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[ Abstract | Previously, radiotherapy was considered to directly kill tumor cells by deoxyribonucleic acid double-strand break.
Recent studies have found that radiotherapy can also produce positive and effective anti-tumor effect by upregulating local and
systemic immune responses. However, the immunomodulatory effect of radiotherapy is double-sided. On the one hand, it can
activate anti-tumor immune-promoting effect, on the other hand, it may also produce immunosuppressive effect. The key molecular
mechanisms of the positive regulation of adaptive and innate anti-tumor response by radiotherapy primarily include: induction of
immunogenic cell death to promote the proliferation and activation of T lymphocytes; activation of the cyclic GMP-AMP synthase-
stimulator of interferon genes pathway to induce type I interferon response; changing the phenotype of tumor cells to enhance

their immunogenicity and antigen visibility; stimulating tumor cells and stromal cells to release a variety of inflammatory factors
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and reshape the tumor immune microenvironment; upregulating the expression of immune checkpoint and death receptor on the
surface of tumor cells to promote immune recognition and anti-tumor immune response. In addition, the mechanisms of negative
immune suppression by radiotherapy mainly include: induction of tumor cells to upregulate the gene expression of multiple
immunosuppressive factors; enhancing the function and effect of various immunosuppressive cells, including regulatory T cells and
myeloid-derived suppressor cells; leading to the decreased number of lymphocytes and the depletion of immunologic effector cells.
Based on the above exploration of the mechanisms and principle of the immunomodulatory effect of radiotherapy, significant progress
has also been shown in the clinical practice of combining radiotherapy with immunotherapy, such as the abscopal effect in the context
of immunotherapy era, that is, the effective anti-tumor immune responses generated outside the irradiation field of radiotherapy, as
well as the increased efficacy benefit when stereotactic body radiation therapy or low-dose radiotherapy combined with immune
checkpoint inhibitors. However, at present, the synergistic mechanism of radiotherapy plus immunotherapy and its influencing
factors are unclear. In the future, more in-depth investigations on optimal radiotherapy dose, segmentation regimens, irradiation sites
and target volume design, immunotherapy agent selection and the sequence of combining radiotherapy with immunotherapy are
necessary, in order to further improve efficacy and promote the translational application of immunomodulatory biological effects of
radiotherapy. This article systematically reviewed the latest advancements of basic and clinical research on the immunomodulatory

effect of radiotherapy and the synergy of combing radiotherapy with immunotherapy, aiming to provide guidance on the development

of theoretical basis and clinical practice regarding the combination of radiotherapy and immunotherapy.
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( deoxyribonucleic acid, DNA ) XUgk i A4
B anit, AR 2T Y KB, Tl
FE % 38 o I8 5 SR B DA S 4 B g S g, R AR
JibEE G BN, . HRT, B G A A a4 o 5
(immune checkpoint inhibitor, ICI) HJk 5%
PERSTRYHE), T80T B SR BE I 1 0 L R Y 5
BRI E A EERT, ShER T iz ¢
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bR e S T L A S R A SR 0 0 L 4t
JR B AAf (antigen presenting cell, APC) #fi3k
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histocompatibility complex, MHC ) Z5& )5,
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i (cytotoxic T lymphocyte, CTL ) PAK HIRA
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A IR N ( dendritic cell, DC) BB
BINRE, TG NCDS” Tkt 40 b4 58 LA K 2
i 5 240 PR 3 A — R 1) 8 B I R
fE HEICDAHSC BT S e i 2% . R, 1ICDix
— i R B A 2RI R BE I LA KA P A DG
A5 ( damage-associated molecular pattern,
DAMP ) , M2 50 WA 5 55 S 8% 1
W, AR e R L DAMPIE T
W RICD A A b i s 120 B8, Hop %
ARG 2 LR A iR TR I L =T
B SRR I B AR LA M — R R 11 1) =30 o3
WP DAMPRESE IR AR SEMESTR (tumor-
associated antigen, TAA ) WG, XLephy
R s eyl g eI kiR o P TS Qe TR W
[ Bt 20T PR A B, DAMPAL ] HE 5
CD8 Ttk L 4 ffa ¥y i, 3 I — S pfF oY s
TS B 6% E 9 g B2 i T 9k L 40 L ) T 4 i 52
ﬁifﬁ [14-15] 5
12 AFEEFFHREFRRRSE
AFHERE

