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Abstract

Following a fracture, the initial inflammatory response may promote the healing process. However,
excessive inflammation can delay this process. To date, few studies have clearly elucidated the roles
of specific immune cells in fracture healing. Given the high clinical relevance of fracture healing com-
plications, this knowledge gap is particularly noteworthy. This review provides a comprehensive
overview of the research progress on immune cells in bone healing and discusses future prospects,
aiming to shed light on the regulatory roles of immune cells in bone tissue repair.
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1. 518

HIAE R W a0, WRAh 2R R G0R, B BEL S RER . BaifiiEL]. K2
BT B AN E BT R L e T BLEA, R, B i B RIA R EA2], HXED
B WA BT SR BCIAER, B0 7 FARILER, IERK R, 25 8 RO [3]. B
N RALR R, TTHZRZHENK ST @S AR E R RIEm4], PRy st Lt —2 7
A T A RIS B TR E I R A A R AR DL o B A

HIENEBEL - NERNZ DR, BHTEE 312 H, IR EE TR REEs N
TIAMESHAEBNBS], O BOTAMBTER . KRR SRR i R el b
2[6]. HAM. RAEF T RS HEHEEHN M B RN, REREFTEEIRE. %%
)25 5E T ECE SRR AL IR BB E IR RAKE RSt HBlSURE S, ST R,
O 2 AT LR ] e AR IR 3 S i 1 ORE A, IR HSDE TORERIFUN Sz 8]
PR 7y Se RAE G BE AR S0 M VE G e, Se RIE S Be A B ds: MR, T IRRIiE . R
M, ERR A4 (Natural Killer Cells, NK Cells)%s, & Mtk S el G145 T k40 22 B bk 4R
CABIFARM, &R E R PRI, T kLA B bk A0 AE 1 i 07 X Ik p DA A4S 37 A7 4E
S BOR AR MR A R R ], A “U TR TR T UE BOE A B AE[9]. BRIt Ak, B
WA AT T8 AR 0 T R DA B IR B4 P 2R R e AN AT I[10]. SRR BT NK AR 1 SERA
B, AHSAEGRZ T A B bk ES AR AR /0N R 3 BB T DX oA T 21 AT B T30 3 -y I, B 7e 70 1 W NK
AR MLAE BB R R AP K EE AR I [10] e AR K UM DI BB R b, 47 R SR R A [ A P 35 DA S R A 4
PR [ 7 A 52 B0 T 51 B 4T @A 1B [12] . B TSI RBIAL, G240 HIV S mT e s il
HHTIIIER A B A AN R[13].

ASOH G BB AR IR T R e - SR A AR LA IR 3 i o W et A — 25k, A
IS IRARBTT SR BB AT %, BECE A R ESIARESR, Bt .

2. BNMREAREENEATHIER

HITEE R DTS MIERE, KRS g A 2 18 2 2R A EAE A5 BAseBL[14]. BTk
R CE T LA [15], SUEEN, SOAERNLRIA A, il BITIEE . B AR LA R 1S S
B RGNS RGN — &7, (R o B B SR a5 F [16] . S Re 4 S 7 4R I X P Ah 4 il 2R 4t
PR TaBE, Ao S AL M (R A AR AN RR), I FLAE AR T B BORE LA SN 435 i
NI T BEROAE, BOAH TR R SO HL .

21. T AREEHESHHMER
T AAVENE RN R SRR, |22 SIS AR T AP B T R 5 E 7 R
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TR BCE AR B A0 I AE B F e R B A S ORI P . 75 BT A R K e B 38 T
R E) T AMHE[0]. W 7T @I b A L T 40 i sh i A Tl s, HoR T T diRfE e A
S R E R P E BRI [L7]. BRibz Ah, A0 E I AN RNA T 4T 7ok A ICE B A S
BHMEREEHLI A, RIAEEIAH T 400 e BIEMK[18]. PR IR T MEBAN =S
B B A PR AN R .

SRIM, ANFM T A RE B & A& R ERAR . IRIEREA LY LI, T 4ifunl 75h
CDA*T 21/ CD8* T 4Hfi. R DyRe 5 /IR 7328, B IWLMA BN T 400(Th). 40 E 1% T 41(CTL).
WAYE T 400(Treg)s HSUEWHICIZ T gIM(Trm)&E . BRubz 4, 847 SRRk EAM T 4i: yo T 40
M. EAARE T AM(NKT). BB CEE T 40 (MAIT) %%

2.1.1.CD8"' T HFE B M A& AMERNEH
BF 50 L AT R AR H CD8Y N T 4l (TEFF) Iz & T & & [19]. tbAh, FFFTIER I, /A
R  CD8* T AL T XN R B4 98, T CD8* T MR EEmF M @ aidit.

2.1.2. CD4" T T AHAEER A AP RIERANS

CD4*ATPE T AHi(TReg) & A %% 15 DI 1w BERHL I 20 B, JUARRAEAE T RIER AR £
CD25 Fl#%4 s [K-¥ Forkhead-Box-Protein P3 (FOXP3). CDA*VEI I T il it £ fhig4s K A% F 2 15 1F
F, Gn: 2088 - 40 B b g i AN AR Al P B Al A i 1 . A IRIRIE o, BT R A B E AN T
I TyRe Fif[20]. FEMLELAE b, B 5T D BB BORIE SEP AT 1) TEFF/TReg EL0 & FRAE A 0 3%
S2MH[21]. B4k, 4ME I CD8* TEFF/CD4* TReg WA T i 5 6 45 J5 32 40 AH 0 o ik o A7 % P14 1
BB B AT AR T, WFCE R STAT3 ml RS 58 Treg /™5 HUXTT 4 RE IHN 61T A 26 T8
Pl &[22]. B—PIRIRIE AR, RIS b FE R -3 43+ (lymphocyte activation gene-3, LAG-3)/& B A
W ThRER CD4* T 4l fbr &R, RN, KE8 37 B INE M LAG-3 + CDA* T 4Rk 58 Yk
(S R IEAOR[23]. A BT HIA SR th STAT3 7] LLAE %@ A i Hr i & UG An & . BF R E BT
CD45RA Fll CD62L [IFKIE, WGP AT T 415 CD45RA + CD62L + J7#](N). CD45RA-CD62L +
HAXIEIZ(CM) A CDA5RA-CD62L- 2 SAC IZ(EM) LA o AATTiE ik LR AT A S VR R84 3 b IR &
EH P GER A A A A E T R, RILEM EAE T ARE-SIr iR s B h Rk K, S
F RANK 0 B A, AT 2 32 -1 WS AC s 40 PR P o A, BT 5 B0R A B IR A [24] . WU R A
(Amphiregulin) 2 & i i M4l R P R B E R s M EE, EEdEE BRI 3-IE/ E DB B
(PIP3/PKB)E S %, ELIZALE et Hi 144 M (10 14 FE AN 231, AT (2 32 B 7 A [25] o 1A FE R R PE T
YHRLE B AT A T B MR E R, IR IRIRTT B TR A TR RGeS T A . EE A E T R E S B
B A, 5 E T B HH CCR8 Fric B B 52 RE ) I - 4 A0 e B 1% Treg WA, JF HA®78 7 CCL1
458 7 CCR8 + Treg 4y Hhisi M SRR B s ATF FE Sk K1 (BATF) IR IA/K -, BATF 454 2] Grn 530
T IR0 Grn B, AR5 BN E0RL & 1 HT & (Progranulin, PGRN) (HHBURL 2 11 (G rn) 2 X 4 5 1 28 11 57)
M5, M SCREE YT IR E T A [26]. &2, PLERFFER IR TS T QM5 514 5 D g
HBEMEAERTREE, IR P B AR A TR A .

