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Abstract

Myeloid-derived suppressor cells (MDSCs) are pathologically activated immature myeloid cells with immunosuppressive activity that
expand during chronic inflammation, such as cancer and prosthetic joint infection (PJI). Myeloid-derived suppressor cells can be
broadly separated into 2 populations based on surface marker expression and function: monocytic myeloid-derived suppressor cells
(M-MDSCs) and granulocytic myeloid-derived suppressor cells (G-MDSCs). Granulocytic myeloid-derived suppressor cells are the most
abundant leukocyte infiltrate during PJI; however, how this population is maintained in vivo and cellular heterogeneity is currently
unknown. In this study, we identified a previously unknown population of Ly6G*Ly6C*F4/80"MHCII* MDSCs during PJI that displayed
immunosuppressive properties ex vivo. We leveraged F4/80 and MHCII expression by these cells for further characterization using
cellular indexing of transcriptomes and epitopes by sequencing, which revealed a distinct transcriptomic signature of this population.
F4/80"MHCII* MDSCs displayed gene signatures resembling G-MDSCs, neutrophils, and monocytes but had significantly increased
expression of pathways involved in cytokine response/production, inflammatory cell death, and mononuclear cell differentiation. To
determine whether F4/80*"MHCII" MDSCs represented an alternate phenotypic state of G-MDSCs, Ly6G*Ly6C*F4/80"MHCII~ G-MDSCs
from CD45.1 mice were adoptively transferred into CD45.2 recipients using a mouse model of PJI. A small percentage of transferred
G-MDSCs acquired F4/80 and MHCII expression in vivo, suggesting some degree of plasticity in this population. Collectively, these
results demonstrate a previously unappreciated phenotype of F4/80*"MHCII" MDSCs during PJI, revealing that a granulocytic-to-
monocytic transition can occur during biofilm infection.
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1. Introduction prostaglandin E2 production, whereas M-MDSCs are typified by
nitric oxide, immunosuppressive cytokines (IL-10 and TGF-B), and
PD-L1 expression.” In general, G-MDSCs represent the major
MDSC population in the setting of cancer and chronic infection.®™

The role of MDSCs during cancer has been extensively studied,
where they promote tumor metastasis and angiogenesis.®
However, MDSC involvement in other pathologies is still being
elucidated as there are disease-specific contexts that must be con-
sidered that influence effector functions.” This is highlighted by
the observation that G-MDSCs accumulate in the local tumor en-
vironment as well as systemically in the blood and spleen of
tumor-bearing mice.® This contrasts with Staphylococcus aureus
biofilm infection, where G-MDSCs accumulate locally at the site
of prosthetic joint infection (PJI) but are not expanded in the
spleen or blood.”*® G-MDSCs comprise >70% of the leukocyte in-
filtrate at the site of PJI and are the major source of IL-10."!
Notably, G-MDSC recruitment was significantly reduced in IL-10
knockout (KO) mice during S. aureus PJI concomitant with in-

Myeloid-derived suppressor cells (MDSCs) are a heterogenous
group of immature, anti-inflammatory myeloid cells that accu-
mulate during disease states.’ Under homeostatic conditions, im-
mature myeloid cells differentiate into mature populations such
as macrophages, polymorphonuclear neutrophils (PMNs), and
dendritic cells; however, in diseases with prolonged inflammation
such as cancer and chronic infection, this differentiation process
is disrupted, leading to MDSC accumulation.! The current model
for MDSC activation involves a 2-signal mechanism where growth
factors from chronic inflammation cause the expansion of mono-
cyte and/or granulocyte precursors, which are activated at the site
of inflammation by proinflammatory cytokines to acquire a sup-
pressive phenotype.*?

MDSCs have been classified into at least 2 subsets, which are de-
fined based on cell surface marker expression, namely, granulocyt-
ic (G-MDSCs or PMN-MDSCs) and monocytic (M-MDSCs).™? These

subsets share morphological characteristics with their mature
myeloid counterparts, which supports their nomenclature. While
each population can inhibit T-cell activation, their mechanisms
of suppression differ. For example, G-MDSCs have been reported
to utilize reactive oxygen species, peroxynitrate, arginase 1, and

creased monocyte infiltrates, resultingin decreased bacterial bur-
den.'* This finding suggests that IL-10 may play an indirect role
in G-MDSC recruitment during PJI. Furthermore, depletion of
G-MDSCs during PJI promoted bacterial clearance, demonstrating
the immunosuppressive function of these cells.’ In addition,
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G-MDSCs have been shown to inhibit PMN killing of S. aureus' and
attenuate monocyte/macrophage proinflammatory activity in the
setting of S. aureus PJI.%**

Because G-MDSCs represent a large percentage of the leuko-
cyte infiltrate during PJI, the question remains as to how this
population is sustained in vivo and their degree of heterogeneity.
In cancer models, G-MDSCs exhibit short half-lives in vivo and are
terminally differentiated.’® In contrast, M-MDSCs can assume dif-
ferent fates in the tumor microenvironment, including differenti-
ation into tumor-associated macrophages or dendritic cells, or
even transitioning into G-MDSCs.**# It is unclear whether this
plasticity occurs during infection, since the recruitment and acti-
vation factors that MDSCs experience are unique due to bacterial-
derived pathogen associated molecular patterns and virulence
factors that are not present during cancer.'® Understanding the
mechanisms that regulate the MDSC phenotype in the context
of infection is important since this may represent a viable thera-
peutic target to improve disease outcomes.**°

In the current study, we employed cellular indexing of tran-
scriptomes and epitopes by sequencing (CITE-seq), which re-
vealed that although F4/80"MHCII* MDSCs share marker
expression with G-MDSCs (Ly6G*Ly6C*CD11bMeh), they represent
a transcriptionally distinct population during PJI with increased
cytokine (TNF and IL-6) production and transcriptional pathways
associated with cytokine activation, inflammatory cell death, and
cellular differentiation. We leveraged an adoptive transfer
approach of G-MDSCs from CD45.1 mice into CD45.2 recipients
to track their plasticity during S. aureus PJI, which demonstrated
that G-MDSCs acquire a monocyte-like phenotype through the ac-
quisition of F4/80 and MHCII expression and exhibit potent T-cell
suppressive activity. These results highlight the plasticity in
MDSC phenotypes during biofilm infection that may influence
the chronicity of PJI.

