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Adoptively Transferred Myeloid-Derived Suppressor Cells Decrease Influenza
A Virus Infection Mortality in a Mouse Model
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In humans, influenza A virus (IAV) causes mild to severe respiratory disease, posing a major threat to pub-
lic health worldwide. Increasing evidence suggests that myeloid-derived suppressor cells (MDSCs) are involved
in viral infection outcomes in genetically modified mice; however, the mechanisms by which MDSCs contrib-
ute to lung pathology under normal genetic conditions remain controversial. In the present study, we intranasal-
ly infected mice with mouse-adapted IAV (A/Puerto Rico/8/1934 [PR8]) and adoptively transferred MDSCs dif-
ferentiated in vitro intravenously to assess their functional relevance in vivo. After PRS8 infection, the adoptive
transfer of MDSCs significantly improved the survival of mice. Furthermore, MDSC transfer increased CD4+
T cell and eosinophil infiltration into the lungs and decreased interleukin-6 and tumor necrosis factor-a lev-
els in the bronchoalveolar lavage fluid. However, the viral load did not significantly decrease; this suggests that
MDSCs affect virus clearance. Inducible nitric oxide synthase (iNOS) is a key factor responsible for the immu-
nosuppressive activity of MDSCs. However, the transfer of Nos2-deficient MDSCs can decrease PR8 infection-
induced mortality; nevertheless, the absence of iNOS in MDSCs did not affect the infiltration of inflammato-
ry cells into the lung, suggesting that MDSCs function independently of their iNOS expression and downstream
pathways. Taken together, our findings suggest that transferred MDSCs decrease IAV disease-induced mortali-
ty in vivo in an iNOS-independent manner. The adoptive cellular transfer of MDSCs may be an attractive thera-
peutic strategy for IAV infections.
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INTRODUCTION

In humans, influenza is an infectious respiratory disease
that is majorly caused by HIN1 and H3N2 influenza A viruses
(IAVs) and influenza B viruses. According to the World Health
Organization, these annual epidemics result in 3—5 million
cases of severe illness and 290,000-650,000 deaths. In gener-
al, influenza is characterized by annual seasonal epidemics and
sporadic pandemics involving the zoonotic strains of IAVs;
in particular, the avian IAV H7N9 viruses that emerged in
2013 can infect various animal species.!? [AVs primarily tar-
get and infect the airway and alveolar epithelial cells, result-
ing in alveolar epithelial injury that may progress to acute res-
piratory distress syndrome and even potential death.3% [AV

infection triggers the innate immune signaling pathway, pro-
ducing antiviral and chemotactic molecules such as interfer-
ons (IFNs), interleukin (IL)-6, and tumor necrosis factor-alpha
(TNF-a). These molecules rapidly recruit innate effector cells
such as monocytes, macrophages, neutrophils, dendritic cells
(DCs), and natural killer (NK) cells to the infection site to ini-
tiate immune responses. Each cell type exhibits unique mech-
anisms to interact with virus-infected cells, limiting viral rep-
lication and priming adaptive immune cells such as T and B
cells for antigen-specific immunity and memory.>% However,
the regulatory mechanisms underlying these processes remain
unelucidated.

Increasing evidence supports the vital roles of myeloid-
derived suppressor cells (MDSCs) as immunosuppressive
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myeloid cells in inflammatory and respiratory viral infec-
tions.” Originally described in patients with cancer, MDSCs
are a heterogeneous group of myeloid cells that potently sup-
press the activation of T cells. In mice, these cells can be cat-
egorized into two types: CD11b*Ly-6G Ly-6C" monocyt-
ic MDSCs and CDI11b*Ly-6G*Ly-6C polymorphonuclear
MDSCs (PMN-MDSCs).!» During a sublethal dose of A/Puer-
to Rico/8/1934 (PRS8) TAVs in mice, the selective deficien-
cy of invariant NKT cells leads to MDSC expansion, thereby
suppressing the proliferation and activation of CD8* T cells.
However, studies on the direct involvement of MDSCs in dis-
ease progression remain unavailable.') MDSCs increased after
TLR7-deficient mice were infected with low-dose PR8 TAV
and skewed T cell differentiation toward Th2 cells; however,
the proliferation and activation of CD8* T cells remain unaf-
fected.'» Although the abovementioned studies suggest that
MDSCs can exacerbate disease progression, these conclu-
sions are based on the correlation between increased MDSCs
and various indicators in genetically modified mice; neverthe-
less, many aspects remain undiscussed. In the present study,
we transferred MDSCs and assessed the severity of PR8 1AV
infection to clarify the potential cause of the lung pathology of
MDSCs under normal genetic conditions and identify the pos-
sible therapeutic strategies.

