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COVID-19 ranges from asymptomatic in 35% of cases to severe in 20% of patients.
Differences in the type and degree of inflammation appear to determine the severity of the
disease. Recent reports show an increase in circulating monocytic-myeloid-derived
suppressor cells (M-MDSC) in severe COVID 19 that deplete arginine but are not
associated with respiratory complications. Our data shows that differences in the type,
function and transcriptome of granulocytic-MDSC (G-MDSC) may in part explain the
severity COVID-19, in particular the association with pulmonary complications. Large
infiltrates by Arginase 1" G-MDSC (Arg*G-MDSC), expressing NOX-1 and NOX-2
(important for production of reactive oxygen species) were found in the lungs of
patients who died from COVID-19 complications. Increased circulating Arg*G-MDSC
depleted arginine, which impaired T cell receptor and endothelial cell function.
Transcriptomic signatures of G-MDSC from patients with different stages of COVID-19,
revealed that asymptomatic patients had increased expression of pathways and genes
associated with type | interferon (IFN), while patients with severe COVID-19 had increased
expression of genes associated with arginase production, and granulocyte degranulation
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and function. These results suggest that asymptomatic patients develop a protective type
I IFN response, while patients with severe COVID-19 have an increased inflammatory
response that depletes arginine, impairs T cell and endothelial cell function, and causes
extensive pulmonary damage. Therefore, inhibition of arginase-1 and/or replenishment of
arginine may be important in preventing/treating severe COVID-19.

Keywords: COVID-19, coronavirus, G-MDSC, arginase, arginine, lung injury, interferon

INTRODUCTION

COVID-19 disease ranges from asymptomatic (35% of cases) to
severe requiring treatment in intensive care units (https://www.
cdc.gov/coronavirus/2019-ncov/hcp/clinical-guidance-
management-patients.html). Approximately 20% of hospitalized
COVID-19 patients develop hypoxemia, respiratory difficulty,
hypercoagulation and end organ damage that may result in
death. These clinical manifestations are similar to other
coronavirus infections including SARS-CoV-1 and MERS-CoV.
The pathophysiology is primarily associated with an over-active
inflammatory response manifested by a cytokine release
syndrome, a surge in granulocytes and decreased lymphocytes
(1, 2). The mechanism(s) that regulate these events are unclear.
Genomic studies of peripheral blood suggested an increase in
genomic signatures associated with neutrophil functions in
COVID-19 patients (3). Early reports also showed that
increased neutrophils/lymphocyte ratios were associated with
poor outcomes (4, 5). More recently, Agrati et al. (6), Reizine
et al. (7) and Falck-Jones et al. (8) showed increased circulating
monocytic - myeloid derived suppressor cells (M-MDSC) able to
deplete arginine and inhibit T cell proliferation. MDSC have
been best studied in cancer, but also described in chronic
infections, autoimmunity, asthma and trauma (9-11). MDSC
express high levels of arginase 1 (Argl) that metabolizes arginine
to ornithine and urea, effectively depleting this amino acid from
the microenvironment. Rees et al (12) have reported alterations
in amino acid levels, including arginine and ornithine, in
COVID-19 patients. Another recent paper has described
increased RNA expression of Argl in the peripheral blood
mononuclear cells of COVID-19 patients, although they did
not identify the cell of origin of this Argl (13). Arginine
depletion inhibits T cell receptor signaling resulting in T cell
dysfunction (14, 15). It also impairs nitric oxide production and
increases endothelial cell dysfunction promoting intravascular
coagulation (16, 17). Arginine depletion also increases the
production of reactive oxygen species (ROS) which can
damage infiltrated organs and exacerbate inflammation (18).
We compared the type, function and transcriptomic signature
of MDSC in COVID-19 patients to better understand their effect
on arginine levels, T cell function and respiratory complications.
Our results showed a major increase in circulating granulocytic-
MDSC expressing high levels of arginase-1 (Arg"G-MDSC).
Large accumulations of Arg"G-MDSC expressing NOX2
infiltrated the lungs of patients who died from severe COVID-
19 complications. High numbers of Arg"G-MDSC in circulation
depleted arginine in plasma, decreased T cell receptor zeta chain

(CD3{) and increased markers of endothelial cell dysfunction.
RNAseq studies demonstrated contrasting transcriptomes,
where G-MDSC from asymptomatic COVID-19 patients had
increased expression of type I IFN genes and pathways, while G-
MDSC from severe COVID-19 patients had instead increased
expression of genes associated with granulocyte functions and
degranulation. These data support the concept that Arg"G-
MDSC may play a significant role in the pathophysiology of
COVID-19.

METHODS

Patient Selection

The study was conducted under LSU IRB protocol #20-053 and
Ochsner Medical Center IRB protocol 21015-101C. All
participants were consented prior to inclusion in the study.
The study included 24 severe, 5 asymptomatic, 26 convalescent
COVID-19 patients and 15 healthy controls. All patients tested
positive for SARS-CoV-2 by PCR. Severe patients were
hospitalized while asymptomatic and convalescent patients
remained outpatient. Healthy controls were negative either by
PCR or for antibodies to SARS-Cov-2. Classification of the
severity of COVID-19 was done using CDC criteria. All severe
patients in this study were hospitalized in the intensive care
unit for treatment because of hypoxia and respiratory distress
or complications from pre-existing comorbidities. Autopsy
samples from ten (10) patients who died from COVID-19
complications were collected at the LSU Health Science Center
Pathology Department.

Sample Processing

All sample processing was carried out in a BSL2 approved
laboratory at LSU. Samples were fixed in formalin or lysed
using standard lysis buffers or TRIzol prior to being removed
from this laboratory. EDTA and sodium citrate anticoagulated
peripheral blood samples were centrifuged for separation of
plasma and cellular components. Plasma was frozen at -80°C
and bufty coat was overlaid on ficoll-hypaque for separation of
peripheral blood mononuclear cells (PBMC).

Flow Cytometry

Briefly, whole blood or PBMC were stained for CD45 to
identify immune cells, and antibodies against T cells (CD3,
CD4 and CD8), NK cells (CD16), monocytes (CD68) and
MDSC subpopulations. The latter were divided into G-MDSC
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(CD11b"CD66b*CD14"), and monocytic or M-MDSC (CD11b*
CD14"HLA-DR'*"/¢8),