2. Materials and methods

2.1 Mice

C57BL/6] (RRID:IMSR_JAX:000644), IL-10 KO (RRID:IMSR_JAX:002251),
and congenic B6.SJL CD45.1 (RRID:IMSR_JAX:002014) mice were pur-
chased from The Jackson Laboratory and maintained in-house at the
University of Nebraska Medical Center (UNMC). Equal numbers of
male and female mice at 8 to 10 wk of age were used for all experi-
ments. This study was conducted in accordance with the recommen-
dationsin the Guide for the Care and Use of Laboratory Animals of the
National Institutes of Health. The protocol was approved by the
UNMC Institutional Animal Care and Use Committee (18-013-03).

2.2 Mouse model of S. aureus PJI

The S. aureus LAC 13C strain used in this study was derived from
a USA300 clinical isolate recovered from a skin and soft tissue
infection.?>?? Prior to each experiment, bacteria were freshly
streaked onto trypticase soy agar enriched with 5% sheep blood.
A single colony was then inoculated into brain-heart infusion
broth and grown overnight in a baffled flask (10:1 flask/volume ra-
tio, 37 °C, 250 rpm). The overnight culture was washed twice with
phosphate-buffered saline (PBS) and diluted to 5x 10> colony-
forming units (CFU)/mL to establish PJI in mice as previously
described.’>**232* Briefly, C57BL/6] wild-type (WT) or IL-10 KO
mice were anesthetized with an intraperitoneal injection of ket-
amine/xylazine, and a parapatellar arthrotomy was performed.
A hole was created in the femoral intercondylar notch using a
26-gauge needle to insert an orthopedic-grade K-wire (0.6 mm
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diameter, nickel titanium; Custom Wire Technologies) that was
inoculated with 2 uL (10° CFU) of S. aureus in PBS at the tip of the
implant. The inner and outer incisions were closed using 6-0 poly-
glycolic acid and nylon suture, respectively. Buprenex slow re-
lease (Buprenex SR) was administered for pain relief, and mice
were closely monitored following surgery, whereupon they exhib-
ited normal ambulatory behavior.

2.3 Quantification of leukocyte infiltrates

At the indicated day postinfection, mice were euthanized using an
overdose of inhaled isoflurane. Next, implant-associated tissue was
excised and homogenized using the blunt end of a syringe and
passed through a 70-pm filter to obtain a single-cell suspension,
and red blood cells were lysed. For flow cytometry, Fc receptors
were blocked using TruStain FcX (RRID: AB_1574973), and samples
were stained with a panel of antibodies including CD45-PE-Cy7
(RRID:AB_312979) or -APC (RRID: AB_312977), Ly6C-APC-Cy7
(RRID:AB_1727555) or -PerCP-Cy5.5 (RRID:AB_1727558), Ly6G-
Pacific Blue (RRID:AB_2251161) or -PE (RRID: AB_1186099), F4/80-
Brilliant Violet 510 (RRID:AB_2562622) or -PE-Cy7 (RRID:
AB_893490), CD11b-Alexa Fluor 700 (RRID:AB_493705) or -FITC
(RRID: AB_312789), and MHCII (I-A/I-E)-Brilliant Violet 605 (RRID:
AB_2565894) in combination with a fixable UV live/dead stain
(BioLegend or Invitrogen). For adoptive transfer experiments,
CD45.1-PE-Dazzle 594 (RRID:AB_2564295) and CD45.2-APC (RRID:
AB_389211) were used to identify adoptively transferred vs en-
dogenous leukocytes, respectively. Samples were processed using
a LSR Fortessa x50 and analyzed using FlowJo (RRID:SCR_008520).

2.4 T-cell suppression assay

CD4" T cells were collected from the spleen of a naive mouse and
purified using a CD4" T-cell isolation kit (Miltenyi) following the
manufacturer’s instructions. T cells were stained using Cell
Proliferation Dye eFluor 670 (eBioscience; 2.5 uM), then washed
and resuspended in complete medium containing mouse recom-
binant IL-2 (100 ng/mL). T-cell proliferation was induced using
CD3/CD28 Dynabeads. To determine the ability of leukocyte pop-
ulations recovered from S. aureus PJI to inhibit T-cell proliferation,
G-MDSCs, PMNs, F480"MHCII* MDSCs, and monocytes were
sorted from the implant-associated tissue of mice at day 14 post-
infection with a BD Biosciences FACSAria or FACSAria Il using the
antibody panel described above. Sorted leukocyte populations
were cocultured with T cells at a 1:1 ratio and incubated at 37 °C
for 3 d, whereupon cells were analyzed on a BD Biosciences
LSRII Y/G. T-cell proliferation was determined by the progressive
loss of the cell proliferation dye.

2.5 Morphological analysis

To compare the morphology of F4/80"MHCII* MDSCs to other
leukocyte infiltrates during PJI, cytospin slides were prepared for
each fluorescence-activated cell sorting (FACS)-purified popula-
tion. Slides were stained with Wright-Giemsa and provided in a
blinded fashion to a board-certified hematopathologist, who per-
formed differential counts. Slides were also imaged using a
Leica AperioCS2 scanning system to report cellular morphology.

