1' frontiers
in Immunology

ORIGINAL RESEARCH
published: 03 July 2020
doi: 10.3389/ mmu.2020.01299

OPEN ACCESS

Edited by:
Esaki M. Shankar,
Central University of Tamil Nadu, India

Reviewed by:
Masashi Tachibana,
Osaka University, Japan
Meganathan Kannan,
Central University of Tamil Nadu, India

*Correspondence:
Yuan-Qiang Lu
luyuangiang@zju.edu.cn

Specialty section:
This article was submitted to
Microbial Immunology,
a section of the journal
Frontiers in Immunology

Received: 01 February 2020
Accepted: 22 May 2020
Published: 03 July 2020

Citation:
Ruan W-S, Feng M-X, Xu J, Xu Y-G,
Song C-Y, Lin L-Y, Li L and Lu Y-Q
(2020) Early Activation of
Myeloid-Derived Suppressor Cells
Participate in Sepsis-Induced Immune
Suppression via PD-L1/PD-1 Axis.
Front. Immunol. 11:1299.

doi: 10.3389/ mmu.2020.01299

Check for
updates

Early Activation of Myeloid-Derived
Suppressor Cells Participate in
Sepsis-Induced Immune Suppression
via PD-L1/PD-1 Axis

Wei-Shuyi Ruan 22, Meng-Xiao Feng %22, Jia Xu 22, Ying-Ge Xu 2?2, Cong-Ying Song %23,
Li-Ying Lin 22, Li Li*>® and Yuan-Qiang Lu %%

1 Department of Emergency Medicine, School of Medicine, Theifst Af liated Hospital, Zhejiang University, Hangzhou, Gha,
2 Department of Geriatrics, School of Medicine, The First Afdted Hospital, Zhejiang University, Hangzhou, ChindZhejiang
Provincial Key Laboratory for Diagnosis and Treatment of Agg and Physic-Chemical Injury Diseases, Hangzhou, China

Background: Mpyeloid derived suppressor cells (MDSCs) have been repodeto
keep elevating during sepsis. The current study was perfored to investigate the
immunosuppressive effect of MDSCs and their subsets with #gaunderlying mechanisms.

Methods: The immunosuppressive status was manifested by the apoptds of
splenocytes, quantity of T cells and PD-1 expression. The dvamics of quantity and
PD-L1 level of MDSCs and the subsets were determined over tim The subset of MDSCs
with high PD-L1 level was co-cultured with T cells to observéhe suppressive effect.

Results: Abdominal abscess was observed after 7 days post-sepsis. Fe biomarkers
related to organ functions were all signi cantly higher infte CLP group. The survival
rate was consistent with the middle grade severity of sepsianodel. Apoptosis of
splenocytes increased over time during sepsis; CD4AC T cell decreased from day 1
post-sepsis; CD8C T cells signi cantly reduced at day 7. The PD-1 expression ispleen
was upregulated from an early stage of sepsis, and negativelrelated with the quantity
of T cells. MDSCs were low at day 1 post-sepsis, but increasedo a high level later; the
dynamics of PMN-MDSC was similar to MDSCs. PD-L1 on MDSCs wakighest at day 1
post-sepsis; PMN-MDSC was the main subset expressing PD-L1The PMN-MDSC with
high PD-L1 expression level extracted on day 1 after surgefyom CLP mice signi cantly
inhibited the proliferation of T cells.

Conclusions: Sepsis-induced immunosuppression is initiated from a vergarly stage, a
high expression level of PD-L1 on MDSCs and the main subset,lN-MDSC might play
a critical role suppressive role on T cells through PD-L1/PD axis.

