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Abstract This study aimed to compare the functional characteristics and ex vivo survival of distinct neu-
trophil subsets, and to evaluate the effects of an optimized culture system on neutrophil viability, functional mainte-
nance, and the efficacy of granulocyte transfusion. The study employed flow cytometric sorting to isolate CXCR2"
and CXCR2™ neutrophils derived from mouse bone marrow. Single-cell transcriptomic analysis was performed
to compare functional features and cell death-related pathways between the two subsets. Phagocytosis assays and
ROS (reactive oxygen species) measurements were used to assess effector functions. An MSC-conditioned me-
dium plus G-CSF culture system (MSC+G) was further optimized, and its effects on neutrophil survival, apoptotic
status, functional maintenance, and post-treatment survival after 24 h of culture were evaluated. In addition, using
a cyclophosphamide-induced neutropenic mouse model, both total and subset-defined neutrophils were examined
for in vivo recruitment in an LPS-induced pulmonary inflammation model and for antibacterial protection in an F.
coli (Escherichia coli)-induced pneumonia model. Single-cell transcriptomic analysis showed that, compared with
CXCR2™ neutrophils, CXCR2" neutrophils were significantly enriched for chemotaxis, migration, and phagocyto-
sis-related pathways, while pyroptosis-, inflammasome-, and ferroptosis-associated pathways were also markedly
activated (P<0.001). In vitro functional assays demonstrated that CXCR2" neutrophils exhibited significantly high-
er phagocytic positivity, phagocytic index, and ROS levels than CXCR2™ neutrophils. Under conventional culture
conditions, the survival rates of CXCR2" neutrophils on day 1, 2, and 3 were 27.4%, 12.3%, and 4.3%, respectively,
which were significantly lower than those in the optimized MSC+2G group (i.e., a culture system combining the
supernatant from 3-day-cultured mesenchymal stem cells with G-CSF and GM-CSF), whose corresponding sur-
vival rates were 84.7%, 81.8%, and 77.5% (P<0.05). The MSC+2G system continuously preserved the phagocytic
activity and ROS-generating capacity of CXCR2" neutrophils, with effects comparable to those of the CLON-G
culture system. After 24 h of MSC+2G treatment, CXCR2" neutrophils maintained survival and functional status
close to those of freshly isolated cells even after transfer to conventional culture conditions. /n vivo, total neutro-
phils cultured in MSC+2G for 24 h retained substantial recruitment capacity and antibacterial activity, with no
significant differences from fresh neutrophils or CLON-G-treated cells. Further subset analysis showed that, in the
LPS-induced pulmonary inflammation model, the absolute number of MSC+2G-cultured CXCR2" neutrophils re-
cruited to the lungs reached 3.2x10%, significantly higher than that of CXCR2™ neutrophils (5x10°, P<0.000 1). In
the E. coli-induced neutropenic pneumonia model, MSC+2G-cultured CXCR2" neutrophils significantly increased
the survival rate of recipient mice, whereas no significant improvement in recipient mouse survival was observed
in the CXCR2™ group. The study concludes that CXCR2" neutrophils possess stronger immune effector functions
compared to the CXCR2™ neutrophils. The optimized MSC+2G culture system significantly prolongs their ex vivo
survival while preserving both in vitro and in vivo immune functions, with an overall performance approaching that
of the reported benchmark culture system, CLON-G. The combination of CXCR2" neutrophils and the MSC+2G
culture system provides experimental and theoretical support for short-term neutrophil preservation and effective
granulocyte transfusion, with potential relevance for the management of neutropenia and severe infection.

