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Abstract

Tumor immunotherapy has made significant progress in hematological malignancies, but solid tu-
mors still face the key bottleneck of limited efficacy due to the “cold tumor” immunosuppressive
microenvironment. In recent years, the immune activation strategy based on pathogenic microor-
ganisms has provided new ideas for tumor treatment. Among them, attenuated Toxoplasma gondii
has become a research hotspot due to its unique immune regulation ability. This article systemati-
cally reviews the biological basis, construction strategy and anti-tumor mechanism of attenuated
Toxoplasma gondii in tumor immunotherapy. Toxoplasma gondii regulates the host signaling path-
way through its life cycle phase transition and effector proteins such as ROP and GRA, and naturally
induces an immune response centered on Th1 type, which provides a theoretical basis for its atten-
uated utilization. In terms of attenuation strategies, genetic engineering attenuation (such as uracil
auxotroph CPSII, OMPDC mutants and virulence/effector protein gene knockout) has become the
mainstream method, which can reduce virulence while retaining or even enhancing immunogenic-
ity; physical attenuation as a supplementary means also shows certain application potential. In the
anti-tumor mechanism, attenuated T. gondii can play a role by activating Th1l immune response,
promoting dendritic cell antigen presentation, enhancing CD8* T cell infiltration, remodeling im-
munosuppressive tumor microenvironment, and directly regulating tumor cell proliferation, mi-
gration and apoptosis by secreting effector proteins, showing broad-spectrum anti-tumor activity
in a variety of solid tumor models. In addition, its combination with therapies such as immune
checkpoint inhibitors shows synergistic potential. However, the clinical transformation of attenu-
ated T. gondii still faces challenges such as safety, controllability, and long-term immune effects. In
the future, it is necessary to further optimize the attenuated design, analyze the key molecular
mechanisms and establish a systematic risk assessment system to promote its clinical application.
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1. 5|18
1.1. WEREATIR

AER, e eis & s MR A CAR-T Jrikelss 1 o) Mgt ik i T, B4 St 4k %
SRR, BMEMRVIAR. ZOMBET, SRR MR R, = T 4RI,
BRI HI AL O T, X IA RBT IR N AE[L]. Bk, SRREER MR iy “HRHm” 1
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W GBI SRS OV IB VIR o BRI, RE 0 S b W BT A 0 e oo s A S e 5 3 I
SR, MR RO, AT SR TR BN [1] [2]. Forh, 5 R HR Rt A o 3RS O SRy e
WAREST, IEBWHRE AL M T BT 6 .

1.2, RENaTT MR R RS S RS MR KB

FERAIAY T BB VR T U8, R (R TR RS ) SR (I B B W IER )
Lo B 5 B B R) 8 B B UM R SR (K 1. R, DA RN A P AT AE AT R
BR: JEFVDITIRIEAEVR N 5 320 EPURITE B, ORI E T 4N RSV LG op U 2 A7 42
[3] [4]; VAR 2 U0 v 23 AT 5 S R AR G iR, (R PRBE IR T I T BRI 2 R & i 1
PD-L1 ({1 B, RIREHI S5 RPELTUMIE RN [5]s 28 Mk B <5 480 s A0 T RE AT i 328 S s A OR Ry S 42
T A0S N[6]. HALEZ N, W SR BEATE AR TG, RIS, HRMREAEE Thl
T G B N2 B G P A R R A S (K 0, ELAE SRR vh SR B ) S ORI T S R A
Wi P B FET AR 7] [8]. X —RrtE AL T HF A R GV e N 5 T Bt 22 AW 77, AP e
GBEIRTT IR TSRS T 1 .

2. SHEHANEMFEERMS REFYE

TR EY AR R DUE T HAE IR B iR T T B ARRRIE 70, FLAE A R TR B B A . RN
I3 T e R R B S, ARORIRR 1) Thl B G e iy, FLIRIMG B T a2 ) F AR 7 it

2.1. EREARSTEERRNE

5 T8 H A i A S LS SR 5 AN G2 B PR A A L HORRAE o B T2 S IR B 3 BR A B
T, PR, DA SRR HON S B A [9]. FUR N TE EAIM S, 3@ 70 ROP Il GRA 5k
RN ER BB EIR T SO AR T, v E S RGNS M BASE[10] [11]. BEONREIAE, &
FET AT B GL CL AR, GBI CRPS R S WU S A A AR 2 R S AR AL A Y I BRIE SRR I 12] . e
TR G5, W T RV EON R T, BT AN PRI S5 Tl B Bk R RN
() 1 SRR SENE i 1) 4 R G A7 s , B3N S RR[13]. MR MEEGLIUIIAL, 15 1 CNS /NI BT 4H A
WHRFEE) IFN-p-STATL 15 5ot 4] 0 3 FR 0 2 0 B 22 [14] . IX A A UM 2R R TE IR 1) 52 38 S e .
FRIRE, VB S E RS 16 B R GIIREE AR SR T ORI,

22. BbBHET

5 TV U 20 R PN AF R AT — R A A WA RN B LN T AR S N RS AE T . ERIRAR B A
(rhoptry proteins, ROPs)H1, ROP18 & RANE MM FE R 12—, ol o Whdt N1 400 5 o) B3
b3 K% IFN-y 531 GTP B, 45 %% GTP B (immunity-related GTPases, IRGS)Fl S iz 45 &
F1(guanylate-binding proteins, GBPs), M IFN-y #4140 5 = %)% [15]. ROP18 Xt IRG & [ ik
FRALAEAR RALRE EAKH Dy s ROPS (1)1 [FI1F FH-ROPS YR Nt se 288, 3L B A E AWILIRIERE
SEN) IRG EA[15]. EMERMNLZ, SHRIHMLBE AR IRG FIGEUR R RN R B,
ROP39 ifiif 5 ROPSB R E A4, i tESE M) Irgb10 FEAMHI L FIVE AT &, M IRG &
[ 75 4/ 1 Ji% (parasitophorous vacuole membrane, PVM)_E {1245 [16]. Ak, 57 dui8 135 R 28383
JRE BRI RAE LA, a0 IWS1 & ATl I (] 421 7 ROP18 mRNA (1335, SRR JUALE IFN-y Bu%
16 F 40P 13E & BE[L7] . fEECEBURLE (7T, GRA4 PIESLnl PR G £ | B THMENE,
GRAS7/GRAT0/GRATL 5 &35k 25 A= HUE IFN-y SiE IR BT A735 18] [19]« X EEK N> T 1R T 5
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B O ARG, AP ) Pl W, e B EBE EE 5. i, NF-«B Al STATL i #%
& 5T HURONE ) TS R A, B0 FRRRIE AT IE L PPARy Z5A% 57 U4 B4 5 i S A A QAN 2R SN . MR
WITAEE, Xy 5 RS F 015 537 8, 2 BRI RO S I SRR AT, IR EE R 1 BT 2
BT o7 S A