Histology and Immunohistochemistry
Immunohistochemistry was performed using the avidin-biotin-
peroxidase methodology, according to the manufacturer’s
instructions (Vectastain ABC Elite Kit, Vector Laboratories,
Burlingame, CA). Our modified protocol includes
deparaffination in xylenes, rehydration through descending
grades of ethanol up to water, non-enzymatic antigen retrieval
with 0.01 M sodium citrate buffer pH 6.0 heated to 95°C for 25
minutes in a vacuum oven, endogenous peroxidase quenching
with 3% H202 in methanol, blocking for 2 hours with normal
horse serum (for mouse monoclonal antibodies) or normal goat
serum (for rabbit polyclonal or recombinant rabbit monoclonal
antibodies) and incubation with primary antibodies overnight at
room temperature in a humidified chamber. After rinsing in PBS,
sections were incubated with biotinylated secondary antibodies
for 1 hour at room temperature, followed by incubation with
avidin-biotin-peroxidase complexes for 1 hour. Finally, the
peroxidase was developed with diaminobenzidine (Boehringer,
Mannheim, Germany) for 3 minutes, and the sections were
counterstained with Hematoxylin and mounted with Permount
(Fisher Scientific, Pittsburgh PA). Antibodies used in this study
for the characterization of immune cells included: a CD3 mouse
monoclonal (Clone F7.2.38, 1:100 dilution, DAKO-Agilent
Technologies, Santa Clara, CA), a CD20 mouse monoclonal
Clone L26, 1:100 dilution, DAKQO), a CDI11b rabbit
monoclonal, raised against the C-terminal (Clone EP1345Y,
1:100 dilution, Abcam, Cambridge, MA), a CD66b mouse
monoclonal (Clone 80H3, 1:100 dilution, LifeSpan Biosciences,
Seattle, WA), and a CD68 mouse monoclonal (Clone PG-M1,
1:100 dilution, DAKO). Other antibodies included a rabbit
polyclonal anti-Arginase-1 (H-52, 1:500 dilution, Santa Cruz
Biotechnology, Dallas, TX), a rabbit polyclonal anti-Nox1
(ab78016, 1:500 dilution, Abcam), and a mouse monoclonal
anti-NOX2/gp91phox (Clone 54.1, 1:200 dilution, Abcam).
Bright field photomicrographs were taken with an Olympus
DP72 Digital Camera using an Olympus BX70 microscope
(Olympus, Center Valley, PA).

Double Labeling Immunofluorescence

Deparaffination and rehydration of tissues were performed as
described above. Antigen retrieval was also performed with heat
and citrate buffer; however, no endogenous peroxidase
quenching is necessary. After overnight incubation with the
first primary antibody (mouse or rabbit), sections were rinsed
with PBS, and an AlexaFluor-568-tagged secondary antibody was
incubated for 2 hours at room temperature in the dark. After
thoroughly washing with PBS three times, a second primary
antibody (raised in a different species than the first) was
incubated overnight at room temperature in a dark humidified
chamber. Finally, a second AlexaFluor-488-conjugated
secondary antibody was incubated for 2 hours at room
temperature in the dark, and finally, after rinsing in PBS,
sections were coverslipped with an aqueous-based mounting

media (Vectashield® Hard Set with DAPI; Vector
Laboratories), and visualized in an Olympus FV1000 confocal
microscope equipped with FluoView software. Confocal
scanning of double labeled sides was done with the
“Sequential” and Kalman imaging functions of the confocal,
which prevents bleaching of the fluorescent signal through
different channels and to eliminate background signal,
ensuring the accuracy of the images.

Western Blot for Arginasei1 in G-MDSC
and CD3¢ Chain in T Cells

Protein extract was obtained by lysing PBMC or purified CD3
cells using Mammalian Protein Extraction Reagent (Thermo
Scientific) supplemented with 0.1% SDS and Halt Protease and
Phosphatase Inhibitor. Twenty pg (20ug) of protein was loaded
into an 8% Bis-tris gel (Life Technologies) for detection of Argl,
or a 4-12% Bis-tris gel for detection of CD3(. After transfer to a
PVDF membrane it was blocked with 5% milk for 1h and
incubated overnight with appropriate primary antibodies.
Primary anti-human antibodies included arginase-1 (BD
Biosciences), phospho CD3( (Abcam), CD3{ (Abcam), and -
actin. Following incubation HRP was detected using ECL
Western Blotting Substrate (Thermo Scientific).

Gene Expression

Gene expression in PBMC from COVID-19 patients and healthy
controls was tested by qRT-PCR using a pre-designed Human
Myeloid Derived Suppressor Cell Primer Library from
RealTimePrimers.com. Briefly PBMC from healthy controls
(n=5), severe (n=6), and convalescent COVID-19 patients
(n=6) were centrifuged and RNA was extracted using Qiagen
RNeasy Mini extraction kit and used for cDNA synthesis
(Thermo Verso ¢cDNA synthesis kit). Amplification by SYBR
Green based qRT-PCR reactions were conducted in duplicate
and Ct value technical replicates were averaged. ACt values of
each gene were calculated by normalizing gene expression
against the housekeeping control gene PPIA. 2A-AACt was
calculated to determine the gene expression fold change
compared to healthy controls, and expressed as the log2 fold
change. Error in gene expression was included as the standard
deviation of the AACt. Statistical significance was determined by
calculating the p-value using a student’s t-test from the average
ACt values of either active or convalescent patients compared to
control patients. A fold change of an increase of 2 or less than 0.5
was also used as a statistical threshold. Only genes that provided
significance in both methods were reported.

Plasma Arginine

Plasma Arginine was measured high-performance liquid
chromatography (HPLC) electrochemical detector (E1 = 150,
E2 = 650mV) using a ThermoScientific Dionex Ultimate 3000.
Standards of L-arginine were run with each experiment and the
levels of the amino acid in a test sample were determined relative
to this standard curve. RPMI media (1.15mM L-arginine) was
used as an internal control.
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Cytokines, Nitrites, Protein S and

PAI-1 Inhibitor

Plasma was used to measure cytokines using a Multiplex assay
(Milliplex MAP Human Cytokine/Chemokine Magnetic Bead
Panel Millipore-Sigma). Nitrites formed by the spontaneous
oxidation of NO were measured by Griess reaction (Molecular
Probes). Endothelial cell dysfunction markers were measured
by ELISA, namely changes in Protein S (Diapharma Inc.
West Chester, OH) and PAI-1 Inhibitor (PAI-1- Abcam,
Cambridge, MA).