Keywords  neutrophils; CXCR2; mesenchymal stem cells; GM-CSF; granulocyte transfusion
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T-41 i (mesenchymal stem cell, MSC)£5 7% il 78
— B FR L b AR 7 R A PR T 4R L DR AE
BRI E, MSCH; 77 LRIk G-CSF) Siig al it —
A S P MR AR S MR PR RO U BT
KW TR S G HF R T R, B AN 1%
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2 HE S - CIFMS2021004-EC-2).
1.2 FERFIFNEE
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NEER AR AR A ; Q-VD-Oph(H 5 :
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oyl AR ER [170(heat shock protein70, Hsp70)( Tt
51 ab113187) H ¥ [ Abcam A 7 ; 52444 H.EH
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oY BN B AR B BRI, AR 4E S
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Expression Omnibus, GEO): GSE137540; /I i ¥
££: GSE137539]. JEWFFt 4 id i & 4% (quality con-
trol, QC)J5 315 19 5824 = i &4 fig, Hd12 2854
H PRI B T o0 b TR EERE A T BRI AR FE K
WRE, SHE CRERATH . Bk
i JFAE K Cell Ranger v2.2.05¢ 5, N/ Hr7E
R v3.5.23F 55 i i F Seurat v2.3.451Monocle v2i#E4T .
2 Cxer2FiEKCF 3 R AN T 0 21, HREAS[F) 36
IS AE a1k (chemotaxis) IE#% (migration). W &2
YT BE TR DI B P IR 2
1.5 Ak 2R INE IR R Th BEAS

SR FHHE HUWE 45 S v A 0 5 A0 M B o i S
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ORI, LR R N RERG I
TR W BH PR 2 A AW B 5. ROSHE K ] DCFH-
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Nt 18] 78 5t 40 B AL AKX 22 P3, Rl B 20 80%
L2285 2 CALEE 3 h, 4RS84 597 3 dJE R 7% =
7%, 3 000 r/min '3 i 550 10 min)5 e i, T—20 °C
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3 37 (MSC-3d) 2 Hh e 40 i i 1 25 R B i,
J5 SRS FE R FAMSC-3d i .

WIS IR N RPMI 1640, 478 15% 3K TE
FRAFMEM 1% EHF R -HER. /D REBERIE
[0 AR 43 B o VR A B SN R, BEERLH RS IR
%, MSC-3d. MSC-3d+G-CSF(MSC+G). MSC-
3d+GM-CSF(MSC+GM) & MSC-3d+G-CSF+GM-
CSF(MSC+2G)*F 40 B A7 35 [ 520 o 40 Hi e ik i
RNIx108mL, THFRF 0. 1. 2. 3IRMMAFIE R
FERT TS, %F G-CSF K GM-CSF/3 5| % & 2.5
5. 10220 ng/mLK FERLEEHEAT G . 25 R IR, 4
MSCH;i %3 d_EiERA G-CSFAGM-CSFZ& KR JE 1) N
10 ng/mLI, X0 H AL 20 f A 1 1 2 e RO B
BRI, fE JE 85286, G-CSF A GM-CSF 24K [ )
WEN10 ng/mL.

SR [S1HI 72, R4 G/ SR R 40 s

TR %A CLON-GHE ZIFATARAGEL H1) . 755 FRE 7
FEELA E NN Q-VD-Oph(50 umol/L). DFO(1 pmol/L)+
Hsp70(10 pmol/L). NAC(1 mmol/L). Nec-1s(10 umol/L) % G-
CSF(10 ng/mL), 3L:[7]2H il CLON-G£5 773, . CXCR2"
FTCXCR2H L A0 B 4 S5l B o T FIL 7 5 (G R
#H). MSC+2G X CLON-GfA &, THiF#51. 2. 3
FAEMAFER . BT 0L BFWRIIEE & ROSA K AE
7o
1.7 ARIEFARTCIEE RS 7FE
BE 114

CXCR2'FICXCR2 H ki 4 i 53 1 B T CLON-
GEXMSCH2GHR R F1 155724 h, Bifi J5 LAPBSYEI 21K 5
HE T W IR P k80835 3 d; WS> B )5 HL
BT HE ST AR R, TSRS 1,
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1.8 /NERIERAGRARBIAIE K R A+ SK0G

PLCD45.2/INRN 244, T35 ORFNER 3K 43l I
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ST A 6 ¥ ST R MR A R S5
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ANERCR IR T e i PRI . CLON-G 15 9% 24 hi},
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AR R AEAEAE L, IRl A A7 i 42