Keywords: sepsis, MDSCs, PMN-MDSC, PD-1, PD-L1

INTRODUCTION

Sepsis is a heterogeneous syndrome that develops as a dgrddudst response to an infection,
and is associated with acute organ dysfunction which remtsse high risk of deathl). Many
epidemiologic studies have reported that the morbidity andality of sepsis are both high; thus,
sepsis is still an important worldwide public health issue foioagl time (—4). Though early
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diagnosis, uid resuscitation, timely delivery of antilics and the main immunosuppressive group and whether PD-L1/PD-1
other improvements in supportive care for critically ill patisnt axis is involved in the immunosuppressive function of sepsis-
such as lung protective ventilation and judicious use of Hloo induced MDSCs in a classic CLP-induced sepsis mouse model.
products, have distinctly improved the survival rate of sepsisiere, we established a CLP model of middle grade severity and
at an early stage, uncontrolled primary and secondary ifidact hypothesized that the number and di erentiation of MDSCs
resulting from sepsis-induced dysregulation of immune eyst from di erent tissues might vary over time during sepsis. The
may be the main cause of mortality in septic patienty. ( main subsets of MDSC might both contribute to the suppressive
Immunosuppression other than pro-in ammation which comes e ect, but one of them might be the dominant functional subset
to the main status in the late stage of sepsis may be the leadiimhibiting T cell proliferation through PD-L1/PD-1 axis. Most
cause ). importantly, the suppressive progression might initiate earli
Sepsis induced immunosuppression is characterized kan we have previously recognized.
lymphopenia and loss of immune function resulting from a
loss of B cells and T cells via apoptosi§. (The immune MATERIALS AND METHODS
checkpoint receptor, programmed cell death 1 (PD-1 or CD279),
is recognized as playing a critical role in regulating thergitp ~ Cecal Ligation and Puncture Model
and functional activity of T cells3]. Several groups have reported The study protocol of animal experiments was approved by
increased expression of PD-1 on lymphocytes after sefsis (the Animal Care and Use Committee of the First A liated
11). A pilot study including 22 patients with sepsis analyzed byHospital, School of Medicine, Zhejiang University (Hangzhou,
Wilson et al. (2) showed higher expression of PD-1 by memoryChina). Male C57BL/6J mice aged 7-9 weeks were purchased
subpopulations of B cells and CB4 cells in septic patients. from the Laboratory Animal Centre of Medical Institute of
A subsequent study reported that sepsis enhanced expressionZbfejiang Province (Hangzhou, China). Before experimerits, a
PD-1 on peripheral T cells and programmed cell death 1 liganaf the animals were under a 12-h light and 12-h dark cycle for
(PD-L1 or CD274) on spleen B cells and monocytes in a cecadl week, in a room with controlled temperature and humidity.
ligation and puncture (CLP) modellQ). The mice were randomly subjected to CLP surgery or Sham
PD-L1, upon binding to its receptor PD-1, delivers a co-operation i D 5 for each group). The CLP surgery was
inhibitory signal to negatively regulate the activation®tell performed as described beforg?. In this study, all mice were
and mediate its apoptosisl{). Over the last decade, PD-L1 anesthetized by intraperitoneal injection of ketamine (7&/kg,
was identi ed in the surface of myeloid derived suppressoiSigma, San Francisco, USA) and xylazine (10 mg/kg, Sigma,
cells (MDSCs) in several pathological states. Noman MZ&an Francisco, USA). After that, the cecum was ligated 1cm
demonstrated that the expression of PD-L1 on MDSCs wafsom the distal pole with a 4-0 thread. Then the ligated cecum
signi cantly higher at the tumor site than at other tissuesa was punctured with a 22-gauge needle midway between the
tumor-bearing mouse modellf). Later, lwata T observed that ligation and the cecum tip to induce polymicrobial peritositi
the percentage of PD-IC1 MDSCs was signi cantly higher in  In Sham group, a similar procedure was performed on mice
hepatocellular carcinoma patients than in healthy subjesnts,  but without ligation and puncture of the cecum. After surgery
induced by soluble factoiia situ such as the colony stimulating 1 ml of the sterile lactated Ringer's solution (Qidu, Shanglon
factor and vascular endothelial growth factagy. China) was injected hypodermically to resuscitate the mide.
MDSCs are a heterogeneous group of immature myeloid celtsf the mice were given access to food and waerlibitum.
(IMCs). Several researches have reported that MDSCs in pstiefthey were closely monitored at least 3 times daily for 7 days
with sepsis signi cantly elevate after onset of seps$id.(The after surgery.
di erentiation and maturation of IMCs are impaired during
sepsis, as a result that IMCs remain as MDSCR, (which Measurement of Organ Injury Markers
lead to global suppression of adaptive immune function throughTwenty-four hours after surgery, whole mouse blood was
several mechanisms, such as inducing T cell apoptosis thougfarvested. Blood was centrifuged (6,000 rpm for 15min at
depleting L-arginine via iNOS, or upregulating PD-L19. The = room temperature) to collect serum for measurement of creati
major populations of MDSCs can be divided into two largekinase (CK) and its isoenzymes, creatine kinase-myodardia
groups: polymorphonuclear (PMN-MDSC) and monocytic (M- band (CK-MB), alanine aminotransferase (ALT), aspartate
MDSC), which use di erent mechanisms to suppress immuneaminotransferase (AST), and lactate dehydrogenase (LDh8.
responses20). Our previous study demonstrated that MDSCsdetection kits of CK, ALT, AST, LDH were purchased from
declined after hemorrhagic shock, but increased gradudler a Roche (Sweden), the kit of CK-MB was purchased from SSUF
uid resuscitation, and the ratio of M-MDSC to PMN-MDSC Co.,Ltd (Shanghai, China). The organ injury markers were
decreased after 24 h uid resuscitation, but increased Ig2é).  measured using an automatic biochemistry analyzer (Cobus ¢
However, the distribution and di erentiation of the subset¢ 701, Roche, Sweden).
MDSCs after sepsis are not well-known and few studies have
demonstrated the expression of PD-L1 on MDSCs and thésolation of MDSCs
subsets during sepsis. Bone marrow (BM) cells were ushed from the femus and tibias
The aim of the current study is to gure out how and when of mice, spleen cells were pressed gently through a copper mesh
MDSCs exert the suppressive role during sepsis, which subsetdsobtain single cell suspension. The red blood cells (RBCs) were
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lysed with a RBC lysis bu er (Dawenbio, Hanghou, China). TheWestern Blotting

cells were then puried using a magnetically assisted MDS@Golated Ly-6& cells from BM and spleen were homogenized
isolation kit (Miltenyi Biotec, Bergisch Gladbach, Germpny in the lysis bu er containing 1 RIPA buer (Thermo sher
with according to the manufacturer's instructions to oltai Scienti ¢, Waltham, MA), 1mM PMSF (Beyotime, Shanghai,
high-purity MDSCs. Briey, the cells pellet were resuspendechina), and 1  Phosphatase Inhibitor Cocktail 2 (Sigma,
in running bu er (Miltenyi Biotec), FcR blocking reagent was Burlington, MA) to prepare extracts. Lysates were centrifuged
added for 10 min at 4C to block Fc receptor. Then, anti-Ly6G- at 14,000g for 15min at €. Protein concentrations were
biotin was added and incubated for 10 min atCl After washed accessed by an Enhanced BCA Protein Assay Kit (Beyotime).
by running bu er, the cells were incubated with anti-biotin Equal forty micrograms of protein was loaded in 10% Tris-
microbeads for 15 min at £. Washed by running bu er again, glycine extended polyacrylamide gels (Biorad, Hercules, @4) a
the cells were resuspended and prepared to separation usitigen blotted on Immuno-blot PVDF membranes (Invitrogen).
LS column (Miltenyi Biotec) in the magnetic eld of a MACS Membranes were blocked and incubated overnight a€ 4
Separator (Miltenyi Biotec). After the column was rinsed withusing theb-actin antibody (Protein Tech Group, Chicago, IL)
running bu er, the cell suspension was applied onto the columnand anti-PD-L1 antibody (ab213480, Abcam, Cambridge, UK),
The column was then washed by running bu er for 3 times, thefollowed by horseradish peroxidase (HRP)-conjugated antiitabb
e uent containing unlabeled Ly6G- cells were collectedrfro secondary antibody (Protein Tech Group) at room temperature
the above two steps. Then the column was removed from thior 1 h. Membranes were visualized using a Beyo Enhanced
separator and placed on a suitable collection tube to colle€@hemiluminescence reagentkit (Beyotime, Shanghai, Ghimc

the magnetically labeled Ly&5cells (PMN-MDSC) by pushing ChemiDoc XRE System.

