer branches as compared to
the more frequency (i.e. red) and differentiated cellular populations on the inner branches
(Fig. 5). A comparison of these SPADE trees demonstrate that the subsets of MDSCs differ
based upon the sample type, sample source, and flow panel. The numbers (annotations) in
the SPADE trees shown in Fig. 5 identify cellular frequencies for cohorts of similar cells,
which SPADE identifies as clusters. SPADE trees for each fluorophore, specimen type,
source and flow panel were also analyzed (SF 2-4). Furthermore, the MFI of the cells in
every annotation in the SPADE tree can also be expressed as a heatmap (ranging from low
(blue) to high (red) MFI); providing a more constrained, in-depth analysis (Tables 3—-4). The
MDSC subpopulations in annotations 1-5 were consistently observed for each sample type,
source, and flow panel (Table 3). Annotations 1-5 included two PMN-, two M-, and one i-
MDSC population. Consistent with our flow cytometric results (Fig. 1), the heatmap shown
in Fig. 5 demonstrates that both PMN-MDSC subpopulations (LOX-1* and LOX-1B") have a
higher SSC-A and FSC-A value, as compared to either M- or i-MDSCs subpopulations.
Similarly, the M-MDSC subpopulations (CD33* and CD33PUll) have a lower FSC-A and
SSC-A value as compared to the PMN-MDSC subpopulations but a greater FSC-A and
SSC-A as compared to the i-MDSC subpopulation (Table 3). The MFI expression levels
differ across flow panels for each sample type and source preventing a comparison between
flow panels, because the relative MFI’s for each fluorophore differ due to the varying
antibody markers in each flow panel, sample types and sources.

Because CD14 and CD15 are the primary differentiation markers for MDSC subsets, in the
SPADE analyses we did not emphasize them instead focusing on the MFI expression of
activation, maturation, and functional parameters. Thus, the two consistent PMN-MDSC
subpopulations differ in their MFI levels across the flow panels (Table 3). The relative MFI
ranges (ST 3) differ for each marker and between sample types and sources, contributing to
the ability to differentiate between subpopulations. In the CTLA-4 flow panel, differences
were observed between the two PMN-MDSC subpopulations based on the MFI of CD33,
CD34 and CTLA-4 for each sample type and source (Table 3). Similar results were also
observed in the PD-L1 flow panel for the MFI of PD-1, CD33, and LOX-1 expression (Table
3). In the enzyme flow panel, the two PMN-MDSC subpopulations differed in the MFI
expression of CD33, ARG1 and i-NOS (Table 3). In the CTLA-4 flow panel, the CD33 MFI
was lower for one PMIN-MDSC subpopulation in the PB of normal donors as compared to
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the PB and spleen cells of cancer patients (Table 3). In contrast, we observed a higher CD34
MFI in the PB and spleen cells of cancer patients as compared to the PB of normal donors
(Table 3). Similarly, one PMN-MDSC subpopulation had a higher MFI for PD-1, ARG1,
and i-NOS as compared to the second PMN-MDSC subpopulation (Table 3). As shown in
Table 3, additional differences in the MFI were observed between the two PMN-MDSC
subpopulations but are not discussed.

In the CTLA-4 flow panel, one of the two M-MDSC subpopulations had a higher CD33 MFI
for each sample type and source. In contrast, the CD33Pul M-MDSC subpopulation had a
higher CD34 MFI expression as compared to the other M-MDSC subpopulation (Table 3).
Furthermore, one of the two M-MDSC subpopulations in the PD-L1 flow panel had a higher
PD-1 MFI for each sample type and sample source (Table 3). The M-MDSC subpopulations
in the enzyme panel also differed in the ARG1 and i-NOS MFI expression levels (Table 3).
For each flow panel analyzed, one M-MDSC subpopulation had a higher CTLA-4, PD-1 and
i-NOS MFI in the PB and spleen cells of cancer patients as compared to the PB of normal
donors (Table 3). In contrast to the differences observed in the PMN- and M-MDSC
subpopulations there were few differences in the MFI of these markers in the i-MDSC
subpopulation (Table 3).