B 3 i 25 23 BT R 5 i) % B SR, SR A
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PRI AL TR R R A O R 2 AR,
Horb ep Mok 41 i E AL % NES=2.67, FDR=9.5%107,
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H27.4% 12.3%F114.3%, 3552 EKT CXCR2 AT
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B ROS/K -2 8535 5 T CXCR2 E#E, 43 71°8(95.3%
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FiEREIE M
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1 H AN G-CSFAZAREER Csf3rfik/KF 3 & T
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A: flow cytometric gating strategy for neutrophil subset sorting; B: Wright-Giemsa staining of sorted CXCR2" and CXCR2™ neutrophils; C: GSEA
showing differential enrichment of chemotaxis-, migration-, and phagocytosis-related pathways between the two neutrophil subsets; D: single-cell scor-
ing of pyroptosis-, inflammasome-, and ferroptosis-related states in the two subsets; E: trypan blue exclusion assay showing the survival rate of the two
neutrophil subsets at different time points under conventional culture conditions; F: representative confocal images showing phagocytosis of FITC-
labeled zymosan particles by the two neutrophil subsets (red, neutrophils; green, zymosan particles); G: quantification of the percentage of phagocytic
cells and the phagocytic index in the two subsets; H: quantification of ROS levels in the two neutrophil subsets [expressed as MFI (mean fluorescence
intensity)]. **P<0.01, ***P<0.001.
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Fig.1 Characteristics of distinct neutrophil subsets
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A: single-cell transcriptomic analysis comparing the expression levels of G-CSF and GM-CSF receptor-related genes between CXCR2 and CXCR2"

neutrophils; B: survival rate of mouse bone marrow-derived neutrophils under different culture conditions at the indicated time points (compared with
MSC+2G); C: bright-field images of CXCR2™ and CXCR2" neutrophils cultured under different conditions on day 1, 2, and 3; D: trypan blue exclu-
sion assay showing the survival rate of the two neutrophil subsets under different culture conditions at the indicated time points; E: annexin V/7-AAD
flow cytometric analysis of apoptosis in the two neutrophil subsets under different culture conditions at the indicated time points; F: quantification of
apoptotic cells in the two neutrophil subsets under different culture conditions at the indicated time points. “P>0.05, *P<0.05, **P<0.01, ***P<0.001,
*HEEP<(0.000 1.
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Fig.2 Establishment of the MSC+2G culture system and its effects on neutrophil survival
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A: representative confocal images showing phagocytosis of FITC-labeled zymosan particles by CXCR2™ and CXCR2" neutrophils in the control and
MSC+2G groups on day 0, 1, 2, and 3; B: quantification of the percentage of phagocytic cells in the two neutrophil subsets under different culture con-
ditions at the indicated time points; C: quantification of the phagocytic index in the two neutrophil subsets under different culture conditions at the indi-
cated time points; D: quantification of ROS levels in the two neutrophil subsets under different culture conditions at the indicated time points. “P>0.05,
*P<0.05, ***P<0.001, ****P<0.000 1.
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Fig.3 The MSC+2G culture system sustains the functions of neutrophil subsets
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A: schematic diagram of the experimental design, P/S: penicillin/streptomycin; B: representative flow cytometric plots showing the purity of CXCR2™

and CXCR2" neutrophils after 24 h of culture; C: trypan blue exclusion assay showing the survival rate of the two neutrophil subsets at the indicated

time points during subsequent culture after 24 h pretreatment in different culture systems. “P>0.05, *P<0.05, ****P<0.000 1.
El4 TERMETHENEEFARTTIEFENEFEDSH

Fig.4 Survival of neutrophil subsets after pretreatment in different culture systems
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A: schematic diagram of the experimental design, i.v.: intravenous injection, CFU: colony-forming unit; B: validation of the cyclophosphamide-induced
neutropenia model; C: representative flow cytometric plots of donor-derived CD45.1" neutrophils in the lungs in the LPS-induced pulmonary inflamma-
tion model; D: quantification of the proportion of donor-derived CD45.1" cells among total lung neutrophils in the LPS-induced pulmonary inflamma-
tion model; E: quantification of the absolute number of CD45.1" neutrophils in the lungs in the LPS-induced pulmonary inflammation model; F: 72 h
survival curves of recipient mice in the E. coli-induced pneumonia model. "“P>0.05, *P<0.05, ***P<0.001, ****P<(.000 1.
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Fig.5 Effects of different culture systems on the in vivo recruitment and antibacterial activity of neutrophils
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Fig.6 Effects of the MSC+2G culture system on the ir vivo recruitment and antibacterial activities of distinct neutrophil subsets
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