RNA Sequencing

RNA sequencing and analysis was done at the Stanley S. Scott
Cancer Center’s Translational Genomics Core (TGC; LSUHSC,
New Orleans, LA). Briefly, purified G-MDSC were isolated by
labeling with anti-CD66b-PE (Clone G10F5; BD Biosciences)
followed by positive selection with Human PE Positive
Selection kit containing dextran-coated magnetic particles
(Stemcell Technologies, Cambridge, MA). The CD66b-PE
depleted fraction was used to isolate CD3" T cells by using
the T cell negative isolation kit (Stemcell Technologies,
Cambridge, MA). Total RNA was extracted from enriched
cells by using Qiazol followed by purification with miRNeasy
Mini Kit (both from Qiagen, Germany) with an additional
DNase I treatment. RNA concentration was determined by
fluorometry using the Qubit RNA HS Assay kit (Invitrogen,
Thermo Fisher Scientific) and RNA integrity was assessed using
the RNA 6000 Pico Kit on an Agilent Bio Analyzer 2100
(Agilent Technologies, Santa Clara, CA). Only samples that
showed satisfactory amount and quality were used for RNA-
Seq. Paired-end libraries (2 x 75) were prepared (600ng per
sample) using the mRNA Stranded Library Preparation Kit
from Illumina (Illumina Inc., San Diego, CA). The libraries
were validated, normalized and sequenced on a NextSeq 500/
550 High Output Kit v2.5 flow cell (Illumina) on the
NextSeq500 sequencer (Illumina). FASTQ output files were
downloaded from the Illumina BaseSpace and uploaded to
Partek Flow. Contaminants (rDNA, tRNA, mtrDNA) were
removed using Bowtie2 (version 2.2.5) and the unaligned
reads were aligned to STAR (version 2.6.1d) using the hg38
version of the human genome as a reference. Aligned reads
were quantified to the hg38-RefSeqTranscript release 93 and
normalized by TMM followed by transformation by log2
(1+TMM+log2). Normalized counts were used to determine
differential gene expression between patients with or without
COVID-19 by using DEseq2 and with a false discovery rate for
multiple testing (FDR) of 0.05 (FDR <0.05) and fold change 2 in
Partek Flow. Genes with an FDR < 0.05 and fold change (FC) >
2 were considered differentially expressed between the groups.
Significantly differentially expressed genes were plotted as
heat-maps with hierarchical clustering using the embedded
algorithm in Partek Flow for hierarchical unsupervised
comparison of the samples using Euclidian distance. The
values of expression are visualized with colors ranging from
red (high expression) over black (intermediate expression) to
blue (low expression). We used MetaCore and Key Pathway

Advisor software to predict pathways, networks, gene ontology
processes and diseases associated with the differentially
expressed genes. Pathways with a positive and negative
direction in the Top 25 were selected for further analysis and
pathways with no predicted functional consequences were not
included. The datasets (FASTQ files, raw counts) are being
granted an accession number at the Gene Expression Omnibus
(GEO) and will be open to the public upon acceptance of
the manuscript.

Statistical Analysis

Comparisons between groups were done by one-way ANOVA
on ranks and Dunn’s Multiple Comparison Test. Two-
tailed statistical significance of the Spearman’s coefficient was
calculated for correlating variables. Results were considered
significant when p < 0.05. All analyses were done using
GraphPad Prism 6 software (Graphpad, San Diego, CA).

For further comparisons of the significance and predictive
values of the flow cytometry results were calculated using a t-test
comparing log-values in the severe group against all other groups
combined, without assuming the variances are equal. The log10-
scaled observations in Figure 1I are smoothed using a Gaussian
kernel. Statistics and Figure 1I were generated using R 4.0.2 and
the following packages: tidyverse (1.3.0) and MESS (0.5.7). To
assess the significance of the observed sensitivity, specificity, PPV
and NPV, permutation testing was used. In each trial, the ratios
or levels of all samples were scrambled and then used to
construct a 2x2 contingency table. After 10,000 trials, the
number of times the calculated sensitivity, specificity, PPV,
NPV, as well as the sum of the sensitivity and specificity, and
the sum of the PPV and NPV exceed the observed values were
used to determine the 1-tailed probability of observing these
values by chance. For example, ratio of CD66b:CD3, After
ordering the CD66B:CD3 ratios from largest to smallest, an
optimum threshold value was chosen to maximize the values of
the sum of the sensitivity plus specificity and the sum of the
positive and negative predictive values. This optimum occurred
when the threshold was between 5.424 and 5.572. Since the 21
samples with a ratio above the threshold were Severe samples,
the specificity and positive predictive value were both 100%.
The sensitivity was 87.5% and the negative predictive value
was 93.6%.

RESULTS

Study Participants

The study was conducted under LSU IRB protocol #20-053 and
Ochsner Medical Center IRB protocol 21015-101C. All
participants were consented prior to inclusion in the study.
Peripheral blood from 24 severe, 26 convalescent and 5
asymptomatic COVID-19 patients and 15 healthy (COVID-19
negative) controls were used for these studies (Supplemental
Table 1). Severity of the disease was determined following
WHO classification. All severe COVID-19 patients were being
treated in the ICU at the time of sample collection. Treatments
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FIGURE 1 | Leukocyte Subpopulations including MDSC in Peripheral Blood of COVID-19 Patients. Whole blood and PBMCs from all participants were analyzed by
flow cytometry. Percent (A) T cells, (B) granulocytes, (C) NK cells, and (D) monocytes in whole blood. (E) CD66b/CD3 and (F) CD66b/CD16 ratios in whole blood.
Percent (G) G-MDSC and (H) M-MDSC in PBMC isolated over ficoll-hypaque; Comparisons between groups were done by one-way ANOVA on ranks and Dunn’s
Multiple Comparison Test (I) Gaussian Kernel Density using a log10-scaled density of observed values for CD66b:CD3 ratios, G-MDSC : CD3 ratios, M-MDSC, G-
MDSC. The vertical, dashed line represents the thresholds obtained in the sensitivity/specificity analysis providing the maximum separation between severe COVID-

included remdesivir, systemic corticosteroids, antibiotics and
anticoagulants; with convalescent sera or monoclonal
antibodies used in 3 cases. Only 50% of severe COVID-19
patients were on ventilator support. Samples were collected
within the first three weeks of admission to ICU (mean= 17.6
days; range 2-77 days). Asymptomatic and convalescent patients
were ambulatory. Average age varied from 43.4 in asymptomatic
patients to 67.8 in severe COVID-19 patients. Average Body
Mass Index (BMI), a risk factor for severity, ranged from 25 in
healthy controls to 32.5 in severe COVID-19 patients. Tissues
from 10 patients who died from COVID-19 complications were
tested for inflammatory infiltration.

Dysregulated Immune Profiles

in Severe COVID-19

Flow cytometry of peripheral blood (Figure 1) showed a
significant decrease in CD3+ T cells (Figure 1A) (both CD4
and CD8 - data not shown) and CD16+ NK cells (Figure 1C), no
significant changes in CD14+ monocytes (Figure 1D), and a
moderate but significant increase in CD66b+ granulocytes
(Figure 1B). However, CD66b granulocyte: CD3 T cells
(Figure 1E) and CD16 NK (Figure 1F) cell ratios were
dramatically increased in severe COVID-19 patients.
Separation of peripheral blood mononuclear cells (PBMC) over
ficoll-hypaque, which eliminates high density granulocytes,

further revealed a significant increase in G-MDSC in severe
COVID-19 patients ranging from 2.3% - 76% (mean=29.3%)
(Figure 1G), which was >10 fold higher than normal controls
(mean=2.5%), asymptomatic and convalescent patients
(mean=1.2%). In 62% (14/24) of severe COVID-19 patients
G-MDSC were >20% of PBMC following ficoll-histopaque
separation, i.e. > 4 standard deviations above the mean of
normal controls and convalescent patients. G-MDSC levels did
not differ between severe COVID-19 patients needing ventilator
support, the presence of pneumonia, nor differences in
medications (data not shown). Monocytic- MDSC (1H) were
also moderately increased, but not as significantly as G-MDSC.
Comparison of the flow cytometry results using Log Density
Plots (Figure 1I) showed significantly higher CD66b/CD3
(p=6.8 x 10%), G-MDSC/CD3 (4.07 x 10™'?) ratios and percent
G-MDSC (1.68 x 10™°) in severe COVID-19 patients compared
to other patients. These major differences suggest that these
ratios and the percent G-MDSC may help identify patients
progressing toward a severe form of COVID-19, while
suggesting that M-MDSC levels may not be predictive of
severe disease.