MATERIALS AND METHODS

Mice Inbred male C57BL/6J mice (6—8 weeks old) were
purchased from Japan SLC (Shizuoka, Japan) and maintained
under specific-pathogen-free conditions. Nos2 knockout mice
were obtained from Jackson Laboratory. All experimental
procedures in mice were performed according to the institu-
tional guidelines for animal experiments of Osaka University
(Protocol Numbers: BIKEN-AP-R01-15-2 and Douyaku
R03-7-2).

In Vitro Differentiation of MDSCs A previously
described method was used to differentiate bone marrow (BM)
cells into MDSCs in vitro.'® Briefly, BM cells from C57BL/6J
mice were stimulated with 40 ng/mL recombinant granulo-
cyte—macrophage colony-stimulating factor (Peprotech, NJ,
USA) for 4 days.

PRS8 Infection HINI influenza virus (strain: PR8) was
kindly provided by Dr. Yasuyuki Gomi (the Research Foun-
dation for Microbial Diseases, Osaka University, Kagawa,
Japan). Under anesthesia, mice were intranasally challenged
with 1.2 x 10! TCID, of PR8 in 30 pL of phosphate-buffered
saline (PBS). After the challenge, the body weights and sur-
vival rates of the challenged mice were monitored every two
days for 14 days. The point when body weight loss reached
25% of the initial weight at the time of infection was day of
death. The Institutional Review Board of the Research Insti-
tute for Microbial Diseases, Osaka University approved the
virus experiments (Protocol Number: BIKEN-00006-010).

Collection of Bronchoalveolar Lavage Fluid (BALF)
After 14 days of PR8 challenge, mice were sacrificed and
BALF was collected. A 22-gauge catheter was inserted into
the trachea, followed by the back-and-forth flushing of 0.7 and
0.5 mL of cold PBS for collection, resulting in the collection
of approximately 1 mL of BALF. BALF was centrifuged at
600 x g for Smin at 4°C; the cell-free supernatants were used
to measure cytokine levels and viral load. The cell pellet of
BALF was treated with red cell lysis buffer and then resus-
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pended in 1% bovine serum albumin (BSA)/PBS for flow
cytometric analysis.

Flow Cytometry Cells were pelleted and washed with
1% BSA/PBS. Then, the cell suspension was blocked with
anti-mouse CD16/32 antibody (BioLegend, CA, USA) for
20 min, followed by staining with the following antibodies for
20 min at 4°C: FITC-labeled Ly-6G (BioLegend), PE-labeled
CD3¢ (BioLegend), PerCP-labeled CD8a (BioLegend),
PE/Cy7-labeled CD4 (BioLegend), APC-labeled Siglec-F
(Miltenyi Biotec), APC/Cy7-labeled CD1l1c (BioLegend),
BV421-labeled CD45 (BioLegend), and BV785-labeled
CD11b (BioLegend) antibodies. Next, the cells were centri-
fuged at 600 x g for S5min at 4°C and resuspended in 1% BSA/
PBS. The NovoCyte Flow Cytometer (ACEA Bioscience, San
Diego, CA, USA) was used for analysis. Supplementary Fig. 1
illustrates the gating strategy used for flow cytometry.

Cytokine Quantification via Enzyme-Linked
Immunosorbent Assay (ELISA) Commercial ELISA kits
(R&D systems, MN, USA) were used to measure murine 1L-6
and TNF-a levels in BALF supernatants as per the manufac-
turer’s instructions. Cytokine levels were quantified using the
standards supplied with the kits.

Virus Titer Determination Madin-Darby canine kidney
cells were infected as previously described to quantify virus
titers 4.

Statistical Analysis The Student’s #-test, one-way analysis
of variance, or log-rank test was used to elucidate significant
differences. GraphPad Prism (GraphPad Software) was used to
perform the analysis. A p-value of < 0.05 was considered sta-
tistically significant.