The results in Table 4 (annotations 6-24) document varying differences in MDSC
subpopulations between each sample type, sample source, and flow panels. In the CTLA-4
flow staining panel three PMN-, one M-, and two i-MDSC subpopulations (annotations 6—
12) were identified (Table 4). The identity of annotations 6-12 were delineated based upon
the MFI expression of CD33 and CD34 (Table 4). Interestingly, in the CTLA-4 panel,
immature PMN-MDSCs (CD33"CD34™) for all sample types and sources expressed LOX-1
with low MFI levels of CTLA-4. However, CTLA-4 expression was observed on the mature,
CD33" PMN- and M-MDSC subpopulations for all sample types and sources (Table 4). In
contrast to the PMN- and M-MDSC subpopulations, the CTLA-4 MFI was higher on both i-
MDSC subpopulations (Table 4). Interestingly, the MFI of CD34 was higher on the spleen
cells as compared to the PB of cancer patients and normal donors (Table 4). In the PD-L1
flow staining panel, annotations 13-18 included four PMN-MDSC and one i-MDSC
subpopulations, which are differentiated based on the MFI of CD33, LOX-1, PD-1, and PD-
L1. One of these PMN-MDSC subpopulations is unique to normal PB, and expresses the
immature myeloid marker CD33, a high PD-1 MFI and a dull LOX-1 MFI. The other three
PMN-MDSC subpopulations were found in all sample types and had a high PD-L1 MFI.
The one i-MDSC subpopulation identified was specific to the PB of normal donors and the
spleens of cancer patients (Table 4). Furthermore, the i-MDSC subpopulation had higher
MFI levels of CD33, LOX-1, PD-L1 and PD-1 in the PB of normal donors as compared to
the spleens of cancer patients (Table 4). Within the three sample types analyzed, all the
MDSC subpopulations in the spleen cells had a high MFI levels of PD-L1, while the normal
PB had the lowest. In the enzyme flow panel, annotations 19-24 included three PMN-
MDSCs, two M-MDSCs, and one i-MDSC subpopulations (Table 4). The MDSC
subpopulations were differentiated based on the MFI levels of CD33, ARG1, and i-NOS
(Table 4). However, the presence of the various PMN-MDSC subpopulations differed
between sample types and sources (Table 4). One PMN-MDSC subpopulation was observed
only in the spleen cells of cancer patients and the PB of normal donors; with a high MFI
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levels of ARGL, i-NOS and LOX-1 (Table 4). The other PMIN-MDSC subpopulations were
observed only in the PB of cancer patients and had high levels of FSC-A and LOX-1 MFI
(Table 4).

The CytoBackBone algorithm allowed us to merge the CTLA-4 and PD-L1 flow panel
results, combining unique markers with replicated markers. A CytoBackBone based SPADE
tree is shown for each sample type and source in Fig. 6. SPADE trees (SF 5) are color coded
according to the MFI levels of the specific marker and flow panel. Each SPADE tree
represents one PMN- and three i-MDSC subpopulations (annotations 1-4) that were
observed in all sample types and sources (Table 5). The PMN-MDSC subpopulation varied
in its MFI expression of CD33, CD34, PD-L1, PD-1 and CTLA-4 but not LOX-1 between
sample types and sources (Table 5). The PMN-MDSC subpopulation in the spleen cells from
cancer patients had lower CD33 and PD-1 and higher CD34, PD-L1, and CTLA-4 MFI
levels as compared to the PB of either cancer patients or normal donors. The i-MDSC
subpopulations were differentiated by the MFI levels of LOX-1, CTLA-4, PD-1, CD33, and
CD34. Normal PB i-MDSC subpopulations had a higher CTLA-4 MFI as compared to the
PB or spleens of cancer patients. Furthermore, the i-MDSC subpopulations in the PB of
normal donors had similar LOX-1 MFI levels relative to the spleen cells of cancer patients.
The i-MDSC subpopulations in the spleens of cancer patients had a higher CD33 and CD34
MFI levels as compared to the PB of cancer patients or normal donors.