21.3.y0 T ERARHEAPHIERNG

y 6 T HMIAEE @& P tUORIEERRAE M . IRRITFC R, XUBRIR HAH SC 8 SR A0 5 A S I y
OT YRR AR Z A7 5% [27] - ZhWSLIRRWT, /NRBIIE B Il SECEMI yo T AT, H& (gt
HIEAE[28].
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e LML, BiE A A E N B AE A 2 I VEF C 2% W . Dar 28 A\ FHIE A7
AN, AR B AR 2R 73 S B SRR B [28] WRALERE, Edrssm T
S1PR1 4 SH Th17 40f M b iR, JEiEid CCL20 A SHBLEIIE 58 7 e A1 @G 423 A 5. PHT
S1P J/b T RAGHAR I T A, SR, Gl AEAE AR 43T 220K B (Segmented Filamentous Bacteria,
SFB) MU AL B i AE M I T T A TR Thi7 Ky o T 4fE, Mmifeit g, "aadrisE®x.

2.2. B MREBITAS P HMERNLF

B 2 M ik AR LA AL, IR AR PUAAE PAT I S e B S e AR . B 4R
VERTE R Gl R gE b 2 A HUAR ORI, D2 UESEAE 2 Mo rh 14 A 3% 2 5 B B /R I [29] [30] 1
T B A AT I S 0 PR B B G BE Y T AR 5 ) SORE AR T SORE R ST A
IR B e T 32 (4 RF[31]. JRT, P B 4 S AE4ERRE A H RS I & &bl
MHMATER . IRPTFIRY IL-10 AR INE B H @& BE BN TSR P, mEEE s
BERWITN T B YR IL-10 70, JFREAK 7 TR B S EK-F . IWTERET 1 B 4HAE A
PER AR R R

2.3. T - ERAEBEERERTITESRRNFIFHR

Z Al 78 T4 (MSC), A E 785 T4, BA s 2 Fhaniu S anae Jy, a4 iraie.
Bl AR 4E 55 [32] [33]. MSC I W ANERE 7B, TR AAE T IO, EAEm . kR il
JH R BRI BESE[34]. MSC AT SEM 56 R G JR G0 SO B % FR G 1Y) S 2 2 RE R % R T
PEo RTENMERIE RS, 4 R/R MSC ik £ o1 40 i -5 20 4 A A0 85 el 3 14 DR (0 7= A= 4 ) 2408 T
Y1 (CDA* 1 CD8*) HIE A A FE T B AT B4 S e A R 1L [35] o ST Sl NI — MR 2 “ B s iy 7,
LA PR A FH % SRS 38 H g R 25 LASS BB 2 2 [36] FEE B, S4B AT MSCs 2 8] i) 82 AH B
TER 2 B i E I Rz —.

LIU 2 ABFSE T 324K T 4P /N R 4 rh MSC A SR RCE A o iZ0F 30, 41 T 41
HE L IFN-y A1 TNF-y Bl MSC 75 3 B T % [37]. IFN-y 55 T runt #15¢8 5% K1 2 (Runx 2)ig 1%
(R, A8 T TNF-y 3519 MSC T2, BtAh, TNF-a i f#H] NF-xB 554 5, ¥ IFN-xB B% 1)
BT Fas H A6 MSC 1Rk R 4 B§-8/3 AHRTET (S5, FEMSC P81, Wil 4 & i T 41
08I E Foxp3+IH 35 1E T 4 (TCFs) &35 F4% 7 TNF-o £ IFN-y HI7KF, 23 T MSC /S8 FA M
P BRI IEE . T WEFEN BRI Lo b 73 B 1) MSC R BRZE R CE 1 71, RIS FH AR A
SR 55 P v 43 5 )[R P S A MSC SR3 aiRix £ N B b () BAE SR2A FIIK o SRTT, ZEZNPIAARL rh AT (1) — LS
FEW, HTZMWE EXBIER MSC N2, R [FER R MSC AT . SR1, — T AT
FRW, HRIEEF XA, 75 FRFFA MHC #AL/N BE NREA MSC A, 15 3K CD8*
T 4R NK ZH 32008 (0 L5 52 K [38]. X R, R B AR MSC {2dh R N E B8R, (B[R FlR44& MSC A&
iR AN R TR
24. ER4RETHAEPEERIE

HIEE R A GRS BEHSRIE R, W R & Tl iR 8 5 A A IR 2 [ AR BAE . AT
T REZHHLIGTE ARIR AR, B @8E S E NIERR[39]. B 3T 8 -& U6 FRHIE 2 2 M40 i
IFi) B AT S AL ARV, TX G 58 PG M I 3 W 22 P A R R - R AR BRT T, R 558 I TR IS [40] N4 i 35 4R
[A1FREE, fERTA M RZaiiort, B2y 2T 7T . LY M2 208 1A 18 K R A71E 1 B
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YT R AHA . R A AR I SRS AT BEAN[F] 73 ML AT M2 AL, 43 ) AR R AT HT R AR
o ML W: IL-18. IL-61 TNF-a. 355 (ROS) 2L i3k 48 5E I M [42] . M2 i@ i 4034 1IL-10 A1 TGF-
B AN SR N[42] [43]. M2 ELWRRA it — P RAE N M2a~M2d, BFAN PR 73 Wb B R TR JURE (1) 2 1
i, A MR IR . JARSRAE R E VR M s BEdni. MRAMR(DC). IEIREEIEE. Bt
4 M E PR VAR T AR AR TSR, %2 RANKL/M-CSF f#5, R8N SERIK. 255 E8E V. #
RFNHLATE R EVEANL, MR Z N E A BRI [44]. RS E RN AL T O T s, M1 BN
TR AR AR, M2 BUEHE S .

25 EMRARRLE R ITASPHMRER

HHT, BEARIMEHEAR M B R R RGE, HE A S MOER G i AR R 1 [45]. oo
HEAGE R BRI, AR RO SR 2 RV IR B B AN R B B A R EE TR S A BOR
FEAER[46] ANERAL BRI T RGP AAAEETAMEN . EEEedET, ERARE
6 18] 78 J7 T4 (bone marrow mesenchymal stem cell, BMSC) 28 M4k iR EAE ], Hp Wi
JE 25 & 42 M ((bone morphogenetic protein, BMP) AL P Bz 4= K [X] 1~ (vascular endothelial growth factor,
VEGF)& W5 A R T3k 2 i A LU @ A [47) . (EF TG R EH, ML Y S G412 90 28 M 4 IR
T, WA 40 Z (interlukin, 1L)-18 FHE IR U F-a, WG 0% R, FrWRRFEAH A 2365 s 1 M2
TR0 5 5 200 P = AR 1 T A v R S ot 43 W 4k A K IR T (transform groweth factor, TGF)-A. 1L-10. VEGF,
RHALMEE, Ithi&48]. BHFRIMA 1,25- ¥ F4E4: 3% D ] M1 A AT iscb 178 BB A AL
PR R K, B> T MSC A E iz 545, IFE 7B @ E[49]. thoh, AN FEHIUESE M1 B4
fafg it MSC s 74k, FHREH T M1 EREEIAE B 4 @& I BARAIER . [FIFE, M2 B &
A HRIELEEE(EM. SCHLUNDT 25 A IL-4 A1 IL-13 AR SZ 28 Kb ER /N 5 CARE I M2 [ 4 it
B, HRIME T EESBINGE[49]. AT, RERCHREEN GG EAEER X, HAEEE AL
WA BRI . W50 8N BB HrE AT 70 4 K0 M1 R M2 YEZYAT DC e RE )
IR SR F YA, BRI nT e E TAE, DAVRTYT S0E OB, MTTTHE 348 5 5 BT &5 00 5B 40 i [50] -