2.3. RIEMEFHE

5% BUBRGL AT il e e R A5 38 R S B o B, MR R 2 B A R, BE S AR SR
TSI T Th BURSEL, P24 K& IFN-y, J5 38 245 il ar A2 B S R dh e 5 1 1) 92 5 1 e A 1) G
YR F[20]. 7E NS, IFN-y 55 E3 MG RNF213 #1227 4R, N5 K63 &z &=, #
S FIERCER A S DU SN FR R, A RR A A B, RNF213 SR {E IFN-y 2R3, %
A HONHL 5 T8 R % D BT 4 T [21].

SRIM, 5 T UM @ 2 LGS DUrE £ . SEE T I Bl IST Bl R IFN-y (5516 5,
TR FAEM T IFN-y B 2IETS, PTG 4ERF[22]. [T, GRA4 @It 455Kk TBK1,
et TRIM27 /51 K48-iz Ak, 755 TBKL EWFEAR, MIMANH] | TR IEEEIE; Agrad R
DRI 5 IEN-1 SO, 8 R S ok 2 T8 28 1, O 0 e R SRODR 40 M IV 38 S e P T 200 S 2 [ 18]

BT RN, 1SRG o S N RINE AP, —J7TH, 0121 CD8* T 41 tH L Th AR AT,
R GIHIEZ AR TIGIT) B, mlae S 8ar AL RRFEEAFAE[23]s 5 — 07, 1@PEmh PR AR 2
G ER A, T R IA RN EARA T NRG-1 Al ErbB4 (R #EMZ TCIEE,  1E A5 5 & (4 A 4L 47 5)
BRa&[24]. |/R T 5 R X KA G B, AT T G A 67 SRR A T B 1R .

3. B SRR R

IBkEE 5 0 B i A (R R S i T Bk, g A G e iR M e PR AR TR A SRS PO B T
R, AR R 5 T8 B T 5 VR B4 A6 DA TR OBl st b ) B0 RE U5 12 LA S % 0 15 R~ 0 B
LS AEOR B P R e R RE RIS, BRI BOm I, N R AL B2 Ll

3.1. YIEERETE

TERE R B AR B R, WSk Es A TP R IR 5 bk . X R DT RS A — SR i
JERE S A0 0T AR B AL W SR PR L2 ), TR RS B B B AN 2 0 B R o SRS IREE R o SR Ek X S 2k
I DNA XUBEWIZYE, (35 Tk L RFEr 266 10, (HERS E] (R B30 2 22 i MR S e e, X — SRS
O 7E 25 A48 HUyE JR du e W 7 kb 49 30 8 A [25] . 3 IR AN 5 R HudE B R AR A T B BEE AR .
Pourmohammadi 5 A &3, RH ¥Ri#EFE T4 200 Gy y ST G/ NRAAN 24 L8056, HiES
IFN-p+ IL-2 AT IL-10 7K, X i SR 5T A B dobk B0ag A B AR 97 UK [26] . B4, K AE HLT4R B8 (LEEI)
B IR ST A il ST R 2 5 T BUR A -, R OR R R 2R R (R MR ST, SN RS 5T s KT
M R AR A B [27] o X SRR B, IR R BOR CORETE 5 1 B SE I AT 45 ek 25 5 R 7 s
JEVE )P4 o (R R BR TR B AL AN A L 8 A5 5N, Bt RssE YEXE CLERIE,, B ROP18. GRAL7
SRR T R ) 45 52 A CRISPR/Cas9 T~ 6 [ T, Ji 1L ) Ji6 K] F ok 00 RS v sk 253 SR s LB AL B Vs
B89 R R A 6 Dk FE A 1) T2 IR R A [8] [18]

3.2. EERTEEEK

DR TR R S 2 WO 22 4 00T T HO RN T B B 0 SRS . B R R S R L e
JERYR B e BE B IR AR R IR S BEHE TN, P ERAT AR E s HLEL o RIS e SR R TR

DOI: 10.12677/acm.2026.1652169 3465 I IR 2= =23t e


https://doi.org/10.12677/acm.2026.1652169

H i &%

FEACUIREE J TR, PRIGENE B IR0 P B Bk R i O FE R N N BB 2 R & . TR Bk
A e 4E R, HAMNBOR IR A BR[28]. X —ARUHR B T M@ 24 AN nl Sl bk 1) 7 7 2tk
T IS R R = B R S B 11 (CPSIN),  HUBRTEM LA 4 58 A R Bl Re 77, SR RN i S K
BRI G985 [28] o (ELLIER b, BT FL7E H IR MR B (OMPDC) SR e (1) Bk A, L85 TR Ak
FEAIRIE 8 /MK E gL, RIS PR B X BRI g 1) DR 9 71 [29] « BEdE— 2B I 5T & B, 11 284 sk (1) OMPDC
BRIGHRANGIEE R, 564k T RAH S a TR 7T, MIEK EAL 4 718 MR e A [30]. EER
&, RFEFHREHRIAE T EAERBHEL T, KARET IL-12 5 IFN-y %, fERFIKsI0 CD8* T 4
J Mg A% 0 B Tha 48 R 25 [31]