MDSC subpopulations which varied between each sample type and source are shown in
Table 5. These subpopulations were identified by differences in the MFI levels of CD33,
CD34, PD-1, PD-L1 and LOX-1 (annotations 5-30). In the PB of normal donors, MFI
expression of CTLA-4 was observed on both PMN- and i-MDSCs, but not M-MDSCs.
Conversely, in the PB of cancer patients CTLA-4 was expressed on some of the M-MDSC
subpopulations and on all the splenic M-MDSC subpopulations. Consistent with the SPADE
analyses, the highest levels of CD33 and CD34 MFI was observed on the spleen cells as
compared to the PB of normal donors and cancer patients. Interestingly, two subpopulations
of CD147CD15* MDSCs are observed in the spleens of cancer patients as compared to one
CD14*CD15* MDSCs in the PB of cancer patients and normal donors (Table 5).
Furthermore, the two CD14*CD15* MDSC subpopulations in the spleens of cancer patients
can be differentiated based on the MFI levels of PD-L1 and PD-1 (Table 5). Higher MFI
levels of PD-L1 and PD-1 was observed on the MDSC subpopulations in the PB and spleens
of cancer patients as compared to the PB of normal donors.

4. Discussion

The phenotype of human MDSCs and their subsets are controversial [10, 34], with few
studies focused on the frequency and phenotypes of myeloid cells in secondary lymphoid
organs. To date, four papers have reported the frequency of myeloid cells in human spleens
[35-38], albeit with limitations. The studies by Aggarwal et al [37] examined spleens from
patients who received an urgent splenectomy, resulting in a suboptimal viability (average of
82% ranging from 54-99%). Jordan et al [36] examined spleen cells following a Ficoll-
Hypaque gradient separation and cryopreservation. The Ficoll-Hypaque gradient separation
results in the removal of myeloid cells, while cryopreservation negatively impacts cellular
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viability and morphology of granulocytes and MDSCs [39, 40]. Basso et al [35] examined
total spleen cells and PB from patients with benign and malignant disease; however, no
information was given regarding sample processing. Furthermore, the flow cytometric panel
for MDSCs in their study was limited to antibodies against CD33, HLA-DR, CD45, CD14,
and PD-L1 or CTLA-4 [35]; omitting the identification of i-MDSCs or more immature
(CD167) phenotype. Lastly, Tavukcuoglu et al [38] studied spleen and PB samples from
newly diagnosed gastric and pancreatic cancer patients; however, cellular viability was not
reported and the samples underwent density gradient separation prior to analysis [38].

These studies contrast with ours, which analyzed the total leukocyte populations from
rapidly procured, unmanipulated spleen and PB samples resulting in a high cell viability
(average of 97% ranging from 90-99%). We also utilized a multiparametric flow panel
(ST2), that allowed the differentiation of granulocytes, monocytes, and PMN-, M-, and i-
MDSCs (Fig. 2). Our analyses incorporated more rigorous flow panels (ST2) than are
frequently used [41-43], as well as, maturational and functional markers together with
multiple clustering algorithms to identify novel MDSC subsets. We note that our study is not
without its limitations, as our control population was not age matched to the cancer patient
population studied.