2.6. EMRYAAE - BRETAMERTITESHEERNE

WAER, BN AE 3T @ A R ol i B 8 R 1 B R T 41 R (BMSC) IR 40 A A FH 32 3 32 56
o I /N R R Y, A AR B B I R 324k 1 (MSR1) /13 PIBK/IAKT/GSK3pIB-
catenin {5 5 3 B 3 T 0 189 SN O 24Ky ORI T -0 (PGClar) o 1238 B3 it 189 388 28 b 4 SE AL B PR L.
et M2 FEfA, M2 BMSCs [IBCHE 7 REI[51]. TEIE PR AT /N BRUVLPA 86 G475 M 45405 (M T 1) A5 24
W, G AN AT SSPC 497 S S AR A 5 B 9% HHAE K AN SORE T B 2EIR , 1A CSFLR #1771 vy i3
. X IR T BRI LR B R 4 A v A IR 3h 11 [52]. Raggatt 25 A\l RSB B AT
BARTL T BRI A . SRASFITER R 8 BB, AT 2 B 28 P B Wt 2 i Fr & 2 R 30
FIT 0 55 14, T 2 1 5 4 LR 3 5 5 0 29 A T B o 38 (i AR LA [53] . AR
I3 20 Jf 9 S % L0 31F W 5 W A B /i B S b A SR B D, (R LTBAE PR RIS 42 . Pierre 25 A ff
FH/IN BRURB A51 0 R 200 o T 5 I 4 P 7 1 B3 25 M (OSM)idik OSMIR AT STAT3 (045 545 %, 1ER BN
) 78 JSAR A0 () S 4 . SR Bl B N 401, SRR PN B T A [54] o

g LRTR, EWRAN MR E T S A T B R ST R TTER, R DAYE v aAs E IR YT RE A
R, MG R R AR I a7 AT ATHE S, BEEER) 2t s, WP B MR RIFH
T G R TR T BE R T R R R e A AR ) — bl A (A SR
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3. PENERAEE T EESHIER

AT AR, AR A S S IR BB AL, BRI P R MR AR T, SR BRI, AT
KA 5 2 Fh G B A 55] o HrPERE g i A2 4 B S e LA IR OGBSOV i i, ARG T R E b iR s
e fule. EHRAERE, PRI Lo IR RS2 A2, B C-X-C HF AR (CXCL) 1-3,
BG40 56 5 F-1a. Cha FIE =M B4 55548, LAE MR Tl 0 (& Fr i v A0 B A4 [56] . SRTT, Ak
LA ML B F A LR T ANTE A o ARHE X SORE R 2, MERIAH I AT A s FA bR ]
B R 2 A% rh MR 2 P (N L) AR AT b (2 R4 FH e 8 1k b R AR B (N2) [57]. ZE B Hrdif e iy, oh
PR 4 AR G I 40 i /1 BV (EV) A B 3B i T 1R 20k B35 s TN I T80 S IR I A4 22 4 /N B2
TR T Rk & A E Ly6G+I 3¢ EV %, W R SCE 4/ RN 4 & 4[58].
AN, AEEF RN H I 22-8 (IL-8)FR W] —EKFI1 1L-8 ZE4 rh Mk 4 i Bk AL -4 N2
b, #RJ5iEIE SDF-1/CXCR4 (C-X-C /7 #ab A 15244 4) %l K 3 e IR ME LIRS 37- 3 (P13K)/AKt 38 i
Al B-3EIRE AN T TR 2 W3 R 4l AT X 1--158 (SDF-158) T 86 18] 78 52 T-40 i (BMSC) itk 1
2t LR N B A[59] .

4. BXAREEHRESHER

JEK 0 B (MC) 72 21 43 B B 1) 36 I 240 B A JE 20 A TR v 0 772 B TS T R RAE A I, B A
. Pz TNF A1 IL-6 DL SR 7 A as A B,  Honr ARSI PO R [60] . 2RiMT, ALK ZHMufE
HIEETHIDIREMATERE . WHTEN SRR SRR Jr R rh R b (1 MC 3EAT RS . I
HAl W FEN RABIESE 7 IX— WA, AT A I A F) Rl LB i MC BB N, £ MC BB /) A
R Bt AR s 1 E A RS2 R SRT, IR AU Y c-Kit 5 c-Kit JE A AR (1) MC R /) R R
TUA — A RBEBR 1T H At S A MR AN 4 I R 32 ™ B . AL, Kroner 45 A8 ] — #1087 Y c-Kit
FEANE IE R0 M Bk = /N SR, AT TE B AR 20 AN R A B R 4 . SR, BB S R A
PR TEORI 56 R G e 200 L ) S BT 51 R B T 0 )R B A 4 B RO - FE M JE 1, IR 40 M SR B 0 o e i
s VE LR BB . £5 EPTA, NIRRT RIEE SRS AL R, A EBONRTEITiER
TE I EERT A

5. RERMMARMEASFHEYNENR

AR BHE NPT G S B AR VR (52, AT B s i it A B E AR . AR E &
R e 92 L A R AR R ) R A i SRR E FH [61]-[63] 0 Wt 7T il I s F iz B R T 4 e
N B-TAER =55 (5-TCP) 2 B0 31 K BRUBE B KR ST 45 Bk i 453 v 1) 38 - 4 M 1 ¥ 97 5 S50 A 5 A6 1L 75 A A
FrE R NGE . SR, R ZTERA R (BRI A0 40 M 6 AT R B e e & %, R HLHE
AT R AEGRAE o G4 A2 AR N OB HR (1) 5 B2, o AR AN T Bk ), G S Jo PR ] 9
PEAE A o B % R G TR ) R A . B AN AT b-BE IR — 5 (b-TCP) R AL A kL, DL
Tt 9 M 40 B CE AR AR B (AR FH (641 B LR, b-BEERES TR I 175 S 5 W 4t i s 5 U 32
fk(CaSR)il L, HIEAKAHEH 2 (BMP2)TE b-TCP Fli MR %E Fil, ik Emgufim M2 25, M
e R AR o hAh, 4 B4R 25 AHA0 T b-TCP 2 EU N F -8 i 18] 78 it T 40 2 (BMSCs) i, BMSCs
HIRCE B B 0h . fEBEIERE -, BEAUEFFR Mg-b-TCP 48, %38 alfli EVEAN AL AR N M2 H i
FH[36]. SULFEIN, Mg-B-TCP SZ 42t EmEdn il VEGF M BMP2 2% Lif, ] b-TCP &4l Mg
SR E R M B A (R R R . BV AR T ) BE SR 5 41 (bone marrow stromal cells, BMSCs) il
B EHE— S TIX— . Mg-B-TCP S48 b 1EFR 10 B WA 42 35 32 0H) B BMSCs J&, BMSCs )
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B AU G, B ARt 2 24, SRIA MCSF. TRAP RIA i, RANKL/RANK REi#RIA
A SR, BT H T AL T A SEIR P B, AR TR

