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ET mRNA P& AKX EBERERE 1R ERE

) ARLY FEELY FRpkpk Y ALY R JmYT
(D EFIREFEA I DA, A YIS WA S0 TREARTIFT G, HIT] 3611025
P QT YR TR 2 S, [ 361102)

TE AR EE (HIV) H 20 80FERMIMLISK, CAESKERNI ZRHAT, HAIA Rtk R ok
EREUr . A8 R W TR R A RGE H HIV AL4E, DUl sl iiiny T W K 7R AW, (i 2 PN EHE . 245
AT SCHE T . HIV-1 9 8 BG4 Sk | RSO 2R 1 100 SRE R L SR N TR P I KRR A7 A, (AL e se i SR J8
M, FTAESR, mRNA ARSI g . /=R . KRG 3k B FE RO S5, Ak EaR xR fit T4
B . A LRGP mRNA AR LE HIV-1 28 8 & P B s R, J5 5T ) 3 s RO B A 358 T 440 i 1y 25 T
I AR G RE A, AR T 25T RV 144 B2 1) mRNA §o5 . FURi ik mRNABERH 1. iR H0) mRNA 22 0F & FTHIV iR
PESE 4 RO T 0 AR . [RIES X b mRNA 55005 11 6 1 OGS et 2 5, 40 JLAE S ye It i rh i S kS0
TRAFRIT mRNA RE 52 3% PORBTIR RO AL BT, 2 b7 Ho P2 Ak v T I (9 G e B A R A | Rk ARG O . 8

KR GEMU AR RSO B L ) S SRS

KR AR, mRNAZER, [T AbTR, TN

FESES  Q939, R392, R373

NG PEERIE T (human immunodeficiency
virus, HIV) 4 L PR AR 1l 3 A9 7] 532 HIV-1 Fl
HIV-2'" o HIV-1 J2& 3K 15 ¥ % 9% ok fE 25 & 1
(acquired immunodeficiency syndrome, AIDS)
FEFATILER . [ M 20122 80 4147 &5 ] AIDS
R L, R ER T X HIV-1 17T 40 2
AERIAIESE, (B 24 i RAE I HIV-1 752 BRIV N Y
WAT P BUAR PR SR BEIR YT (antiretroviral
therapy, ART) FKF HIV-1/84L W EAT 2 Wi 28
AR, (28R A RO HIV-1 %
B PR AN EE o HIV-1 YR AT B G HE

HIV-13 B T & — HR iR AL TR E R
Pedk o dE AR Ok, T3 b BT K (broadly
neutralizing antibodies, bnAbs) A% A HIV-1 %
HFE TR TR A SR, bnAbs AENEIH ) 40 JEHE &
FH (envelope, Env) A& JERSFRAL, Ml
FZ R HIVEERE “' SR, bnAbs 1974 T Ifs 22 5
BRf, H—, bnAbs M ATE, 5% IR
HEEAE, BIFT B 42 ) Z2 40 B RS 2 A 0
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ZZRATRAIRAIE . A BRI E, XA,
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BEOR PRGN RE B Y 0 Ad26.
Mos. HIV % 1 7E B4 o6k At G 5% i B 0 25
(simian-human immunodeficiency virus, SHIV) 6
IR BB PRI ARIK 67%, BRI FE KU FEAR 94%, (H
I R 50 v, 22 v 0 AR U 2 M B PR B R 0 A
25.2%, HifSyukTokE e R ik, KRk
PZ LR Y, RVI44IG RIS o, 28 %
P LR E T A HIV R U A T R 31.2%, 2
AR R U5 B BOE B R AP R — B IR B 2 60%,
BAE3SAENWE TR Ah, WA S IPTER
NELAAEHRIBTAAR S 5 T 65%. T, R
JURZE W A T el A v o G BSEE 2R 11 140 (envelope
glycoprotein 140, Env gpl140) FJUK s . PR T i
Ah F X I (membrane-proximal external region,
MPER) Jik-ig S fAinas , MPER 50t (4 2
FTHERIE L 2 10°~1 1 10°, Xt HIV-1 B2 G
HETE, i vk RO IET . MR,
Bk =) S dREe Bl RS H A 22% Hit 14
SERERE R Tier 2 Bk, N ZHMAR, SR 2L
AR A% O BT 1 A Ik B TR S AR AL
R Rt ANTE A, (R B RO bR,
HIV-1 32 B A AT T R PR AR