TR FLRIFL A ( stimulator of interferon
genes, STING ) s oM iy —FiE 8
TR RIS T . IR S - IR
& (cyclic GMP-AMP synthase, ¢cGAS) J&—
P IR AL T, BEA% I 4 A BT DN A JF B0
STING-TBKI1-IRF-3{5 54, #5374 1 2Tk
F55. cGAS-STINGH# 5 I BT EFET 2
T 32 B 9 B AR DN A FH- 0 17 B 72 1o 288 S g F
HEHLH], JF HZWF58IE S cGAS-STINGTE H &
G REVESR . YU DL BT IE i Je KESE
87 P e B P A AR T T AR
AL IR B 92 107 280 1 g — 1> O SHATL 1 590 i ok
WG cGAS-STINGTR S5 i i, 7% 18+
PRGOS LR FEVE T VY B, TR
FEANHEAZ H AEEDNA ( double-stranded DNA,
dsDNA ) FURE, 3G ISk (A F1 s % 3 325 1
I H b % 40 i 5 i B2 A DNA - ( mitochondrial
DNA, mtDNA ) 125, dsDNA5mtDNAYE
Ji8lIcGAS-STING:# i L KB T B T4 3% 5%
AR, BEa, 1 RTIRES1EEIEDC

g, 511

% 2L E RN, DCBIE LRSS fets
B PR b E TR AN, BEJS IR HT R 1
Tk LA AN 5 3, I LT Vb 2L 400 5 K i
B, AR T T B A0 A BB S AR S
ISP G R A 2 R, STINGEL AR,
BRI G I AT ) VT 24 0 A5 S A AT
A AR A S TINGI Sh 7 T 78 sh A i v
YA AR ST HAEAETT R, A AT RE A 5 ik
7 WIS A T R AR e Tk
1.3 #7383 meMHC— | &k, 3t
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MHC- T 2853455 R 5 20 i N 1 PN U514
YUK, BRI R T WoR I HAE PR AR B,
it 5 CD8 TN L, A ik A i 2 1 A B
PE AT Bl LU I A R 7, B —se 3Rk
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R BT G S v FR B — PR, BRI, fEZ
PRI ) . R R, R A R
R SARFRIAMHC- T 2840, AT b3k Ttk 2
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XA 240 e R A G e D BT VE R, o
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FIMHC- [ 2553F3Rik, #MCD8 & CD4 TilkL!
Y1 B 1231 K X ek g B b R, AR R T
F A BE RGN T IR 40 BRI ARG ST . Lin
2 TR R, WO SR 20 L A N
MM AMEEND ( small extracellular vesicle, sEV) ,
R MHC /> T ROAK G830, RERS = 4 i
PRSP, TR B R TA AT 34 58 b
PR S S HUR A, EPECDS & CD4 Titk
U 240 0 ) 6 2 92 ¥ N HEXT Ay 2 e g e B
LR SR AL IR S RN . Seyedin®s Y R I
Bt LA 04 77 B imMHC- T 1945 B9
MR FEIR, SRR SR X ICTAY T A%
RE% . 20234F, FaMB LI ) & B 7 ik
Al R S R AR B MHC- 1T 285 R 3R A,
DA e H A [
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BT ELEE Y MR A R A, BOIT
I B8 0% U8 75 IR e % AR (tumor immune
microenvironment, TIME ) , i H: M G0y 410
(1) ¥ I RS A8 R e BATE ) <R
RS 0TS B, T T e A e
F A R R 2 A T A R, S
CXCL9. CXCL10, CXCLI115CXCL16%, fE
AR EDC . B -5 T bk I 240 b 1Y S 928 12 11
IR, ATAZEGETIME P o i
Sh, Rens VR, B HUBMOT G S R
LB BEA A ( tumor-associated macrophages,
TAM ) W 3g i, Jf42 M2 3R A B w40 i
i) M 1R AL A — S AL A 5B (inducible nitric
oxide synthase, iNOS ) PFHEE W40 b b 5%
A%, LA AR R A R D Y R, M
FILINOSEHME E MR 40 M AE U875 T Th L A 73
ik, BEIRZ PR IEANIN T, 534ECD8 A CD4'T
WRELARM, BRI AR R AR D R,
YT RENE H gm S TAMER AL, A Bl TR S yse 40 il
P L I 200 M e A oy B S 5 P i e AR P L W
YA, DT AT B BT S E SV . Sun
i DL I ARG A T Ry RERS K TAMER
Gt Ry HA BT PR RO M LR A E W4 i, i
E TAMUBS R () 448 e PRl [R) 2 300G CTL & #5470 g
BPERLN . I, T 3K B N M5 5 E I TIME
FENE R, AR T AR (L iE 2 Fh e pie A
TEA. B AT LR AR A
S, AT I 1) 3335 i e sk B 45 5 e b e e s