TERE B BIRBR 7T, 5 HE WH3 Aropl8 J g i bk e /NS, Wi = AR s ) G
%, RINIFN-y. IL-12, TNF-a F1 1L-10 5400 K1 /K VT, FFi0E CD4* Fil CD8* T itk [ 41 i f2 5
SRRV A, AT/ B AU 2 Fh 5 1 BBk (W1 RHL ME49. WH3 F1 WHE) & 4L (1 /4 J7[8] -
A, ME49Acdpk3 iR IR TS T MK P I R AHBL R F-(IFN-y. IL-12. TNF-a). T ZfiEIG IR G
B 19G1/1gG2a Hifh Bigs, i 2 FhlT A= L 5 0% dUbk B T i AR R, o HH AR DR G 2 i 77 03 7132] -

TE FIRAR S B ) FE D B 0 AU R At b, X Ak Bl 1 %) e TR ok mT i — D s s e R e s . W
FUARH, PRI NE SRREA R PR PR g%, BEAOB T 20 i) ROP/GRA S5 MR H, IXH7R 1K
B R IR 5 0% BE T RE X 8 14 [33] . AT &, GRA4 B2 ) ME49Aompdc/ldh1/grad #4 A
TFMdmEE | M EREE, S5 TBKL MMM, MWMmIEsE IFN-1 724, HFiF SRR
CD64*CD11b*MAR-1"# JOIRA AN AE, 54 T 4R/ T BOPUIHORE BSL, S BT i g 1 58 4 S % B 47 [ 18]
SRR, srslda FE AR FR AR (Asrs 14a) AT 3 5 JIOR TEOA 5 AIM2 Z8RE/IMATEE, {23 CD8* T 4tififl
B R T 40 e 9 S E R ) ML RURR AL, AT R R, LML K SRS14A
X ASC CARD 45438, K63 4202 F AL M i) S 2R 1 B AR P A (R (R 0 [34] o X Mu 2 SR, AR ek 25
B 7 3 [RURE e oA P 3 3 SR, RN B S BLAT R08 a3 AT B[R] G SR U RS S R

4. BBSHHIETSHEME R MEERLE
4.1 HEmAERE

IBE 5 HUBIE 5 T Thl RS Be & BOdE PUME et WETURML, AR R M B fR i e 8 TR ks 7Y 5 7%
UGS T A R R B G e A, (R HE IFN-p. 1L-12 S5 OCHE AN M PR 1430k, 3845 CD8* T 4H iR A
HARD NS, A RENHI RO ERE . FURR . DS s B i S5 2 M se iR AR K [2]. fERERE
IR/ AR b, S R G RARE I Th SR, (ZREThaelE T 4 i los se i, JFE
G AR R A SR T MR VE R R, SR IR MR R <A IR R S B S A A, HL
ARG ™ I RN[35]0 BEAh, 5 BURSE AT R GEbk o i IR A (1 Batf3* ¢DC1 W), ElEdd
il B A, W REISR TR G RN 9 B S A s i i profilin 5248 8 F AT M sR T R SR B S
BEARIEAL, JF HAZRONAE BEAE R MR RT3 U5 ORI REAE[36] o FERRIR S8 IR AL, JBkas: 5 ]
24 BT P SRR AR TR s 1k IFN-y 7 2E[37]

42. RERFEE

DREE T HUIE I 5 1 T S I U G g A R O B . Asrs14a 5 IR R R R TR R T A R
SRS14A A X AIM2 J8E/MAFHIH], o Himil, SEbiAThRelams S i, (et CD8™ T 41
IR S D PR T anp b, SRS S E RGN R UM ML R, A R ) R 3k B [34] . TER
R SE IR G, JhE S B NRTUA #F5H slBEA 5T PD-1 HURIETT, AT B2 R oA S 4 k. o
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KA 76 1L-12 gk CD8* T 4RI 5 IFN-y 772,  [RIH/#E SR I HI A B, 7R Rt
SRR, N oe il PD-1 4 AR 2538 B SR U0 R HR [37]. Rl , 5 1 HUR G T ] TREM2* B 40 o 45
PANEI LT BE, Il P NLRP3/NLRPL #E /M4 B 1 i F W 20 I 0 ORE v 1 78 2 Fh S As
A, A Thl AR IR 7 R 48 0] 0 9 G Be AR [7] . EARERIIAR, SRR R
TER, Tt MR T R B S BEREB (e i R Bt fie, 75 SIEIR YT T 1 R EE 24 [38].

4.3. fulRiE S8

5 TV HLUo WA KON, B RS HE R P R SR G e T e, sk BBk 2 . TWIP 2 @ 45 515 32 SHP1/2 %
BRI 0% ROCK Jl i, Rty DC 1) F-WahiE A A SRR, mIIT#ae s, AR THe
SAHS T 4UMEBEUE[39]. HRE GRAS MUK EE % ME49Aompdc/Ildh1/gra4 AT f#RRxT TBKL S FH], 1
SR B R, IS S R CDE4*MAR-1'CD11b* DC WREY 1, TR b H IR 5% 5 CcD8*
T YU, FHARE A A S B 52 P, $E78 GRAS IR G JayT i (E S A [18]. BhAh, B
JUR LR R SOIR 40 B T MyD88 R #51 IRELa/XBP1s # %, IR K 7705 MHC | 289> FHi R
5, cDC1 VLA 7 PR Bk SR 20 BOR 3 350 T 0 BB R [40]: SNX17 JRE7E DC = -a R b 5 &
WEAAR B, RN 55 T B SCHU R I iy 88 Rk, ik CD8* T 4Hiffl & fk[41].