2.6 CITE-seq and bioinformatics

2.6.1 Cell recovery and barcoding

Implant-associated tissue was collected from WT mice at day 14
following S. aureus PJI and homogenized, and after red blood cells
lysis, Fc receptors were blocked as described above. Samples were
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stained with CD45-APC (RRID: AB_312977), Ly6G-PE (RRID: AB_
1186099), Ly6C-PerCP-Cy5.5 (RRID:AB_1727558), and Live/Dead fix-
able blue stain, whereupon live Ly6G'Ly6C* and Ly6C*Ly6G™ cells
were collected using a BD Biosciences FACSAria. Next, these
populations were labeled using TotalSeq-B0114 F4/80 (RRID:
AB_2819847) and TotalSeq-B0117 I-A/I-E (RRID: AB_2832367) bar-
coded antibodies (BioLegend) following the manufacturer’s
protocol. The postsort viability of Ly6C'Ly6G™~ and Ly6G 'Ly6C"* pop-
ulations was 79.6% and 89.4%, respectively, with minimal debris
as determined using a Luna automated fluorescent cell counter
(Logos Biosystems).

2.6.2 Library preparation and sequencing

Ly6G'Ly6C* and Ly6C*G™ cells (13,627 and 1,624, respectively)
were processed using a 10x Genomics platform by the UNMC
Genomics Core. Briefly, single cells were lysed, and RNA was
reverse-transcribed and barcoded using a Chromium Single-Cell
3’ Reagent Kit v3 (10x Genomics) according to the manufacturer’s
protocol. Illumina-compatible cDNA libraries were created and
quantified by quantitative PCR using the KAPA Library Quant
Kit (lllumina) and loaded at a concentration of 1.3 pM on an
[llumina NovaSeq instrument. Samples were sequenced following
the parameters suggested by 10x Genomics to an average read
depth of 100,000 reads/cell. Alignment was completed using 10x
Genomics Cell Ranger with the Mus musculus mm10 genome as a
reference. The complete CITE-seq data set has been deposited in
the Gene Expression Omnibus database (accession number
GSE248640).

2.7 CITE-seq analysis

2.7.1 Quality assurance/quality control and
normalization

Single-cell expression data were largely analyzed using Partek
Genomics Suite (RRID:SCR_011860). Single-cell count output
from Cell Ranger was imported into Partek Flow and split by fea-
ture type (antibody capture and gene expression), and quality con-
trol was performed independently on each feature to filter
low-quality cells. For the antibody capture, a maximum count
threshold of 5,000 was used to exclude protein aggregates, but
no minimum was used since not every cell was expected to ex-
press either F4/80 or MHCII. Gene expression was also filtered
based on counts (1,500 to 35,000), detected features (400 to
6,000), and percent mitochondrial counts (0% to 20%) to exclude
potential doublets and nonviable cells. Each feature was then nor-
malized independently. Antibody capture counts were normal-
ized using a centered log-ratio as suggested for CITE-seq
data.??® Gene expression was normalized using counts per mil-
lion, add 1, and log base e to allow for integration with the anti-
body capture data. The different feature counts were then
merged for downstream analysis. Following this step, 12,998
(95.4%) and 1,220 (75.1%) of captured Ly6G'Ly6C* and
Ly6C*Ly6G™ cells, respectively, passed each feature’s quality as-
surance/quality control and were included for gene/pathway
analysis.

2.7.2 Exploratory analysis

The top 20 principal components were used for clustering, and dif-
ferential expression analysis between each cluster was performed
by computing biomarkers. Cell-type identities were annotated us-
ing SingleR?” with the Immunological Genome Project (ImmGen;
https://www.immgen.org/) as the reference data set. Cells that
were identified as PMNs were selected and reclustered to assess

granulocyte heterogeneity. To identify Ly6G*Ly6C*F480"MHCII*
cells within the data set, cells in the Ly6G*Ly6C* sample were clas-
sified based on F4/80 and MHCII protein expression using the
unique antibody barcodes. Cells with F4/80 signals >0.8 and
MHCII >0.9 were classified as F480*"MHCII", whereas F4/80 <0.8
and MHCII <0.9 represented F4/80"MHCII™. These cutoffs were de-
termined by F4/80 and MHCII expression on monocytes and mac-
rophages in the Ly6C'Ly6G~ sample. A Hurdle model was used to
determine differential gene expression and pathways enriched in
the F480"MHCII* population.

2.7.3 Intracellular cytokine staining

To assess TNF and IL-6 expression in leukocyte populations dur-
ing PJI, intracellular staining was performed. Briefly, infected tis-
sues were homogenized as described above; however, after red
blood cell lysis, samples were resuspended in complete medium
(RPMI+10% fetal bovime serum [FBS]+2mM L-glutamine,
10mM HEPES, antibiotic/antimycotic solution, and 50 uM
p-mercaptoethanol) containing brefeldin A for 4 h. After Fc block,
cells were stained with the same surface marker panel described
above, treated with Cyto-Fast fix/perm buffer, and incubated
with TNF-PerCP-Cy5.5 (RRID:AB_961434) or IL-6-APC (RRID:
AB_10694868) in Cyto-Fast Perm wash solution (all from
BioLegend). Samples were processed using either a BD
Biosciences LSRII Y/G or LSR Fortessa x50 and analyzed using
FlowJo to report TNF and IL-6 expression in G-MDSCs
(Ly6G*Ly6C*CD11bMeMF4/807), PMNs (Ly6G*CD11b!°"F4/807), F4/
80*MHCII* MDSCs (Ly6G*Ly6C"CD11bMe"F4/80*MHCII'), mono-
cytes (Ly6C'Ly6G F4/807), and macrophages (Ly6C*~Ly6G F4/
80*MHCII*).