the plunger into the column containing 5 ml running bu er. As

forisolation of M-MDSC, the steps were similar with the isaati  Cell Apoptosis

of Ly6CC cells. After the unlabeled Ly6G- cells were resuspende8pleen cell apoptosis was evaluated via the terminal
and incubated in anti-Gr-1-Biotin and streptavidin microdds deoxynucleotidyl  transferase-mediated uorescein-dUTP
sequentially, MS column (Miltenyi Biotec) was used to colfleet nick-end labeling (TUNEL) technique using thie situ Cell

magnetically labeled GraLy6G- cells. Death Detection Kit (Roche, Penzberg, Germany). The results
were observed under Nikon Eclipse 50i Fluorescence Upright
Flow Cytometry Microscope (Tokyo, Japan).

Total and subsets of MDSCs were analyzed by ow cytometry.

After blocking of Fc receptors, single cell suspensions frohmmunohistochemistry Assay

BM or spleen were incubated with the directly conjugatedAfter executed with a lethal dose of ketamine and xylazine,
mouse speci ¢ monoclonal antibodies for 30min atGlin  the spleen of each mouse was taken and immersion- xed with
the dark. After washing, about 10,000 cells were analyze% formalin neutral bu er solution (Sangon) overnight. The
in a FACS Caliber ow cytometer using CellQuest softwarespleen tissue specimens were embedded in paran wax after
(Becton Dickinson, Franklin Lakes, NJ). The following antiles ~ xation and cut into 4nm thick sections. The slides were
were used: CD11lb PE-Cy7, Ly-6C (Gr-1) PE, Ly-6G FITGJeparanized in xylene and rehydrated in a graded series of
CD4 FITC, CD8a FITC and CD274 (PD-L1) APC which wereethanol (Sinopharm, Beijing, China). Then antigen retriavas
purchased from eBioscience (San Diego, CA, US), and CD2p@rformed. Slides were incubated with proteinase K (Sigma, in
(PD-1) PE which was purchased from BD Bioscience (Spark§0 mM Tris Base, 1 mM EDTA, 0.5% Triton X-100, PH 8.0) for

MD, US). 12 min at 37C and washed in phosphate bu ered saline (PBS).
Then, the slides were heated in a @6water bath for 20 min
gPCR in the modi ed citrate bu er (pH 6.1, DAKO). After heating,

Total RNA from about 5 10 isolated PMN-MDSCs from they slowly cooled down to room temperature and were washed
BM of each group. The GoScript Reverse Transcriptase in PBS. Then they were treated with 0.3%Q4 in methanol

kit (Promega, Wisconsin, USA) was used to reverséor 30min at room temperature and subsequently incubated
transcribe  RNA into complementary DNA. The 2X SG with blocking solution (5% goat serum) for 20 min. The primary
Fast qPCR Master Mix (Sangon, Shanghai, China) waantibody, anti-PD-1 (ZSGB-BIO, Beijing, China) was redcte
used for Quantitative PCR (gPCR). The QuantStudio 3withthe slidesovernightat4. The slideswere then washed with
Real-Time PCR System was used for gPCR analysis aR®BS three times and incubated with the HRP-conjugated anti-
data quanti cation. Used primer pairs (Sangon, Shanghaimouse IgG secondary antibody (Protein Tech Group) for 30 min
China) derived from mouse target genes were as followea@t room temperature. The immunoreactions were visualized
PD-L1 forward: % TGCTGCCCTTCAGATCACAG-8 using a diaminobenzidine substrate kit (ZSGB-BIO). Theh, a
reverse: % GGGCATTGACTTTCAGCGTG-8 GAPDH slides were counterstained with Mayer's hematoxylin (®aing
forward: ¥ GACTTCAACAGCAACTCCCAC-8 reverse: &  for 20 s before washed in owing water for 5min. The slidesever
TCCACCACCCTGTTGCTGTA-8 The expression of target then dehydrated and immersed in xylene (Sangon) before they
gene was calculated using the ddCt method relative to thevere cover-slipped with malinol (Muto Pure Chemicals, Tokyo,
expression of GAPDH. Data shown were the relative quantityapan). Negative controls were operated with the same proeedur
(RQ), with RQ of Sham group set to one. except the PD-1 primary antibody during incubation. For
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performing immuno uorescent staining, the primary antibati  tailed Students test. A value & < 0.05 was considered
were anti-Ly6G antibody (Servicebio, Wuhan, China) and-ant statistically signi cant.
PD-L1 antibody (ab213480, Abcam, Cambridge, UK).
Mouse tibias were xed in 10% formalin neutral buer
solution for 2 days, decalcied in 10% EDTA (pl® 7.4, RESULTS
Sinopharm) for 4 weeks and embedded in para n. After xation C|_.P Model Induced Abdominal
and decalci cation, thf_e specimens Wer_e se_ctloned at a tleiskn In ammation and Organ Injury
of 4mm for each slide for performing immuno uorescent . a2 .
. . Lo - - To evaluate the severity of sepsis in the CLP model, abdominal
staining. The primary antibodies were anti-Ly6G antibody. - -
9 . . . beag N ammation was observed till the seventh day after surgery
(Servicebio, Wuhan, China) and anti-PD-L1 antibody (a he cecum was ligated and punctured in CLP surgery on da
Abcam, Cambridge, UK). All slides were observed in the P25 9 P gery y