G-MDSC Infiltration of the Lungs

A frequent complication of severe COVID-19 is hypoxemia and
acute respiratory distress. We tested whether G-MDSC might play a
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role in the pathophysiology of this complication. Lung autopsy
samples from ten patients who died from respiratory distress during
severe COVID-19 were tested for inflammatory infiltrates
(Figure 2). Figure 2A shows extensive infiltration of broncho-
pulmonary parenchyma by inflammatory cells with extensive
damage of alveolar spaces, exfoliation of bronchial epithelium and
thrombosis of blood vessels. Immunohistochemistry (Figure 2B)
showed a prominent expression of myeloid and granulocyte
markers CD11b+ and CD66b+, with few CD68+ macrophages
and virtually no T cells (data not shown). Double
immunofluorescence (Figure 2C) confirmed that most
inflammatory cells co-expressed CD11b and CD66b, indicating
that they are granulocytic cells. Immunohistochemistry confirmed
the presence of large numbers of Argl™ cells (Figure 2D). Double
immunofluorescence (Figure 2E) demonstrated a high expression
of granular intracytoplasmic Argl in CD66b+ confirming them to
be Arg'G-MDSC. Furthermore, staining with anti-NOX-1 and
NOX-2 antibodies revealed high expression of these enzymes in
clusters of inflammatory and exfoliated epithelial cells (Figure 2F).
NOX-1 and NOX-2 enzymes catalyze the synthesis of reactive
oxygen species (ROS). These results suggest that the massive
infiltration of the lungs by Arg'G-MDSC simultaneously
expressing NOX1/2, may inhibit T cells and cause endothelial cell
dysfunction (through depletion of arginine, which is required for
nitric oxide production and blood vessel tone), and directly damage
alveolar epithelium through the release of ROS. This may in part
explain the acute respiratory distress syndrome and coagulopathy
frequently seen in severe COVID-19 patients. The high numbers of
Arg"'G-MDSC in circulation and lungs of COVID-19 patients,
contrasts with the findings in cancer where G-MDSC concentrate
around tumors with increases in peripheral blood found mostly in
patients with advanced disease (19-21).

Metabolic and Functional Consequences
of Increased Arg*G-MDSC

G-MDSC can deplete arginine and impair T cell and endothelial
cell function (18, 22, 23). Figure 3A shows representative
Western blot data from 7 severe and 10 convalescent COVID-
19 patients and 3 healthy controls. All severe COVID-19 patients
had high Argl protein expression, compared to only 2/7
convalescent patients tested and none of the healthy controls.
Quantification of these Argl expression levels reveals a roughly
5-fold increase in Argl in severe COVID-19 patients compared
to controls and convalescent individuals. There was also a
positive correlation between the number of G-MDSC and Argl
expression in these samples. SYBR Green qRT-PCR using an
MDSC primer panel confirmed a 7.5 fold higher expression of
Argl in the PBMC of severe COVID-19 patients compared to
convalescent and healthy controls (Figure 3B). These results also
showed increased expression of genes associated with MDSC
including MMP9, S100A9, CEBP and genes associated with
granulocyte functions such as myeloperoxidase (MPO) and
neutrophil degranulation proteins PRTN3. These findings were
further confirmed by RNAseq from purified G-MDSC (shown
in Figure 4).

The metabolic consequence of high numbers of Arg'G-
MDSC was a significant decrease in plasma arginine in severe
COVID-19 patients (mean=45uM; range 18-120uM), compared
to healthy controls (mean=75uM; range 50-130uM) and
convalescent patients (mean=55uM; range 26-92) (Figure 3C).
As expected, there was an inverse correlation between Argl
expression (by W. blot) and arginine plasma levels (Figure 3D),
but nitrite levels were unchanged (Figure 3E). These
observations are significant in that T cells cultured in arginine
<50uM lose the T cell receptor zeta chain (CD3{) expression,

< Negative Control )

E =3

FIGURE 2 | Immunohistochemistry and Double Immunofluoresence of Inflammatory Infiltrates in Lung Autopsy Samples. (A) Hematoxylin & Eosin staining.
(B) Immunohistochemistry with anti-CD11b, CD66b and CD68. (C) Double immunofluorescence with anti-CD11b and anti-CD66b. (D) Immunohistochemistry for
Arginase 1. (E) Double immunofluorescence with anti-Arginase 1 and anti-CD66b; (F) Immunohistochemistry with anti-NOX1 and anti-NOX2.
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impairing proliferation and IFNYy production (15, 22). This effect
was also observed in purified T cells from severe COVID-19
patients tested (Figure 3F), which showed more than 25%
reduction in CD3{ expression. Arginine depletion also causes
endothelial cell dysfunction through interfering with nitric oxide
production, which is required for maintenance of blood vessel
tone (18). This was confirmed here by decreased levels of protein
S (Figure 3G) and increased plasminogen activator inhibitor-1
(PAI-1) (Figure 3H), which can also increase the risk for
intravascular coagulation.

G-MDSC from COVID-19 Patients Have

Stage-Specific RNA Expression Profiles

To better understand the differences in inflammatory
mechanisms in patients with different stages and severity of
COVID-19, we compared the transcriptome of purified G-
MDSC using RNAseq. Unsupervised hierarchical cluster
analysis of the differentially expressed genes (DEGs) in G-
MDSC from severe COVID-19 patients vs healthy controls
(Figure 4A), convalescent (Figure 4B) and asymptomatic
patients (Figure 4C) demonstrated clear differences between
these groups. A Venn diagram (Supplemental Figure 1)
illustrating shared and unique genes revealed the most
significant differences in RNA transcripts (FDR <0.05; fold
change > 2) was between severe and asymptomatic patients
(3675 transcripts), followed by severe and healthy controls
(2452 RNA transcripts) and severe and convalescent (863
genes). An initial analysis using MetaCore software identified
gene ontology processes that were significantly different among
the groups. Specifically, G-MDSC from severe vs convalescent
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FIGURE 3 | Effects of Increased Arg*G-MDSC. (A) Arginase-1 protein expression in PBMC from severe, convalescent COVID-19 patients and healthy controls with
associated quantification of fold-changes. (B) Gene expression comparison by SYBR green qRT-PCR of PBMC from severe (red bars) and convalescent (blue bars) and
healthy controls (baseline). X axis shows Log?2 fold change in gene expression. Asterisks denote *p < 0.05, **p < 0.01, **p < 0.001, and ***p < 0.0001, using Student’s
t-test from the average ACt values. (C) L-arginine concentration in plasma of patients and healthy controls (D) Correlation of Arg-1 protein expression in PBMC and
plasma arginine. (E) Plasma nitrate levels in plasma. (F) CD3{ chain expression in purified T cells from 4 representative healthy controls and 4 COVID-19 patients with
average densitometry shown below with a student’s t-test with Welch’s correction. (G) Plasma protein S and (H) plasminogen activator inhibitor-1 (PAI-1) in plasma.