4.4. EFEHIMEEK

JEE 5 T IR a e R E T R A f ) OB E R . RH 5 ME49 #RiER 5 T HUEEE T LA
AT AN E NP AN I s 53T, 9% BRCAL. MYC. IL-6 e SE (R ZRIE, HRLmAZ A K
IL-17 15 5 iE %, SUE PR R A GRALS fJ#GE PTEN {5 5@, 55 hTERT LML 5FRE T, S5
Uit oL R TR PR A R e A, R AR &5 EL R AN T MRS, GRALG TR AT FHUZEEIA(E SiEg, &
T2 B8 m AR J1[39]. 5 % B AR B R oy WAL IR AE SR AR AR rh ] DA S R A SR SR T, S
A BN R A L [42] . tEAh, ROP/GRA AUt H K%, W1 ROP18. GRA24 1E 7 AL i s e A B i, d
T {E IEN-y AR ) U 42 T 2 40 i ) 5 0 o 5 78 O SR AR Y R i FE K CD8at DC IL-12/1FN-y
i % CD4*/CD8" T ZHHuthRIfE[33]. MR E IS Syl WL E, A4 5 % H 2 4k B iR 2L
JSL PR

5 RE

JREE 5 T B MR S B iR T IR Y SR, ARk R LM 2 L FE I B MR 7 . HAMX AT i o
Thl UG B, S5 SR G0 T BE Ao A2 3E CD8* T 4 i i Sk =5 4 fifed 4o 1% AR5 [35] [37], b AEiE
iR E N T, W1 GRA4. GRAL6. ToWIP S5 1 32 SCH (5 S5 am B, AT B34 i 8 240 it 384
B IERE BT HR TI[7] [18] [43]. IXEEHLEHIATT K TIEE 5 T R AL S 197 e 1R 4 7 RS
BEERTe S i

R T AT R A T ORI B R 22 A 1 S T 45 M o M RT A 10 2 P R AR E Mk 40 WH3 Arop18.
ME49Aompdc/ldh1/gra4. Asrsl4a. ME49Acdpk3 55, TUESNIAY HriilF 52 vl 5 5 0k B A S R 9,
7 Fof e R i 2L 23 B B BOX RS [8] [18] [32] [341. 4R, wnfef ik — D VHBRIGTE R BE /) W ERTE S ke
AN ) 22 A, TSR I R B AL PR S BREPR AR

AN, SRR E A 515 ERERGAAETIER R, 11 GRA4 B (E#t TBKL iZ KALFE M |
BTSN, TR RAR I PTG 58 IEN-1 772 A2 R0 R e PR SOIR A A, S TH PR T 4 S
[18]; SRSI14A itz Ak ASC #llfi] AIM2 JEAE/NMA, HEKR AT M1 Y B W41 itk it 5 CD8* T 4 i
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RiE[34]. XHIR, FEHEGm R 5 B TR R, AT M e R D EE D T U S SRR, ST
96 R B3 (A T T Tl

FEMCEEA b, BEE R TR S &AM KR, PR SR BE SR Bk Rk Mm i,
@ TR PURIE RS FERNELE T A . 87 EE T % R A 5N R AR OS5
(tumor-associated antigens, TAAS)&{:#7 171 J& (neoantigens), 7 7EH: KAREF 1) Thl By 5t T, SLIHUR
() 80 S R e e T A N BRI DT AR S P i 3 R A M B X J R A HE SR I B o 1R
AT 45 5 T UM SR T #2 5 05 e g e, HS5 CD8* T 4Hffa /v F I HiRI RS, JHiE 4
PECIZIFEAME . AR, %R TR SCE I PR RIS E . I 52 15 3 e B TE T 4R
PSR, AR PR B AR R A E AL R PR UE AT AT S IR IR A ME . A, SR BB AT RE S
RV B o A3 4% S 0 Bk FE JRE S5 R G M i I AN T AN [44]-[46] . 27 b, Dk B = T2 Uml Il R %4k,
I TAEIREE RIS AL . FEUE TRLEOE . 2ot RGOS B A 16T B S 7 T BV RR SR R . R,
FEHEREIG PR N AT, 75 87 2 1 A XU PPl 4 & o

6. IlmPREE LBk F SRS

IR S R IR A TFEHE CMC, IR Z AN . IRRIREE 5 IR UANEE . 75 CMC
JEI, AP HOBOE 20 M FR K 2R, Bahreini 58 ANEESZ 1 11 A PRU HUBRIAR N ARG G758, fE/DV R
M B BEA Hela 4 Es 7%, #FH T4 92%MA 4 M35 5 8% — & WV AR A7 B MG IEL CR AT J5 R 3% 1118
80%, NG GMP 25| T2 PRIt T T E4MR[47]. KT 24P, Niedelman % NiFEsE 5
d1o6 57 /1K 7 ROP18 BEA ROP5 /5 1 %F flE IFN-y N &R S e ikt , (EAZMLHIAE N4 b R B =
TPERR GTP B RGLMIR AL, 7R/ R 22 A M 1) A AR S MBEATAE T ] [ A AN e PE[48] 0 I PRI SR
WA 7T, 75 B16F10 22 € 2RI 28 rp il Sl 52 ) B PR w8 FR R B MR 22980 P 5 Je mld i CD8* T i il
WRAIGAENL R R GEVEDUI R S N B ST e iz, ELX il A O S R AR AR R R AR XL, MRS
ARG U PR A T B HEIIE[49]: EMERIZM, W DR “HiREmy” 5 “RH
BHE AR ” XU R, FDA T 2016 E & A ) MVGT $5 7 A W0AE M 3RS R IG YT 7 f i CMC
FAEER K IND HR A (B s HE A HEZR[50], 1T 2026 £EHEAT 3 T KUK (1970 B Be CMC R 3% 1 W 8 Sk
FVFHIRITTE | B ARG B BER F 43 M B A 42 38 B 4% HLAN SR 1) BER 4 21 CFR 211 ) cGMP £ 2
3K, AL ZRETVE & 1 R AL T S R A 2 1 [51]. Fox A1 Bzik 7ERFFL it — AR, mfRE
FH It B 2 5 B 11 (CPSI HY) PR i g 7 77 SR b 2 MR AE S 2 i 4> BALB/C /NER 52 IFN-y SR FE /N GR35 58
R FS), HEPRER I AT SR AR s, NETF G CMC R A PR SR E 7 OCH
15185 13 4:[28] .