- . . . . Figure 1A). The ligated cecum of CLP mice became dark
FLASH digital pathological system (Danjier, Jinan, China). reél c?n dayA)l after Surgery due to avascular necrosis caused

L. . by ligation Figure 1B). On the third day after surgery, ascites
Transmission Electron Microscope (TEM) increased obviously and the ligated cecum was graduallyradhe
Spleen tissue samples were cut into 1 1cm per piece py surrounding tissuesigure 10). On the seventh day, abscess
and immediately submerged into xation solution (Servi@®b formed at the site of ligated cecum, and atulence existed due
Wuhan, China. 2.5% glutaraldehyde was the main componenty intestinal adhesion and obstruction; moreover, the splee
overnight at 4C. The tissue was then washed three times ithecame very largeFi{gures 1D-B. All signs of progression
the phosphate bu er (0.1M, pH7.0) for 15min each time; post-of abdominal in ammation after CLP surgery indicated the
xed with 1% OsO4 for 1h, it was washed three times insuccessfu”y established CLP model.
the phosphate butter. After double Xation, the Sample was Organ injuries were assessed by Specic biomarkers (CK’
dehydrated by a graded series of ethanol (30, 50, 70, 80, ¥K-MB, LDH, ALT and AST) 24h after surgery. As shown
95, and 100%) for 20 min at each step and then transferred tg Figures 1G—K CK and CK-MB, which were related with
absolute acetone (Sinopharm) for 20 min. For in |trati0n,ah cardiac function, were Signi Canﬂy h|gher in the CLP group
specimens were submerged into 1:1 mixture of absolute aeeto{p p 0.035P D 0.027, respectively), indicating the injury of heart
and nal Spurr resin (Headbio, Beijing, China) mixture for 1h jn CLP mice. ALT and AST, the famous hepatic enzymes, were
at room temperature, then transferred to 1:3 mixture of ab®l  giso signi cantly higher in the CLP groug®(< 0.001 for both
acetone and nal resin mixture for 3h, and to the nal Spurr markers), indicating the injury of liver in CLP mice. Incisiag
resin mixture for overnight. Next morning, the samples wereserym LDH levels® D 0.018), can reveal the extent of tissue
placed in Spurr resin and heated at @for 10 h and then were  jnjury, necrosis, and hypoxi@). In this study, the serum LDH
sectioned in LEICA EM UC7 (Leica, Germany) ultratome tojevel in the CLP group was signi cantly higher than that ing
80mm. The sections were stained by uranyl acetate and alkaliRgoup, indicating the tissue and organ injury in CLP mice. The
lead citrate (Sinopharm) for 5-10 min, respectively, and olser  increased levels of biomarkers showed that at least two itapor

in the Hitachi model H-7650 TEM (Hitachi, Tokyo, Japan). organs, heart and liver, injured after surgery, which confed to
the de nition of sepsis 3.0, according to the Third Interratial
Co-culture of PMN-MDSC and T Cells Consensus De nitions for Sepsis and Septic Shaek (

PMN-MDSC suppression of T cell activation was assayed Survival condition was presented as a survival curve
as described beforel®. In this study, splenocytes from (Figure 1L). More than half of CLP mice died within 2 days, and
healthy mice were stained with CellTra¥eCFSE (Invitrogef",  only 36.84% of CLP mice survived till day 7, whereas in Sham
Carlsbad, CA) at 3T for 20min away from light. Then group, all mice survived.

same volume of complete culture medium were added and

the system were incubated at & for 5min. Pelleted the T Cells Decrease Remarkably During

cells and removed the supernatant. The stained cells were th‘Septic Progression

plqted into 96-well plates along with PMN-MDSCs at di erent Sepsis-induced long-lasting immunoparalysis is de ned, aste
ratios (5 10t splenocytes/well, PMN-MDSD 1/1, 1/2, 1/4, 1/8 by impaired T cells in the post-septic environmen?s.

splenocytes/well). Plates were stimulated with mouse Valthi g ,re 2A showed the normal lymphocytes in the spleen of mice
CD3/CD28 microbeads (GibcH, Grand Island, NY) for 72h at o0 Sham group; the cellular structures were well-organized

37 C. The percentages of proliferating T cells were determined, 4 jined up tightly. However, in CLP group, more apoptotic

by ow cytometry. lymphocytes appeared in the spleeRigure 2B); chromatin
o _ gathering induced karyopyknosis; vacuole bodies appeared in
Statistical Analysis the cytoplasm. To gure out whether the sepsis would induce

Data analyses and graph preparations were performed usirapoptosis of splenic cells, the TUNEL assay was used on the
Prism 7.0 (GraphPad Software Inc.). All data values werspleen samples of mice on day 0, 1, 3, 7 after CLP. The apoptotic
presented as mean SEM. Survival curves were analyzed usingells increased over the progression of sepsis, and till daye7, th
a Kaplan-Meier analysis. Statistical signi cance of di eresc positive cells increased to a signi cant high level than day 0
was evaluated by the Mann-Whitney test or unpaired two(Figures 2C,D. As we now know, apoptosis increased in spleen,

Frontiers in Immunology | www.frontiersin.org 4 July 2020 | Volume 11 | Article 1299


https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
https://www.frontiersin.org/journals/immunology#articles