patients showed major differences in the expression of genes
associated granulocyte functions and degranulation (Figure 4E).
In contrast, differences between severe COVID-19 patients and
healthy controls or asymptomatic patients were primarily
associated with normal cell activation, signaling and
regulation (Figures 4D, E). Additional analysis using Key
Pathway Advisor software identified the top 25 Pathways with
predictive positive or negative functional consequences.
Comparison of severe vs asymptomatic patients showed that
G-MDSC from severe patients had significantly decreased
expression of genes from pathways associated with type I IFN
responses (Immune response_IFN-alpha/beta signaling via
JAK/STAT) and its down-stream signaling mechanisms
(Immune response_IFN alpha/beta signaling via PI3K and
NF-kB pathways) (Figure 4I). To further illustrate these
findings we plotted the expression of representative genes
associated with granulocyte functions and genes associated
with type I IFN pathways. These data confirmed increased
expression of genes associated with anti-viral responses such
as IFI27, IFIT2 and IFIT3 (24-27) in G-MDSC from
asymptomatic patients (Figure 4J). In contrast, G-MDSC
from severe COVID-19 patients had increased expression of
genes associated with granulocyte functions/degranulation and
chronic inflammation including Argl, MMP8, MMP9, S100A8
and A9, MPO, IL18RA, elastase, PRTN3 (azurophilic granule
protein 7) (Figure 4K). These results demonstrate contrasting
inflammatory and immune responses between asymptomatic
and severe COVID-19 patients. The increased expression of
type I IFN associated pathways and down-stream signaling
mechanisms in G-MDSC from asymptomatic patients
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suggested the development of a protective anti-viral immune
response. It is unclear whether G-MDSC can themselves have
anti-viral activity or serve as effective antigen presenting cells. In
contrast, patients with severe COVID-19 develop a granulocyte
inflammatory response that exacerbates the disease. What
genomic characteristics regulate the degree and type of
inflammatory response is still unclear, but these findings may
help identify individuals that are more likely to develop severe

disease. The complete lists of differentially expressed genes are
included in Supplemental Table 2

DISCUSSION

These data demonstrate the importance of Arg"G-MDSC in the
pathophysiology of severe COVID-19. As previously reported
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arginine depletion impairs T cell and endothelial cell function,
and can be expressed by multiple cell types, including MDSCs and
macrophages. This study primarily found that G-MDSCs were
increased in both the peripheral blood and lung tissue of severe
COVID-19 patients; however, macrophages were also present to a
lesser degree. The levels of G-MDSC did not correlate with other
demographic parameters such as age, BMI, or race. While we did
not directly test for M-MDSC in the lung tissue, other studies
provide evidence that they are not elevated in lungs of severe
COVID-19 patients, while they are increased in peripheral blood
(8). Together, we believe these findings point to a prominent role
for Arg+G-MDSC in the pathology of COVID-19 in the lungs.
Here we further demonstrate infiltration of the lungs by Arg'G-
MDSC expressing NOX2, which possibly release ROS causing
direct damage of the pulmonary epithelium and increased
inflammation, resulting in acute respiratory distress. Why G-
MDSC show a preference for bronchoalveolar tissues and not
other organs (data not shown) is unclear. It is possible that release
of damage associated molecular patterns (DAMPs) from infected
respiratory epithelium activate G-MDSC. Similar observations
have been made in patients with COPD where DAMPs increase
inflammation and fibrosis (28, 29). Alternatively,
lipopolysaccharides (LPS) from bacterial pneumonia, which
frequently accompanies severe COVID-19, could exacerbate the
response by G-MDSC. Severe alveolar damage caused by
inflammatory cytokines and ROS has been well documented as
a mechanism for pathogenesis of acute lung injury and adult
respiratory distress syndrome (30). Patients with Severe COVID-
19 studied here also had significantly increased levels of
inflammatory cytokines in plasma (Supplemental Figure 2).

Arginine depletion can also be a mechanism for endothelial
cell dysfunction and increased intravascular coagulation.
Inhibition of arginase-1 restores endothelial function and
production of nitric oxide in studies of cardiovascular disease
(16, 17, 31, 32). Our data shows that severe COVID-19 patients
had decreased plasma levels of Protein S, suggesting it is rapidly
being consumed, and increased PAI-1, which is a direct
manifestation of endothelial cell dysfunction. Arginase can also
decrease NO production by endothelial cells because of its faster
kinetics and higher avidity for arginine compared to nitric oxide
synthase 2 (NOS2). Thus, arginine deficiency can cause
vasoconstriction, increase platelet adherence, and further
promote hypercoagulation (32).

Another well-established property of MDSC is their ability to
inhibit T cell responses in multiple inflammatory conditions
including cancer, tissue trauma, and chronic infections. MDSC
contribute to the establishment and maintenance of infections by
producing multiple factors that inhibit T cell responses (33).
Perhaps primary among these are the production of Argl, which
inhibits T cells in multiple ways. The first is through inhibition of
T cell expansion, due to the reliance of T cells on arginine to
proliferate (34). The second mechanism is through the inhibition
of signaling through the T cell receptor zeta chain (35). Together
these two result in fewer T cells that are unable to function
properly, which can lead to reduced anti-viral or anti-microbial
responses and prolong or amplify infections. While we did not

directly measure G-MDSC effects on T cell proliferation, we did
observe reduced T cells in the severe COVID-19 patients, as well
as a reduced expression of CD3( in a subset of these patients that
were tested. These two findings suggest that greatly increased G-
MDSC numbers in the severe COVID-19 patients contributed to
the reduced T cell number and reduced signaling through the
CD3( chain. We believe together that these implicate Arg+G-
MDSC in the progression to severe disease.

Previous RNA-seq studies from COVID-19 patients have
shown dysregulated immune profiles (36, 37). A recent study
by Combes et al. showed a predominance of interferon-
stimulated genes (ISG - including IFIT1-3) in all immune cells
tested (neutrophils, macrophages, T and NK cells) from patients
with mild COVID-19 (38). Some of the ISG genes identified in
G-MDSC in our study were also increased in one of seven
neutrophil subsets studied by these investigators. ISG
expression declined in patients with severe disease. Therefore,
both studies confirm the increased expression of ISG in
asymptomatic (mild) COVID-19 patients compared to their
expression in severe COVID-19 patients, which further
strengthens the concept that ISG pathways are critical for a
protective immune response to SARS-Cov-2. In addition to these
alterations in ISGs, both our data and theirs reveal an increase in
markers that are associated with G-MDSC activation, including
Argl and S100A12, indicating that activated Argl+G-MDSC
play a role in severe COVID-19.