2.7.4 Adoptive transfer

Primary G-MDSCs were prepared in vitro from the bone marrow of
CD45.1 congenic mice as previously described.'’ Briefly,
CD45.1-G-MDSCs were propagated for 4 d in RPMI-1640 supple-
mented with 10% FBS, 2 mM L-glutamine, 10 mM HEPES, antibiot-
ic/antimycotic solution, 50 pM B-mercaptoethanol, 40 ng/mL
granulocyte-macrophage colony-stimulating factor, and 40 ng/
mL granulocyte colony-stimulating factor with 40 ng/mL IL-6
added on day 3 of culture. At day 4, G-MDSCs were enriched using
anti-Ly6G microbeads (Miltenyi Biotec) and further purified by
FACS to isolate live CD45.1" G-MDSCs that were F4/80 and
MHCII negative (Ly6G*Ly6C*CD11b"€MF4/80"MHCII™) using the
antibody panel above. Purified CD45.1-G-MDSCs (7.5x 10° per
mouse) were injected into the knee of IL-10 KO mice (CD45.2) at
day 14 following S. aureus PJI, whereupon the phenotype of
CD45.1-G-MDSCs was determined 24 h later. To confirm that
adoptively transferred G-MDSCs were retained at the site of injec-
tion, cells were labeled with Qtracker 655 (Invitrogen) prior to
transfer and then imaged 24 h later using an In Vivo Imaging
System (IVIS; PerkinElmer).

2.7.5 Statistics and figure generation

For CITE-seq data analysis, significant differentially expressed
genes or enriched pathways were determined using a false discov-
ery rate-adjusted P value of <0.05. Significant differences between
groups for flow cytometry were determined using a 1-way analysis
of variance with Tukey’s multiple comparisons test in GraphPad
Prism (GraphPad Software), where a P value of <0.05 was consid-
ered statistically significant.

202 11dy G| Uo Jasn Aieiqi ueBOODO| Joluad [edIpa| BXYSEIGN JO AUSIONIUN AQ 1/ LELY2/029/v/S | | /910IME/0IgNNS|l/Wwod-dno-olwapeo.//:sdly WOy papeojumod


https://www.immgen.org/

3. Results

3.1 F4/80"MHCII" MDSCs represent a minor but
highly suppressive population during S. aureus PJI
MDSCs are a heterogenous, immature myeloid population that ac-
cumulates during pathologies such as cancer or chronic infection.*
S. aureus PJlis defined by a dominant G-MDSC infiltrate based on cell
morphology, surface marker expression, and gene expression 12
However, after incorporating additional myeloid markers in our flow
panel, a small population of Ly6GLy6C*CD11bMe" G-MDSCs (3% to
5%) were also found to coexpress F4/80 and MHCII (Fig. 1). Since
these markers are typically associated with monocytes/macro-
phages,” Ly6GLy6C*CD11b™€"F4/80"MHCII* cells were purified
by FACS at day 14 postinfection, whereupon cell morphology was
evaluated using cytospins. Ly6GLy6C*CD11bMe"F4/80"MHCII* cells
were a heterogenous population of immature granulocytes and
monocytes as revealed by banded and large, round nuclei
(Supplementary Fig. 1), similar to that previously reported for
G-MDSCs.”

We next examined the functional properties of F4/80*MHCII*
MDSCs by evaluating their ability to suppress T-cell proliferation,
a hallmark of MDSC activity. F4/80"MHCII" MDSCs, G-MDSCs,
PMNs, and monocytes were purified at day 14 following S. aureus
PJI by FACS and cocultured with CD4" T cells at a 1:1 ratio.
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F4/80"MHCII* MDSCs significantly inhibited T-cell proliferation,
similar to well-characterized G-MDSCs, whereas monocytes and
PMNs had minimal suppressive activity (Fig. 2). Collectively, these
results suggest that F4/80"MHCII* MDSCs may represent a previ-
ously unidentified population of MDSCs in the context of S. aureus
biofilm that possess T-cell inhibitory capacity.

3.2 F4/80"MHCII* MDSCs are a transcriptionally
distinct cluster that arises during S. aureus PJI

We next investigated the transcriptional profile of F4/80*"MHCII"
MDSCs during S. aureus PJI using CITE-seq.?® This technology uti-
lizes single-cell sequencing coupled with barcoded antibodies
against surface markers to assist with cellular identification.
This is important since RNA expression of leukocyte surface
markers does not always reflect protein abundance,®® which
was observed in our study since adgrel and h2-ab1 gene expression
was not highly correlated with F4/80 and MHCII protein abun-
dance, respectively (Supplementary Fig. 2).