Ruan et al. MDSCs in Sepsis-Induced Immune Suppression

<
2
G i |
8 o
2000: S
, - o = siav 3 . sHAM
S 4500 mcP B mce g . m ClP
9 8 1000
2 S g
£ 1000; H 5
2 % 5
S g S 500
S 500 £ 2
S S
° £ g
0. g S o
& Q 2 ) Q
A S o
& o & o
] J =] K L Survival Curve
5 150 3 300
F Fk B SHAM g . SHAM o - SHAM
g mor 3 mor % (n=15)
100 g 200 % - CLP
g £ . (n=19)
s £ £ s
E 50 £ 100 g il
® £ o
2 &
= h
€ ]
E a ° [ 2 4 6 8
& Q < S Q
gbv' Y ‘52? (o4 Time(days)

FIGURE 1 | Abdominal in ammation, organ injury and survival conditiomfter surgery.(A) The terminal of cecum was ligated and punctured (yellow arv);

(B) Avascular necrosis of ligated cecum (yellow arrow) on day 1gst-CLP; (C) Increased ascites and gradually adhered tissues (yellow aw) on day 3 post-CLP;
(D) Abscess of ligated cecum formed on day 7 post-CLP (yellow aaw); (E) Intestinal adhesion and obstruction on day 7 post-CLP (yelle arrow); (F) Splenomegaly
formed on day 7 post-CLP (yellow arrow)(G—K) All ve speci ¢ biomarkers were signi cantly higher in the CLP goup than in Sham group N D 5 for each group);
(L) Survival rate after surgery from day 1 to day 7. For each grapliata were pooled over 3 separate time course experiments;ample sizes given are pooled over
experiments. Data were expressed as mean SEM; *P < 0.05, or **P < 0.001 vs. Sham group by ANOVA.

and then what happened to the T cells inside it? With FACSn the late stage of sepsis, but apoptosis began very earlyagpeci
analysis, the quantity of CB2l and CD& T cells were easily for CDAC T cells.

determined Figures 2E,Fshowed that the percentage of CD4 .

T cells decreased not only in the late stage of sepsis, but alEd?-1 Is Upregulated on T Cells in the

from the beginning. CD& T cells of spleen in the CLP group Spleen During Septic Progression

decreased signi cantly from day 1, and continually dedlite  The inhibitory receptor PD-1, a negative regulator of adtxh

a very low level in the late stage. However, CD# cells in T cells, is reported to be upregulated in sepsis patiehfs46).
Sham group decreased slightly on day 1, and rose back tol@our research, immunohistochemistry and ow cytometry wer
normal level later. The variation of CBT cells in spleen was applied to detect the expression of PD-1 in the spleenand on T
similar with CDAC T cells, though CD8 T cells did not reduce cells. Inmunohistochemistry staining of the splenic setion
signi cantly before day 3, it declined to a low level on daytiier ~ day 0, 1, 3, 7 after CLP showed that PD-1 was at a low grade
(Figures 2G,H. The results demonstrated that T cells exhaustedn day 0, whereas, from day 1, PD-1 was upregulated evidently
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FIGURE 2 | T cells decrease remarkably during septic progression(A) Normal lymphocyte and(B) apoptotic lymphocyte were found in the spleen under TEM.
Magni cation: 15000 . (C,D) The paraf n sections were stained with TUNEL as described in lsterials and Methods. Statistical analysis of the number of
TUNEL-positive cells in the spleen. Three sections of eachample were prepared, and 5 random visual elds of each sectiorwere snapped. Single cell suspension of
splenocytes was analyzed by FACS to determine the percentagof (E,F) CD4C T cells and(G,H) CD8C T cells in the spleen from Sham and CLP groups on day 0, 1,
3, 7 after surgery. Data were presented as mean SEM forN D 5 per group, *P < 0.05 vs. Sham group at the same day; P < 0.05 vs. day 0 in the same group.

and the positive cells increased. On day 3, the expression of PMDSCs Decrease in the Early Stage and

1 was inclined to a high level and the positive cells increasejghcrease in the Late Stage

remarkably, but till day 7, though PD-1 was still at a highdev Mpscs may involve in immunosuppression during sepsis,
it seemed that positive cells reduced and were less than dayadd the quantity of MDSCs was an important parameter.
(Figure 3A). When targeting to T cells, FACS analysis showethe variation in quantity of MDSCs and the subsets was
that surface expression of PD-1 on CDZ cells was upregulated evaluated by the cells from bone marrow and spleen using
from day 1 and keeping at a high level during sepsis. But surfacgy, cytometry. MDSCs were labeled as CDTlbGr-1C
expression of PD-1 on COB T cells was upregulated until day cells. The two main subsets of MDSCs, PMN-MDSCs and
7 (Figures 3B-8. The FACS results were corresponding to themM-MDSCs, were labeled as CDXlby6GCLy6C°™ and
count of each T cell that when PD-1 was upregulated, the numbeZD11kCLy6G-Ly69",  respectively Z7). In  addition,

of T cells decreased. we also used TEM to detect the cellular morphology
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FIGURE 3 | PD-1 is upregulated on T cells in spleen during septic progssion. (A) Expression of PD-1 in the spleen on day 0, 1, 3, 7 after CLP. Paf n sections of
spleen were stained with the monoclonal anti-PD-1 protein iatibody as described in Materials and Methods. The images we captured at magni cations under 200
objectives. (B,C) Surface expression of PD-1 on CD€ and (D,E) CD8C on day 0, 1, 3, 7 after surgery. The data were presented as mean SEM forN D 5 per
group. *P < 0.05 vs. Sham group at the same day;* P < 0.05 vs. day 0 in the same group.