1 FEHIV-1EEHBBLE

HIV-1 it e Ed R TE R SR T, #
F20244F, WHEZ132.9 7 NEYLHIV-1, 47477
ABET:, ¥ 2024 4F ART 1 32 1 29 63 {278 N\ R
S R T A G ) HIV-1 AL 3% I AR 3%
IR A, TFE—F a4 . BRI & B0
B, A HIV-1 SER A AR R R EE R T RS
e TER Y B S R B ) T HIV-1 B B 4
1.1 HIV-INEELZT S

HIV-1 & B L ZRE R T 2 A RO i &
BLREAT Z — o HIV-1 76 il e v it 22300 A S il
I3 B 1 RNA L R385 5% DNA, {H 65 S (L
H RNA i 1Y) DNA 24 il 1% 1 Al RNase H i % ,
Bz 3w H) 5 R PR X, B IE T g,
MR R et v, R SE R A ) & il R T
BARRAIE N FERSNSER , HIV-1 3805 S Y
FE R FPAG T B I A 2 R 1 2 5.9 107
F]5.3x107°, X P A iR R R B0 B A Y 4 Y 28 AR
AR Y Ak, BT R HIV-1 9 1 0k
T2 HUEE RNA LR A, X R AR ZSF (A5 R
I35 5 PR 11 RNA 7 [7] — 9 1 00RE P 4 300 7 it o

M, FEEERAR LA KRBT
g B MR, A R EERR B B9 F A 22 AT IR 20%~
35% 20 SX— LA TV A R 4
PRPAFSIENIE, X EH AR LI CRFO1_AE AL R 20
B, i A CRFO7_BC Jy BV il 5 BB ity , 4
AEELWT R VEMWTT WL, EE AR R IE R A 0
ZH TR A TR S
1.2 HIV-1HREFR#RK

HIV-1 [ R BEBE# (glycan shield) J&48 Env 3
% M ON- % 5 OB SR b & i (N-linked
glycosylation) '*', Env —2RIAZ) 50% M1 2 HH b
MR, 223K 90 ST TE 1 N-R AL 47 15, (potential
N-glycosylation sites, PNGS), X T />HA % 2L
(1) [6] B 40 CD4 45 & fi &% (CD4 binding sites,
CD4bs), Al SHRSES 0 DB H 1 = 4 b
FAPLEIG R, e A" P, 3
92 ZR G0 0 3 PRI SZATL A 75 R s ol e TRk 22 235
PR B A s >, SRBEBEMOT AR S S5, W
THERACAL S SR A5 sh 828 ik, TR B
WERALLRRE L S BT AL AR R o
41T N448 17 45 (1 R BELE gp120/gp41 SR R 1]
RER A F RS ARG, A0 15 RO 18 o e 2 o
AL RIS R Gl R S ki e 7, Rk
B2 S F G U X DD BE IR 7
1.3 HIV-LERKEMREK

HIV-1 G BN, TR 4] RNA Wi
SN DNA G 215 R FEA T, #FABRRE,
DIE B HIV-1 3R P 28 AR 2 p s PR VR T e
BEY HEPLE, W CD161 5 CDI8" CD4 T 4 g id i)
P OK 2 SRR A1 A 2 A T SR A T s R
B, MY AR R E R ], S EOR RN
e 45> o WA, R I 1C T 4 L (effector
memory T cell, TEM) [ H 12 T4 (central
memory T cell, TCM) 1 % fb i 7 (effector
memory transition, EMT) &R B HE 37 1) S i
Tl U, O T 20 AR A PR S A WL A% 1 1
(W FOXO1¥iE) PrE M e REss 5%, MFLEhY)
HEIAAE R HEN (mammalian target of rapamycin,
mTOR) i #3057 (40 TSCI/DEPDCS) i i
PP G AR PO A S R Rk, i — DR
VAR PR 203X Tl bl 240 B P AEBL I AR5 0 08 AR R S
fip e bkt e U0, B B O A RO R
AR, HUORTR RS B T R A% O PR R