RESULTS

The PR8 virus is a highly adapted influenza virus strain
that can result in disease symptoms and mortality in mice. To
determine the role of MDSCs in IAV infection outcomes, in
vitro differentiated MDSCs were adoptively transferred into
mice before 5 and 1 day after PR8 infection; mortality and
weight loss were monitored for 2 weeks (Fig. 1A). The intra-
nasal administration of PR8 virus considerably decreased
the weight and killed all mice without MDSC transfer; how-
ever, the adoptive transfer of MDSCs significantly improved
mice survival, with no significant delay in weight loss
(Fig. 1B, C). Flow cytometry of BALF samples revealed that
there was no significant difference between total CD45* cell
infiltration into the lung of the control and MDSC transfer
groups. However, detailed analysis of each cell type revealed
a significant increase in CD4* T cell and eosinophil infiltra-
tion in the MDSC transfer group; in contrast, macrophage and
DC infiltration decreased (Fig. 1D). Furthermore, the adoptive
transfer of MDSCs decreased IL-6 and TNF-a levels in the
BALF (Fig. 1E); this suggests that they suppress lung inflam-
mation. However, after MDSC transfer, viral load did not sig-
nificantly change in the BALF; this suggests that MDSCs have
a limited effect on virus clearance (Fig. 1F).

Inducible nitric oxide synthase (iNOS) is a key factor
responsible for the immunosuppressive activity of MDSCs;
therefore, we determined whether MDSC function in PR8
infection is associated with iNOS. First, we observed that a
single adoptive transfer of MDSCs yielded effects compara-
ble with double MDSC transfer (Supplementary Fig. 2). Sub-
sequently, the MDSCs differentiated from Nos2** or Nos27-
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Fig. 1. Decreased Mortality of PR8 Virus by Adoptively Transterred Myeloid-Derived Suppressor Cells (MDSCs)

(A) C57BL/6J male mice (n = 5 per group) were intranasally infected with PR8 viruses, followed by the adoptive transfer of MDSCs. Then, mice were monitored daily for
2 weeks for (B) survival and (C) body weight loss. The log-rank (Mantel-Cox) test was used to perform statistical analysis (*p < 0.05). (D) Total number of CD45+ cells, neutro-
phils, alveolar macrophages (AMs), macrophages, dendritic cells (DCs), eosinophils, T cells, CD4* T cells, and CD8" T cells in the bronchoalveolar lavage fluid (BALF) were as-
sessed via flow cytometry (means + S.E.M.; *p < 0.05, **p < 0.01, and ***p < 0.001 via one-way analysis of variance). (E) Cytokines in BALF were analyzed via ELISA (means +
S.E.M.; *p < 0.05 and **p < 0.01 via Student’s ¢-test). (F) Viral titer was assessed in BALF (means + S.E.M., statistical analysis was performed using Student’s #-test).
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Fig. 2. Myeloid-Derived Suppressor Cells (MDSCs) Function Independently of iNOS Expression

(A) C57BL/6]J male mice (n = 9 per group) were intranasally infected with PR8 viruses and adoptively transferred with MDSCs. Then, mice were monitored daily for 2 weeks
for (B) survival and (C) body weight loss. The log-rank (Mantel-Cox) test was used to perform statistical analysis (**p < 0.01). (D) Total number of CD45* cells, neutrophils,
alveolar macrophages (AMs), macrophages, dendritic cells (DCs), eosinophils, T cells, CD4* T cells, and CD8* T cells were assessed in the bronchoalveolar lavage fluid (BALF)
via flow cytometry (means = S.E.M.; *p < 0.05, **p < 0.01, and ***p < 0.001 via one-way analysis of variance).
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Fig. 3. Schematic Illustration to Show That Transferred Myeloid-Derived Suppressor Cells (MDSCs) Decrease Influenza A Virus (IAV) Disease-Induced

Mortality In Vivo in an iNOS-Independent Manner

BM cells in vitro were singularly transferred into mice
(Fig. 2A). The transfer of Nos27- MDSCs decreased PRS8
infection-induced mortality and weight loss, with no differ-
ence with the transfer of Nos2*+ MDSCs (Fig. 2B, C). Con-
sistently, the infiltration of inflammatory cells into the lung
remained unaffected in the absence of iNOS in MDSCs
(Fig. 2D). Collectively, our findings suggest that the adoptive
transfer of MDSCs decreases TAV infection-induced mortality
in vivo, which is iNOS-independent (Fig. 3).

DISCUSSION

In general, MDSCs play a dual role in viral infections, con-
ferring protective functions by mitigating inflammation and
T cell hyperactivation as well as potentially suppressing ben-
eficial immune responses.'> Factors such as infectious dis-
ease pathology, pathogen virulence mechanisms, and disease
stage can affect the roles of MDSCs.!® In the present study,
we observed that the adoptive transfer of MDSCs before
PR8 infection can alleviate weight loss and mortality, possi-
bly owing to the anti-inflammatory effects of MDSCs. This
finding was supported by the observed decrease in inflam-
matory factors such as IL-6 and TNF-a after MDSC transfer.
Consistent with our findings, gentamicin-induced gut microbi-
ota disruption in mice decreased CD11b'Ly-6G* cells (identi-
fied as PMN-MDSCs), thereby exacerbating PR8 viral infec-
tion severity. Notably, the transplantation of spleen-derived
CD11b*Ly-6G* cells conferred significant protective effects
against PRS viral infection.!” Collectively, these findings sug-
gest that the adoptive cellular transfer of MDSCs can be a
promising therapeutic strategy for IAV infections.