in spleen, where the MDSCs might interact withderived from bone marrow dramatically increased on day 1,
T cells. which was mainly because that both MDSCs and PMN-MDSC
The MDSCs and the subsets from bone marrow were detectatecreased vigorously.
at the time of day 0, and 1, 3, 7 after surgery. The data and graph As for spleen, the function, which is in combination with
in Figures 4A-Gindicated that MDSCs from BM decreaseda highly organized lymphoid compartment, makes it the
signi cantly on day 1 after CLP. However, on day 3, MDSCanost important organ for antibacterial and antifungal immein
increased signi cantly to a high level, which was more thaatt reactivity 8). Thus, the spleen plays an important role in the
in Sham group and day 1 of CLP group. On day 7, MDSCémmune regulating process of sepsis. MDSCs, the symbol of
continued to increase to a higher level. PMN-MDSCs, the maiimmunosuppression, may inhibit proliferation of lymphocytes o
subset, had the similar variation trend as MDSCs. However, Minduce cellular dysfunction.
MDSCs, only a small part of MDSCs, kept elevating after CLP. The data inFigures 5A,D—Gindicated that MDSCs and the
The percentages of the subsets in MDSCs were roughly similaubsets decreased on day 1 after CLP, but increased colfinua
to those in BM cells, but the percentage of M-MDSC in MDSCsluring the septic progression, and to a signi cantly higherde
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FIGURE 4 | The quantity of MDSCs and the subsets in bone marrow. BM cellsvere isolated from Sham and CLP mice, and CD118 Gr-1C MDSCs were quanti ed
by ow cytometry. (A,B) Representative ow cytometry plots and the statistical grap showed the percentage of CD11kC Gr-1C MDSCs in BM after 0, 1, 3, 7 day
post-surgery. (C—G) The representative plots and relevant statistical graph siwed the percentage of CD11kC Ly6C°"Ly6GC PMN-MDSC and CD11kC
Ly6C"9"y6G- M-MDSC in BM and in total MDSCs derived from BM. Data wershown as mean SEM fromN D 5 per group, *P < 0.05, vs. Sham group at the
same day;” P < 0.05, vs. day 1 in the same group.

till day 7. The trend was generally similar to the results ofPD-L1 IS Upregulated on MDSCs

bone marrow, but in spleen, there was no signi cant increaseESpecia”y on PMN-MDSC in Septic Mice

of MDSCs at day 3. Mobilization of BM to the peripheral pp-|1 is a ligand of PD-1, and it is expressed on tumor cells
organs may lead to such delay in spleen. M-MDSC increaseghd immune cells. PD-L@ cells may interact with T cells and
continually in spleen. However, the percentage of PMN-MDSCgquce PD-1 overexpression on T cells, leading to T cell apoptosis
in MDSCs derived from spleen had no signi cantly di erent and immunosuppression. In order to determine whether the co-
change during sepsis. In the meantime, polymorphonucleaihibitory factor PD-L1 was involved in the immune functiaf
cells and monocytic cells were found in sple€igres 5B,  MDSC, ow cytometry was used to access the PD-L1 expression
under TEM. on surface of MDSCs and the subsets from bone marrow of each
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FIGURE 5 | The presence of MDSCs and the subsets in spleen(A) The graph showed the percentage of CD11iC Gr-1C MDSCs in spleen after 1, 3, 7 day
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group. Figures 6A,Bshowed that the surface expression of PD-PD-L1 on MDSCs from spleen, where the cells exerted immune
L1 on MDSCs from BM was upregulated to a signi cantly higherregulating function. The surface expression of PD-L1 on MDSCs
level than Sham group on day 1 after CLP, while on day 3, thiom spleen had similar tendency with the cells from BM, though
expression diminished. The data indicated that the peak of PDthe statistical di erences were not signi canEigure 6C). The

L1 expression on the surface of MDSCs appeared on day 1. Bathotein level of PD-L1 in PMN-MDSC from both BM and spleen
PMN-MDSC and M-MDSC had more percentage of PDEL1 of CLP mice were remarkably higher on day 1 than those of Sham
cells in CLP group than those in Sham group. Furthermore, irgroup (Figures 6E,f. The immuno uorescent double staining
CLP group, PMN-MDSC had more percentage of PBELdells  shown inFigure 6Gpresented that the Ly6G cells (the speci ¢
than M-MDSC on day 1, but had no signi cantly di erence with marker of PMN-MDSC) from BM were remarkably less in CLP
MDSCs. This result suggests that PMN-MDSC is likely to be thgroup than that in Sham group on day 1 after surgery, whereas
dominant subset expression of PD-L1. Thus, we investigdted t PD-L1 level was obviously higher in the CLP group at the same
MRNA level of PD-L1 on PMN-MDSC from BM especially ontime. This experiment well-combined the quantity of PMN-
day 1. The result showed that mMRNA level of PD-L1 in CLPMDSC with the expression of PD-L1, to illustrate the overall
group was also signi cantly higher than that in Sham groupincreased expression of PD-L1 on day 1 despite the decreased
(Figure 6D). In addition to BM, we measured the expression ofnumber of PMN-MDSC. In spleen, the expression of PD-L1
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FIGURE 6 | PD-L1 is upregulated on MDSCs especially PMN-MDSCs in septimice. (A) Surface expression of PD-L1 on MDSCs and the subsets from BMmday 0,
1, 3 after surgery.(B) Representative ow cytometry graphs of Surface expression bPD-L1 on MDSCs and the subsets from BM(C) Surface expression of PD-L1 on
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were obviously higher on LyBG cells in CLP group on day isolated, and co-cultured with healthy mice-derived splgries

1 either, whereas LyB8G cells were not decreaseBigure 6H).  in which T cells were activated by anti-CD3/CD28 microbeads
The results above strongly demonstrated that PD-L1 on MDSC#¥%Ye observed that though PMN-MDSC from Sham mice had
especially on PMN-MDSCs, was upregulated at a very early stag@me ability to inhibit the proliferation of T cells when the

after sepsis. proportion of PMN-MDSC was high, PMN-MDSC derived
from CLP mice gained a stronger ability of inhibition in a

The Increase in the Number of T Cells Is ratio dependent manner, the di erence was signi cant between

Inhibited by PMN-MDSC From CLP Mice the two groups when the cell ratio was 1/Eigures 7A-Q.