NT AR AL R 2. AU BN IR T, RS IE A B O E B . KB R AR AR A
RIS AR A R R O TG 35 B AR S5 R 35 51 T AT IR R M R [65] o 1L-4 A Dy D8R ) S 1 1
7, A5z RyE. B U KER RG0i61E IL-4 Wit B 4755 @A [66]. Zhang Z5[67]
BB, Uk IL-4 (R4S & 4 IR UK B 52 48(Ca-GG + IL-4)iBid i S M2 EWEdiftiit, #0& TGF-
BLSMAD i #%, ik & i (5] 785 T4 (BMSCs) Bl 704k, FER/D AN T, B2 o T Al sz 2
B AL, ZOU &5 N [68]H] A Stk A1 5245 (GO)-#2 F HE 72 SR M (CMC)/ 3R (4 1) — N /& R I (PEGDA)
R HZE R KB, For DA% 1 07 A SRR R AR v 27, A4 -4 (IL-) A B K
AE -2 (BMP-2), LLES EWEANI L M2 B2 B k-

BT S5 N B AL AN (BMC) 1] AYE U NI SRR BB 5] N BRI, X B & POE A
B YT E IR ESR . SiIE 7L, BMCs 5 B-TCP SRl A1 98 1K BUBCE SRV Y K5 &
SNE[69]. [RIE, BFFEN GLAE— T | B RIS Th B 7 1R BT 2 B A& BMC 4l filgiefh 2] p-TCP LIS
£ B R 7 [ 72 (Philos plate®) 697 B i i B 41 (PHF) B 22 A e R AT AT . 1% 0F 58 ] BMC 324k p-TEiR
VR R T v T R BTA B BT TE AR [ N B, R4k RN, I R R A AT S e
P, RMER R A S RN . fE 55—, Krieger 2 A\IEH], {8 H] PEG-DA /KB % 3L AT 4E
BH ¥~ 1 (SDF-Lo) R T 40 9% SA% 200 M (98 A P I SCRFRIUMAE IR 28 (1R 2R K, AT B Tl 4 4 [70]

6. g

PR B REASEEYT BT EBCE RIS AR BT T 2R, BITER R A SRS
P3R5 BHETT FIPRER . AMTESREA R B % R ARS8 R A MR R, I R X
— MRN8 71]. BERBAEE RIS PR “ShrdE”  (HEEAM I RERIRIE72]. B
ez A, [F bR AR T A S HE R o TR S5 Ak B] 78 5 T 40 ML (MSC) 2 Bl 15 32 CD8* T 41 il Al NK 4 il
WRIIEERR, R T HIEARS A R, BT R B A A B IR B AR g AR E A —
FRARA AT S AR v R 38 R s K E VAT /e B T A R i BRIt R a5l iR Tz
Kk, BMHRE—PREAS 5 SRS, ORGSR G 7 .

T 4EMAE B AT &a T Ve R AR B 2 5. Reinke 25[19]&% 1 CD8* R4S T 41 i (TEFF)3&@ i 43 W
A 730 B B4, 1 Dar ZE[28]7E i M E AR AR R W EZ R p o T 4l e 3 Thi7 40
AR E IR E S X JE TR IE TSR A B 2 5. Reinke fFH AJRAL/NBRBERY, 1 Dar R FH G
NERE IR RO, SRORTIR T R 3R (Y T8 G R T RSB R T 4EMI DR . YR VE T 40 (Treg)il
iR Treg/Teff LU, H45% CCR8+ Treg DR i XA & H (Amphiregulin) 734, 3 (i & 42 [20]
[21] [26]. TEFF/TReg LL{E AT RERH @A I T A brEY. Bealh, Avin Z8i@E 5 Sgn il 23, &
PR ABEESHET T AU tf) 835 A%, (BREH T AR TR AERNG . P8 RE
EREE AN A 1 B R R R AR Y, DA 23 AR T 40 B B S Bl &S 1 Th Rg .

EE A0 AR AL I 72 2 S AR T MLUIM2 503, AHLERORT 73 25 (U M2a~d W ZY) $ 7~ B8 52 24 IR IR P28 I 4%
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#E5 BMSC AR TLAE (U0 FLER 73k ) /& B 0 A R e, (EAE ML AT 75 300 o B W 40 A Ak (M 1/M2) &
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NTSA D 2H T TSR B BRI Rl SRTAT, TR AL DG I B E S gk — 2D i

FR R AT AR B4 RS IR BEAR A, B Cai Z5[59] R 81 N2 H P Ri 4l i@ it SDF-1/CXCR4 #i# %% BMSC,
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TE I A WARIRL B TR (PGRN)BLE BMSC B 704k, 1 TEFF bl fgidid IFN-y it o #2 . RoRAf 5 n]
PRZ AL ) Treg-TEFF/ [ W5 4 i b (¥ X0 i 4% 5k w4l JF &k CCL1/CCR8 WAl & IL-4 ik R4, [F
38 5% Treg THAEIFE T M2 WA A AR AL . BE 7] 0 4 o A 1 8 g R (il ok — RSB 3% AMPK 3 i)
AIRERAL AR AR o Ak, AEMIA R TS5 A I S B R . IR SR 75 78 KR s A 2 (G 2 308)
R IE F 22 e A IA R o TG I o) mh MR 0 3 22 B A 0 A T FRUAT RE B R i B P A . A, IE
R R R 7 (€ H BRAA) 7515 B - R FH 1098 JMEAS R ZR . hah, RokmTdrt “#ae” Mokl B mer
g PRS0 pH BX ROS U AL /K EEIR) S A5 1 15 S AT 9 6

DA TR T s e 9 A I E %, EZEWLHERR TN RASEA, G R
Pl ARKRFEAGE: ZHPES: SERMPHFH. RUHMT R RA, BT - LR - 1
A BAR R A S B RS AR TR T B SRS (W Treg/TEFF HU AR Bl 7l i B RHE) M AL
TBTT AN ARSI AR B Al e, JRiE I R Eh Y s gn i e K e a1k B2,
BRI N EITIRITIRAL T A A, (B TR ESRHS 1R CLECE HLH AT 5516 PR S (8 74 o

8. R4

HITEER—NESSRE, XA EEYE e i A AE S A S AR A & b A
H, EmEgnuikie. T 40H0-F67 A RANKL {552 0B iR . gy VAR 21 AR it 1 428 G e 1R
ARt A SO, BERTPB BRI AR, WA E R EUE], 8558 e S s A etk
YktkE, HESCIR I E I BGRTT, IR R R TR
SE 3k
[1] GBD 2019 Mental Disorders Collaborators (2021) Global, Regional, and National Burden of Bone Fractures in 204

Countries and Territories, 1990-2019: A Systematic Analysis from the Global Burden of Disease Study 2019. The Lancet
Healthy Longevity, 2, e580-e592. https://doi.org/10.1016/S2215-0366(21)00395-3

DOI: 10.12677/acm.2025.1561910 1750 I IR 2= =23t e


https://doi.org/10.12677/acm.2025.1561910
https://doi.org/10.1016/S2215-0366(21)00395-3

PN

(2]

(3]
(4]
(5]
(6]

[7]
(8]
(9]

[10]

[11]