Myeloid Cells in the Spleens of Cancer Patients

Patients with high tumor burdens are frequently neutrophilic [44, 45] and occasionally
present with splenomegaly [46] in part due to extramedullary myelopoiesis [47]. However,
we observed significantly fewer granulocytes in the spleens of cancer patients as compared
to their PB or the PB of normal donors. These studies are similar to the study by Aggarwal
et al [37] that observed a lower frequency of granulocytes in the spleens of cancer patients as
compared to their PB, but unfortunately did not conduct a statistical analysis. Tavukcuoglu
et al [38] compared the percentage of normal density (ND) and low density (LD)
granulocytes, a cell population which are phenotypically consistent with a PMN-MDSC or
activated granulocyte [48] in the PB and spleens of cancer patients. However, in their studies
the cells underwent a density gradient separation obscuring myeloid cell frequencies.
Perhaps because of this experimental design they observed a lower (though not significant)
percentage of ND granulocytes in the spleens of cancer patients as compared to their PB. In
our studies, a significantly lower frequency of splenic monocytes (5.0+0.79) was observed
as compared to the PB of cancer patients and normal donors. This splenic monocyte
frequency contrasts with the results from Aggarwal et al’s [37] studies, which observed a
lower frequency of splenic monocytes (1.6+1). This difference is likely associated with our
focus on spleens from cancer patients versus the analysis of traumatic injury patients in
Aggarwal’s [37] studies. In our studies, the frequency of granulocytes and monocytes in the
PB of normal donors (45.3% and 8.7% respectively) were statistically identical to the PB of
cancer patients (46.8% and 8.4% respectively). The normal leukocyte levels is consistent
with a low grade / stage patient population as patients with advanced disease typically
present with neutrophilia [44, 49]. Tumor induced neutrophilia is associated with the tumor
secretion of hematopoietic growth factors [49-51], which results in extramedullary
myelopoiesis [50]. This supports our observation of a significantly higher frequency of
hematopoietic progenitor cells in the spleens of cancer patients as compared to their PB;
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although the spleens of cancer patients had a significantly lower frequency of granulocytes
(10.8£2.2%) relative to their PB (46.8+3.9%). To our knowledge, this is the first comparison
of the frequency of granulocytes in spleens as compared to the PB. Taken together these
hematologic parameters are consistent with the tumors being low grade and/or stage.

We observed a significantly higher frequency of PMN-MDSCs in the PB of cancer patients
(9.1+1.6) as compared to their spleens (3.1+0.8) (Fig. 1). In contrast, Jordan et al [36, 38],
observed a significantly higher frequency of PMN-MDSCs in the spleens of cancer patients
(0.90+0.24) as compared to their PB (0.21+0.41). This might be due to differences in the
phenotypic definition of PMIN-MDSCs between the studies. Further, parameters in Jorden’s
study that might contribute to these differences include Ficoll-Hypaque processing of cells
and flow analysis following freeze/thaw storage. The frequency of PMN-MDSCs in the
spleen versus the PB in the studies by Tavukcuoglu et al [38] were variable and dependent
on the tumor phenotype. Further, in this study [34] gastric cancer patients had a significantly
higher frequency of PMN-MDSCs in their spleen (16.51+3.19) as compared to their PB
(12.35%3.65). In contrast, pancreatic cancer patients had a similar frequency of PMN-
MDSCs in their spleen and PB (13.12+2.55 and 14.31+3.93 respectively), reported in the
absence of a statistical analysis [38]. Similarly, no statistical analysis was undertaken for the
comparison of the frequency of LD granulocytes in the spleens (25%) of cancer patients as
compared to their PB (5%) [34]. Furthermore, the majority of the LD granulocytes in the
spleens of cancer patients were band cells, supporting their immaturity [38]. The median
frequency of PMIN-MDSCs in the PB of cancer patients in our study (7.54%) is similar to
results from Choi et al [27] (4.69%) and Khaled et al [51] (8.1%). The differences in our
study versus Tavukcuoglu et al [38] may be due to our analysis using whole blood as
compared PBMC:s isolated by density gradient separation. Tavukcuoglu et al [38] also
collected data on newly diagnosed, chemotherapy naive patients unlike patients in our
studies who received neoadjuvant chemotherapy (38%). Furthermore, our flow panel
incorporated CD16, which is expressed on mature myeloid cells [26, 52], but not myeloid
progenitor cells [53]; improving the discrimination between granulocytes and PMN-MDSCs.