CITE-seq was performed on FACS-purified G-MDSC
(Ly6G*Ly6C*CD11bheh) and monocyte/macrophage
(Ly6C*Ly6G~CD11bMe) infiltrates at day 14 following S. aureus
PJI. Monocytes/macrophages were used to compare transcription-
al similarity with F4/80*MHCII* MDSCs that exhibited monocyte-
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C57BL/6] mice at day 14 following S. aureus PJI were analyzed using flow cytometry. Live singlets expressing CD45 were gated to identify G-MDSCs
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like properties. Ly6G*Ly6C" cells were examined for F4/80 and
MHCII surface protein abundance, where 2,724 cells (21.0%)
were identified as F4/80*MHCII*, whereas 8,136 cells (62.6%)
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Fig. 2. F4/80*"MHCII* MDSCs suppress T-cell proliferation. F4/
80"MHCII* MDSCs, G-MDSCs, neutrophils (PMNs), and monocytes (MOs)
were purified from implant-associated tissue of C57BL/6] mice at day 14
following S. aureus PJI by FACS. Leukocytes were cocultured ata 1:1 ratio
with CD4* T cells isolated from the spleen of a naive mouse for 72 h in
the presence of CD3/CD28 Dynabeads to induce polyclonal T-cell
activation. Proliferation was assessed by flow cytometry where the
positive control (+) reflects T cells with CD3/CD28 stimulation and
negative control (-) represents T cells only (n=4 to 24 from 5
independent experiments; *P < 0.05, *P < 0.01, ***P < 0.0001; 1-way
analysis of variance with Tukey’s multiple comparisons test). The
number of monocytes recovered from infected tissues was limiting,
which reflects the lower n for this group.
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were F4/80"MHCII™. The remaining cells were single-positive for
either F4/80 or MHCII (16.4%) (Supplementary Fig. 3).

All cells were subjected to dimensionality reduction and clus-
tering to identify groups of transcriptionally related cells.
Ly6G*Ly6C* MDSCs and Ly6C*Ly6G~ monocytes separated into
distinct clusters with minimal overlap (Fig. 3A), supporting the
stringency of the methodology. Nine total clusters were observed
(Fig. 3B), with clusters 1 to 5 identified as PMNs, whereas clusters 6
to 8 consisted mainly of monocytes and macrophages (Fig. 3C), as
determined by automated cell-type identification using SingleR.?’
Ly6G Ly6C*F4/80"MHCII" cells were mainly represented in cluster
4, accounting for 63.2% of cells in this group (Fig. 3D), suggesting
they are a transcriptionally distinct population. The SingleR pack-
age is not capable of discriminating between G-MDSCs and PMNs
and classifies both cell types as granulocytes. However, using pub-
lished gene sets to bioinformatically define each population,®'*?
cluster 5 displayed higher expression of genes suggestive of
PMNs (i.e. cd177), whereas clusters 1 to 3 expressed genes associ-
ated with G-MDSCs (i.e. cd84, arg2, wfdcl7, and clec4d) (Fig. 4).
Interestingly, cluster 4 (mainly comprising F4/80"MHCII*
MDSCs) also had increased expression of G-MDSC genes similar
to clusters 1 to 3 (Fig. 4). These observations suggest that F4/
80"MHCII" MDSCs may represent an altered G-MDSC phenotype
with a distinct transcriptome.

3.3 F4/80"MHCII* MDSCs are typified
by increased cytokine production

To further understand transcriptional distinctions between
PMNs, G-MDSCs, and F4/80"MHCII* MDSCs, all granulocytes
from our CITE-seq analysis were selected for dimensionality

Cell Types by Cluster

EE Neutrophils B Dendritic Cells
Em Stem Cells mm ILC

Bm NK Cells Hl y3 T cells

BN Monocytes B Pro B cells

W Macrophages B cells

ME NKT cells B Not assigned
mm Tcells

Cluster

F4/80 and MHCII by Cluster

B |Ly6G*Ly6C*F4/80MHCII
= Ly6G*Ly6C*F4/80"MHCII*
=3 Not assigned

Cluster

Fig. 3. F4/80"MHCII" MDSCs express a unique transcriptional signature. CITE-seq was performed on FACS-purified Ly6G*Ly6C" cells and monocytes
(Ly6C*Ly6G™) collected at day 14 following S. aureus PJI and labeled with F4/80 and MHCII barcoded antibodies. (A) Uniform manifold approximation and
projection (UMAP) depicting the separation of the Ly6G*"Ly6C* G-MDSC population and Ly6C*Ly6G~ monocytes and (B) UMAP with graph-based
clustering of both samples. (C) The proportion of cell types within each graph-based cluster as identified by an automated cell-type identification
program (SingleR) using Immgen as a reference database and (D) the proportion of F4/80*"MHCII* and F4/80"MHCII™ cells within the Ly6G*Ly6C*
population (“not assigned” reflects cells from the Ly6G*Ly6C* sample that were F4/80 or MHCII single positive or from the monocyte sample; see

Supplementary Fig. 4 for additional information).
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Fig. 4. F4/80"MHCII* MDSCs express MDSC-like genes. A heatmap depicts the mean (z-score) of a gene list containing MDSC, neutrophil, and monocyte

genes for each graph-based cluster identified.
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Fig. 5. Adistinct transcriptional profile of F4/80"MHCII* MDSCs is evident within heterogeneous granulocyte clusters. Granulocytes were selected from
the CITE-seq data and underwent a new round of dimensionality reduction and graph-based clustering, which (A) resulted in a UMAP plot with 7
distinct clusters. (B) The proportion of F4/80" and MHCII" cells within each graph-based cluster is shown.

reduction and clustering. Again, F4/80"MHCII* MDSCs were found
mainly in cluster 4, comprising 60% of the cells in this population
(Fig. 5). Genes that were significantly differentially expressed in
cluster 4 included a hypoxanthine transporter (slc23a3), peptide
cross-linking/cysteine-type endopeptidase inhibitor activity
(ctsdc5 and stfa2), cell-cell adhesion (mpzI2 and thbs4), and serum
amyloid A1l (saal) (Fig. 6 and Table 1). We next performed differen-
tial expression analysis comparing F4/80*"MHCII* MDSCs vs

F4/80"MHCII™ granulocytes to more specifically examine path-
ways enriched in the former. Many pathways were significantly
increased in F4/80"MHCII" MDSCs that were indicative of an acti-
vated, inflammatory state (response to stimulus/molecule of bac-
terial origin [GO:0050896/G0:0002237], positive regulation of
metabolic process [GO:0009893], positive regulation of cytokine
production [GO:0001819], response to cytokine [GO:0034097]),
positive regulation of programmed cell death [GO:0043067 and
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Fig. 6. F4/80"MHCII" MDSCs express a distinct transcriptional profile compared to other granulocyte populations. Differential expression was
performed to identify genes that were differently regulated in F4/80*MHCII* MDSCs vs the other granulocyte subsets. The top 22 features are shown as
means for each cluster (z-scores). Signals for MHCII and F4/80 antibody reactivity are also shown.