[12]

[13]

[14]
[15]
[16]

[17]

(18]

[19]

[20]

[21]

[22]

Walter, N., Hierl, K., Brochhausen, C., Alt, V. and Rupp, M. (2022) The Epidemiology and Direct Healthcare Costs of
Aseptic Nonunions in Germany—A Descriptive Report. Bone & Joint Research, 11, 541-547.
https://doi.org/10.1302/2046-3758.118.bjr-2021-0238.r3

SK, S. (2019) Fracture Non-Union: A Review of Clinical Challenges and Future Research Needs. Malaysian Orthopae-
dic Journal, 13, 1-10. https://doi.org/10.5704/m0j.1907.001

Wildemann, B., Ignatius, A., Leung, F., Taitsman, L.A., Smith, R.M., Pesantez, R., et al. (2021) Non-Union Bone Frac-
tures. Nature Reviews Disease Primers, 7, Article No. 57. https://doi.org/10.1038/s41572-021-00289-8

Loeffler, J., Duda, G.N., Sass, F.A. and Dienelt, A. (2018) The Metabolic Microenvironment Steers Bone Tissue Regen-
eration. Trends in Endocrinology & Metabolism, 29, 99-110. https://doi.org/10.1016/j.tem.2017.11.008

Schmidt-Bleek, K., Petersen, A., Dienelt, A., Schwarz, C. and Duda, G.N. (2014) Initiation and Early Control of Tissue
Regeneration—Bone Healing as a Model System for Tissue Regeneration. Expert Opinion on Biological Therapy, 14,
247-259. https://doi.org/10.1517/14712598.2014.857653

Baht, G.S., Vi, L. and Alman, B.A. (2018) The Role of the Immune Cells in Fracture Healing. Current Osteoporosis
Reports, 16, 138-145. https://doi.org/10.1007/s11914-018-0423-2

El-Jawhari, J.J., Jones, E. and Giannoudis, P.V. (2016) The Roles of Immune Cells in Bone Healing; What We Know,
Do Not Know and Future Perspectives. Injury, 47, 2399-2406. https://doi.org/10.1016/j.injury.2016.10.008

Konnecke, 1., Serra, A., El Khassawna, T., Schlundt, C., Schell, H., Hauser, A., et al. (2014) T and B Cells Participate
in Bone Repair by Infiltrating the Fracture Callus in a Two-Wave Fashion. Bone, 64, 155-165.
https://doi.org/10.1016/j.bone.2014.03.052

Schlundt, C., El Khassawna, T., Serra, A., Dienelt, A., Wendler, S., Schell, H., et al. (2018) Macrophages in Bone Frac-
ture Healing: Their Essential Role in Endochondral Ossification. Bone, 106, 78-89.
https://doi.org/10.1016/j.bone.2015.10.019

Toben, D., Schroeder, 1., El Khassawna, T., Mehta, M., Hoffmann, J., Frisch, J., et al. (2010) Fracture Healing Is Accel-
erated in the Absence of the Adaptive Immune System. Journal of Bone and Mineral Research, 26, 113-124.
https://doi.org/10.1002/jbmr.185

Xiao, W., Hu, Z., Li, T. and Li, J. (2017) Bone Fracture Healing Is Delayed in Splenectomic Rats. Life Sciences, 173,
55-61. https://doi.org/10.1016/j.1fs.2016.12.005

Richardson, J., Hill, A.M., Johnston, C.J.C., McGregor, A., Norrish, A.R., Eastwood, D., et al. (2008) Fracture Healing
in HIV-Positive Populations. The Journal of Bone and Joint Surgery. British Volume, 90, 988-994.
https://doi.org/10.1302/0301-620x.90b8.20861

Dimitriou, R., Tsiridis, E., Carr, I., Simpson, H. and Giannoudis, P.V. (2006) The Role of Inhibitory Molecules in Frac-
ture Healing. Injury, 37, S20-S29. https://doi.org/10.1016/j.injury.2006.02.039

Opal, S.M. (2000) Phylogenetic and Functional Relationships between Coagulation and the Innate Immune Response.
Critical Care Medicine, 28, S77-S80. https://doi.org/10.1097/00003246-200009001-00017

Okamoto, K. and Takayanagi, H. (2018) Osteoimmunology. Cold Spring Harbor Perspectives in Medicine, 9, a031245.
https://doi.org/10.1101/cshperspect.a031245

El Khassawna, T., Serra, A., Bucher, C.H., Petersen, A., Schlundt, C., Kénnecke, 1., et al. (2017) T Lymphocytes Influ-
ence the Mineralization Process of Bone. Frontiers in Immunology, 8, Article 562.
https://doi.org/10.3389/fimmu.2017.00562

Avin, K.G., Dominguez, J.M., Chen, N.X., Hato, T., Myslinski, J.J., Gao, H., et al. (2022) Single-Cell Rnaseq Provides
Insight into Altered Immune Cell Populations in Human Fracture Nonunions. Journal of Orthopaedic Research, 41,
1060-1069. https://doi.org/10.1002/jor.25452

Reinke, S., Geissler, S., Taylor, W.R., Schmidt-Bleek, K., Juelke, K., Schwachmeyer, V., et al. (2013) Terminally Dif-
ferentiated CD8* T Cells Negatively Affect Bone Regeneration in Humans. Science Translational Medicine, 5, 177ra36.
https://doi.org/10.1126/scitranslmed.3004754

Jiang, H., Ti, Y., Wang, Y., Wang, J., Chang, M., Zhao, J., et al. (2017) Downregulation of Regulatory T Cell Function
in Patients with Delayed Fracture Healing. Clinical and Experimental Pharmacology and Physiology, 45, 430-436.
https://doi.org/10.1111/1440-1681.12902

Schlundt, C., Reinke, S., Geissler, S., Bucher, C.H., Giannini, C., Mérdian, S., et al. (2019) Individual Effector/Regulator
T Cell Ratios Impact Bone Regeneration. Frontiers in Immunology, 10, Article 1954.
https://doi.org/10.3389/fimmu.2019.01954

Sun, G., Wang, Z., Ti, Y., Wang, Y., Wang, J., Zhao, J., et al. (2017) STAT3 Promotes Bone Fracture Healing by
Enhancing the FOXP3 Expression and the Suppressive Function of Regulatory T Cells. APMIS, 125, 752-760.
https://doi.org/10.1111/apm.12706

DOI: 10.12677/acm.2025.1561910 1751 Il R 125 23k i


https://doi.org/10.12677/acm.2025.1561910
https://doi.org/10.1302/2046-3758.118.bjr-2021-0238.r3
https://doi.org/10.5704/moj.1907.001
https://doi.org/10.1038/s41572-021-00289-8
https://doi.org/10.1016/j.tem.2017.11.008
https://doi.org/10.1517/14712598.2014.857653
https://doi.org/10.1007/s11914-018-0423-2
https://doi.org/10.1016/j.injury.2016.10.008
https://doi.org/10.1016/j.bone.2014.03.052
https://doi.org/10.1016/j.bone.2015.10.019
https://doi.org/10.1002/jbmr.185
https://doi.org/10.1016/j.lfs.2016.12.005
https://doi.org/10.1302/0301-620x.90b8.20861
https://doi.org/10.1016/j.injury.2006.02.039
https://doi.org/10.1097/00003246-200009001-00017
https://doi.org/10.1101/cshperspect.a031245
https://doi.org/10.3389/fimmu.2017.00562
https://doi.org/10.1002/jor.25452
https://doi.org/10.1126/scitranslmed.3004754
https://doi.org/10.1111/1440-1681.12902
https://doi.org/10.3389/fimmu.2019.01954
https://doi.org/10.1111/apm.12706

PN

[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

[31]

[32]
[33]

[34]

[38]

[36]

[37]

(38]

[39]

[40]

[41]

[42]

Wang, J., Ti, Y., Wang, Y., Guo, G., Jiang, H., Chang, M., Qian, H., Zhao, J. and Sun, G. (2018) LAG-3 Represents a
Marker of CD4* T Cells with Regulatory Activity in Patients with Bone Fracture. Immunological Investigations, 47,
492-503.

