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Advances in HIV-1 latency-regulating agents
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Abstract: At present, there is no cure for acquired immune deficiency syndrome (AIDS) due to HIV-1 latent
reservoirs. Therefore, it urgently requires novel HIV-1 latency-regulating agents with high potency, low toxicity
and favorable drug-like properties to achieve a functional cure for AIDS. Herein, we reviewed the advances in HIV-1
latency-regulating agents since 2019, including the drug discovery strategies, bioactivities, and mechanisms of
these compounds. It is of great guiding significance in the development of latency-regulating agents with clinical
value.
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Figure 2 The classic latency regulating-agents reported in the last five years
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Figure 3 The structures of compounds 1-4
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Figure 4 X-ray crystal structures of compound 3 (A, PDB code: 6WBW) and compound 4 (B, PDB code: 6XDM) bound to HDAC2.

These figures were shown in PyMOL
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Figure 5 The structures of compounds 5-12
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Figure 6 The structure of compound 13

14 15

Figure 7 The structures of compounds 14-16
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3 ﬂ HO \ /N

=N >/~NH2 N N
0
0
¢l 17

\ f
O ~on N,N O HN/W;O
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Figure 8 The structures of compounds 17-20

AN£: 515 CD4' T 40 i A1 CD8' T 48 i i 4 T v 4k, 1
Bl AR 24t . WBIR 45 B L% &)
B It $E = CDKO B 4k /K1, {2 12 CDKO H10E, M
T 14 5% HIV-1 (8 5% .

&M 19 (8) s ik £ 1% 45 & T BD2 () BET i
il 55, C kNI PR B 56, DAl L X6 &5 e o of 5 9
95 < UL T 7 SRR T 2. 2019 4F, Zhang 251 1E
19 7£ 10~50 pmol-L™ P A E 22 T i AR 48 P 28 A1 A
BN B H CDA' T+ HIV-1 %1%, H5 HDAC
) 77 5% PKC $sh 7 LA RS b FAEF . Bk4h,
19 I8 RE P& I 40 P 3% T 19 HIV 4 Bh 32 /& CCRS Al
CXCR4 [F1 3214, Ut B L AT DL 40 M HIV-1 1) 5 Jk
PE. CCK-8 4Hiffa 53532 BH, 19 /£ A R 40 il & 7 1 CC,,
¥IKF 200 pmol- L, B BARM A0 R &1 . HLEI0F 5T
F W, 19 AT $2 75 CDKO 7£ Thr186 4b [ i iR 1k /K °F-, 8
/b BRD4 5 J& 81 45 &, T2 12 Tat /3 () % S 4E
i1, B HIV-1 1R IE . SRk, 19 DAFE A 1 1) 77 =X
7S ACH-2 40 & A= G1/GO 4T i i 391 BEL 3, M 36 3%
PEE SRR A R T

Tat #H H/F /] 28 A (Tat-interactive protein, TIP60)
Je— MNH RS T B N 60 kD I ZBEE R B, T LL 2
T AL AL 2R H Ha IR R BRI A5 . LA (4 Ha 2 5%
£ BRD4 & HIV-1 J5 3 1) R B R 2 —, PR e 410 )
TIP60 1] LAY/ BRD4 5 HIV-1 J3 3 145 &, M2
HE Tat 4/ 5 P-TEFb. 2021 4, Zheng 5“4 & 1 — 4>
BRD4 H1 TIP60 [ X = #1177 20 (& 8), 20 7E % Fhig K
YL R RS HIV-1 1354, H CC,,7E200 pmol L
Koo A M AR A M 45 SRR, 20 A2 5 & T 4
%) 4 TH] V3% e ARSI 385 98 R R 7 1 7 A T L B ek 2 El
PKC B3N 77 51 2 (1) 410 g 98 5 R 5 IRORE s, i B 22 4
PR . 20 4 FE ACH-2 401 48 h J5, 461 2] TIP60
JKF K i \BRD4 4 %% [f] P-TEFb & 2 )& /b ifi CDKO ]
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WERR AL /K1 3 0, 3X 3 9 20 3@ 1 #1011 BRD4 H1 TIP60,
M3 Tat 5 P-TEFb (F145 &, 3 38 HIV-1 (15435