These observations also suggest novel therapeutic approaches
including the use of arginase inhibitors or the replenishment of
arginine. Argl inhibitors are currently in early phase clinical
trials in cancer (Calithera/Incyte (39, 40)), while the
replenishment of arginine or arginine precursors has been
tested in sickle cell disease resulting in a significant reduction
in vaso-occlusive complications (41, 42). Arginine replenishment
has also been tested in surgery where it successfully blunted the
surge of G-MDSC, prevented T cell dysfunction and decreased
infectious complications (43-45). Therefore arginase 1 inhibition
and/or arginine replenishment should be considered as an
adjuvant to the prevention/treatment of COVID-19.

DATA AVAILABILITY STATEMENT

The data presented in the study are deposited in the Gene
Expression Omnibus repository under accession number
GSE178824 (https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?
acc=GSE178824).

ETHICS STATEMENT

The studies involving human participants were reviewed and
approved by LSU Health Sciences Center Institutional Review
Board and Ochsner Medical Center Institutional Review Board.
The patients/participants provided their written informed
consent to participate in this study.

Frontiers in Immunology | www.frontiersin.org

July 2021 | Volume 12 | Article 695972


https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE178824
https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE178824
https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles

Dean et al.

G-MDSCs in Severe COVID-19

AUTHOR CONTRIBUTIONS

MJD, MDS-P, RT, DW, PP: Processed samples, conducted flow
cytometry, W blots, HPLC and qPCR. LDV, LD, RVH:
Immunohistology. JZ, JG, CH, JW: RNA seq - transcriptome
and analysis. JBO, JGD, LB, BN, WMR: Identified and consented
patients, collected samples and clinical data. RM: Endothelial
dysfunctionAC, JC, BL, RJ: Statistical analysis. CAR, CRM, HK:
Provided critical input on data interpretation, new assays and
manuscript development. ACO: Overall planning and execution,
data interpretation, manuscript preparation. All authors
contributed to the article and approved the submitted version.

FUNDING

This project was supported by funding from LSU Health and
Ochsner Medical Center. Core facilities, personnel and services
partially supported by an internal LSU Health COVID-19 grant as
well as P20-GM103501, P20-CA233374, P20-GM121288, and U54-
GM104940. This project has been funded in part with Federal funds
from the National Cancer Institute, National Institutes of Health,

REFERENCES

1. Pedersen SF, Ho YC. Sars-CoV-2: A Storm is Raging. ] Clin Invest (2020)
130:2202-5. doi: 10.1172/JCI137647
2. Wang F, Hou H, Luo Y, Tang G, Wu S, Huang M, et al. The Laboratory Tests
and Host Immunity of COVID-19 Patients With Different Severity of Illness.
JCI Insight (2020) 5:e137799. doi: 10.1172/jci.insight.137799
3. Didangelos A. Covid-19 Hyperinflammation: What About Neutrophils?
mSphere (2020) 5:e00367-20. doi: 10.1128/mSphere.00367-20
4. Chan AS, Rout A. Use of Neutrophil-to-Lymphocyte and Platelet-to-
Lymphocyte Ratios in COVID-19. J Clin Med Res (2020) 12:448-53. doi:
10.14740/jocmr4240
5. Liu Y, Du X, Chen J, Jin Y, Peng L, Wang HHX, et al. Neutrophil-to-
Lymphocyte Ratio as an Independent Risk Factor for Mortality in
Hospitalized Patients With COVID-19. J Infect (2020) 81:e6-12. doi:
10.1016/j.jinf.2020.04.002
6. Agrati C, Sacchi A, Bordoni V, Cimini E, Notari S, Grassi G, et al. Expansion
of Myeloid-Derived Suppressor Cells in Patients With Severe Coronavirus
Disease (COVID-19). Cell Death Differ (2020) 27:3196-207. doi: 10.1038/
541418-020-0572-6
7. Reizine F, Lesouhaitier M, Gregoire M, Pinceaux K, Gacouin A, Maamar A,
et al. SARS-Cov-2-Induced ARDS Associates With MDSC Expansion,
Lymphocyte Dysfunction, and Arginine Shortage. J Clin Immunol (2021)
41:515-25. doi: 10.1007/s10875-020-00920-5
8. Falck-Jones S, Vangeti S, Yu M, Falck-Jones R, Cagigi A, Badolati I, et al.
Functional Monocytic Myeloid-Derived Suppressor Cells Increase in Blood
But Not Airways and Predict COVID-19 Severity. J Clin Invest (2021) 131:
e144734. doi: 10.1172/JC1144734
9. Gabrilovich DI. Myeloid-Derived Suppressor Cells. Cancer Immunol Res
(2017) 5:3-8. doi: 10.1158/2326-6066.CIR-16-0297
10. Marvel D, Gabrilovich DI. Myeloid-Derived Suppressor Cells in the Tumor
Microenvironment: Expect the Unexpected. J Clin Invest (2015) 125:3356-64.
doi: 10.1172/JCI80005
11. Bryk JA, Popovic PJ, Zenati MS, Munera V, Pribis JP, Ochoa JB. Nature
of Myeloid Cells Expressing Arginase 1 in Peripheral Blood After
Trauma. J Trauma (2010) 68:843-52. doi: 10.1097/TA.0b013e
3181b026e4
12. Rees CA, Rostad CA, Mantus G, Anderson EJ, Chahroudi A, Jaggi P, et al.
Altered Amino Acid Profile in Patients With SARS-CoV-2 Infection. Proc
Natl Acad Sci USA (2021) 118. doi: 10.1073/pnas.2101708118

under Contract No. HHSN261200800001E. The content of this
publication does not necessarily reflect the views or policies of the
Department of Health and Human Services, nor does mention of
trade names, commercial products, or organizations imply
endorsement by the U.S. Government.

ACKNOWLEDGMENTS

We would like to acknowledge the dedication of doctors, nurses
and researchers at LSU Health and Ochsner Medical Center who
provide care and research for COVID-19 patients, and to
patients who participated in this study.

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online at:
https://www.frontiersin.org/articles/10.3389/fimmu.2021.695972/
full#supplementary-material

13. Derakhshani A, Hemmat N, Asadzadeh Z, Ghaseminia M, Shadbad MA,
Jadideslam GA, et al. Arginase 1 (Argl) as an Up-Regulated Gene in COVID-
19 Patients: A Promising Marker in COVID-19 Immunopathy. J Clin Med
(2021) 10. doi: 10.3390/jcm10051051

14. Rodriguez PC, Hernandez CP, Morrow K, Sierra R, Zabaleta J, Wyczechowska
DD, et al. L-Arginine Deprivation Regulates Cyclin D3 mRNA Stability in
Human T Cells by Controlling HuR Expression. ] Immunol (2010) 185:5198-
204. doi: 10.4049/jimmunol.1001224

15. Rodriguez PC, Ochoa AC. Arginine Regulation by Myeloid Derived
Suppressor Cells and Tolerance in Cancer: Mechanisms and Therapeutic
Perspectives. Immunol Rev (2008) 222:180-91. doi: 10.1111/j.1600-
065X.2008.00608.x

16. Mahdi A, Kévamees O, Pernow J. Improvement in Endothelial Function in
Cardiovascular Disease - Is Arginase the Target? Int ] Cardiol (2020) 301:207—
14. doi: 10.1016/j.ijcard.2019.11.004