HIV-1 R4 00 e B AR e L 3R 2 ) SR o ki
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HL LSRR PRI I, (A GE R v I & T ik
MELLZEAL . AR, mRNA RE T AR 1 288 0 1
Xof I Sl AR A TR R R AE . mRINA P v AR
HIT K ARBAS A LA BB 5 S ) BRI 240
LG S B AF R, R HIV-1 52 i F 52 rh d BT
RHPFHZ—.

2 mRNAYZ &4

mRNA ¥ 1 5 4 A5 58 B 1 mRNA 53T 36
PN, B E ARG RS R ML I
TR S IV 24 . mRNA S 1 78 0 FH A 75 96 JRUA
SR HIRI] Ja shidit, JF RS A Sk P i
FEHEHFS], H mRNA R SAEMRGEE Sy . AL
TSR, mRNAFE N AL . RiGiE

DNAFEHR

5'Cap 5'UTR  ORF

e A S 2k e SRR 3, S mRINA P 1) & Jdg
HEE KA B,

mRNA ¥ #f ¥+ % 50 4 4F & #l mRNA  (non-
replicating mRNA, nrRNA) Fl H ¥ 3 mRNA
(self-amplifying mRNA, saRNA) P2, nrRNA %
B gt B bRbU R B S S R, s
F & SRS . SIERNIEIX. (untranslated region,
UTR) . FFii 2 HE (open reading frame, ORF) .
3UTR M Z & g # B (polyadenylate tail,
poly(A) tail) (& 1), X PP Fp B ALl R
e (COVID-19) W B 45 2 7732 I 1 B,
saRNA % 1 W 7 M BEAE 1885 T RNA AR RNA
REM, FITEME F 40N 2 H mRNA JF 2R A
P, DTG R G sie R B SR AE

mRNA —} N‘W o /}“%z
P— RS
.—“'I—_—"—AAAAAAAA § gy, 2
i ST
3'UTR  Poly(A) tail E oorn 2
SR ANE Sy §
G et g
%, TR
Hﬁ}ﬁ —’ Yoy g V™
IR AR TR

)

[ ]
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Fig. 1 In vitro production process of mRNA
Bl mRNAREIMNEF T2
UTR: A:4wf50X; ORF: JITLRIBEAE; 5'Cap: SWHEEH; Poly(A) tail: ZE[RIHE.

mRNA H1 T H 5 B A v AR A0 i i, &
BRI IR RGIA TR I I I AN AL 28 . IR
KSR (lipid nano particles, LNPs) f&lIlf AR # G
PEREAA, dE AR ET . ABhARET . JIH R A
PEG fLIR 2L A, BE i A4 mRNA I 78 AR R
B bl i 2T AR AR B i mRNA Bk, ©E™E
SRR R LA R EE 2 7 (severe acute
respiratory syndrome coronavirus 2, SARS-CoV-2)
PP TR, T B A, Ak T AR AN
KPR T HAL, RS A PSR, TR
ZUFE 1) A mRNA B, A (07 s 4 5 1 3 26 T L)
WL ZyRAe (AR RS . RSl A 323
B0 ) SR SEEE, TR O AE AR G AN 20 M AT AR
Iy A - &, T % 2 AU mRNA R
7 T AR, IR RS HIR PR, ARG
e . AR RS FIRE R e M 1, RISy 10