1.6 ESHESMERBIEEBS (signal transducer
and activator of transcription 5, STATS) SUMO 1t 1&
IRINEIF  STATS & —FhBE 5 %5 € ) DNA 45 & I
A0 B FE PR R IA M BE F i . STATS £ SUMO 46 12 1ffi
Jei CAAESE PR 0 204 A2 T 40 M 5, T R A B R A 4B 11
J&, STATS % W0 I 376 4% 2 Al J i b i 15 BE D Rk .
2017 4F, Bosque 5 R BRI = MR &9 5 R I =
55 2K 4k A 9 38 1 1 STATS ) SUMO 1k 1& 1 ok & 4%
WEARBEEVE R, b 28 = e 21 (H9) B &
SRR BEVE ] . 2020 4F, Sorensen Z*IR T 21
AN 23 AT 1 2 9 =W SR AL 5 ¥ % STATS (1) SUMO
WAB A R F R P, b B 21 E N ) 8 M SR
P AHIE R . B, DX LA S YR STATS R
IR, 45 R RGP0 21~24 (E]9) DL & HO
PR 77 208 N STATS 1) 18 B2 44 /K - I 0% ¥ AR

HIV-1.
(¢] o
CLy™ CL
NcN N—,N
2

1
0] o]
JoN /OJ 0@ lll
NPy NTY
e ' BFs
N NN
23

22

)

Figure 9 The structures of compounds 21-24

24

1.7 KIR$EIEH R E F 1 (ikaros family zinc finger 1,
IKZF1) &R 2022 4F, Ne Z5%R H] dCas9 # i) ety
AL s SRS A5 A T A, KILIKZFL 225
HIV-1¥ERPEIE R 16 F 8 H . IKZF I8 5 2 Fisii)
E AW 2 (polycomb repressive complex 2, PRC2) A HAE
F, 3 PRC2 AL 4 25 (4 H3 1) Lys27 = H Ak, fli 3%
R4k T KSR IR A BRURE R R A TR . @b J-Lat
A2 JHMIH R IKZF L, AT 2 4 s HIV-1 1 RIL . VR
JE AT AR ) S B T T 2 Wt B3 72 R E BRI IR B 2 A
CRBN (cereblon) B A E = HISEM 77, 74 3 IKZF1 )
2 EZ LB, LA 25 (iberdomide, & 10) % CRBN
HA SRR, IETIGRRIEE B, 25 4b 22
HIV-1 3 ARG (1 JR A CD4™ T 40 g, 7T A0 %2 51 8 2 1)
HIV-1 303% HOR 518 T4 £ . thah, ot
5 [ FDA Ik E 17 i >k S B Jiz (26, lenalidomide, 4]
10) A9 5 % (27, pomalidomide, & 10), [F# AE {23
IKZF1 {32 25 A0 I A DT 5005 78 AR 58

SRV

25 Iberdomide

o NHz o
N o i -
N NH
NH, b o O

26 Lenalidomide 27 Pomalidomide

Figure 10 The structures of compounds 25-27

1.8 Toll # 5 {K (Toll-like receptors, TLRs) i 5 5
TLRs 52 — R IR 5244, 7T BLR A= AHLAK 99 5
AT PR ARG AE 5, 2T 8 B 28 PE RS T E i, 5
T M43 A 98 P DR, 38 R S O O 2019 4,
CenZ5EP M 14 000 MU A 9 H 7T 454 TLR 1 #Efi
0% TLR2 (4 &40 28 (B 11). 28 68 i CD8™ T 4H
JiiL  NK 41 R SR 4 i K T, B e R E A
2021 4, Duan %P R B4k & 9 28 3 i G TLR2, A
1M {2 3 PBMCs 7= 4= 2 VR4 B K7, i 988 2R 8 IR 7
G0 A 3R -6, I A WOEIE R Wi B 28 7E UL IE IR
41 P 2R HR A DR A R AR TR A 3 1 T S0
HIV-1 %18 . Bt 205 0 i i WB IR B 45 SR 35 36 9 28
T A6 TLR2 J5 A0 N 45 5 0 B8 40 NF-«B 18 % Al
I 43 204 TG A B 1 R B %, b T (R HIV-1 3R IA .
it 2 ARG I £ TR S 28 T DL B AT O NK
S B 2 RO 4 T 40, FAS 516 T 4 i) 3z g
o BEAk, 28 RE R {8 NK 40 i 4 s UKL CD107a J¢
IFN-y, T s 8t Thae. LR Rl 28 A F
O T AR 2R BE9 B PR BB AE FH o