mghs]o
1.5 #07 LM g miek @ f e E ST 2
(N &

HCIT S UM R Al S DN A SUEE R IR, 3 &
ATM/ATR/Chk I iA% ,  BHe bR iR 4 g 2
TAT R P PR I B P8 T & I BCAAR-1 (programmed
cell death protein ligand 1, PD-L1) ik, it
FIRES A B TPD-L L] 58 p MEsE T A -1
( programmed cell death protein 1, PD-1) i3]
RAEMER], RO G ICHAYT B U EIVE .

BEAb, T a0 T4 Ry 4 Oy = E
A I R84 i 38 TR B PD-L 1 45 G 58 6 i o 32 ik 7K
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FAS-LZ54 I Al AHA S A BESET- I 5 B A1k
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L'CD11b F4/80" FA% 4 e il 14 o s 240 L AH B A
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5%, A8 00T RE % T 5 S e 4 1 ek
WEZRAR, BT A TR 2 40 A 76 R, Rt
JiT%4 #% 95 ] i ik S FAS/FAS-Lig A2 A & CD8'T
I EEL 40 Bl 2 TR ] i = A1 JET T 2 AL 1 5 | RS SR A
IR 2, IO T I bR e e il I ik 4= 5
Fog e s L A, AR R, BOT
ATEAL PR I T AR5 e am i, b8 I At
FMPIFASTI T ZRFKIE, A FCTLS i 40 i
FASHIZE A IR SE M g8 T, [ FASFR IR
R BT HG e 20 M S R N AT
HMIBET SR EALR 2 —
2 TR B [ G I R R
21 FEFFHEFEE I RATHREIRTHREZRNRAR
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WO SRR A i N dsDNARYFR 2, AT
i cGAS/STING F % i, {edk [ BT =R
B R T STINGHEEME 1 H R e oL &
SR AR TR R R . SR, AF R
T, THRGESWATRE A Em, S5
TRITHEBT, P10 R A ) B AR R A A e
[ MFIR S TP FEABR L H LKL, GEBIAES
G IV R NSRS v i i e o O N e
REFEME, MM ZFSIE RN SIRIT LS
iR s kit L 20164F, BenciZs ) &
FERK B TR AT Z U R B PD-L K114 5 PD-1
ARG E I ICTHA PP, LA RICTHS P B AR
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SYARPL, FReeny TR A5 e S 15 s 4n i
PAFSTATUAH R WIE R A1, FEH TR
SIS PR RN 22 R T 40 LA ) 2 AR AR i e 3k, i
[ #5 TR R R B ae S 2L B Akt 51CT
[
2.2 %97 LA A @PD-LISIDOKEA