Wang, J., Jiang, H., Qiu, Y., Wang, Y., Sun, G. and Zhao, J. (2019) Effector Memory Regulatory T Cells Were Most
Effective at Suppressing RANKL but Their Frequency Was Downregulated in Tibial Fracture Patients with Delayed
Union. Immunology Letters, 209, 21-27. https://doi.org/10.1016/j.imlet.2019.03.018

Wu, T., Wang, L., Jian, C., Zhang, Z., Zeng, R., Mi, B, et al. (2024) A Distinct “Repair” Role of Regulatory T Cells in
Fracture Healing. Frontiers of Medicine, 18, 516-537. https://doi.org/10.1007/s11684-023-1024-8

Chen, R., Zhang, X,, Li, B., Tonetti, M.S., Yang, Y., Li, Y., et al. (2024) Progranulin-Dependent Repair Function of
Regulatory T Cells Drives Bone-Fracture Healing. Journal of Clinical Investigation, 135, e180679.
https://doi.org/10.1172/jci180679

Kalyan, S. (2016) It May Seem Inflammatory, but Some T Cells Are Innately Healing to the Bone. Journal of Bone and
Mineral Research, 31, 1997-2000. https://doi.org/10.1002/jbmr.2875

Dar, H.Y., Perrien, D.S., Pal, S., Stoica, A., Uppuganti, S., Nyman, J.S., et al. (2023) Callus yo T Cells and Microbe-
Induced Intestinal Th17 Cells Improve Fracture Healing in Mice. Journal of Clinical Investigation, 133, e166577.
https://doi.org/10.1172/jci166577

Mauri, C. and Bosma, A. (2012) Immune Regulatory Function of B Cells. Annual Review of Immunology, 30, 221-241.
https://doi.org/10.1146/annurev-immunol-020711-074934

Yoshizaki, A., Miyagaki, T., DiLillo, D.J., Matsushita, T., Horikawa, M., Kountikov, E.I., et al. (2012) Regulatory B
Cells Control T-Cell Autoimmunity through IL-21-Dependent Cognate Interactions. Nature, 491, 264-268.
https://doi.org/10.1038/nature11501

Das, A, Ellis, G., Pallant, C., Lopes, A.R., Khanna, P., Peppa, D., et al. (2012) 1I-10-Producing Regulatory B Cells in
the Pathogenesis of Chronic Hepatitis B Virus Infection. The Journal of Immunology, 189, 3925-3935.
https://doi.org/10.4049/jimmunol.1103139

Barry, F.P. and Murphy, J.M. (2004) Mesenchymal Stem Cells: Clinical Applications and Biological Characterization.
The International Journal of Biochemistry & Cell Biology, 36, 568-584. https://doi.org/10.1016/j.biocel.2003.11.001

Pittenger, M.F., Mackay, A.M., Beck, S.C., Jaiswal, R.K., Douglas, R., Mosca, J.D., et al. (1999) Multilineage Potential
of Adult Human Mesenchymal Stem Cells. Science, 284, 143-147. https://doi.org/10.1126/science.284.5411.143

Demircan, P.C., Sariboyaci, A.E., Unal, Z.S., Gacar, G., Subasi, C. and Karaoz, E. (2011) Immunoregulatory Effects of
Human Dental Pulp-Derived Stem Cells on T Cells: Comparison of Trans Well Co-Culture and Mixed Lymphocyte
Reaction Systems. Cytotherapy, 13, 1205-1220.

Klyushnenkova, E., Mosca, J.D., Zernetkina, V., Majumdar, M.K., Beggs, K.J., Simonetti, D.W., et al. (2005) T Cell
Responses to Allogeneic Human Mesenchymal Stem Cells: Immunogenicity, Tolerance, and Suppression. Journal of
Biomedical Science, 12, 47-57. https://doi.org/10.1007/s11373-004-8183-7

Chen, Z., Mao, X., Tan, L., Friis, T., Wu, C., Crawford, R., et al. (2014) Osteoimmunomodulatory Properties of Magne-
sium Scaffolds Coated with B-Tricalcium Phosphate. Biomaterials, 35, 8553-8565.
https://doi.org/10.1016/j.biomaterials.2014.06.038

Liu, H., Zhang, J., Liu, C., Hayashi, Y. and Kao, W.W.-Y. (2012) Bone Marrow Mesenchymal Stem Cells Can Differ-
entiate and Assume Corneal Keratocyte Phenotype. Journal of Cellular and Molecular Medicine, 16, 1114-1124.
https://doi.org/10.1111/].1582-4934.2011.01418.x

Eliopoulos, N., Stagg, J., Lejeune, L., Pommey, S. and Galipeau, J. (2005) Allogeneic Marrow Stromal Cells Are Im-
mune Rejected by MHC Class I- and Class I1-Mismatched Recipient Mice. Blood, 106, 4057-4065.
https://doi.org/10.1182/blood-2005-03-1004

Arvidson, K., Abdallah, B.M., Applegate, L.A., Baldini, N., Cenni, E., Gomez-Barrena, E., et al. (2011) Bone Regener-
ation and Stem Cells. Journal of Cellular and Molecular Medicine, 15, 718-746.
https://doi.org/10.1111/j.1582-4934.2010.01224.x

Street, J., Bao, M., deGuzman, L., Bunting, S., Peale, F.V., Ferrara, N., et al. (2002) Vascular Endothelial Growth Factor
Stimulates Bone Repair by Promoting Angiogenesis and Bone Turnover. Proceedings of the National Academy of Sci-
ences, 99, 9656-9661. https://doi.org/10.1073/pnas.152324099

Gerstenfeld, L.C., Cullinane, D.M., Barnes, G.L., Graves, D.T. and Einhorn, T.A. (2003) Fracture Healing as a Post-
natal Developmental Process: Molecular, Spatial, and Temporal Aspects of Its Regulation. Journal of Cellular Biochem-
istry, 88, 873-884. https://doi.org/10.1002/jcb.10435

Martinez, F.O. and Gordon, S. (2014) The M1 and M2 Paradigm of Macrophage Activation: Time for Reassessment.
F1000Prime Reports, 6, Article 13. https://doi.org/10.12703/p6-13