RARACT ARG R = RS, P Ak
BRIRACR

4 LNP £ 2 ) mRNA AR NG, I
mRNA-LNP %32 Z i I, mRNA Bl )5 5 Toll #
ZAK (Toll like receptor, TLR) Z54&, #iG4%
F-xB (nuclear factor kappa-B, NF-xB) Fl+3L%
Y815 [ 3 (interferon regulatory factor 3, IRF3)
5, MR T 4R E (type I interferon,
IFN-I) /9 7= A=, e 2 T B 52 0 240 i (antigen
presenting cells, APCs) A48 5 oot R 5 o i
1, T — 2D B AU P SR N 2, X R IL
il 8% 5 R P 21 T2 4L mRNA B A& IO 2
[, NP AR B B T BfE R SR 5 2 5
R B e F R AR BAE T, 23 LNP R R
TE AL, mRNA BEHUG A% R #1128 8L H Ardit
JRER T, XSO ER BT LR PR S AR e &R



2026; 53 (4)

XA, %: BETFmRNATEHIARKRBERIGRH S 1R &R

+829-

Gi: a. BT A0 HE 1 BTCE AN N R R A Ry
NIRRT BE, IR BRI R R AT RUIN TR G i
FE 1 (transporter associated with antigen processing,
TAP) ¥izB|NEMEN, 5 FERALMEEE S
& (major histocompatibility complex, MHC) 1%
Oy Taa R R A MR E, B CD8” T 40 iR,
PG MM TE T M (cytotoxic T lymphocytes,

CTLs), 134310 28 FL 28 ARl B R R SRR 41
O Wi 55 N S e N e R s ) AR 2 10 S 5 N
RN (dendritic cells, DCs) . W40 ifi 4% APCs
WA B, BEfE, KRR R, JfE
MHC 11284 F 538 i85 CD4" Th4i i, 43 IL-4
IL-5. IL-21 48408+ F T340 B 4ii, {2 B 4
M EgE . ek A (F12)

CD4THif |
v TEES—
Wy Vs - TCR
IEN-I Yy Y i
APCs I AN "

sy NF-«B P BCR B4

B IRF3 "'-f
& TLR ik / 2 ‘*\
" I
: s L ® P ARCs

P L4 00 ®

l"‘]ﬁ‘iﬁiﬁ B~ 160EnvACT 80 /‘ ® e
B £ & EOFRAW ®
VAR 2 gp140
AVAVN & (R N
mRNA O Ree it { \ ‘ ‘
o0t ¥ mEmk e [ ) ru '-%4+ﬁ§§§%m
i e e e
: CR .
PR Y MHCI ;U@ eSS cogTamy R PLES
\ R

Fig. 2 Humoral and cellular immunity induced by mRNA-LNPs
E2 mRNA-LNPFSHEREEFIHMEERE
APCs: PUJFREEEANMI; TLR: TollkE3ZiA&; NF-«kB: #%IHT-«xB; IRF3: TAEZMIINT3; mRNA: [SHHZRR; Env: IHEEMA;
gp160/140/120/ACT: Wi #E [1160/140/120/ i e 6k &L s MHC I/11: EEALUHAME S IKVIZS; TCR: THIMIAZIA; CD8/4'T cell: CD8/4

PHPETAINE

5 HABZE RS A I, mRNA RE R 7ERT & R
5IEN M OTE B E R TS G, K W
B BRI R 328 P R AR B R s EE A B
Feak, A JE A EME DA PR 0 X AR S el il
COVID-19 #1%Hr, KEZfEL (Moderna) A H]
M3 HL SARS-CoV-2 %[ J 41 21 Ji5 2 TH I R I 56
U H 66d, ¥ Hi 2~ " (Pfizer) /£ B %% #}
(BioNTech) T /&4i%0 % 63 d, 115583 IR KL I %
PERA A P T 6~8 N A, EAE AN IAT
BOMETR T R R IR R 7, SN R A
PEWAHEL, mRNA B AAEAE A S Tt il
HAT S H:80 5 5 DNA S AHLL, mRNA
Tomit AR, ket TR AU A U, (AR

R P55 3 TR RICRT7 T AT I e B e 265K 0 AR
M5, mRNAFSHAMREI A R AL
e, OO R v T A R T (),
“FREIARET AR A R T 5 A A S
P, SAH RN AR AT IR OB 45