The results above suggested that PMN-MDSC might be th€ollectively, we demonstrated that PMN-MDSC which expressed
main subset exerting the suppressive e ect via PD-L1. Thus, tbigh level of PD-L1 after CLP exhibited immunosuppressive
verify whether post-septic PMN-MDSC possessed suppressipeoperties that limited the increase in the number of T cells in

activity, BM PMN-MDSC from both group on day 1 were septic mice.
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DISCUSSION with high PD-L1 expression, especially PMN-MDSC, may exert
immunosuppressive role by inducing T cell exhausting through
The present study demonstrated that PD-1 was upregulatedD-| 1/PD-1 axis from a very early stage of sepsis.
on spleen CDZ€ T cells and CD& T cells during sepsis, Polymicrobial sepsis induced by CLP surgery is a
which represented the immunosuppressive state of CLP miceommon model because it closely mimics the progression
The quantity of MDSCs was low at the early stage but lateand characteristics of human sepsi€)( According to the study
continually increased to a higher level than normal in botkl B conducted by Daniel, we ligated around the medium of cecum,
and spleen of CLP mice. PD-L1 was upregulated on MDSCand punctured using a 22G needle to establish a mid-grade sepsis
especially on the main subset, PMN-MDSC, from CLP mice amodel; the survival rate in this study was 36.84% after 7 day of
an early stage of sepsis, which could enhance the suppresssepsis, consistent with the previous study where the surxatal
e ect of the cells. Finally, the increasing apoptosis and iiteib  of mid-grade sepsis mouse group was around 40% {Though
proliferation of T cell reminded that sepsis-induced MDSCsthe CLP model was regarded as a golden standard model for
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sepsis, little study has testi ed the model according to nepsgs  in ammatory responses; however, long-term presence of MDSCs
de nition (sepsis-3) from 2016, where the sepsis was rede neduppresses the host's immune system, and increases suditgptibi
as life-threatening organ dysfunction caused by a dysetgdl to infection (43). Hollen observed that MDSCs kept elevating
host response to infectior2{). Here, we demonstrated that at in sepsis survivors for at least 6 weeks after infection, Iy o
least two organs (such as heart and liver) were impaired aftélDSCs obtained 14 days and later post-sepsis had a signi cant
CLP, and proved that the model conformed to the new sepsisuppressive function4{). In the current study, we counted
de nition. In addition, the spleen which was an important the number of MDSCs in BM and spleen, and observed that
immune organ of CLP mouse, remarkably enlarged over timehe number of MDSCs from BM was small on day 1 post-
where the physiological activation of immune cells should b&€LP while increased signi cantly to a high level on day 3,
paid great attention to. which is considered entering the late stage of sepsis. Though

The spleen plays an important role in responding tothe percentage of MDSCs was much less in spleen than in BM,
infections. A higher percentage of immune cell depletion waand early decline was not remarkable, the amount of dynamics
detected in the spleen of septic patients compared to other argamwas similar. The results were essentially consistent with the
(30). Specic subsets of lymphocytes may be more vulnerableutcomes observed by Brudeki that the quantity of MDSCs was
under such conditions. Zhou demonstrated in a research thaamall at the beginning of sepsis, while increased over 75% of
the splenic CDZT cells reduced over 3 days after CLP)(In  BM cells 6 days late). What's more, our study counted the
the present study, the apoptotic cells increased in spleen oveumber of the two major subsets of MDSCs: PMN-MDSC, the
time, and were signi cantly higher at day 7 (late stage of ®ps dominant subset, had the similar variation trend as MDSCs,
than those of day 0 post-CLP. The two main subsets of T cellg) the meantime, M-MDSC kept elevating after CLP. Several
CD4C, and CD& T cells, both reduced after CLP surgery, andstudies have demonstrated that these two subsets owned thei
CDA4C T cells decreased from an early stage while Cl0&l not  di erent mechanisms in sepsis, mostly because PMN-MDSC was
signi cantly reduce until day 7. The apoptosis of splenocytes a more like neutrophil and M-MDSC was close to monocydé-{
speci c T cells enhanced the dysregulation of immune systém al8). The slight di erence was that PMN-MDSCs in our study
CLP mice. were higher on day 0 than on day 1. We made an assumption

The co-inhibitory receptor PD-1 maintains immune that a group of cells sharing the same phenotype as PMN-
homeostasis by negatively regulating T cell survival).( MDSC, but with proin ammatory role, such as neutrophils,
Brahmamdam once reported that the anti-PD-1 antibodymight be mobilized from BM to other tissues on day 1 post-
could prevent sepsis-induced depletion of lymphocytes andepsis, so the quantity of PMN-MDSC in BM seemed lower
improve survival 83). Therefore, we detected the expressiorthan day O.
of PD-1 in spleen and observed that PD-1 in spleen tissue Lu C observed in their study that PD-C1 MDSCs were
of CLP mice increasedh situ during sepsis. Then specic higherin tumor situ, and BM MDSCs were essentially PD-L1- in
subsets of T cells were targeted, and the expression levalsnor bearing mice49). But unlike tumor, a lipopolysaccharide
of PD-1 on CDL and CD& T cells were upregulated but (LPS) induced sepsis mice model established by Landoni showe
negatively correlated with their quantities. These resulere that BM MDSCs already had the potential to inhibit T-cell
consistent with the previous studies4). Comprehensively, proliferation (50). We observed in this research that, though
PD-1 increased from a very early stage on spleen T celtee number of BM MDSCs on day 1 post-CLP was lower than
particularly on CDL T cells, which induced the apoptosis of T on day 0, the surface expression of PD-L1 on BM MDSCs was
cells. In the late stage, the e ect accumulated and conteud  upregulated on the emerged cells at an early stage of sepsis,
sepsis-induced immunosuppression. which may be associated with the activated suppressive role