Table 1. Differentially expressed genes in cluster 4 (F4/80"MHCII"
MDSCs) compared to other granulocyte clusters.

Cluster 4 P value Fold-change
cdc42bpg <0.001 1.619
ifi208 <0.001 1.519
slc23a3 <0.001 1.518
cstde5 <0.001 1.502
stfa2 <0.001 1.647
catsperd <0.001 1.520
mpzl2 <0.001 1.678
gm13201 <0.001 1.565
sult2b1l <0.001 1.595
gm29570 <0.001 1.981
thbs4 <0.001 1.661
st18 <0.001 1.654
rbm20 <0.001 1.594
zfp934 <0.001 1.609
cfb 0.001 1.595
fam122b 0.001 1.580
tm4sfl 0.005 1.501
saal 0.006 3.454
4930414F18Rik 0.012 1.638

G0O:0043068] and positive regulation of IL-1 B production
[GO:0032731]) (Table 2). Several genes were significantly increased
in F4/80"MHCII* MDSCs vs F4/80"MHCII™ cells, including Tnf
(3.45-fold) (Figs. 7 and 8A). To confirm these bioinformatic find-
ings, intracellular cytokine staining was performed on leukocytes
recovered from S. aureus PJI, where Ly6G'Ly6C*"F4/80"MHCII*
MDSCs produced the highest amount of TNF compared to other

Table 2. Enriched pathways within cluster 4 (F4/80"MHCII*
MDSCs) compared to other granulocyte clusters.

Gene set Description Enrichment P
score value

GO:0050896  Response to stimulus 62.470 <0.001

G0:0009893  Positive regulation of 52.764 <0.001
metabolic process

GO:0043067 Regulation of programmed 49.357 <0.001
cell death

GO:0002237  Response to molecule of 40.329 <0.001
bacterial origin

GO:0001819  Positive regulation of cytokine 40.171 <0.001
production

G0:0034097 Response to cytokine 39.875 <0.001

GO:0043068  Positive regulation of 38.626 <0.001
programmed cell death

GO0:0007166  Cell surface receptor signaling 33.799 <0.001
pathway

GO:0010647  Positive regulation of cell 30.545 <0.001
communication

GO:0001666 Response to hypoxia 29.139 <0.001

G0:0032731  Positive regulation of IL-1 26.985 <0.001
production

G0:0030154  Cell differentiation 23.338 <0.001

GO0:1903131  Mononuclear cell 13.410 <0.001

differentiation

Gene set enrichment was performed on the genes identified in graph-based
cluster 4 compared to other granulocytes to determine significantly enriched
pathways within this cluster (P <0.05). Select pathways are shown.

leukocyte populations (Fig. 8B and 8C). IL-6 expression was also
significantly higher in F4/80*MHCII* MDSCs (Supplementary
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Fig. 7. Differentially expressed genes between F4/80"MHCII* MDSCs and F4/80"MHCII™ granulocytes. A hurdle model was used to identify significantly
differentially expressed genes between F4/80"MHCII* MDSCs and F4/80"MHCII™ granulocytes within the Ly6G'Ly6C" sample. The top 20 differentially
enriched genes (by fold-change, P < 0.05) are shown using a heatmap depicting the mean for each population (z-score).

Fig. 4), again supporting their unique features compared to other
leukocyte subsets infiltrating the infected tissue. Mitochondrial
genes were also among the top differentially expressed genes in
F4/80"MHCII" MDSCs (Fig. 7 and Supplementary Fig. 5).

3.4 The microenvironment during S. aureus PJI
drives G-MDSCs to acquire a monocyte-like
phenotype

Since pathways related to cell differentiation (GO:0030154) and
mononuclear cell differentiation (GO:1903131) were significantly
upregulated in F4/80*"MHCII* MDSCs (Table 2), this suggested a
possible transition of F4/80"MHCII* cells from a granulocytic
(G-MDSC) to a monocyte phenotype. To explore this possibility
from a biological perspective, we utilized an adoptive transfer ap-
proach with G-MDSCs expanded from the bone marrow of
CD45.1" B6.SJL congenic mice, whereas C57BL/6] recipients ex-
press CD45.2.2* The congenic CD45 allele does not affect function
related to granulocyte activity>® and permits the discrimination of
donor G-MDSCs from endogenous leukocytes using CD45.1- and
CD45.2-specific antibodies. We have previously shown that
G-MDSCs expanded from the mouse bone marrow express
the same cell surface markers as their in vivo counterparts
(Ly6G*Ly6C*CD11bM8M) and suppress T-cell proliferation;*> there-
fore, these cells represent a suitable surrogate to investigate the

fate of G-MDSCs in vivo. We were unable to leverage Cre-Lox
fate mapping approaches®® since a unique Cre-driver for
G-MDSCs has not yet been identified based on their similarity
to PMNs.