3 EFmRNAWHIV-1ZEWAH#HE

RV 144 /5 B AUk 52 B A7 58 73 Of 47 50 T 1
HIV-122 1, BRERERERA XS, (HAF BT AR
JELIIEI . A S N s A [ A B, A
GERE BRI R BR B AW A BN G 2 5 A
. BAT B KX LNP B IX R 50, il RV144 5%
SEDTIE A mRNA FEAE A RAC AR i 5 T 3 4
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JENIZ, R — B AT I S AR T T
TERE SV BEAh, mRNAZEE AAIHTRRLLIR L,
BT b R ) SR B i [ 55 44 3R e D [ oy
H, B HIV-1 R R AR T B ), #E ok
H TRt () e SO T SR a0 381 v e 1 B S L
SR, IEEs A LIRS R I REIE R AR
EHAEYE, BRI mRNA $RE HIV-1 B 14 450,
R HIR R .
3.1 ETFRVIM4EEHERHIV-1 mRNAZE EEH
RV 144 FEHE 1 ME L EAA — & 3 i
HIV-1%5 1, HRH ALVAC-HIV (vCP1521) #H4
4 24 56 5 9 75 F AR e 38 CRFO1_AE . % Gag-Pro-
Env #EA RIS 3 LA E 4H gp120 MN-A244 W &
FE AR IR A A SR, 7628 EIm R0
G Yy KBS B IR 31.2%, fH 5 4E B H 2R 56
HVTN702 DL Je 45 ¢ 12 5052930 Ggg A3 i 4
RV 144 75 S BT B AR RUR7E 6~12 0 H N
WE TR, BRGNS, #E T HAl
L RE I R BRAE AR A AT % 5 1] mRNA HR
DS e 5 A D ik S AN G B AL AR B A
U, JESE TAE—Jr 2 e AN B O IR R 1
HI4E T mRNA $2 FHAN R 5 28E0E, J)—
75 T TR mRNA SE & i R 3G EfEE 2 M i . %
RS BAMIE R 5| S5
Saunders % 'R RV144 11 A244 gp120 1% H R
JEHNHEAT BRI AT B (NT-mP), DAY
58 mRNA ()50 MR BHIERR, LNP % )5 7616
TG SR A PUIAR N 2, HLRR SRS Th
0] () CD4" T 402, IZMFFEIE ] mRNA 3 i i
(k5 NSRS A AR N R KSR 7
SASHR I HIV-1 097, AR 2850 SR P Ik 28 e
7. L
PR TR S s AR 1 B
Al SHZEf# RV144 XU it (B/EEAY) FEHTE
7w D JRIFR,, Moderna 23 B - & PUH Env (A/B/
C/CRFO1_AE), FEfE A Hifs T i fe AR x 35 72 v
WRAZ SUR BPEAL T RV 144 XU FR 3K, HACIZ B
YRR ZERE A P H G RIET, mRNA-1644 55
G BESE AR SR T L5 | ARG s i) 1% 22 5 5
B, BISCLL eOD-GTS %540 5% I i 7 bnAbs ij /A& B
M, TG Sk G AR AR 20 i s A 58 AR SR
FIER T
AL, BFFE AR A B 27 53 A RV 144 1
PEMP RO, K VI/V2, ClL, 2R RN E

i mRNA, Jf 715 5 ik J5 51 A TLR4 38 3 7
(resuscitation-promoting factor E, RpfE), 1755 #f
SRR, BN R IR, ZPEH A
IERGAE T VIV2 RSB, R30S Thl R4
GRS Y o R MR T 4 gp120 HR s
PEEE LR PR R, TRIBF AR EE T 5 RVI144 M1 56
(1 Fe SR Thfe, T —ACHIV-1 e fi e fit T
AR BT

3.2 FHILmRNAZ &gt

HIV-1 Env #8425 B 32 B S bR, mf
Wk Env fEFEME LR E SRR = AR 0 247
REL T 1 e o e R ORI S o IR S 3 R
CREFFEPIRL (virus-like particles, VLPs) . g0k
W) Sl I AR A 6] S P R A A, B
BCR 22k 5 4 & v ] v, I 0 42 30 0 25 % 1l
“BELE G —RIKEnv” R E IR 2. mRNA
V-5 BEASLE (R P I 3k R Shi I A 4128, AT
B CPURSER” M CPURL R A TRk
Rz,