In our studies, a significantly higher frequency of M-MDSCs (2.5-fold) was also observed in
the PB of cancer patients as compared to their spleens, which was similar to the results of
Jordan et al [36] (2.9-fold). The studies by Tavukcuoglu et al [38] and Basso et al [35] also
reported a non-significantly higher frequency of M-MDSCs in the PB of cancer patients as
compared to their spleens. In the studies by Basso et al [35], the frequency of M-MDSCs
were variable in the PB (0.04 — 21.9%) and spleens (0 — 2.2%) of pancreatic cancer patients
and dependent on the extent of “vascular invasion”. We suggest that the differences between
these five studies in the frequencies of M- and PMN-MDSCs is attributed to sample
processing and flow panel design (CD16 inclusion).

In our studies, a significantly higher frequency of i-MDSCs were observed in the PB of
cancer patients versus their spleens. This finding contrasts with a report that examined the
frequency of i-MDSCs, [38] in the PB of gastric cancer patients versus their spleens and
observed no significant difference. Differing variables between these studies included the
patient population (i.e. grade, stage, and chemotherapy regimen), sample processing, and
flow panel design. The decreased frequency of i-MDSCs in the spleens of cancer patients
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observed in our studies is consistent with the decreased frequency of PMN- and M-MDSCs
that may be associated with higher CSF levels in cancer patients, driving the extravasation of
MDSCs from the spleen into the PB [54].

4.2. Maturation, Activation and Functional Marker Expression on Splenic MDSCs

Immature myeloid cells vary in their expression of myeloid progenitor / stem cell markers,
CD33[10, 55, 56] and CD34 [55, 57]; both expressed on subsets of MDSCs early in their
differentiation [10, 55-57]. Furthermore, murine studies have documented that MDSC
differentiation is blocked due to tumor secretion of inflammatory mediators [58, 59],
limiting apoptosis [60] and allowing proliferation in the absence of terminal differentiation
[61, 62]. In our studies, a significantly higher frequency of CD34* i-MDSCs was observed
in the spleens of cancer patients as compared to their PB supporting the spleen in humans as
a potential site of MDSC proliferation.

To date, there are no reports on the frequency of PD-L1, PD-1, or LOX-1 expression in the
spleens of cancer patients. Indeed, little data has been published regarding activation marker
expression on MDSCs in the PB of cancer patients and normal donors [63, 64]. The studies
by Iwata et al [63] reported a higher frequency of MDSCs that express PD-L1 in the PB of
head and neck cancer patients as compared to the PB of normal donors. In contrast, we
observed a higher frequency of MDSCs that expressed PD-L1 in the PB of normal donors as
compared to cancer patients. These differences are perhaps due to variations in sample
processing, cancer diagnosis or flow panel design. In our studies, the frequency of PMN-
MDSCs that were PD-L1* was higher in the PB of cancer patients as compared to normal
donors. Tavukcuoglu et al [38] reported histograms of PD-L1 expression on spleen cells and
PB of cancer patients, but did not report their frequency. They also reported a histogram
showing PD-L1 expression on PMN-MDSCs in both the spleen and PB of cancer patients;
however, this was not quantified [38].

In our studies, the frequency of M-MDSCs that were PD-L1* was higher in the PB of
normal donors as compared to cancer patients. This differs from a report by Okla et al [64],
which noted a higher frequency of M-MDSCs that expressed PD-L1 in the PB of cancer
patients as compared to normal donors. This was an unexpected observation, as a higher
frequency of M-MDSCs expressing PD-L1 in the PB of cancer patients would be expected
due to their inflammatory microenvironment. The differences between our studies and Okla
et al’s [64] may be due to differences in cancer diagnosis, phenotypic definition of M-
MDSC and/or flow panel design. Another important observation in our studies was the
higher frequency of i-MDSCs that expressed PD-L1 in the spleens of cancer patients as
compared to the PB of normal donors and cancer patients. This higher frequency in the
spleens of cancer patients as compared to the PB may be due to the proximity of the spleen
to the primary tumor and it’s secretion of inflammatory cytokines.