To determine whether G-MDSCs exhibit plasticity during
S. aureus PJI, FACS-purified Ly6GLy6C*CD11b™&"F4/80"MHCII™
G-MDSCs derived from naive CD45.1* B6.SJL mice were injected
subcutaneously into the soft tissue surrounding the knee joint
of IL-10 KO animals (CD45.2) at day 14 postinfection (Fig. 9A).
This time point and the use of IL-10 KO mice were selected based
on pilot studies where the greatest survival of adoptively trans-
ferred G-MDSCs was observed. To ensure that G-MDSCs were re-
tained at the site of infection, CD45.1* G-MDSCs were labeled
with Quantum dots, where fluorescent signals were localized to
the implant-associated tissue (Supplementary Fig. 6). Mice were
sacrificed at 24 h following G-MDSC transfer to define their pheno-
type. Only ~200 CD45.1" cells were recovered per animal, repre-
senting approximately 0.03% of the transferred population. This
revealed a high attrition rate of G-MDSCs during infection, likely
due to the production of cytotoxic molecules by S. aureus bio-
film.%”*® Nevertheless, CD45.1* G-MDSCs that survived adoptive
transfer acquired MHCII and F4/80 expression concomitant with
decreased Ly6G, Ly6C, and CD11b levels compared to endogenous
G-MDSCs (CD45.2%), suggesting the acquisition of a more
monocyte-like phenotype (Fig. 9B). Taken together, these results
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Fig. 8. F4/80"MHCII" MDSCs produce high amounts of TNF in vivo. (A)
Violin plot depicting Tnf transcript expression in F4/80"MHCII" MDSCs
and F4/80"MHCII™ granulocytes expressed as transcripts per million
(TPM) normalized counts. Intracellular staining for TNF was performed
on leukocytes recovered from implant-associated tissue at day 14
following S. aureus PJI depicted as (B) median fluorescence intensity
(MdFI) or (C) percent positive cells (n=15 mice/biological replicates;
P <0.001, ***P < 0.0001; 1-way analysis of variance with Tukey’s
multiple comparisons test).

support the plasticity of a G-MDSC subpopulation during S. aureus
PJI that acquires F4/80 and MHCII expression, while remaining
highly immunosuppressive together with increased TNF and
IL-6 production.

4. Discussion

This work has established that a subpopulation of G-MDSCs ac-
quires F4/80 and MHCII expression during biofilm infection.
Prior work has shown that M-MDSCs can mature into tumor-
associated macrophages and dendritic cells;** however,
G-MDSCs are typically considered terminal cells with a short half-
life.!® Recently, it was reported that a large portion of the G-MDSC
pool in tumor-bearing mice was derived from monocyte-like pre-
cursors and M-MDSCs,®“° setting a precedent for MDSC conver-
sion between subtypes. Our data support G-MDSC plasticity,

where cells can acquire a more monocyte-like phenotype during
S. aureus PJI typified by increased F4/80 and MHCII expression.
This is interesting, as both markers are typically associated with
monocytes/macrophages, yet F4/80"MHCII* MDSCs displayed po-
tent T-cell suppressive activity. This is not unprecedented, as
others have described a nonmonocytic, nongranulocytic MDSC
population that expresses MHCIIL*! Future studies are needed to
determine whether the acquisition of monocyte markers may oc-
cur in other pathologies where G-MDSCs are present and whether
the mechanism of T-cell inhibition by F4/80"MHCII* MDSCs is
similar to or distinct from conventional G-MDSCs.

Since F4/80"MHCII* MDSCs comprised a small proportion of
leukocytes at the site of PJI, extensive ex vivo functional studies
and bulk RNA sequencing were prohibitive. To circumvent these
issues, we utilized CITE-seq to analyze the transcriptome of
F4/80"MHCII* MDSCs that leveraged the cell surface markers of
this population. Interestingly, Ly6G Ly6C*"F4/80*"MHCII* MDSCs
identified by CITE-seq comprised a larger proportion of the
Ly6G*Ly6C* population (21%) than was detected by flow cytome-
try (5%), reflecting differences in sensitivity between these
techniques. We then used an unbiased automated cell-type iden-
tification program, SingleR,?” which classified cells based on large
Immgen reference data sets. Even though our G-MDSCs of interest
expressed F4/80 and MHCII, which are expressed on monocytes/
macrophages, these cells were identified as PMNs. It is not unex-
pected that G-MDSCs would be identified as PMNs in this refer-
ence data set, since the program is not capable of making these
types of refined calls. Indeed, we have previously reported that
G-MDSCs group with PMNs in other single-cell RNA sequencing
experiments,'®** where separation into G-MDSCs vs PMNs was
based on published gene sets.

While F4/80"MHCII" MDSCs were classified as PMNs by the au-
tomated cell-type identification program, pathway analysis indi-
cated that mononuclear cell differentiation was enriched in the
former. This suggests a novel granulocytic-to-monocytic pheno-
typic conversion that has not previously been reported for
G-MDSCs in the context of S. aureus infection. Furthermore, path-
ways involved in the response to cytokines and production of cy-
tokines were enriched in F4/80*MHCII* MDSCs, which we
confirmed by intracellular cytokine staining for IL-6 and TNF.
We focused on TNF because of its reported role in promoting
MDSC activation*”*® and the fact that TNFR expression is robust
on monocytes/macrophages and the F480"MHCII" MDSC popula-
tion that we identified acquired the expression of monocyte
markers. Since F4/80"MHCII" MDSCs were highly immunosup-
pressive, it may seem contradictory that they would produce
this proinflammatory cytokine; however, it has been shown that
autocrine TNF secretion by MDSCs enhances their suppressive ac-
tivity by upregulating Nos2.*?> Additionally, the “2-signal model”
for MDSC expansion and activation suggests that MDSCs require
proinflammatory activation signals at the site of inflammation
to trigger their immunosuppressive properties,*** which is sup-
ported by the finding that TNF influences MDSC accumulation
and survival during cancer.* This raises the possibility that TNF
production by F4/80*MHCII* MDSCs may be important for activat-
ing newly recruited G-MDSCs at the site of PJI. However, this pos-
sibility would be challenging to assess since F4/80*"MHCII* MDSCs
lack a unique surface marker, making targeted depletion difficult.
In addition, our CITE-seq data set did not identify a unique or
highly differentially expressed gene encoding a cell surface pro-
tein that could be used for this purpose. Like TNF, IL-6 expression
was also significantly elevated in F4/80"MHCII" MDSCs compared
to the other leukocyte populations infiltrating the infected joint,
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Fig. 9. G-MDSCs acquire F4/80 and MHC class II expression within the biofilm milieu during S. aureus PJI. (A) Schematic representing the adoptive
transfer workflow. CD45.1* G-MDSCs were expanded in vitro from the bone marrow of naive B6.SJL congenic mice, whereupon Ly6G'Ly6C*CD11b"8"F4/

