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Research advances in Staphylococcus-host immune system
interactions and immune evasion mechanisms

FU Bin'", LI Mingzhu'*, SONG Shujia', LI Fuxing', CHEN Jiale!, SHANG Shuangjie',
WU Youcong"?*

1 Integrated Lab of Pathogenic Biology, School of Basic Medical Sciences, Health Science Center, Dali University,
Dali 671000, Yunnan, China

2 Department of Medical Microbiology and Immunology, School of Basic Medical Sciences, Health Science
Center, Dali University, Dali 671000, Yunnan, China

Abstract: The dynamic interactions between Staphylococcus and the host immune system
determine the diversity of the pathogenic characteristics of Staphylococcus. During the invasive
phase of infection, Staphylococcus breaches the host’s innate immune barriers by releasing
a-toxin, proteases, and superantigens, which compromise neutrophils, degrade complement
proteins, and induce hyperactivation of immune responses. Following invasion and
colonization, Staphylococcus establishes physical barriers through biofilm formation, evades
immune recognition by generating small colony variants (SCVs), or infiltrates host cells to
escape immune clearance. In acute infections, the pathogen exhibits aggressive traits via
virulence factor secretion, whereas during chronic persistent infections, it adopts passive
defense mechanisms through immune evasion. On the basis of these mechanisms, novel
prevention and therapeutic strategies must simultaneously inhibit virulence factor production
and block immune evasion pathways. Integrating our previous studies, this article systematically
reviews the Staphylococcus-host immune system interactions and immune evasion mechanisms,
aiming to provide insights for combating staphylococcal infections.

Keywords: Staphylococcus; host; interaction; immune evasion
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20 1 v B LAY SRz o s TEREAMR 22
A2 1 Tt m] G5 fid v P 40 S 4175 4 ) (neutrophil
extracellular traps, NETs), i %A1k ¥y i n] 3 B&
ROS, ¥R TR EAFH . 1Loh, SA 774
A EZE I (membrane vesicles, MVs) ANV A 1% 5
R UG H RAS &AM E & e dARE Ly
G IR 5 32K 3 (nucleotide-binding
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containing receptor 3, NLRP3)ARJE/MA,  HE i fir
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PEZR(E 1) Hla B FEHSRLES RS
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BRI IS R ANMAET . AR, R R
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WAL EE AL I RE V1% Hla MOFLERILE, FLIEH:
FEHIE D EEBR Y SA FE/IN BB IR e Jirb % i 4 A
R R B 2 O B E T BRAE R A A,
Hla 38 33 ADAM10 AR 8 A2 0 il i o7 A e o
Teymournejad ZEU8% B, SA (USA300)%3 1% Hla
AR E S T 40 AR SR AR I R, T
Ahla Z&ZERRIRGY AT 3056t Hla 4719 g S il
YEH, 3 @8I IL-17A | TFN-y 52 /KF K i
WP T gl (regulatory T cells, Treg)i5H . 2Ll
Mo, Lee S5!"VEIL, Hla S B WA ez
ISR EE, HAT B ICIZtE T s,
$E7 Hla 38 25 30 470 st A S5 T 240 60 i 555 4
JEICIZIE R

Panton-Valentine % [ 4l Jifd # & (Panton-
Valentine leukocidin, PVL)H LukS-PV FI LukF-PV
X 2 BT IEL AN, 8 R SR A A e AR T
P RMA 53 C5a S HAZ A CSL2 51k ZIE A% T 4
Jitd(polymorphonuclear leukocytes, PMN)FI M®
4. TR A IEA RS BRI, FEtbxt
PVL {EFEA M Z P, LukS-PV W FEBE £ b
PEHIT C5aR 3Rk my FIAIMERE (245 PMN
Gr2*4iiffl & CD11b*BAZ 40 M), X} C5aR fK3&
IKH) CD19* B bk U 4 A 3 R LR 52 Ak 400 it 75
PR v 51 E ABC (gamma-hemolysin ABC,
HIgABC)# % i1 HigA . HlgB. HlgC W 3y i 52
A1, b HigA ATRIEFEGI C5aR K C-X-C Jk
PRtk 734K 1 (C-X-C motif chemokine
receptor 1, CXCR1),C-X-C FfF#afb R+ 321k 2
(C-X-C motif chemokine receptor 2, CXCR2),
C-C 37 4 bR 75214 2 (C-C motif chemokine
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Staphylococcus
IMVs
..ig ( ‘,ﬁi & f’ fg\‘\)
' ! i 4 :
Hla PVL HlgAB HlgCB LukED LukAB
AMADI0  C3aR C5L2 CXCRI CXCR2 CCR2 HVCNI CDl11b CCRS
D Hia Lo
_ i Na*
e A\ [/ Ca
B (: ( Y ‘—
AMADI0 /W Gemotic
: ) Lo K Imbalance
1. Monomeric 2. Monomer-target 3. Pre-pore oligomerization 4. Integration and
toxin secretion interaction opening of Ca*
Overload