JBCIT #4015 cGAS-STINGA 5 4% 530 5 M 412
HTIMERNFIEA S 5, mTRyS TR T
RIAeg EIE MR AR A PD-L15RIk, T
B e 2 B A e Rk R, Ok — DA R TR
NI , W 55 PR e R . A, A E
GE NI AL RE S - 4 e 4 i 3 1 U PD-L1
Fik, LRSI T IR TR B b S 40 K T
FEPD-LITE NI Z R S ie ko A IR ik, A
T 72 AT PR G BE AR, > L R, gl
Hig2,3- XU 4 ( indoleamine 2, 3-dioxygenase,
IDO ) J&/Med 240 it 55 He g 20 R 24 A 1) —Ff 55 b
TAYG I 5 R RIA G A, WRE TRy
5 TRTER B, MR il N1 & # 1k
Mo JenitFst s, IDORENS S EUTHk L 41 il #E
Wy E NI A S RO RIS, SR,
DCK I IDO 1k 335 5 Ttk I 40 4™ 15 ook 20> A
XK, FEZFPIIE T, IDO1S B B2 I PRI
E*Hﬂ\é [42-43] 5
2.3 AITBUE ST R AR SR n i T e

JRCST P B STINGAR 5 5 536l [ RE 8 3JE —
A sRE T PE TR LA AE (regulatory T cell,
Treg) . BERKRIFEMII G ( myeloid-
derived suppressor cell, MDSC ) HJ& 51, MM
T I e e o e S . BRFEBIESE Y R BT HT
U IR H SN Treg i 19 2 Z 1S /N, 1 Treg 5
MDSCHEJAE -5 HAbE R i uk B BLAT 67 [ ] 2
P PEN B IIRE . Horh, MDSCiliid 2 fhi& i
ML L P e I S Re, nlidad Rk Arg-1 %
INOS, Jf/" A= ROS S il bk UL 290 g 2 R Y f 9
WE2E o TR e kL I R R T RE % B R CCG ik
AFEAA ( chemokine ligand, CCL) 25CCLS
A, X 5 Treg A AN SFER A G, 5
R 1 B A L 368 3 e g IR BE P - S 1 T 2
Wi Treg, MM RRER N, MRARITRL 27,