17. Masi S, Colucci R, Duranti E, Nannipieri M, Anselmino M, Ippolito C, et al.
Aging Modulates the Influence of Arginase on Endothelial Dysfunction in
Obesity. Arteriosclerosis Thrombosis Vasc Biol (2018) 38:2474-83. doi:
10.1161/ATVBAHA.118.311074

18. Lucas R, Czikora I, Sridhar S, Zemskov EA, Oseghale A, Circo S, et al.
Arginase 1: An Unexpected Mediator of Pulmonary Capillary Barrier
Dysfunction in Models of Acute Lung Injury. Front Immunol (2013) 4:228.
doi: 10.3389/fimmu.2013.00228

19. Kumar V, Patel S, Tcyganov E, Gabrilovich DI. The Nature of Myeloid-
Derived Suppressor Cells in the Tumor Microenvironment. Trends Immunol
(2016) 37:208-20. doi: 10.1016/}.it.2016.01.004

20. Lu T, Ramakrishnan R, Altiok S, Youn JI, Cheng P, Celis E, et al. Tumor-
Infiltrating Myeloid Cells Induce Tumor Cell Resistance to Cytotoxic T Cells
in Mice. J Clin Invest (2011) 121:4015-29. doi: 10.1172/JCI45862

21. Wesolowski R, Duggan MC, Stiff A, Markowitz J, Trikha P, Levine KM, et al.
Circulating Myeloid-Derived Suppressor Cells Increase in Patients
Undergoing Neo-Adjuvant Chemotherapy for Breast Cancer. Cancer
Immunol Immunother (2017) 66:1437-47. doi: 10.1007/s00262-017-2038-3

22. Rodriguez PC, Ernstoff MS, Hernandez C, Atkins M, Zabaleta J, Sierra R, et al.
Arginase I-producing Myeloid-Derived Suppressor Cells in Renal Cell
Carcinoma are a Subpopulation of Activated Granulocytes. Cancer Res
(2009) 69:1553-60. doi: 10.1158/0008-5472.CAN-08-1921

23. Rodriguez PC, Ochoa AC, Al-Khami AA. Arginine Metabolism in Myeloid
Cells Shapes Innate and Adaptive Immunity. Front Immunol (2017) 8:93. doi:
10.3389/fimmu.2017.00093

Frontiers in Immunology | www.frontiersin.org

July 2021 | Volume 12 | Article 695972


https://www.frontiersin.org/articles/10.3389/fimmu.2021.695972/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fimmu.2021.695972/full#supplementary-material
https://doi.org/10.1172/JCI137647
https://doi.org/10.1172/jci.insight.137799
https://doi.org/10.1128/mSphere.00367-20
https://doi.org/10.14740/jocmr4240
https://doi.org/10.1016/j.jinf.2020.04.002
https://doi.org/10.1038/s41418-020-0572-6
https://doi.org/10.1038/s41418-020-0572-6
https://doi.org/10.1007/s10875-020-00920-5
https://doi.org/10.1172/JCI144734
https://doi.org/10.1158/2326-6066.CIR-16-0297
https://doi.org/10.1172/JCI80005
https://doi.org/10.1097/TA.0b013e3181b026e4
https://doi.org/10.1097/TA.0b013e3181b026e4
https://doi.org/10.1073/pnas.2101708118
https://doi.org/10.3390/jcm10051051
https://doi.org/10.4049/jimmunol.1001224
https://doi.org/10.1111/j.1600-065X.2008.00608.x
https://doi.org/10.1111/j.1600-065X.2008.00608.x
https://doi.org/10.1016/j.ijcard.2019.11.004
https://doi.org/10.1161/ATVBAHA.118.311074
https://doi.org/10.3389/fimmu.2013.00228
https://doi.org/10.1016/j.it.2016.01.004
https://doi.org/10.1172/JCI45862
https://doi.org/10.1007/s00262-017-2038-3
https://doi.org/10.1158/0008-5472.CAN-08-1921
https://doi.org/10.3389/fimmu.2017.00093
https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles

Dean et al.

G-MDSCs in Severe COVID-19

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

Ramilo O, Allman W, Chung W, Mejias A, Ardura M, Glaser C, et al. Gene
Expression Patterns in Blood Leukocytes Discriminate Patients With Acute
Infections. Blood (2007) 109:2066-77. doi: 10.1182/blood-2006-02-002477
Tang BM, Shojaei M, Parnell GP, Huang S, Nalos M, Teoh S, et al. A Novel
Immune Biomarker IFI27 Discriminates Between Influenza and Bacteria in
Patients With Suspected Respiratory Infection. Eur Respir ] (2017)
49:1602098. doi: 10.1183/13993003.02098-2016

Tran V, Ledwith MP, Thamamongood T, Higgins CA, Tripathi S, Chang MW,
et al. Influenza Virus Repurposes the Antiviral Protein IFIT2 to Promote
Translation of Viral Mrnas. Nat Microbiol (2020) 5:1490-503. doi: 10.1038/
541564-020-0778-x

Tretina K, Park ES, Maminska A, MacMicking JD. Interferon-Induced
Guanylate-Binding Proteins: Guardians of Host Defense in Health and
Disease. ] Exp Med (2019) 216:482-500. doi: 10.1084/jem.20182031

Pouwels SD, Hesse L, Faiz A, Lubbers J, Bodha PK, Ten Hacken NH, et al.
Susceptibility for Cigarette Smoke-Induced DAMP Release and DAMP-
induced Inflammation in COPD. Am ] Physiol Lung Cell Mol Physiol (2016)
311:1881-92. doi: 10.1152/ajplung.00135.2016

Pouwels SD, van Geffen WH, Jonker MR, Kerstjens HA, Nawijn MC,
Heijink IH. Increased Neutrophil Expression of Pattern Recognition
Receptors During COPD Exacerbations. Respirology (2017) 22:401-4. doi:
10.1111/resp.12912

Kellner M, Noonepalle S, Lu Q, Srivastava A, Zemskov E, Black SM. Ros
Signaling in the Pathogenesis of Acute Lung Injury (ALI) and Acute
Respiratory Distress Syndrome (Ards). In: Y-X Wang, editor. Pulmonary
Vasculature Redox Signaling in Health and Disease. Cham: Springer
International Publishing (2017). p. 105-37.