Similar to the PD-L1 studies, few studies have reported the frequency of PD-1" expression
on myeloid cells in the PB of cancer patients [22,70]. However, there is currently no data on
the frequency of PD-1* expression on myeloid cells in the spleens of cancer patients. In a
study of patients with refractory non-Hodgkin’s Lymphoma [22], a significantly higher
frequency of M-MDSCs that were PD-1* was reported in the PB as compared to healthy
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donors [22]. Similarly, we observed a higher frequency of PMN-, M-, and i-MDSCs that
were PD-1% in the PB and spleen cells of cancer patients as compared to the PB of normal
donors, but no differences in PD-1 expression on MDSCs was observed when comparing the
PB and spleen of cancer patients. Further, in our studies we did not observe any difference in
the MFI of PD-1 expression on granulocytes and monocytes in the PB and spleen cells of
normal donors and cancer patients. This differed from the study by MacFarlane et al [65],
that reported the MFI of PD-1 expression was decreased on monocytes and neutrophils in
the PB of cancer patients.

Previous reports observed a higher frequency of myeloid cells that express LOX-1 in the PB
of cancer patients as compared to normal donors [11, 66, 67], such that LOX-1* expression
can discriminate PMN-MDSCs [11, 68]. We note, in these studies [11, 68] that LOX-1*
expression was not assessed on either M- or i-MDSCs. To our knowledge no studies have
reported the frequency of LOX-1* M- or i-MDSCs in cancer patients. In contrast, we report
that all MDSC subsets (PMN-, M- and i-MDSCs) and not just PMN-MDSCs, expressed
LOX-1. Furthermore, the frequency of PMN- and M-MDSCs that were LOX-1* was
significantly lower in the PB of normal donors as compared to the PB or spleen cells of
cancer patients.

The expression of the immunosuppressive mediators ARG1 and i-NOS have been reported
to positively correlate with the suppressive function of MDSCs [69-71]. Building on this
finding we note that the frequency of ARG1" PMN-MDSCs was significantly higher in the
spleen cells of cancer patients as compared to the PB of normal donors but not the PB of
cancer patients. However, the PB and spleens of cancer patients had similar expression of
ARG1 on PMN- and M-MDSCs. This suggests that the MDSCs in the PB and spleens of
cancer patients are more suppressive as compared to MDSCs in the PB of normal donors.
Consistent with this finding, the frequency of M-MDSCs that were i-NOS* was significantly
higher in the spleens and PB of cancer patients as compared to normal PB. These data
suggest that despite a significantly lower frequency of MDSCs in the spleens of cancer
patients, as compared to their PB, the higher expression of the immunosuppressive
mediators (ARG1 and i-NOS) support an immunosuppressive functionality. The higher
frequency of PMN-, M-, and i-MDSCs that express ARG1* and i-NOS™ in the spleens of
cancer patients, as compared to their PB, may be due to the proximity of the spleen to the
pro-inflammatory tumor environment.

4.3. Clustering Analyses

In addition to being subset based on the myeloid progenitor (CD33) and stem cell marker
(CD34), MDSCs can be further subset on their expression of activation (PD-L1, PD-1 and
LOX-1) and functional markers (i-NOS and ARG1) using clustering analyses. Although
there are published SPADE studies reporting the conventional MDSC subsets there are no
SPADE or CytoBackBone analyses that have further subset MDSCs. The sequential use of
CytoBackBone following SPADE analysis allows the merger of multiple flow panels;
increasing the number of parameters analyzed. Furthermore, no study has reported the use of
FlowJo to select and export cells with the MDSC phenotype for further analysis. The one
SPADE analysis of human MDSCs was by Roussel et al [72], who analyzed total MDSCs
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that were differentiated in vitro with GM-CSF and/or IL-6 from human PB and bone marrow
and may not be an accurate representation of circulating MDSCs [72].