PersaZs " A TEAR R R 0TS . Tregr 2k
HIFE A K 1B (transforming growth factor,
TGF-B) 5HYMEAZ10 (interleukin-10, IL-
10) 58800, W33 /IR TGF-BS IL- 102541 il P4 40
ML+, TreghBff it — L1 5mMDSC Y F s i il
YERT, DT 553 7k 28 240 1 51 R4 530 o P e
fi@ [47-48 ] 3
2.4 FAITFIRMEMICKR S 5 o IE T fn oA
I EEL &4 /D S T R DL AN RN 2
—, TR R T A X TR SR R AR
PRI, RIS AR AR A ke ) 2t o] R 3 350
BIPETREIN g, MR T R T BE s B
B REE M D REAS P P 3 . FEIm IR 5L B
FEAE 25 T - E RB S IR B S M g i it 5 Y —
HRG SR E, DRI o B A P 0 1) ] R o PR
JEE ) A BRI REAI (AR U A A R R
D GO SR S REAR I AR L a4
LA FAS 4 B 200 A X6 P 5 s S v R
Ji B 2E5 H AL R0 ] el BB E R
YRR RE TR, RS 2= AN PR I SR R0 4
MuFEsE, FOHIGTIE e RN, I A O
MY FERERE I, F5 % v] e R BMNETE A AN IR Y
Kabm U0 T S B0 A s i 5 — A
TETEMLHR IR LA 52 B8, G HET 4 A X s 5
AU, BPEIGR)  FEH A B a3
pS3- PR T, X Sk A > . T
AURGLIAT TG PE A RAAFSE R
3 MBS I T RIIT R
3.1 AT 6 E LS FIRE
ZI604ERT, MR T F 5 R T T
CTERRALNL T, BRI T R Y R0 5%
B RPEE B0 A BOARIT RO o YN SRR I i
JPIERRRNIFANZ , 19604E—20184F Uik 547
Bl SR, BEEREERITRHC BB, X
MK, ATREH T SICIRMER G H, 2
A B RS EHUMIRE RN . 20124FPostow
25 L2 VAR LR (4 P 1 YR OO T A ICLA
SYRIL RN . LR AR R, R
SRR Y B A FIE AR BT (ipilimumab ) foE
IBIT, BlJE IR T LA A I Ao AR
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B Bl)E, SOk RREARGE T TS
ICTIA YT I A IE R, I LSR5 7 B A I bty
9 ek A 47328 A0 L A 0 8 -5 7 e 8 I
HABE . 20154F, Golden%s '™ 5@ i Wy T 15 B 40
- 5 55 24 L 512 9 )9 DR B 8 i 1 — 0 it B
PRI AR, B ORI ARISIE T 07 i 32 s
o RS R P S I BE T, HRgA T 414
B, B BB R E AN, HrhfE4p]
B PR BTN . BB, A TA31
g, RR4EEFE DA (26.8%, 95%
Cl: 14.2~42.9) IR . Y58 H 1T
W fie RS T, Toimbm g i g st
IRV J2 7 22 Pl 2% i F 2 AR 23 A b o IR o 45
T, HOT SRBEIRI IR BENS LE ST RS i
o T S PR, LA RSN 432 Rl 2% fige ] L
T A L A )R
3.2 AKIFERA S IR AR B AR 6 e BRATE Rt

20174, ShaverdianZy %) %t 14 3] 4
N JE ( non-small cell lung cancer,
NSCLC) % ANJEALPD-1 558 B i M4 i 1
FIBR 4T ( pembrolizumab ) FEEIRITHY 1 1)
KEYNOTE-00 M5 4T T ko #r, A IRAHEL
TR Z WO B, AR ER BTG IT
Hr Rz alBg a9~ H ) B3z U7 i R A
TR R A AEIR R, BREAR O A I P B B
PUAT P A ZR 5 o 20 1945 (1) Z ot B AL X B 1T
PEMBRO-RTHFZE ', ZEMEHINSCLCHE %
i 3 Ry ST A E T R YT (stereotactic body
radiation therapy, SBRT ) BX-& MA1#F| Bk Fpy 4
Froueihyy, s T i 2% B s R M R,
w125 B T B EANSCLCH R FRSBRTHA & T3 i
SR TIATIE 5%, BfS, TheelenZs ¢ % 11
HPEMBRO-RTHF5E LA K T /1T IMDACCHT 5% #F
TR, B T IATR Bk b A 23R
I7, OTECA AR BR B PT RE NS W R R 1
NSCLCHEAAFEN, i T RN (k)
ARCR S T e kR R, i e T o
A TICHAYT A 1 sk v 5 P Rl 3 35

HAT, KFHUTECA iRy m b i 2
TG RAFFSE IEAE AT 2 H B9 5 il A BA T JR2 )

i PINSCLC 1 SBRTHL G IR /i yT (low-dose
radiotherapy, LDRT ) K4 PD- 14 il 545 ith ) 51
Pt (sintilimab ) $REVAYT Y — 10T 1 I RO 5T
(NCT03812549) , BTEHEREAIRIIT /3 HI
FERUYT 5 R T A L FH P I RO 5 % 4
ko >k A5 E 1 — TS R T 5T KROG22-11
(NCTO05733156 ) Fa8 A\ 2 KGR (1) B Wi i 1R
H, LAEBRSN & AR BT A S, TEAK
E—2 53 M SBRT [R5 KA LDRTHY A Y42 a8
ik
3.3 RITIRFE A 0 AL AU