Single or double transfers of MDSC significantly reduced
mouse mortality in response to PR8 infection; however, they
also induced variations in the composition of infiltrating cells
in the BALF. Considering the divergent results observed for
macrophages and DCs, it suggests that these cells may not
play a primary role in mediating mouse mortality in response
to PRS infection. Interestingly, both experiments demonstrat-
ed a substantial increase in CD4* T cells, indicating a potential
key role alongside eosinophils. Although additional studies are
warranted to identify the exact cause, increased CD4* T cell

and eosinophil infiltration could have contributed to positive
outcomes after MDSC transfer. CD4* T cells comprise various
subgroups, including Th1, Th2, Th9, and Th17, with a com-
plex balance. In particular, Thl cells are vital for clearing [AV
infections; suppressing Th2 cells via IFN-y, IL-2, and IL-12
secretion; and promoting the production of neutralizing anti-
bodies along with B cells.!8! In contrast, Th2 and Th9 cells
play detrimental roles in IAV infections by secreting cytokines
such as IL-4, IL-5, IL-6, IL-10, IL-13, and IL-9, exacerbat-
ing lung damage and delaying viral clearance.!2!®) An in-depth
analysis of the changes in the phenotypic ratios of CD4* T
cells after MDSC transfer will provide insights into its mecha-
nisms. Eosinophils are multifunctional cells that confer imme-
diate protection to the epithelial barrier in the early influen-
za stages, neutralize viruses, and promote cellular immunity.
Furthermore, they exert protective effects by secreting antivi-
ral factors, providing B cell assistance, and improving defense
against exogenous pathogens such as bacteria.2?» In addition,
there is a correlation between CD8* T cell proportion and acti-
vation and CD4* T cell or eosinophil infiltration.22 23 However,
in the present study, CD8" T cells did not increase, suggesting
that MDSCs inhibit CD8* T cell proliferation and/or infiltra-
tion. These observations suggest that the infiltration of CD4*
T cells and/or eosinophils prevents weight loss and that the
decrease in mortality and CD8* T cells will eliminate virus-
infected cells.

Nitric oxide (NO), a key inflammatory signaling molecule,
is significantly produced in IAV-infected hosts, thereby sug-
gesting its role as a potent pathogenic agent.2+20 The interac-
tion between NO and superoxide anions, resulting in perox-
ynitrite formation, plays a role in the pathogenic mechanism
of influenza virus pneumonia.?” Studies have demonstrated
that the morbidity, mortality, and cytokine production in the
lung tissues of Nos2-deficient mice decrease after they are
challenged with a highly pathogenic TAV.229 In our MDSC
transfer model, iNOS remains intact in the host; however, the
iNOS-induced deterioration mechanism can function, which
is inhibited by MDSC transfer. In contrast, NO secretion from
MDSCs is independent of the decreased mortality observed in
IAV infection after adoptive MDSC transfer. This observation
prompts intriguing questions about the multifaceted nature of
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the immune response during IAV infection. It suggests that
mitigating effects of MDSCs on mortality might function
through mechanisms extending beyond the direct inhibition of
iNOS.

In the present study, adoptively transferred MDSCs did
not increase CD8" T cells and failed to sufficiently exclude
TAV; this suggests that they result in chronic infections.
Hemophagocytosis is observed during chronic infections, and
hemophagocytic syndrome is characterized by this condition
and hepatitis-like findings. If not appropriately treated, indi-
viduals with this condition can die. Hemophagocytic syn-
drome is also observed in individuals with IAV infection and
COVID-19.3932) During hemophagocytosis, the production
of IL-10, an immunosuppressive factor, is induced, thereby
inhibiting immune cell responses to viruses.?33% Consistently,
in the present study, MDSCs, as immune inhibitory cells, may
experience similar immune cell responses, leading to insuffi-
cient viral clearance.

In conclusion, we demonstrated that MDSC transfer can
attenuate the lethal effects of influenza; however, MDSCs may
suppress CD8* T cells, resulting in insufficient viral clearance.
Nevertheless, the adoptive cellular transfer of MDSCs may
represent an attractive therapeutic strategy for future pandem-
ics.
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