SE

[1] Rui, R., Zhou, L. and He, S. (2023) Cancer Immunotherapies: Advances and Bottlenecks. Frontiers in Immunology, 14,
Article 1212476. https://doi.org/10.3389/fimmu.2023.1212476

[2] Lotfalizadeh, N., Sadr, S., Morovati, S., Lotfalizadeh, M., Hajjafari, A. and Borji, H. (2024) A Potential Cure for Tumor-
associated Immunosuppression by Toxoplasma gondii. Cancer Reports, 7, €1963. https://doi.org/10.1002/cnr2.1963

[3] Chatterjee, R., Chowdhury, A.R., Nair, A.V., Hajra, D., Kar, A., Datey, A, et al. (2023) Salmonella Typhimurium PgtE
Is an Essential Arsenal to Defend against the Host Resident Antimicrobial Peptides. Microbiological Research, 271,
Atrticle ID: 127351. https://doi.org/10.1016/j.micres.2023.127351

[4] Peres, N.G., Wang, N., Whitney, P., Engel, S., Shreenivas, M.M., Comerford, I., et al. (2021) CD4* T Cell Immunity to
Salmonella Is Transient in the Circulation. PLOS Pathogens, 17, €1010004.
https://doi.org/10.1371/journal.ppat.1010004

[5] Chintala, N.K., Choe, J.K., McGeeg, E., Bellis, R., Saini, J.K., Banerjee, S., et al. (2023) Correlative Analysis from a

DOI: 10.12677/acm.2026.1652169 3468 I IR 2= =23t e


https://doi.org/10.12677/acm.2026.1652169
https://doi.org/10.3389/fimmu.2023.1212476
https://doi.org/10.1002/cnr2.1963
https://doi.org/10.1016/j.micres.2023.127351
https://doi.org/10.1371/journal.ppat.1010004

H i &%

(6]

[7]

(8]

(9]
[10]
[11]

[12]

[13]

[14]

[15]

[16]

[17]

(18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

Phase I Clinical Trial of Intrapleural Administration of Oncolytic Vaccinia Virus (Olvi-Vec) in Patients with Malignant
Pleural Mesothelioma. Frontiers in Immunology, 14, Artice 1112960. https://doi.org/10.3389/fimmu.2023.1112960

Mayer, R.L., Verbeke, R., Asselman, C., Aernout, I., Gul, A., Eggermont, D., et al. (2022) Immunopeptidomics-Based
Design of mMRNA Vaccine Formulations against Listeria monocytogenes. Nature Communications, 13, Article No. 6075.
https://doi.org/10.1038/s41467-022-33721-y

Li, J., El Shanawany, E.E., Hassan, S.E., Li, P., Sun, J., Li, H., et al. (2026) Toxoplasma gondii as a Drug for Anti-Tumor
Immunotherapy: Mechanisms, Challenges, and Perspectives. Parasite, 33, Article No. 4.
https://doi.org/10.1051/parasite/2026006

Wang, C., Fu, S., Yu, X., Zhou, H., Zhang, F., Song, L., et al. (2024) Toxoplasma WH3 drop18 Acts as a Live Attenuated
Vaccine against Acute and Chronic Toxoplasmosis. npj Vaccines, 9, Article No. 197.
https://doi.org/10.1038/s41541-024-00996-9

Black, M.W. and Boothroyd, J.C. (2000) Lytic Cycle of Toxoplasma gondii. Microbiology and Molecular Biology Re-
views, 64, 607-623. https://doi.org/10.1128/mmbr.64.3.607-623.2000

Ihara, F. and Nishikawa, Y. (2021) Toxoplasma gondii Manipulates Host Cell Signaling Pathways via Its Secreted Ef-
fector Molecules. Parasitology International, 83, Article ID: 102368. https://doi.org/10.1016/j.parint.2021.102368

Seizova, S., Ferrel, A., Boothroyd, J. and Tonkin, C.J. (2024) Toxoplasma Protein Export and Effector Function. Nature
Microbiology, 9, 17-28. https://doi.org/10.1038/s41564-023-01563-z

Morales, P., Brown, A.J., Sangaré, L.O., Yang, S., Kuihon, S.V.N.P., Chen, B., et al. (2024) The Toxoplasma Secreted
Effector TgWIP Modulates Dendritic Cell Matility by Activating Host Tyrosine Phosphatases Shpl and Shp2. Cellular
and Molecular Life Sciences, 81, Article No. 294. https://doi.org/10.1007/s00018-024-05283-3

Shallberg, L.A. and Hunter, C.A. (2021) Long Live the King: Toxoplasma gondii Nucleomodulin Inhibits Necroptotic
Cell Death. Cell Host & Microbe, 29, 1165-1166. https://doi.org/10.1016/j.chom.2021.06.010

Cowan, M.N., Kovacs, M.A., Sethi, I., Babcock, I.W., Still, K., Batista, S.J., et al. (2022) Microglial STAT1-Sufficiency
Is Required for Resistance to Toxoplasmic Encephalitis. PLOS Pathogens, 18, e1010637.
https://doi.org/10.1371/journal.ppat.1010637

Murillo-Léon, M., Bastidas-Quintero, A.M. and Steinfeldt, T. (2024) Decoding Toxoplasma gondii Virulence: The
Mechanisms of IRG Protein Inactivation. Trends in Parasitology, 40, 805-819. https://doi.org/10.1016/j.pt.2024.07.009

Singh, S., Murillo-Leén, M., Endres, N.S., Arenas Soto, A.F., Gébmez-Marin, J.E., Melbert, F., et al. (2023) ROP39 Is
an Irgh10-Specific Parasite Effector That Modulates Acute Toxoplasma gondii Virulence. PLOS Pathogens, 19,
€1011003. https://doi.org/10.1371/journal.ppat.1011003