DOI: 10.12677/acm.2025.1561910 1752 Il R 125 23k i


https://doi.org/10.12677/acm.2025.1561910
https://doi.org/10.1016/j.imlet.2019.03.018
https://doi.org/10.1007/s11684-023-1024-8
https://doi.org/10.1172/jci180679
https://doi.org/10.1002/jbmr.2875
https://doi.org/10.1172/jci166577
https://doi.org/10.1146/annurev-immunol-020711-074934
https://doi.org/10.1038/nature11501
https://doi.org/10.4049/jimmunol.1103139
https://doi.org/10.1016/j.biocel.2003.11.001
https://doi.org/10.1126/science.284.5411.143
https://doi.org/10.1007/s11373-004-8183-7
https://doi.org/10.1016/j.biomaterials.2014.06.038
https://doi.org/10.1111/j.1582-4934.2011.01418.x
https://doi.org/10.1182/blood-2005-03-1004
https://doi.org/10.1111/j.1582-4934.2010.01224.x
https://doi.org/10.1073/pnas.152324099
https://doi.org/10.1002/jcb.10435
https://doi.org/10.12703/p6-13

PN

[43]
[44]
[45]

[46]

[47]

[48]

[49]

[50]

[51]

[52]

(53]

[54]

[55]
[56]

[57]

[58]

[59]

[60]

[61]

[62]

[63]

Részer, T. (2015) Understanding the Mysterious M2 Macrophage through Activation Markers and Effector Mechanisms.
Mediators of Inflammation, 2015, Article 816460. https://doi.org/10.1155/2015/816460

Alnaeeli, M., Park, J., Mahamed, D., Penninger, J.M. And Teng, Y.T. (2007) Dendritic Cells at the Osteo-Immune In-
terface: Implications for Inflammation-Induced Bone Loss. Journal of Bone and Mineral Research, 22, 775-780.

Blank, R.D. (2019) Practical Management of Fracture Risk among Peri- and Postmenopausal Women. Fertility and
Sterility, 112, 782-790. https://doi.org/10.1016/j.fertnstert.2019.09.038

Alexander, K.A., Chang, M.K., Maylin, E.R., Kohler, T., Muller, R., Wu, A.C., Van Rooijen, N., Sweet, M.J., Hume,
D.A., Raggatt, L.J., etal. (2011) Osteal Macrophages Promote in Vivo Intramembranous Bone Healing in a Mouse Tibial
Injury Model. Journal of Bone and Mineral Research, 26, 1517-1532.

Pajarinen, J., Lin, T., Gibon, E., Kohno, Y., Maruyama, M., Nathan, K., et al. (2019) Mesenchymal Stem Cell-Macro-
phage Crosstalk and Bone Healing. Biomaterials, 196, 80-89. https://doi.org/10.1016/j.biomaterials.2017.12.025

Shin, R.L., Lee, C., Shen, O.Y., Xu, H. and Lee, O.K. (2021) The Crosstalk between Mesenchymal Stem Cells and
Macrophages in Bone Regeneration: A Systematic Review. Stem Cells International, 2021, Article 8835156.
https://doi.org/10.1155/2021/8835156

Wasnik, S., Rundle, C.H., Baylink, D.J., Yazdi, M.S., Carreon, E.E., Xu, Y., et al. (2018) 1,25-Dihydroxyvitamin D
Suppresses M1 Macrophages and Promotes M2 Differentiation at Bone Injury Sites. JCI Insight, 3, €98773.
https://doi.org/10.1172/jci.insight.98773

McCauley, J., Bitsaktsis, C. and Cottrell, J. (2020) Macrophage Subtype and Cytokine Expression Characterization dur-
ing the Acute Inflammatory Phase of Mouse Bone Fracture Repair. Journal of Orthopaedic Research, 38, 1693-1702.
https://doi.org/10.1002/jor.24603

Zhao, S., Kong, F., Jie, J., Li, Q., Liu, H., Xu, A, et al. (2020) Macrophage MSR1 Promotes BMSC Osteogenic Differ-
entiation and M2-Like Polarization by Activating PI3K/AKT/Gsk3p/-Catenin Pathway. Theranostics, 10, 17-35.
https://doi.org/10.7150/thno.36930

Hachemi, Y., Perrin, S., Ethel, M., Julien, A., Vettese, J., Geisler, B., et al. (2024) Multimodal Analyses of Immune Cells
during Bone Repair Identify Macrophages as a Therapeutic Target in Musculoskeletal Trauma. Bone Research, 12, Ar-
ticle No. 56. https://doi.org/10.1038/s41413-024-00347-3

Raggatt, L.J., Wullschleger, M.E., Alexander, K.A., Wu, A.C.K., Millard, S.M., Kaur, S., et al. (2014) Fracture Healing
via Periosteal Callus Formation Requires Macrophages for Both Initiation and Progression of Early Endochondral Ossi-
fication. The American Journal of Pathology, 184, 3192-3204. https://doi.org/10.1016/j.ajpath.2014.08.017

Guihard, P., Boutet, M., Brounais-Le Royer, B., Gamblin, A., Amiaud, J., Renaud, A., et al. (2015) Oncostatin M, an

Inflammatory Cytokine Produced by Macrophages, Supports Intramembranous Bone Healing in a Mouse Model of Tibia
Injury. The American Journal of Pathology, 185, 765-775. https://doi.org/10.1016/j.ajpath.2014.11.008

Gu, Q., Yang, H. and Shi, Q. (2017) Macrophages and Bone Inflammation. Journal of Orthopaedic Translation, 10, 86-
93. https://doi.org/10.1016/j.jot.2017.05.002

Furze, R.C. and Rankin, S.M. (2008) Neutrophil Mobilization and Clearance in the Bone Marrow. Immunology, 125,
281-288. https://doi.org/10.1111/].1365-2567.2008.02950.x

Quail, D.F., Amulic, B., Aziz, M., Barnes, B.J., Eruslanov, E., Fridlender, Z.G., et al. (2022) Neutrophil Phenotypes and
Functions in Cancer: A Consensus Statement. Journal of Experimental Medicine, 219, e20220011.
https://doi.org/10.1084/jem.20220011

Zhang, X., Baht, G.S., Huang, R., Chen, Y., Molitoris, K.H., Miller, S.E., et al. (2022) Rejuvenation of Neutrophils and
Their Extracellular Vesicles Is Associated with Enhanced Aged Fracture Healing. Aging Cell, 21, e13651.
https://doi.org/10.1111/acel.13651

Cai, B., Lin, D., Li, Y., Wang, L., Xie, J., Dai, T., et al. (2021) N2-Polarized Neutrophils Guide Bone Mesenchymal
Stem Cell Recruitment and Initiate Bone Regeneration: A Missing Piece of the Bone Regeneration Puzzle. Advanced
Science, 8, Article 2100584. https://doi.org/10.1002/advs.202100584

Wernersson, S. and Pejler, G. (2014) Mast Cell Secretory Granules: Armed for Battle. Nature Reviews Immunology, 14,
478-494. https://doi.org/10.1038/nri3690

Seebach, C., Henrich, D., Kéhling, C., Wilhelm, K., Tami, A.E., Alini, M., et al. (2010) Endothelial Progenitor Cells and
Mesenchymal Stem Cells Seeded Onto B-TCP Granules Enhance Early Vascularization and Bone Healing in a Critical-
Sized Bone Defect in Rats. Tissue Engineering Part A, 16, 1961-1970. https://doi.org/10.1089/ten.tea.2009.0715
Henrich, D., Seebach, C., Kaehling, C., Scherzed, A., Wilhelm, K., Tewksbury, R., et al. (2009) Simultaneous Cultiva-
tion of Human Endothelial-Like Differentiated Precursor Cells and Human Marrow Stromal Cells on B-Tricalcium Phos-
phate. Tissue Engineering Part C: Methods, 15, 551-560. https://doi.org/10.1089/ten.tec.2008.0385