80~MHCII™ cells were purified by FACS and injected into the knee tissue of

IL-10 KO mice (CD45.2") at day 14 following S. aureus PJI. After 24 h, mice were

euthanized, and the implant-associated tissue was analyzed using flow cytometry to compare CD45.1" transferred cells to endogenous CD45.2*
G-MDSCs. (B) Dot plot and histograms are concatenated from 5 mice and are representative of 3 independent experiments.

providing further evidence of their unique immune characteris-
tics. Our data suggest that a subpopulation of G-MDSCs within
the infection milieu may acquire cell surface markers indicative
of maturation, such as F4/80 and MHCII, but retain their immuno-
suppressive characteristics. This highlights the need for function-
al characterization of cells rather than solely relying on cell
surface marker expression to infer activity.

To assess whether G-MDSCs exhibit plasticity at the site of
S. aureus PJI, we used an adoptive transfer approach to monitor
how cells adapt within the biofilm microenvironment. While
most infiltrating leukocytes during PJI are G-MDSCs, single-
point-in-time analyses like flow cytometry cannot discern
whether this results from continued G-MDSC recruitment, the
death of terminal effector cells, impaired differentiation, or
any combination of these—all of which can serve to maintain a
constant number of G-MDSCs at the site of infection. In our adop-
tive transfer experiments, only a small number of transferred

G-MDSCs could be recovered after a 24-h period. This could result
from a number of factors, including the short half-life of
G-MDSCs, " killing by S. aureus toxins,”” or trafficking of donor
G-MDSCs away from the site of infection. The latter possibility ap-
pears unlikely since IVIS revealed that adoptively transferred
G-MDSCs were retained at the infection site. Because of limita-
tions with the number of G-MDSCs that could be generated in vitro
atone time for adoptive transfers, we were not able to increase the
number of transferred G-MDSCs to improve the frequency of de-
tecting F480"MHCII* MDSCs at 24 h postinfection. Nevertheless,
these adoptive transfer experiments establish that G-MDSCs can
acquire monocyte markers in vivo, which was the main objective
of our studies and is difficult to assess with endogenous cell pop-
ulations. Since G-MDSCs represent approximately 70% of the
leukocyte infiltrate during PJI'*?® and we show that these cells
have the capacity to acquire F480*MHCII* expression and are
also highly suppressive, this suggests that they may cooperate
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with traditional G-MDSCs to preventS. aureus biofilm clearance. In
addition, this study and our prior publications have reported the
presence of G-MDSCs that also express F4/80, which constitute a
smaller but consistent infiltrate during S. aureus biofilm infec-
tion.*®** Our studies advance these findings to demonstrate that
the F480"MHCII" MDSCs identified here may reflect these cells,
and it is important to note that even a small number of cells
with potent suppressive activity can exert meaningful biological
effects. Nonetheless, the few CD45.1* G-MDSCs that were recov-
ered acquired F4/80 and MHCII expression, suggesting G-MDSC
phenotypic plasticity within the biofilm milieu.

There are a few limitations to this study. First, we utilized
an adoptive transfer paradigm with B6.SJL congenic mice that ex-
press CD45.1 to discriminate between adoptively transferred and
endogenous leukocytes.*® Although this approach has been wide-
ly used, B6.SJL mice have recently been reported to harbor SJL gen-
etic content that could affect immune cell activity.** However,
this possibility is less likely given the finding that residual SJL mu-
tations have been implicated in CD8 T-cell effector function
and antiviral immunity, which are not applicable here based on
the lack of T-cell infiltrates during PJI that is caused by a bacterial
pathogen.?®° Second, our CITE-seq study examined only G-MDSC
phenotypes at a single interval following S. aureus PJI (i.e. day 14). It
would be interesting to extend this analysis to intervals on the
spectrum of planktonic growth (day 3) to biofilm establishment
(day 7) to compare with the day 14 interval reported here that re-
flects biofilm persistence.?® Finally, it would be interesting to
examine whether F4/80*"MHCII" MDSCs are present in human PJI
tissues, since this population can be detected by flow cytometry.
To date, our results have revealed a high degree of conservation
in leukocyte infiltrates between human PJI tissues and our mouse
model,?%?835%8 guggesting that F4/80*MHCII* MDSCs may be
present during human infection. This would be an interesting av-
enue for future exploration leveraging the CITE-seq platform to
interrogate the transcriptional profile of this population.

Collectively, this study identifies a previously unknown
population of G-MDSCs that acquire F4/80 and MHCII expression
during S. aureus PJI. These cells exhibit immunosuppressive prop-
erties and increased TNF and IL-6 production. Future studies
should be performed to determine if F4/80*"MHCII* MDSCs are pre-
sent in other pathologies and the contribution of these cells to the
inflammatory milieu.
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