ATV E Env 7615 5 Fp RITAOS TS T — @ it
&, (BHANG SRR Env a2, JEimiFRE T H
PR AL bnAbs RE Ty o A A B Env —
RARENGE KRR LS G5, 2025 4F HVIN
302 TG R AR IESS , mRNA 2 6% 4 4% 5 Env
SERRAE A E S  Tier 2 B0k rh A A R 5
5 80%, W FEMET AT = AR 5 Mk A
B E Env 258 A on R 28 TP, SRS
R HIV-1 @R B P AR Env A9 4, T REIE L &
9% B E 52 HEF HOR B A E 155, 55T mRNA
-5 4355 HIV-1 Env Fl SIV Gag & 1€ 4= i VLP
B HIV-1 &Y, % Env mRNA 755 55 1 b At
RN, JFAERE 35 14T Env CD4™ T 4 5,
B 5 A 22 U AR o R A 2 118 JR g RS
il T 79% "' % HIV-1 ADS Env i Jifd 5 & F Bt
(cytoplasmic tail, CT) J&, Env & 17202 1Y
FGRIKF B ERE G, X (15 VLPs 19 Env 2K 168
i LLEE = ()% FE AR R A 2 2 8, H3Z VLPs
FEBVE 2 RAR N BERS A T H RSN 1 bnAbs, K%
T bnAbs [ HIV-1 R W BT R AT TS 1 JREERL
MAARR, s ERE. RO ST R
PEL A, PR mRNA {547 4k 2E38 T bnAb 15 51
FIH9Z3 [

B YK KL (nanoparticles, NPs) HAG 5
FERRREPE R AT R PE, AOREE . MUA LR R Env
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SRR, DT E i R T S A AL B 4N
ZAR . 4R Env = RAKTENP RIAFRE vE, ©F
FH I E)T A Z T 5] A BG505 SOSIP =%
i, Cossie SR Ry, sulid /Ny ik
BMS-626529 & & ¥ il ¥ CD4 45 45 fik & 1 48 5 A2
1k, T Env = RARCRRFFENG 55 (H s 2 b A 1Y)
g A0k 4 . Drew Weissman [ BA 1 £ T mRNA
-5 B CH848 1 Env Y V1 3R X I 9 4~ S 5 2 4k
(deletion of two glycans, DT), PAI/DAERRIZEA;
(2R, PR ILRRAERR B 48 1. £ bnAbs Hif
& VH+VL # AN AR NG S ™A T A K Tier 2 th
LA, IF R M TS #547 GSTR AT ROST 45 ¢
HEbnAbs 2875 1 B 40, AZ0)E 31 T bnAbs Hii{A B
LAY, X 7E LA Bl R R G o L S
B, XEIEW T mRNA ZEREE, “Ea . mEEN
KEERYPENR” Jri A R, I R R -
FE BT INGR " 33 M AR RS 1A 2 5 B R T Y
HIV-1 28 8 7 3L T AT A B SE
3.3 FRILEmMRNAEE

HIV-1 & Y & & N 58 7= /& bnAbs, {H = /&
bnAbs 4= 58 Z Fi A B 4 AE AR AR AR, a0
PCT64 Fij & B 41 il 76 5 B 40 g b 5 e 24 0.002%,
HHZFEmP B2/ (B cell receptor, BCR) X
HIV-1 Env ERUIHAL, EZ2IEE6ET], RECR
SR YU R T VR BTG X e ET AR S L Rl R )
(germline-targeting, GT) ¥ i & it % N i
bnAbs [ SCEESEMS , 1 S5 H P A Y s SR RE
(5 S T 5 DL 1) bnAbs BT B 40 i 3 2 Ak
o PE FREMEAR VEBT AN g iz o