Of the novel MDSC subtypes identified by SPADE, five were common to each specimen
type and source. In addition to these consistently observed novel MDSC subsets, there were
nineteen that varied depending on the sample type, source, and panel. The spleen cells of
cancer patients had a higher frequency of CD34 expression on PMN-, M- and i-MDSCs as
compared to the PB of cancer patients and normal donors. This supports the spleen as a site
of EMM and MDSC proliferation in humans, similar to mice [73]. The frequency of CD33
expression, a marker of myeloid committed progenitor cells was lower on M-MDSCs but not
PMN- or i-MDSCs in the PB and spleens of cancer patients as compared to normal PB; a
finding supported by Roussel et al’s study [72]. The expression of all other markers studied
was similar on the i-MDSCs between specimens and tissue types. Consistent with the higher
frequency of functional marker expression on all MDSC subsets, the activation and
immaturity markers were also increased in the spleen and PB of cancer patients as compared
to the PB of normal donors. The increase in functional marker expression could be due to
the higher serum level of inflammatory mediators in cancer PB [74, 75].

We also used CytoBackBone, to combine the results from two different flow panel tubes to
increase our N and markers for analysis. These studies again supported that multiple, novel
subsets of MDSCs can be identified based upon tissue source and markers of maturity and
activation. In our CytoBackBone analysis, the overlapping novel MDSC subsets identified in
each specimen and tissue type were limited to PMN- and i-MDSCs. This contrasts with our
SPADE analysis, where there were overlapping PMN-, M-, and i-MDSC subpopulations.
The lack of overlapping M-MDSC subpopulations in CytoBackBone may be associated with
increased variability in the activation and functional marker expression by M-MDSCs.
However, similar to our SPADE analysis we observed higher frequency of CD34 expression
on PMN-, M-, and i-MDSC:s in the spleen cells of cancer patients as compared to their PB
and the PB of normal donors. Furthermore, CytoBackBone allowed us to differentiate the i-
MDSC subpopulations based on their expression of activation and maturation markers. This
approach of combining multiple sets of staining parameters and CytoBackBone analysis
allowed us to further discriminate between the M- and i-MDSC populations.

In conclusion, the frequency of MDSCs and their expression of both maturational and
activation markers differ between individuals and tissue types. We used unique staining
panels and clustering analyses, in our studies, to identify novel MDSC subsets based upon
maturational, functional, and activation marker expression. Some of these differences were
independent of tissue type or source with others dependent on the markers used in each
staining panel. Although, the number of MDSCs in our clustering analyses were similar
between each sample type and source, we observed multiple novel MDSC subsets. This
observation warrants future investigation to determine if there is a correlation between these
subsets and patient outcomes or clinical response Further, using flow cytometry, we
observed a higher frequency of MDSCs in the PB of cancer patients as compared to their
spleens; with MDSCs in the spleens of cancer patients having a more immature, although
highly functional, phenotype as compared to their PB. These data provide an in-depth and
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unique analysis of novel MDSCs in both the PB and spleens of cancer patients as compared
to the PB of normal donors.
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Cancer patient spleen a source of immature myeloid cells

Higher frequency of MDSCs in cancer patient’s peripheral blood versus their
spleen

Clustering analysis reveals novel MDSC subsets

Checkpoint protein expression is higher in peripheral blood versus spleen
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Figure 1. Comparison of MDSC frequency, size and granularity.
A graphical representation of granulocytic (G), monocytic (M), and immature (i) myeloid

derived suppressor cells (MDSC) on an FSC-A x SSC-A plot for normal donor peripheral
blood (PB), cancer patient PB, and cancer patient spleen cells. PMN-, M- and i-MDSCs are
colored black, red, and green respectively. In the lower table MDSC frequencies are reported
as the frequency of CD45™ cells The Benjamini-Hochberg (BH) procedure was used with a
false discover rate of 0.05 to correct for multiple comparisons. Significance was determined
by an independent T-test with BH adjusted p-value<0.05; * significant difference to cancer
spleen, # significant difference to cancer PB.
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Figure 2. Frequency of CD45" Cell Types.
A comparison of cellular phenotypes reported as the frequency of CD45* cells in cancer