O,N
/=N OH
0L
NH
/

28 29

CF3

Figure 11 The structures of compounds 28 and 29

1.9 R A EE-3 (glycogen synthase kinase-3,
GSK-3) &5 Wnt Rl (1) B-catein/TCF1 15 5 i %
OBk IIF S22 HIV-1 8% 5% (1 1E i %2 B 75, GSK-3 &
Wt {5 518 2% (1 51 8 4% -, 7T {22 B-catein [ BEER AL,
T AR BE B-catein [ B4 fif . DXk, 301 GSK-3 AT 3%
Wt {5 5 38 4%, 3F 1 $2 /5 HIV-1 {5 3 KF . 2022 4,
Wen Z5PM 1 GSK-3 #1171 29 (& 11) 7 ACH-2 #fi g
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Z2 A1 Jurkat T 48 i 25 o 357 DA & 41 1 7 B0
HIV-1&ik. Jk—BI010F 29 BT R BGE 16, #F 7SN
GO 1 pmol-L™ ) 29 Kb B M 58 35 1 4 43 25 1) PBMCs,
M8 41 B P HIV-1 mRNA K58 T+ . th4h, 29
I e OIS Gy STV BB AT AGE A4 9 00 78 AR i B . LT
W 5T 2% W5 29 38 T F& A% B-catein 1) 8 BR 4L 7K 1, i i
p-catein 51z EANMUN% 5 TCF1 454, 355 TCF1 5 HIV-1
(1) J5 B ¥ 45 5 R SO 2HL B 1 R SR LB AR AR 1, A 44
W HIV-1 FIRIE
2 ERIREEF

AN [ T 98 AR 71, AR AR i ) e o 1 Y A 3 R
F B 9 7 DR TR M ) HIV-1 0 51, e A 78 0K 93 2
TR FE TR ARARAS, AT HHE 1R B G0 15 24 ) (1005 B8 S
o ARYEVE AL AR, 77 2 9 SR AR b R PR AR
< BR] - 40 1) 791 24 B P 2 R A IR A0 o1 751 Tt 410 i) 75
F Rev #7155 o
21 BREEEKIEMY%KETF (ens epithelium-
derived growth factor, LEDGF) #J#I3] LEDGF X#x
N p75 EH, & HIV-1 55 g 1) 4 B DX 1, mT 3G hn & &
il (1) R S 1k ANIE 1575 75 DNA #8215 e 4 BB,
LEDGF i 55138 i -+ % & Wi -LEDGF FAH BLAE A >k
04 HIV-1 () Z 1. 2021 4F, Bruggemans 253 i (1)
LEDGF 1 il 554k &4 30 (& 12) % 87 4= 2 HIV-1 B A
KR d S (EC,, = 2.2 nmol-L™). IL4h, 30 /E4H
JEE SR KA FE T AT A 3R HTV-1 98 AR, 0] 9 AR 076 2 7
T o LI 702 B 30 385 203 9 5 DNA 1) # G 07 A1,
{81955 5 DNA B4 2 3 s U BR ) BE 1K 27 o, AT 2 ik
HIV-178&4R . 30 1F yilm PR Al gk 2547, FAT 8w iR 4t
AR E AN R 1) FIRZ5 A3 J1 28 v T . (H B
A RS A EIL 30 ELAA PR % FE 1, BHAS L 5 2t s