Hashizaki, E., Sasai, M., Okuzaki, D., Nishi, T., Kobayashi, T., lwanaga, S., et al. (2023) Toxoplasma IWS1 Determines
Fitness in Interferon-y-Activated Host Cells and Mice by Indirectly Regulating ROP18 mRNA Expression. mBio, 14,
€03256-22. https://doi.org/10.1128/mbio.03256-22

Hu, Z., Zhang, Y., Xie, Y., Yang, J., Tang, H., Fan, B., et al. (2024) The Toxoplasma Effector GRA4 Hijacks Host TBK1
to Oppositely Regulate Anti-T. gondii Immunity and Tumor Immunotherapy. Advanced Science, 11, Article ID: 2400952.
https://doi.org/10.1002/advs.202400952

Lockyer, E.J., Torelli, F., Butterworth, S., Song, O., Howell, S., Weston, A., et al. (2023) A Heterotrimeric Complex of
Toxoplasma Proteins Promotes Parasite Survival in Interferon y-Stimulated Human Cells. PLOS Biology, 21, €3002202.
https://doi.org/10.1371/journal.phio.3002202

GOmez-Chavez, F., Murrieta-Coxca, J.M., Caballero-Ortega, H., Morales-Prieto, D.M. and Markert, U.R. (2023) Host-
pathogen Interactions Mediated by Extracellular Vesicles in Toxoplasma gondii Infection during Pregnancy. Journal of
Reproductive Immunology, 158, Article ID: 103957. https://doi.org/10.1016/j.jri.2023.103957

Dulcemaria, H., Stephen, W., Luz, S.S., et al. (2022) Interferon-Inducible E3 Ligase RNF213 Facilitates Host-Protective
Linear and K63-Linked Ubiquitylation of Toxoplasma gondii Parasitophorous Vacuoles. mBio, 13, €0188822-e0188822.
https://doi.org/10.1128/mbio.01888-22

Seizova, S., Ruparel, U., Garnham, A.L., Bader, S.M., Uboldi, A.D., Coffey, M.J., et al. (2022) Transcriptional Modifi-
cation of Host Cells Harboring Toxoplasma gondii Bradyzoites Prevents IFN y-Mediated Cell Death. Cell Host & Mi-
crobe, 30, 232-247.e6. https://doi.org/10.1016/j.chom.2021.11.012

Li, H., Zhang, J., Su, C., Yang, Z., Mei, X., Zhang, Z., et al. (2023) Dynamic Changes in TIGIT Expression on the T-
Cell Surface and TIGIT-Mediated T-Cell Dysfunction in the Brains of Mice with Chronic Toxoplasma gondii Infection.
Acta Tropica, 241, Article ID: 106871. https://doi.org/10.1016/j.actatropica.2023.106871

Bergersen, K.V., Kavvathas, B., Ford, B.D. and Wilson, E.H. (2024) Toxoplasma Infection Induces an Aged Neutrophil
Population in the CNS That Is Associated with Neuronal Protection. Journal of Neuroinflammation, 21, Article No. 189.
https://doi.org/10.1186/s12974-024-03176-7

James, E.R., Matheny, S., Overby, J., Sim, B.K.L., Eappen, A.G., Li, T., et al. (2022) A First for Human Vaccinology:

DOI: 10.12677/acm.2026.1652169 3469 Il R 125 23k i


https://doi.org/10.12677/acm.2026.1652169
https://doi.org/10.3389/fimmu.2023.1112960
https://doi.org/10.1038/s41467-022-33721-y
https://doi.org/10.1051/parasite/2026006
https://doi.org/10.1038/s41541-024-00996-9
https://doi.org/10.1128/mmbr.64.3.607-623.2000
https://doi.org/10.1016/j.parint.2021.102368
https://doi.org/10.1038/s41564-023-01563-z
https://doi.org/10.1007/s00018-024-05283-3
https://doi.org/10.1016/j.chom.2021.06.010
https://doi.org/10.1371/journal.ppat.1010637
https://doi.org/10.1016/j.pt.2024.07.009
https://doi.org/10.1371/journal.ppat.1011003
https://doi.org/10.1128/mbio.03256-22
https://doi.org/10.1002/advs.202400952
https://doi.org/10.1371/journal.pbio.3002202
https://doi.org/10.1016/j.jri.2023.103957
https://doi.org/10.1128/mbio.01888-22
https://doi.org/10.1016/j.chom.2021.11.012
https://doi.org/10.1016/j.actatropica.2023.106871
https://doi.org/10.1186/s12974-024-03176-7

H i &%

[26]

[27]

(28]

[29]

[30]

[31]

[32]

[33]

[34]

[35]

[36]

[37]

[38]

[39]

[40]

[41]

[42]

[43]

GMP Compliant Radiation Attenuation of Plasmodium falciparum Sporozoites for Production of a Vaccine against Ma-
laria. Frontiers in Immunology, 13, Article 851028. https://doi.org/10.3389/fimmu.2022.851028

Pourmohammadi, S.F., Bahreini, M.S., Bajelan, S., Shamsaei Sarvestani, A., Shahriari, B., Mohammadianpanah, M., et
al. (2025) Exploring the Application of Gamma Radiation-Attenuated Toxoplasma gondii Tachyzoites: A Promising
Vaccine Candidate against Toxoplasmosis. Jundishapur Journal of Microbiology, 18, e158952.
https://doi.org/10.5812/jjm-158952

Finkensieper, J., Mayerle, F., Renteria-Solis, Z., Fertey, J., Makert, G.R., Lange, F., et al. (2023) Apicomplexan Parasites
Are Attenuated by Low-Energy Electron Irradiation in an Automated Microfluidic System and Protect against Infection
with Toxoplasma gondii. Parasitology Research, 122, 1819-1832. https://doi.org/10.1007/s00436-023-07880-w