£ VRCO1 K% RiF5 3P, eOD-GT8 60-mer /&
— 7 FH T 3475 VRCO1 26 bnAbs fi4 22 UL R4 B 24 g
fR) Ffr 22 B0 1) 8 B, FR 60 S &K IR A R il
(Lumazine synthase, LS) AYME3E [ 2H % IE B NPs,
TP A R YR (4 B B AT VR Aok S 4R, TR
HIV-1 Bt J5 I 32 41 T 41 M 5l B 3= 47 ' 7 1AVI
G001 IIfs KR, eOD-GT8 60-mer 5 ASO1 44 7
R JE, ABIA TR ZIM 2 T)HE CD4™ T 40 )2 b7
Hov 84% F1 93% 1 B2 Fp # 43 51l 7= A T %1 X eOD-
GT8 M H:A1 7 LS F 5t M THNME NI, 97% B 3Z ik
FH 77T VRCO1 2 bnAbs 1) Rif /4 B 28 g 1) i
mRNA A AZE— 2P BOR T IX—RCR, GRS
Hon, LNP % eOD-GT8 60-mer mRNA 75 /)N il
B ep I S T AT % HIV-1 40 55 1 gp120 A4 5
TR, H AR S5 BVl Som 21 bk

NZ, TSI R &I, LNP-mRNA 5 F 95T
RS MEA AL B4 (germinal center B cells,
GC B cells) K- TH IR . 2025 4
IAVI-G002 A 28 TR PRI IS #E — 2E S, %M &
1] mRNA FE 15 7] 305 65% 2 3k # 1 VRCO1 2§
bnAb IR B AN, #& G ge ik, RN
GARYRTE 2.3 45, fEEPUARCE A B T RS
eOD-GT8 REA b #0E H bk B 40 iR i, (A543
VPR A CDA 454 Fhr, WL FH 7R
CD4 455 F A0 51 A N-1 H2 MR 5 X 26 00 3R
o, MR HEMLAA™ A 3R bnAbs

TE V2-Apex i R 5 1, Melzi % Fl H
mRNA -5 R T HAE “MGER I piiBE" Jrm
A 3 G Env 1 V2-Apex, HE5E H 5
PCT64 4= 5 7 BCR MR R4 G he 1, R
N160 RBEN A5 . V2 IR IE HL 7 X I A5 175 3 bnAbs i
BN R EE R, TSR B (k) i 167 nmol/L
(1) ApexGT2 Jo g2 Jit, SR, 1T R i1 B 4
LB 3G AN R 24 0.01% 0 Bt i B V2 25 2B [X 3k
N187 RWEIFAE W18 1t 5| ARMIEE ZHEMR , B K
ApexGTS g I, FLAEy /2 (8] 457 BH 1 [7] B 34 5
5 BCR Wi /K AHEAE T, il 45 G 2 Fn ) i
FRE | R k35 F) 66 nmol/L ), TEIGRRTHTSE
JETE, AEX T BT, mRNA i hd i 45 &
ApexGT G J5 i Z WA T PCT64 Hi 4 B 21 ifd [ A=
R AG L, FLREE T e TR 35 0 77
8, JEASEFS HA 6 pmol/L IR 22 FifiA B 4 i 75
13 d B a] g i 3B 55 2 GC, & TE R4l 10~15
fi5 o FITA ) ApexGT6 J& 3£ T BG505 SOSIP 15 4L
it £ 5 5 A8 G v A AL 1 V2-Apex #U [ 4 8 B,
mRNA-LNP #3% J5 , #E T i S 09 5 55 B 4b
YL X 3 (heavy chain complementarity-determining
region 3, HCDR3) %K JEiL26 ML, B
FEIT L bnAbs FUAFAE,  H 60%~80% (1) GC B 4 fifl
) Apex 07, WE & TG FICE RN,
Jnsi G J5 % Tier 2 B0 25 B9 AW Hil & (50%
inhibitory dose, IDy,) ~F-344& 1R 151 @), XLl
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Table 1 Comparison of key immunological characteristics of different HIV-1 vaccine platforms '
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Abstract Since its emergence in the 1980s, the human immunodeficiency virus (HIV) has caused a global
pandemic, posing a severe threat to human life and health as well as social development. Although pre-exposure
prophylaxis (PrEP) effectively curbs HIV transmission and antiretroviral therapy (ART) significantly extends the
lifespan of patients, vaccines remain a pivotal tool for blocking transmission and ending the pandemic. The high
genetic variability of HIV-1, the glycan shield of its envelope glycoproteins, and the long-term persistence of
latent reservoirs have repeatedly led to bottlenecks in traditional vaccine strategies. In recent years, mRNA
technology has offered a novel approach to addressing these challenges, leveraging advantages such as sequence
programmability, short production cycles, native conformational expression of antigens, and self-adjuvant effects.
In recent years, mRNA vaccine technology has emerged as a transformative solution to longstanding vaccinology