Usami, K., Mizuno, H., Okada, K., Narita, Y., Aoki, M., Kondo, T., et al. (2008) Composite Implantation of

DOI: 10.12677/acm.2025.1561910 1753 Il R 125 23k i


https://doi.org/10.12677/acm.2025.1561910
https://doi.org/10.1155/2015/816460
https://doi.org/10.1016/j.fertnstert.2019.09.038
https://doi.org/10.1016/j.biomaterials.2017.12.025
https://doi.org/10.1155/2021/8835156
https://doi.org/10.1172/jci.insight.98773
https://doi.org/10.1002/jor.24603
https://doi.org/10.7150/thno.36930
https://doi.org/10.1038/s41413-024-00347-3
https://doi.org/10.1016/j.ajpath.2014.08.017
https://doi.org/10.1016/j.ajpath.2014.11.008
https://doi.org/10.1016/j.jot.2017.05.002
https://doi.org/10.1111/j.1365-2567.2008.02950.x
https://doi.org/10.1084/jem.20220011
https://doi.org/10.1111/acel.13651
https://doi.org/10.1002/advs.202100584
https://doi.org/10.1038/nri3690
https://doi.org/10.1089/ten.tea.2009.0715
https://doi.org/10.1089/ten.tec.2008.0385

PN

[64]

[65]

[66]

[67]

[68]

[69]

[70]

[71]
[72]

[73]

Mesenchymal Stem Cells with Endothelial Progenitor Cells Enhances Tissue-Engineered Bone Formation. Journal of
Biomedical Materials Research Part A, 90, 730-741. https://doi.org/10.1002/jbm.a.32142

Chen, Z., Wu, C., Gu, W., Klein, T., Crawford, R. and Xiao, Y. (2014) Osteogenic Differentiation of Bone Marrow
MSCs by B-Tricalcium Phosphate Stimulating Macrophages via BMP2 Signalling Pathway. Biomaterials, 35, 1507-
1518. https://doi.org/10.1016/j.biomaterials.2013.11.014

Yin, Y., Li, X., Ma, H., Zhang, J., Yu, D., Zhao, R., et al. (2021) In Situ Transforming RNA Nanovaccines from Poly-
ethylenimine Functionalized Graphene Oxide Hydrogel for Durable Cancer Immunotherapy. Nano Letters, 21, 2224-
2231. https://doi.org/10.1021/acs.nanolett.0c05039

Newman, H., Shih, Y.V. and Varghese, S. (2021) Resolution of Inflammation in Bone Regeneration: From Understand-
ings to Therapeutic Applications. Biomaterials, 277, Article 121114. https://doi.org/10.1016/j.biomaterials.2021.121114

Zhang, J., Shi, H., Zhang, N., Hu, L., Jing, W. and Pan, J. (2020) Interleukin-4-Loaded Hydrogel Scaffold Regulates
Macrophages Polarization to Promote Bone Mesenchymal Stem Cells Osteogenic Differentiation via TGF-B1/Smad
Pathway for Repair of Bone Defect. Cell Proliferation, 53, €12907. https://doi.org/10.1111/cpr.12907

Zou, M., Sun, J. and Xiang, Z. (2021) Induction of M2-Type Macrophage Differentiation for Bone Defect Repair via an
Interpenetration Network Hydrogel with a Go-Based Controlled Release System. Advanced Healthcare Materials, 10,
Article 2001502. https://doi.org/10.1002/adhm.202001502

Seebach, C., Henrich, D., Schaible, A., Relja, B., Jugold, M., Bonig, H., et al. (2015) Cell-Based Therapy by Implanted
Human Bone Marrow-Derived Mononuclear Cells Improved Bone Healing of Large Bone Defects in Rats. Tissue Engi-
neering Part A, 21, 1565-1578. https://doi.org/10.1089/ten.tea.2014.0410

Krieger, J.R., Ogle, M.E., McFaline-Figueroa, J., Segar, C.E., Temenoff, J.S. and Botchwey, E.A. (2016) Spatially Lo-
calized Recruitment of Anti-Inflammatory Monocytes by SDF-1a-Releasing Hydrogels Enhances Microvascular Net-
work Remodeling. Biomaterials, 77, 280-290. https://doi.org/10.1016/j.biomaterials.2015.10.045

Arron, J.R. and Choi, Y. (2000) Bone versus Immune System. Nature, 408, 535-536. https://doi.org/10.1038/35046196

Dimitriou, R., Mataliotakis, G.I., Angoules, A.G., Kanakaris, N.K. and Giannoudis, P.V. (2011) Complications Follow-
ing Autologous Bone Graft Harvesting from the Iliac Crest and Using the RIA: A Systematic Review. Injury, 42, S3-
S15. https://doi.org/10.1016/j.injury.2011.06.015

Dill, T., Schachinger, V., Rolf, A., Méllmann, S., Thiele, H., Tillmanns, H., et al. (2009) Intracoronary Administration
of Bone Marrow-Derived Progenitor Cells Improves Left Ventricular Function in Patients at Risk for Adverse Remod-
eling after Acute ST-Segment Elevation Myocardial Infarction: Results of the Reinfusion of Enriched Progenitor Cells
and Infarct Remodeling in Acute Myocardial Infarction Study (REPAIR-AMI) Cardiac Magnetic Resonance Imaging
Substudy. American Heart Journal, 157, 541-547. https://doi.org/10.1016/j.ahj.2008.11.011

DOI: 10.12677/acm.2025.1561910 1754 Il R 125 23k i


https://doi.org/10.12677/acm.2025.1561910
https://doi.org/10.1002/jbm.a.32142
https://doi.org/10.1016/j.biomaterials.2013.11.014
https://doi.org/10.1021/acs.nanolett.0c05039
https://doi.org/10.1016/j.biomaterials.2021.121114
https://doi.org/10.1111/cpr.12907
https://doi.org/10.1002/adhm.202001502
https://doi.org/10.1089/ten.tea.2014.0410
https://doi.org/10.1016/j.biomaterials.2015.10.045
https://doi.org/10.1038/35046196
https://doi.org/10.1016/j.injury.2011.06.015
https://doi.org/10.1016/j.ahj.2008.11.011

	免疫细胞在骨折愈合的研究进展及其发展前景
	摘  要
	关键词
	Research Progress and Future Prospects of Immune Cells in Fracture Healing
	Abstract
	Keywords
	1. 引言
	2. 适应性免疫细胞在骨折愈合中的作用
	2.1. T细胞在骨折愈合中的作用
	2.1.1. CD8+ T细胞在骨折愈合中的作用机制
	2.1.2. CD4+调节性T细胞在骨折愈合中的作用机制
	2 1.3. γ δ T细胞在骨折愈合中的作用机制

	2.2. B细胞在骨折愈合中的作用机制
	2.3. T细胞-基质细胞相互作用在骨折愈合中的机制研究
	2.4. 巨噬细胞在骨折愈合中的作用机制
	2.5. 巨噬细胞极化在骨折愈合中的研究进展
	2.6. 巨噬细胞–骨髓干细胞在骨折愈合中的作用机制

	3. 中性粒细胞在骨折愈合中的作用
	4. 肥大细胞在骨折愈合中的作用
	5. 免疫细胞在骨折愈合中的生物学应用
	6. 讨论
	7. 不足与挑战
	8. 总结
	参考文献