patients’ peripheral blood (PB), normal donors PB, and cancer patients’ spleens. Absolute
numbers of the above cell populations for cancer and normal donor PB samples are shown in
the lower table. Hematopoietic progenitor cells are defined as Lin"HLA-Dr/1°“CD11b
~“CD14CD15 CD16-CD34*. The Benjamini-Hochberg (BH) procedure was used with a
false discover rate of 0.05 to correct for multiple comparisons. Significance was determined
by an independent T-test with BH adjusted p-value<0.05; * significant difference to cancer

spleen, # significant difference to cancer PB.
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Figure 3. Expression of activation, myeloid and functional markers on MDSCs.
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Reported as the frequency of each individual MDSC subset, based on the expression of
activation (D-F), myeloid (A-C), and functional markers (G-1). This is shown for PMN-
(A,D,G), M- (B,E,H) and i-(C,F,1) MDSCs in normal peripheral blood (PB), cancer PB, and
cancer patient’s spleen cells. The Benjamini-Hochberg (BH) procedure was used with a
false discover rate of 0.05 to correct for multiple comparisons. Significance was determined
by an independent T-test with BH adjusted p-value<0.05; * significant difference to cancer

spleen, # significant difference to cancer PB.

Cell Immunol. Author manuscript; available in PMC 2022 May 01.



1duosnuepy Joyiny

1duosnuely Joyiny

Cole et al. Page 27
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5 CD33*LOX-1* M-MDSC
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7 CD16*CD33*Granulocyte
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9 CD16+CD33*Monocyte
10 CD14+CD15*
11 CD16PuLymphocyte
12 CD33+i-MDSC
13 CD33+CD34+-MDSC
14 CD33* Lymphocyte
15 CD33+CD34+LOX-1+i-MDSC
16 CD33*M-MDSC
17 PMN-MDSC CD33*
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Figure 4. SPADE tree analysis comparison in the peripheral blood.
SPADE tree comparisons of CD45* cells versus total MDSC populations. The comparison

used total CD45+ cells from a normal donor as a standard cellular source, while the MDSCs
were from the peripheral blood (PB) of a cancer patient as a source rich in MDSCs.
Annotations of the selected cell populations is shown for SPADE trees from the PB of
normal donors and cancer patients. Annotations 1-16 are the CD45+ cells from normal PB,
identifying 6 MDSC subpopulations. Annotations 17-28 are representative of the 11 MDSC
subpopulations identified in the total MDSC population in the PB of cancer patients.
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Normal PB Cancer PB Cancer Patient Spleen

Figure 5. SPADE analysis of each sample type and panel.
SPADE trees and annotations for the peripheral blood (PB) of normal donors and cancer

patients, and cancer patients spleens for all three flow panels (CTLA-4, PD-L1, and
enzyme); reported as cell frequency from exported total MDSC population. Annotations 1-5
are representative of cell clusters consistently found for all sample types (Table 3).
Annotations 6-12, 13-18, and 19-24 (Table 4) are representative of MDSC subpopulations
identified in each sample type and source for flow panels CTLA-4, PD-L1, and enzyme
respectively.
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Cell Frequency

Normal PB Cancer PB Cancer Patient Spleen

Figure 6. CytoBackBone Analysis.
SPADE trees generated post merging of the CTLA-4 and PD-L1 flow panels using the

CytoBackBone algorithm for the peripheral blood (PB) of normal donors, and the spleen
cells and PB of cancer patients; reported as cell frequency of the exported total MDSC
populations. Annotations 1-4 are representative of clusters consistently identified in all
sample types and sources (Table 5). Annotations 5-12, 13-20, and 21-30 are representative
of MDSC subpopulations identified in the PB of normal donors, and the PB and spleen cells
of cancer patients, respectively (Table 5).
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