challenges, characterized by its sequence programmability, rapid production cycles, native conformational antigen
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expression, and intrinsic self-adjuvanting properties. Unlike traditional platforms reliant on pathogen culture or
recombinant proteins, mRNA vaccines can be expeditiously designed and updated based solely on viral genomic
sequences. Lipid nanoparticle (LNP) -encapsulated mRNA facilitates endogenous antigen expression and
presentation, simultaneously eliciting potent humoral and cellular immune responses. Within this landscape, self-
amplifying mRNA (saRNA) further extends in vivo antigen expression to enhance the persistence of immune
responses. Moreover, the LNP delivery system not only protects mRNA from degradation and mediates
endosomal escape but also synergizes with mRNA to optimize immune activation via self-adjuvant effects.
Importantly, mRNA platforms circumvent the pre-existing immunity associated with viral vectors and the
genomic integration risks of DNA vaccines, positioning them as a cornerstone for global pandemic preparedness.
This review systematically delineates recent advances in mRNA technology for HIV-1 vaccine development,
focusing on four pivotal research frontiers. First, mRNA innovations building upon the RV144 trial optimize
antigens through codon modification and multivalent designs to induce more durable and broad-spectrum
immunity. Second, particulate mRNA vaccine strategies, utilizing virus-like particles (VLPs) and ferritin
nanoparticles, achieve in situ antigen self-assembly, significantly enhancing B cell activation and reducing
infection risks in non-human primate models. Third, germline-targeting mRNA vaccines address the low-affinity
barrier of broadly neutralizing antibody (bNAp) precursors, efficiently activating rare precursor B cells and
promoting affinity maturation. Fourth, therapeutic mRNA vaccines offer unique advantages for an HIV functional
cure; combining immunogens with mRNA-encoded adjuvants potentiates cellular immunity, while LNP-mediated
“shock-and-kill” strategies specifically activate latent reservoirs to guide immune clearance. Comparative
analyses with traditional platforms reveal that mRNA technology redefines antigen production and presentation,
simulating chronic infection through sustained expression and enabling dual-pathway presentation via endogenous
synthesis. Furthermore, we explore the mechanistic innovations of mRNA vaccines in inducing bNAps: sustained
in vivo production prolongs the activation window for precursor B cells and maintains germinal center (GC)
reactions; endogenously expressed antigens adopt native conformations to expose conserved epitopes; and self-
adjuvanting effects modulate the functions of antigen-presenting cells (APCs) and follicular helper T cells (Tth),
driving somatic hypermutation and affinity maturation. We also address critical clinical translation challenges,
including immune durability, adaptability to special populations, and large-scale LNP manufacturing, while
proposing targeted optimization strategies. In conclusion, this review establishes a theoretical framework for
utilizing mRNA technology to overcome HIV-1 immune escape, transitioning from a descriptive paradigm to a
problem-solving-based synthesis of evidence. By integrating preclinical and early clinical data, we bridge the gap
between basic design and translational verification. mRNA technology is poised to become a central pillar in
HIV-1 prevention and therapy, providing a robust toolset to achieve the global goal of ending the AIDS pandemic
and offering a blueprint for vaccine development against other recalcitrant infectious diseases.
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