functional pores

1 BEKXERASREARANFER MV JKEE; AMADIO: EBEEXME/REMN 10; Hla:
a-#FILE s PVL: AR ; HIgAB: y-#IM3R AB; HIgCB: y-i#¥ 113 CB; LukED: FIAIE#H:E ED;
LukAB: 4R AB; CSaR: #MA C5a Z{k; C5L2: #MA CSa Z1k#F 2; CXCR1: C-X-C HJFi#aft
¥k 1; CXCR2: C-X-C 7L T2 2; CCR2: C-C BEJ¥ bl 7324k 2; HVCNL: SH/E
%1818 1; CDI1b: Z3Ef% 11b; CCRS: C-C BEJF#fLH 15214 5.

Figure | Mechanistic model of pore formation by Staphylococcal pore-forming toxins (PFTs). MV: Membrane
vesicles; AMADI10: A disintegrin and metalloprotease 10; Hla: a-hemolysin; PVL: Panton-Valentine leucocidin;
HIgAB: Gamma-hemolysin AB; HigCB: Gamma-hemolysin CB; LukED: Leukocidin ED; LukAB: Leukocidin
AB; C5aR: C5a receptor; C5L2: C5a receptor-like 2; CXCR1: C-X-C motif chemokine receptor 1; CXCR2:

C-X-C motif chemokine receptor 2; CCR2: C-C motif chemokine receptor 2; HVCN1: Hydrogen voltage-gated
channel 1; CD11b: Cluster of differentiation 11b; CCR5: C-C motif chemokine receptor 5.

receptor 2, CCR2)Z5H#4MLIN T2 4K, FIHT7Z  LukAB fEiiid CDI11b A4H 2R 41 (dendritic
132 AR S5 AR, Y46, HIgABC XF CD11b*  cells, DCs), i 5 5 i Fn L il s 1455,
BRGNS s S A B S AR R IR KA TG HEMIIIH] CD4T T MR AIE fL 51558 ; LukAB iF
EMIENE % T EXAEIL CSaR AU NK 4108 TS L BERABEN T R P st T iR 1%,
A B RGN, R HAERATRESIE 938 DCs FET-. HAF Imain®%6 &8, CD11b
Z M7 R iR S Bt LukAB /5381 HVCN1 24K & 540 i 55
4008 % AB (leukocidin AB, LukAB)iE 1,4/~ HVCN1 /& LukAB YJRE A RZ O IR 067 Ao
115 PMN £ oM/P2 BAEZZIKCDIL) 1.2 SSL EAFREMREIEIEER
5L, HSRHIET-P, Perelman Z5PY % B, SA SSL H 2544 [RIEH IC AR T TG AY 14 7>
CC30., CC45 7=/ LukAB M RES AEWEANMEAT  RLbA 4l i, 280 SSL i i #E ) S B TT / F fufis
B 4 gk S IR J3SHE 1 (hydrogen ki, SSLS5 I SSL11 nJBHWT PMN i P-2$%
voltage-gated channel 1, HVCN1)ZAZE 4, 5l ZWE AR 1 (P-selectin glycoprotein ligand-1,
EAMZR, RS T 4 HVCNL K31k, (5 PSGL-1)'5 N4 P-ReB XA EEAE/, ikl
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W E—4E 7R, SAgs BEIEINT PMN F1 MO
i CD14, CD40 & CD86 [IFRBKFE, WA
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T Thl 4T, IEIHLAR S I flR
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Y, JEEf B A0 MO BB B a4 & SPA
FA7, B ENH B 40Xt H Al SA By
g i B [RIEF, SPA 5 IgG 9 Fe/Fab 2]
S G R MR S A, BRI S VH3Y
B 4IRSt s M HALEE & Fe Buibf, AIBHIT 1gG
ANRALSAMA Clq Z24E, B EMHIAMAN T
AREERP g — LR B, SPA Al G
APC b P R -, I 2 55 50 Wi
Treg 4k ; 4FHWT APC 1 PD-L1 {5 Sl 5 ,
SA 53 Treg M5 H: W EH], $&/R SPA 1
Rl L PD-L1 1553 B% 4% Treg 404k , 4
il T 4iBE R, A FIF SA M fesE ki,
1.4 {RZEMEE Nuc (R R E IR