20184F, FormentiZs ¥ % IWAE LT 2 W (1)
MEHANSCLCE T, BT A Af M B M Tibk 2 4
R AHEHTE4 ( cytotoxic T lymphocyte-associated
antigen 4, CTLA-4) il fefg A &b 4
ErPETWRE AR BT sz o B9, CTLA-4
T 590 B 2 A AT R g R B AR
{HCTLA-430 I A o7 HA B 2 e s s
N, XA MAEA T, R IBOT IS s T4k
2 BT 5 Tk L 4 e s e ) R S A AR R R s A
RS R0 PR o % FL v LB 88 5 4 2 A 1)
BEWATHNT, RICDS Tk 40 By i 1
IR RO L R A 3 R R A A T PR . ISR
X BN & A ML R 2 . OT 5 S ez
JAPE R AR R ANR RIE R GG, SEUREF AL
F14) ik 2 S B G 28 20 ) T8 i ) B Ak 7
NG . BHAT, XFTmR T A ISR B AT A
ICTIA YT i 372 B Rz i i ALl A7 AN B AR . 2022
B, TR BN g IR 4R T LU
WL 43 F5 3 R = AN 2 1w B AT S e IR Y T I
AR IERERLN . VR, &8 RGEENICHS
A O s ST s VA PR 7 2 P N
B4/, T2, BOTECATICHAYT i B 5 B
SME A TS . PURRIL . DAMPA Sy 12
TR, 7= A R L A O BRI A 3
R, s 37 B4 ICIAYT A] S350 Fe i 57
W92 4 L Y DN A3 55 1 0 3
3.4 FRITIEFRAR ¥ B &

T BB TC IR YT 1A 328 B R0 1 52 i 1R 3% AR
Z, EEMUREHROTRE S0 E L BT R
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B EBERBRRIRAS S IR S OT A
BITINT . e iP5 . TERUT 1 53 H 5]
WO, A T X B 24 (1) 1 1+ I 5
fE—EE BN AT RERA “FIEKBE , H=
15 Gy & 5 & 07 5 80 5% 5 0 6 8500 3
Jn bS8 20214F, Herreras '™ R ILDRTHE
REfE K R e AR, s S e K5l
o PG R A, S BRI A B s e s
. Patelf 1) 1 & PR AR IR S U e T
TIME, DIBESEXTFICHAYY BI7 & . Beak,
LDRT i i i el 5 3501 B 75 4 A 328 A Jirb 2 i -
RIS IRE L L I, A R R X R
LDRT f& 5 57 41 H B0 A0 bR 1697 I A 44k ik
ST Evms N (radscopal effect ) ™, DA s ARG
RS, A RUB RS TCUR 48 3 FE B A7 i BT
FhRa S e RO

ULk, SBEIRYT B 25 e B T T 5
FEIRIT A 102 B 300 T gt HAT — RE RS
Fh1 - Ik £ 400 6 T 1 G 2 R AR Hh L
FEH Y OTBEAICT, BIANCTLA-4, PD-1/
PD-L U545, fefgm b K00 Tk EL 40 i
VER, RHEHOT 5 5 iG 7 i iy U AR .
Hor, T BCS CTLA-44M I 5 2 B el se f
MO el Gz — 7, SR R 4 i
PD-L1FRIAAESTEROT o 3 v, By
645 PD-1/PD-L 1l i 55t BA AR o A B HE A
IFEFEL TG RIS A RNIESE, HATRREinyT
(IR IEARWTY K, BN TGF-PAE N[ i 1)
BAVGETE TR L ARSI AR, AR IR K
PRETHIFIE AT B A iR 7 IS IR X B e T
PRI LA
4 H5iE
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