Fox, B.A. and Bzik, D.J. (2002) De Novo Pyrimidine Biosynthesis Is Required for Virulence of Toxoplasma gondii.
Nature, 415, 926-929. https://doi.org/10.1038/415926a

Fox, B.A. and Bzik, D.J. (2010) Avirulent Uracil Auxotrophs Based on Disruption of Orotidine-5’-Monophosphate De-
carboxylase Elicit Protective Immunity to Toxoplasma gondii. Infection and Immunity, 78, 3744-3752.
https://doi.org/10.1128/iai.00287-10

Fox, B.A. and Bzik, D.J. (2015) Nonreplicating, Cyst-Defective Type Il Toxoplasma gondii VVaccine Strains Stimulate
Protective Immunity against Acute and Chronic Infection. Infection and Immunity, 83, 2148-2155.
https://doi.org/10.1128/iai.02756-14

Gigley, J.P., Fox, B.A. and Bzik, D.J. (2009) Cell-mediated Immunity to Toxoplasma gondii Develops Primarily by
Local Th1 Host Immune Responses in the Absence of Parasite Replication. The Journal of Immunology, 182, 1069-1078.
https://doi.org/10.4049/jimmunol.182.2.1069

Wu, M., Liu, S., Chen, Y., Liu, D., An, R., Cai, H., et al. (2022) Live-Attenuated ME49dcdpk3 Strain of Toxoplasma
gondii Protects against Acute and Chronic Toxoplasmosis. npj Vaccines, 7, Article No. 98.
https://doi.org/10.1038/s41541-022-00518-5

Fox, B.A., Sanders, K.L., Rommereim, L.M., Guevara, R.B. and Bzik, D.J. (2016) Secretion of Rhoptry and Dense
Granule Effector Proteins by Nonreplicating Toxoplasma gondii Uracil Auxotrophs Controls the Development of Anti-
tumor Immunity. PLOS Genetics, 12, €1006189. https://doi.org/10.1371/journal.pgen.1006189

Yang, K., Song, Y., Yuan, H., Yang, Z., He, H., Nig, L., et al. (2025) The Toxoplasma Surface SRS14A Promotes ASC
Ubiquitination to Suppress AIM2 Inflammasome and Tumor Immunity. International Journal of Biological Macromol-
ecules, 319, Article ID: 145343. https://doi.org/10.1016/j.ijbiomac.2025.145343

Nguyen, Y.T.M,, Sibley, L., Przanowski, P., Zhao, X., Kovacs, M., Wang, S., et al. (2024) Toxoplasma gondii Infection
Supports the Infiltration of T Cells into Brain Tumors. Journal of Neuroimmunology, 393, Article ID: 578402.
https://doi.org/10.1016/j.jneuroim.2024.578402

Payne, S.N., Emmerich, P.B., Davis, N.M., Deming, D.A. and Knoll, L.J. (2021) Novel Murine Pancreatic Tumor Model
Demonstrates Immunotherapeutic Control of Tumor Progression by a Toxoplasma gondii Protein. Infection and Immun-
ity, 89, e00508-21. https://doi.org/10.1128/iai.00508-21

Bahwal, S.A., Chen, J.J., E, L., Hao, T., Chen, J., Carruthers, V.B., et al. (2022) Attenuated Toxoplasma gondii Enhances
the Antitumor Efficacy of Anti-PD1 Antibody by Altering the Tumor Microenvironment in a Pancreatic Cancer Mouse
Model. Journal of Cancer Research and Clinical Oncology, 148, 2743-2757.
https://doi.org/10.1007/s00432-022-04036-8

Song, Y., Yuan, H,, Yang, X., Yang, Z., Ren, Z., Qi, S., et al. (2024) The Opposing Effect of Acute and Chronic Toxo-
plasma gondii Infection on Tumor Development. Parasites & Vectors, 17, Article No. 247.
https://doi.org/10.1186/s13071-024-06240-6

Chua, Y.W. and Chow, S.C. (2025) Bug as a Drug: Unveiling Anti-Cancer Properties of Toxoplasma gondii and Its
Therapeutic Prospects in Cancer Immunotherapy. Acta Tropica, 267, Article ID: 107684.
https://doi.org/10.1016/j.actatropica.2025.107684

Poncet, A.F., Bosteels, V., Hoffmann, E., Chehade, S., Rennen, S., Huot, L., et al. (2021) The UPR Sensor IRE1a Promotes
Dendritic Cell Responses to Control Toxoplasma gondii Infection. The EMBO Reports, 22, Article No. EMBR201949617.
https://doi.org/10.15252/embr.201949617

Dinamarca, S., Croce, C., Salvioni, A., Garrido, F., Fidalgo, S.E., Bigliani, G., et al. (2025) SNX17 Regulates Antigen
Internalisation and Phagosomal Maturation by Dendritic Cells. Immunology, 174, 167-185.
https://doi.org/10.1111/imm.13878

Younis, S.S., Elmansory, B.M., Elrefaey, H.A., Nasef, N.A., Elakshar, S.H., Awad, R.A., et al. (2025) Evaluation of
Antitumor Effects of Toxoplasma gondii Different Antigens on Ehrlich Solid Carcinoma in Mice. Parasite Immunology,
47, e70036. https://doi.org/10.1111/pim.70036

Seo, S., Shin, J., Ham, D. and Shin, E. (2022) PTEN/AKT Signaling Pathway Related to hTERT Downregulation and