PMN i 13 & i NETs i $k 4 2 ER % . NETs
i DNA ., 41851 . Pk 85 R o A s e,
FERLAT B SA =4[ PVL #1 HIgAB FiiF%. SA
ST A% TR i (nuclease, Nuc) ] i 1< 7K fi# NETs [
DNA ‘B Hepfp Hos a5k, 58I SA PRk PMN
FHFREY Sultan PP, Nuc 7E SA (USA300)
AEPETE R  m Rk, R R
DNA BB TLRO /™36 il . ok, Nuc
¥ DNA [ b B AR — R (deoxyadenosine
monophosphate, JAMP)J5 , I & i A (adenosine
synthase A, AdsA)i—EAEHEE bR I R TT
(deoxyadenosine, dAdo), dAdo il i i MR 1 52 4
fih Az - e R ATl -3 (caspase-3)YHCRM: I8 T3 %
HAEET MO BIFIESET:; [FIEF, AdsA &AL
He B 4R S (deoxyguanosine, dGuo), #H—E1HE
SRANETEREYE, I Mo FET- R (K 2).
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, 0,0, 0,0, 0, 0, 0, O o, 0, 0,0, 0, 0, 0, 0, !

Basal layer
%
w0 Staphylococcus
[
LI :
® - o8 y ) °
@ © : 0L
® g 2 @ P Pos
. L@ . . B w s Lo, & TdAdo
e° . o PMN G AdsA 1
LIPS NETs
L %
B ) ' ¢ _
'if?" f\\) M
S . i l
B-cell
~ N\ « g’wf%ﬁ
o | B &3’7’& Apoptosis
DC T-cell o Treg

2 AEHKENEERERGNESRE A HIUSHFEUREEAE-MHC E5Y)'5 T 4iE2
R & T AN RERESE ; B: #iAIERE & A 1t B A2 ARCHGA S B difkes, HemE 5
51k B MMIRSEVERI T ) Treg /v H9 T AEMH; C: BEIRMEKf# NETs AL AT — R, 5
BRAT G A JE[FEFE R A BB AUIRTT , 55 MO 17, MHC-1: FEALHMAENE S 125 F; MPO:
B A ALY ; AhpC. bited EALEIL R C W ; ScdA: BRIREBEE; Sags: HHTJE; SPIN:
W R E ALY HR) ;. PMN: 2R A 401 ; Treg: 1ML T 400E; DC: WIOIRANNL; AdsA:
WG As NETs: PR i i i sl 3R
Figure 2 Active attack of Staphylococcus against the host immune system. A: Superantigens (SAgs) bridge
antigen-presenting cell-major histocompatibility complex (APC-MHC) with T cell receptor (TCR) to induce
T cell clonal exhaustion; B: Staphylococcal protein A (SPA) triggers B cell exhaustion via B cell receptor
(BCR) cross-linking, while its immune complexes simultaneously initiate B cell necroptosis and
Treg-mediated suppression of T cells; C: Nuclease (Nuc) hydrolyzes NETs to produce deoxyadenosine
monophosphate (1AMP), which cooperates with adenosine synthase A (AdsA) to generate deoxyadenosine
(dAdo) driving macrophage pyroptosis. MHC-1: Major histocompatibility complex class I; MPO:
Myeloperoxidase; AhpC: Alkyl hydroperoxide reductase subunit C; ScdA: Iron-sulfur cluster repair protein;
Sags: Superantigens; SPIN: Staphylococcus peroxidase inhibitor; PMN: Polymorphonuclear leukocyte;