PD-L1 is a well-known ligand of PD-1. Blockade of PD-of BM MDSCs. However, the expression of PD-L1 returned to

L1/PD-1 axis has been used in several disorders, such asow level at day 3 while the number of MDSCs increased.
cancer and infection35-37). PD-L1 is expressed extensively onThe phenomenon suggested a possibility that the underlying
immune cells, including B cells, macrophages, DCs, BM-dérivemechanisms of immunosuppressive function of MDSCs induced
mast cells etc 38). Von Knethen observed that PD-L1 was by sepsis might be changing over time. The suppressive role of
upregulated in the liver early after 1 day post-sep3#.(MDSCs MDSCs onset at the early stage of sepsis might be played through
are pathologically activated and specialized immunosuppressaupregulation of PD-L1, while the increased MDSCs later might
which can control the functions of other immune cells incing  be activated in other ways.
T cells ¢0). The suppressive activity of MDSCs is mediated by PMN-MDSCs, the most abundant population of MDSCs
nitric oxide, S100A8 and S100A9 proteins, etd)( Recently, in both mouse and human, share many morphological
PD-L1 was reported as a novel marker on MDSCs to mediatand phenotypic characteristics of neutrophils, but are
the immunosuppressive functiont®). In the present study, the immunosuppressive 5(1). Recently, Tsukamoto demonstrated
expression level of PD-L1 and its immunological role on MDSCshat M-MDSC from spleen exhibited higher expression of
and the subsets were investigated. PD-L1 comparing with PMN-MDSC after sepsis?. However,

The myelopoiesis-biased process triggered by in ammatioin another study, Fu discovered that MDSCs, particularly
increases the generation of not only mature myeloid cells, b PMN-MDSCs, increased after emergency myelopoiesis of
also immature myeloid progenitors and MDSCs. MDSCs wilpulmonary hypertension, and PD-L1 expression was elevated
be recruited into in amed tissues where they suppress acuten circulating PMN-MDSC from patients with pulmonary§).

Frontiers in Immunology | www.frontiersin.org 12 July 2020 | Volume 11 | Article 1299


https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
https://www.frontiersin.org/journals/immunology#articles

Ruan et al. MDSCs in Sepsis-Induced Immune Suppression

Emergency myelopoiesis including granulopoiesis representisat the suppressive activity of MDSCs, particularly PMN-
a physiological response of the immune system to infectioMDSC, was mediated by PD-L1/PD-1 axis at an early stage
after sepsisH4). Thus, we not only detected the number of the of sepsis.
subsets, but also investigated the expression of PD-L1 on the Our study has not only revealed the PD-1 expression in
two subsets of MDSCs. Finally, though PD& tells increased spleen, but also demonstrated the timing of PD-L1 emerging in
on both subsets from BM, the positive percentage was highé&DSCs after sepsis. Thus, a precise immune modulation therapy
on PMN-MDSC than on M-MDSC. The result was di erent administered earlier more than current treatment opinions to
from what Tsukamoto found in spleen. Hence, we then focusedhaintain low count of MDSCs or block PD-L1/PD-1 axis after
on the expression and function of PMN-MDSC. The mRNA,sepsis may be promising for better prognosis.
surface and protein level of PD-L1 on BM PMN-MDSC were There are several limitations in this study. First, we did no
all relatively higher after 1 day post-CLP than post-Sham. Thelarify why initial percentage of MDSCs was higher than that
results suggested that the onset BM PMN-MDSC with highof day 1. According to our assumption, further studies are
PD-L1 might already have the suppressive role. Though theequired to investigate the role of cells sharing similar pitgpe
total volume of protein was same for each group in western blovith  MDSCs and separate the real immunosuppressive
experiment of BM PMN-MDSC, the results showed that thephenotype of MDSCs, PD-L1 may be the critical biomarker.
protein level of housekeeping geteactin, was especially lower Second, the molecular mechanisms regulating the PD-L1
in CLP group on day 1, whereas PD-L1 protein was signi canexpression and the immunosuppressive mechanism of MDSCs
overexpressed in the same group within every replication. Thim the late stage of sepsis were not demonstrated in this
phenomenon suggested that in the acute stage of sepsis, whatndy; the increased MDSCs must be further investigated
housekeeping proteins could be a ected as well, the control foto elucidate the mediators of suppressive activity over the
variations in protein loading might require new technologjie whole progression of sepsis. Finally, the immunosuppressive
e.g., total protein stain. function of M-MDSC was not manifested in this study, because
In addition to BM, the signi cant overexpression of PD- the amount of M-MDSC was so small that made it di cult
L1 on PMN-MDSC from spleen on day 1 post-CLP furtherto extract.
strongly supported that the suppression role of PMN-MDSC
through PD-L1/PD-1 occurred from very early after sepsis.
Thus, in a following experiment, PMN-MDSC on day 1 post- CONCLUSIONS
CLP were extracted and co-cultured with T cells. Though
we observed that the proportion of responding T cells wasn conclusion, sepsis-induced immunosuppression is initlate
low when only stimulated by mouse T-activator CD3/CD8from a very early stage, represented by apoptosis of splenocytes,
microbeads, the results still veried the hypothesis that BMdecreased CD# and CD& T cells, and a high expression level
PMN-MDSC with high PD-L1 from day 1 of CLP mice had a of PD-L1 on MDSCs. PMN-MDSCs, the dominant subset of
signi cant immunosuppressive role of T cell proliferation than MDSCs, play an important suppressive role through PD-L1/PD-1
those with low PD-L1 from Sham mice. The result indicatedaxis at the early stage of sepsig(ire 8).

FIGURE 8 | The summary of the study. Sepsis may induce an immunosuppreson state, resulting in MDSC expansion. Upregulation of PID1 on MDSCs is ligated to
increasing PD-1 on T cells and inducing the T cell apoptosis.
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