DOI: 10.12677/acm.2026.1652169 3470 Il R 125 23k i


https://doi.org/10.12677/acm.2026.1652169
https://doi.org/10.3389/fimmu.2022.851028
https://doi.org/10.5812/jjm-158952
https://doi.org/10.1007/s00436-023-07880-w
https://doi.org/10.1038/415926a
https://doi.org/10.1128/iai.00287-10
https://doi.org/10.1128/iai.02756-14
https://doi.org/10.4049/jimmunol.182.2.1069
https://doi.org/10.1038/s41541-022-00518-5
https://doi.org/10.1371/journal.pgen.1006189
https://doi.org/10.1016/j.ijbiomac.2025.145343
https://doi.org/10.1016/j.jneuroim.2024.578402
https://doi.org/10.1128/iai.00508-21
https://doi.org/10.1007/s00432-022-04036-8
https://doi.org/10.1186/s13071-024-06240-6
https://doi.org/10.1016/j.actatropica.2025.107684
https://doi.org/10.15252/embr.201949617
https://doi.org/10.1111/imm.13878
https://doi.org/10.1111/pim.70036

H i &%

[44]

[45]

[46]

[47]

[48]

[49]

[50]

[51]

Telomere Shortening Induced in Toxoplasma GRAL16-Expressing Colorectal Cancer Cells. Biomedicine & Pharma-
cotherapy, 153, Article ID: 113366. https://doi.org/10.1016/j.biopha.2022.113366

Liu, S., Zheng, Y., Cui, B, Yang, J., Yuan, B., Cao, Y., et al. (2025) Gut Microbiota-Derived Butyrate Alleviates the
Impairment of Mice Intestinal Integrity Caused by Toxoplasma gondii Infection. Life Sciences, 374, Article ID: 123709.
https://doi.org/10.1016/j.1fs.2025.123709

Xu, K., Zheng, Q., Zu, M., Ma, J., Xia, W., Liu, D, et al. (2026) Pharmacological Inhibition of the MST2/Hippo Sig-
naling Pathway Mitigates Toxoplasma gondii-Induced Apoptosis and Immunopathology in Macrophage and Mice Liver.
Biochemical Pharmacology, 250, Article ID: 117944. https://doi.org/10.1016/j.bcp.2026.117944

Qiu, Z., Chen, L., Hou, X., Sheng, J., Xu, J., Xu, J., et al. (2023) Toxoplasma gondii Infection Triggers Ongoing Inflam-
mation Mediated by Increased Intracellular CI~ Concentration in Airway Epithelium. Journal of Infection, 86, 47-59.
https://doi.org/10.1016/j.jinf.2022.10.037

Bahreini, M.S., Nohtani, M., Salemi, A.M., Mirzaeipour, M., Dastan, N., Bajelan, S., et al. (2021) Introduction of Pro-
tocols for Mass Production of Toxoplasma gondii Tachyzoites of the Genotype 1l PRU Strain. Animal Models and Ex-
perimental Medicine, 4, 278-282. https://doi.org/10.1002/ame2.12174

Niedelman, W., Gold, D.A., Rosowski, E.E., Sprokholt, J.K., Lim, D., Farid Arenas, A., et al. (2012) The Rhoptry Pro-
teins ROP18 and ROP5 Mediate Toxoplasma gondii Evasion of the Murine, but Not the Human, Interferon-y Response.
PLOS Pathogens, 8, €1002784. https://doi.org/10.1371/journal.ppat.1002784

Baird, J.R., Byrne, K.T., Lizotte, P.H., Toraya-Brown, S., Scarlett, U.K., Alexander, M.P., et al. (2013) Immune-Medi-
ated Regression of Established B16F10 Melanoma by Intratumoral Injection of Attenuated Toxoplasma gondii Protects
against Rechallenge. The Journal of Immunology, 190, 469-478. https://doi.org/10.4049/jimmunol.1201209

FDA (2016) Recommendations for Microbial Vectors Used for Gene Therapy: Guidance for Industry.
https://www.fda.gov/requlatory-information/search-fda-guidance-documents/recommendations-microbial-vectors-
used-gene-therapy

FDA (2026) Flexible Requirements for Cell and Gene Therapies to Advance Innovation.
https://www.fda.gov/vaccines-blood-biologics/cellular-gene-therapy-products/flexible-requirements-cell-and-gene-
therapies-advance-innovation

DOI: 10.12677/acm.2026.1652169 3471 Il R 125 23k i


https://doi.org/10.12677/acm.2026.1652169
https://doi.org/10.1016/j.biopha.2022.113366
https://doi.org/10.1016/j.lfs.2025.123709
https://doi.org/10.1016/j.bcp.2026.117944
https://doi.org/10.1016/j.jinf.2022.10.037
https://doi.org/10.1002/ame2.12174
https://doi.org/10.1371/journal.ppat.1002784
https://doi.org/10.4049/jimmunol.1201209
https://www.fda.gov/regulatory-information/search-fda-guidance-documents/recommendations-microbial-vectors-used-gene-therapy
https://www.fda.gov/regulatory-information/search-fda-guidance-documents/recommendations-microbial-vectors-used-gene-therapy
https://www.fda.gov/vaccines-blood-biologics/cellular-gene-therapy-products/flexible-requirements-cell-and-gene-therapies-advance-innovation
https://www.fda.gov/vaccines-blood-biologics/cellular-gene-therapy-products/flexible-requirements-cell-and-gene-therapies-advance-innovation

	减毒弓形虫在肿瘤免疫治疗中的应用与机制研究进展
	摘  要
	关键词
	Research Progress on the Application and Mechanism of Attenuated Toxoplasma gondii in Tumor Immunotherapy
	Abstract
	Keywords
	1. 引言
	1.1. 肿瘤免疫治疗现状
	1.2. 微生物治疗肿瘤的进展及减毒弓形虫与肿瘤的关联性

	2. 弓形虫的生物学基础与免疫特性
	2.1. 生命周期与宿主感染机制
	2.2. 核心毒力因子
	2.3. 免疫激活特征

	3. 减毒弓形虫的构建策略
	3.1. 物理减毒方法
	3.2. 基因工程减毒株

	4. 减毒弓形虫治疗多样肿瘤及其抗肿瘤作用机制
	4.1. 激活抗肿瘤免疫
	4.2. 免疫微环境重塑
	4.3. 抗原递呈增强
	4.4. 直接抑制肿瘤生长

	5. 展望
	6. 临床转化挑战和策略
	参考文献