Treg: Tregulatory T cells; DC: Dendritic cell; AdsA: Adenosine synthase A; NETs: Neutrophil extracellular
traps.
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Figure 3 Biofilm-mediated immune evasion in Staphylococcus. Biofilm formation leads to local hypoxia and
lactic acid accumulation, driving granulocytic myeloid-derived suppressor cells (G-MDSCs) and M2 macrophages
to synergistically release IL-10, thereby establishing an immunosuppressive microenvironment; Biofilm formation

physically blocks phagocytic attacks, reduces the possibility of complement-antibody binding, and impairs the drug
penetration. DC: Dendritic cell; M2: M2 macrophage; G-MDSCs: Granulocytic-myeloid-derived suppressor cells.
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fitd 7 BE 5 (extracellular matrix, ECM)al A= It A
Wi iniRe LS A, S R RS A
YRR B, PIA AJ B i = 4E AR S5 F ok
9 JELRH 2 4345 3K (pathogen-associated molecular
patterns, PAMPs), Ji/> e BREE 11 S AMA C3b A9
DURR, DA e 3 e ge b Ut (& 3). fEAEY
A I e ki fE v, ica BRYNFHYRIBI
FEHAROHAL, Wu FORER, T ER
i 25 F 5% 22 4% (vancomycin resistance-associated
sensor-regulator system, VraSR)ifi il ica 4% 1E
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EWIIE N, 4 vraSR BRI RET, PIA 4 ik
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Az, X T 1T R AR A R T e T B I A
FERLN, K SCVs B3t 1 A TA715% 13R85
Painter 7L B SCVs X vh 7 4 e S Ak
R BARPTRE ) B35 o THFAE R, X nlREZ
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A BTGB Af R L . A, Wong S5721FIH
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RERSIOG 1A FHEfRAS, THis ROS KK, #E1
5 P2 AR E AR 1 (receptor-interacting protein
kinase, RIPK){HHi (1) SR SEA% 6 T- (necroptosis) ;
FA, HEIRFEHAE TR S et T SCVs 1Y
EECS e, [FBt SCVs it i fumC LR %
ORISR E DIREREE, s SR RN S
frsillgk, e, Kittinger 28735 o 6 K 23 B
I 5 SR Bk Y SA-SCV (thymidine auxotrophic
Saphylococcus aureus small colony variant,
td-SA-SCV)#E AT K HANEE , & B 12 #% td-SA-SCV

A 7 R ELRAI R E IS, L8 SCVs B R
P IR R ) Bh A PR A A7 R W 0 A= 2 ek

6 FF BT EN R

I I 2 I 4 L35 5% L P i D A ) AL
il 38 3 T B b A W I Bl A R PR TR AN o
SA (ATCC29213)/2 4% M® J5 A BH KT [ 18 i
I B B R ARAE IS B, 22 F s
TR b 3 B PN TR R L T, TESE H R
WREGF T MR G, PR EY,
X FEATRE S Agr FEAEN R G0 PE A G .
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W ARAIG pH PR35 T 0] 1 agr RGE 3 k DL 4EFREA7
W, HoWH Ha SKBEHEMATED o
(phenol-soluble modulin alpha, PSMa)R] BE /3B
O A kA WA, BEAMIBT R . SR,
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SRR AR R & 1 (lysosome-
associated membrane protein 1, LAMP-1)[H 4
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GraXR ST S0 , A5 LT 52 470 1 Ok S 250
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WE) SA Ji i & TH FE ) 20 W AN LR 75 2 1
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MAM5E 5 8 15 B B (AMP-activated protein kinase/
extracellular signal-regulated kinase, AMPK/ERK)
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SA RNIRGL | REHCFRE AR,
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B AR ROS, AlES LC3 AHC A W fE
(LC3-associated phagocytosis, LAP), $#f SA fi %%
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il ROS A JiA, LC3 JoikfliE B AmEifps, 42
/R ROS J& LAP MY HFESH+; m
ATG5/ATG16L1 XU FR 5 AL Al 58 42 BN LAP i
B, FELC3 bR iy w48 EcR B 2w, I
R4 e F R PURGLRE T, IESE LAP
SA FEHECHEAE AR IR EE . Mulcahy SFPUF5E &
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a5, HEMPrM TR T bel2, mell #
bel2al s /KF-Th i, X S8 A i i i Zeokr
A B AR Ak 1 BELIT e R 44 -3 (caspase-3)ii
IELDE T AL T, MIMAEE SA /Y N3 5E
BFE(B 4) 594k, SA FE AR 20 M B9 A7 i
FE 77 3 2% 9 T 458 [ 6 BH 1 4 %8 BR 19 (coagulase-
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Figure 4 Intracellular survival and phagocytosis-mediated spread of Staphylococcus. A: Staphylococcus
induces PMN to synthesize ITA to counteract ROS generation and suppresses mitochondrial ATP synthesis; B:

SCVs reduce virulence and enhance adhesion-mediated internalization to evade host immune surveillance; C:
Staphylococcus achieves intracellular survival and proliferation within phagolysosomes, disseminating

through phagocyte migration pathways.
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