Caldwell RW, Rodriguez PC, Toque HA, Narayanan SP, Caldwell RB.
Arginase: A Multifaceted Enzyme Important in Health and Disease. Physiol
Rev (2018) 98:641-65. doi: 10.1152/physrev.00037.2016

Kim JH, Bugaj L], Oh Y], Bivalacqua TJ, Ryoo S, Soucy KG, et al. Arginase
Inhibition Restores NOS Coupling and Reverses Endothelial Dysfunction and
Vascular Stiffness in Old Rats. ] Appl Physiol (1985) (2009) 107:1249-57. doi:
10.1152/japplphysiol.91393.2008

Sanchez-Pino MD, Dean MJ, Ochoa AC. Myeloid-Derived Suppressor Cells
(MDSC): When Good Intentions Go Awry. Cell Immunol (2021) 362:104302.
doi: 10.1016/j.cellimm.2021.104302

Rodriguez PC, Quiceno DG, Ochoa AC. L-Arginine Availability Regulates T-
Lymphocyte Cell-Cycle Progression. Blood (2007) 109:1568-73. doi: 10.1182/
blood-2006-06-031856

Rodriguez PC, Zea AH, DeSalvo ], Culotta KS, Zabaleta J, Quiceno DG, et al.
L-Arginine Consumption by Macrophages Modulates the Expression of CD3
Zeta Chain in T Lymphocytes. ] Immunol (2003) 171:1232-9. doi: 10.4049/
jimmunol.171.3.1232

Saichi M, Ladjemi MZ, Korniotis S, Rousseau C, Ait Hamou Z, Massenet-
Regad L, et al. Single-Cell RNA Sequencing of Blood Antigen-Presenting Cells

37.

38.

39.

40.

41.

42.

43.

44.

45.

in Severe COVID-19 Reveals Multi-Process Defects in Antiviral Immunity.
Nat Cell Biol (2021) 23:538-51. doi: 10.1038/541556-021-00681-2
Stephenson E, Reynolds G, Botting RA, Calero-Nieto FJ, Morgan MD, Tuong ZK,
et al. Single-Cell Multi-Omics Analysis of the Immune Response in COVID-19.
Nat Med (2021) 27:904-16. doi: 10.1038/s41591-021-01329-2

Combes AJ, Courau T, Kuhn NF, Hu KH, Ray A, Chen WS, et al. Global Absence
and Targeting of Protective Immune States in Severe COVID-19. Nature (2021)
591:124-30. doi: 10.1038/541586-021-03234-7

Borek B, Gajda T, Golebiowski A, Blaszczyk R. Boronic Acid-Based Arginase
Inhibitors in Cancer Immunotherapy. Bioorg Med Chem (2020) 28:115658.
doi: 10.1016/j.bmc.2020.115658

Grzywa TM, Sosnowska A, Matryba P, Rydzynska Z, Jasinski M, Nowis D,
et al. Myeloid Cell-Derived Arginase in Cancer Immune Response. Front
Immunol (2020) 11:938. doi: 10.3389/fimmu.2020.00938

Morris CR, Kuypers FA, Lavrisha L, Ansari M, Sweeters N, Stewart M, et al. A
Randomized, Placebo-Controlled Trial of Arginine Therapy for the Treatment of
Children With Sickle Cell Disease Hospitalized With Vaso-Occlusive Pain
Episodes. Haematologica (2013) 98:1375-82. doi: 10.3324/haematol.2013.086637
Onalo R, Cooper P, Cilliers A, Vorster BC, Uche NA, Oluseyi OO, et al.
Randomized Control Trial of Oral Arginine Therapy for Children With Sickle
Cell Anemia Hospitalized for Pain in Nigeria. Am ] Hematol (2021) 96:89-97.
doi: 10.1002/ajh.26028

Braga M, Gianotti L, Vignali A, Carlo VD. Preoperative Oral Arginine and N-
3 Fatty Acid Supplementation Improves the Immunometabolic Host
Response and Outcome After Colorectal Resection for Cancer. Surgery
(2002) 132:805-14. doi: 10.1067/msy.2002.128350

Hamilton-Reeves JM, Stanley A, Bechtel MD, Yankee TM, Chalise P, Hand
LK, et al. Perioperative Immunonutrition Modulates Inflammatory Response
After Radical Cystectomy: Results of a Pilot Randomized Controlled Clinical
Trial. J Urol (2018) 200:292-301. doi: 10.1016/j.juro.2018.03.001

Popovic PJ, Zeh HJ 3rd, Ochoa JB. Arginine and Immunity. J Nutr (2007)
137:1681S-6S. doi: 10.1093/jn/137.6.1681S

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Copyright © 2021 Dean, Ochoa, Sanchez-Pino, Zabaleta, Garai, Del Valle,
Wyczechowska, Baiamonte, Philbrook, Majumder, Vander Heide, Dunkenberger,
Thylur, Nossaman, Roberts, Chapple, Wu, Hicks, Collins, Luke, Johnson, Koul, Rees,
Morris, Garcia-Diaz and Ochoa. This is an open-access article distributed under the
terms of the Creative Commons Attribution License (CC BY). The use, distribution or
reproduction in other forums is permitted, provided the original author(s) and the
copyright owner(s) are credited and that the original publication in this journal is
cited, in accordance with accepted academic practice. No use, distribution or
reproduction is permitted which does not comply with these terms.

Frontiers in Immunology | www.frontiersin.org

July 2021 | Volume 12 | Article 695972


https://doi.org/10.1182/blood-2006-02-002477
https://doi.org/10.1183/13993003.02098-2016
https://doi.org/10.1038/s41564-020-0778-x
https://doi.org/10.1038/s41564-020-0778-x
https://doi.org/10.1084/jem.20182031
https://doi.org/10.1152/ajplung.00135.2016
https://doi.org/10.1111/resp.12912
https://doi.org/10.1152/physrev.00037.2016
https://doi.org/10.1152/japplphysiol.91393.2008
https://doi.org/10.1016/j.cellimm.2021.104302
https://doi.org/10.1182/blood-2006-06-031856
https://doi.org/10.1182/blood-2006-06-031856
https://doi.org/10.4049/jimmunol.171.3.1232
https://doi.org/10.4049/jimmunol.171.3.1232
https://doi.org/10.1038/s41556-021-00681-2
https://doi.org/10.1038/s41591-021-01329-2
https://doi.org/10.1038/s41586-021-03234-7
https://doi.org/10.1016/j.bmc.2020.115658
https://doi.org/10.3389/fimmu.2020.00938
https://doi.org/10.3324/haematol.2013.086637
https://doi.org/10.1002/ajh.26028
https://doi.org/10.1067/msy.2002.128350
https://doi.org/10.1016/j.juro.2018.03.001
https://doi.org/10.1093/jn/137.6.1681S
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles

	Severe COVID-19 Is Characterized by an Impaired Type I Interferon Response and Elevated Levels of Arginase Producing Granulocytic Myeloid Derived Suppressor Cells
	Introduction
	Methods
	Patient Selection
	Sample Processing
	Flow Cytometry
	Histology and Immunohistochemistry
	Double Labeling Immunofluorescence
	Western Blot for Arginase1 in G-MDSC and CD3&zeta; Chain in T Cells
	Gene Expression
	Plasma Arginine
	Cytokines, Nitrites, Protein S and PAI-1 Inhibitor
	RNA Sequencing
	Statistical Analysis

	Results
	Study Participants
	Dysregulated Immune Profiles in Severe COVID-19
	G-MDSC Infiltration of the Lungs
	Metabolic and Functional Consequences of Increased Arg+G-MDSC
	G-MDSC from COVID-19 Patients Have Stage-Specific RNA Expression Profiles

	Discussion
	Data Availability Statement
	Ethics Statement
	Author Contributions
	Funding
	Acknowledgments
	Supplementary Material
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