OH
7 | B
S N/ o
30 31
»d
5 5
o el
A
YT
N__N o H
o é H
Z N
| b
N (o]
34 35

Figure 12 The structures of compounds 30-37

9k — B4R 5 LEDGF #1551 % HIV-1 3 R 2 11
S0, Janssens 55K FH B2 L 43 3 DNA UG HEA, Wl
5E LEDGF il 54k &4 31 (] 12) X HIV-1 )8 & 4L
RSO B RO R . S50 45 AR B 31 DL
TR AR 1) 7 A ) 2 e A AR R S . (]
2, BUETE 50 pmol- L AR T, 31 A g 58 4 il
HIV-1 5 i, Ui B 58 F LEDGF #4011 71 A~ BE 58
BEL 07 95 2 S0 o WL AIE 50 R W) 31 WA A S 2
e S UTER ML IR 370 v, AT ARG B 1 4 s /KT o
2.2 TatHDHIF] 40 1.5/NFT TR, Tat /& HIV-1 3475
SR SEAR AN T BER AR (R . 2 Tat 28 KPR T R
T, 0 T 10 8 SR A i A e OB AR B B, TEVE R AT e %
FEfH . 2021 4F, Zhou ZECHRIE LAY 32 (K112) AT A2
1 HIV-1 985 4R 2 10 FR0E, 75 10 umol- LR & R nf
T B PKC s 77 138 ARS8, . WB AR IR 25 & W]
32 Al 5 5 Tat 25 (1 (1 B A%, M BEL BT Tat £ 5 (1954 5% 42
fift e bk, 32 AJ FEARAR A% G 001 5% 5% K F (facilitates
chromatin transcription, FACT) [J% 1A . FACT & /&
HEAEEA, 7T LUEE RNA Pol 1T A5 15 5% .
DA, B FACT 25 1A 1 /K F o] J ) 2 1 i 5 . 32
A5 5 HIV-1 38 PR 4t i e B T 32 A
K40 # 1 (CCy, = 68.63 umol-L™"). i 40 fg R A
MF 2 AEES THRM A HIE.

2.3 Revill#FIF  HIV-1 Rev 25 & 87 3 R0 43 89
2 10099 55 mRINA M 20 i A% %% 32 2 240 ol 17 22 0 4%
HH. M Rev AREIEH KIEH IIBERT, 75 % mRNA K
75 20 I A% P9 1 A, 5 B HTV-1 10 8 0 i LI . k&
Y133 (1 12) 5 — AN 3k 08 R (i g 77, FCadad 5 0 25
HH AW B A RINE Rev /- F 1 mRNA #3181,
18— T ARBEAL T B0bR 25 1) To/Ma I R ISR 1, 33 B

32 33

NTRY N
tN/H &,}

36 Baricitinib 37 Ponatinib \
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HH A HIV-1 98 AR A e 18 P i 928 0T A P 28 0 1)
SEAERY, HEEE, 33MER R, fF I
Ja RIS 2 IR . R Nk, 33 12 A v R A, £ I
PRARER H A 52 R AR T B AN RO
2 4EEBRERENEAIFIF

AR 1 H3 8 27 A R K = R R A R e s
bR &1 218 2 ARG g UTX AT B AEC H H JEAE
KPR TR s o BRI, HI A UTX AT 4 = 4 8
H3 55 27 A 2 B2 1) = W Al 7K 7, DTG 49 1) 5 2k
(5% 5%, (R B BRI AR . 2021 4, Nguyen 251t 18
i R T R 4 P TP UTX B s T UTX ) 771 34 (1] 12),
By ReHI AR T R BOE . B T B R B H H3 A
27 PR R 1) = R Ak, 343838 1 )X JF DNA HIR: %
ol 3A 524 2 HIV-1 J5 3)) 1, 3F 17 $2 5 DNA H 24k
KT S &AM B i sk . SR, 4T b4 2 34 )5, 1B
AR 20 i Hh 25 2R R DNA R A6 KSR 2 BT 4IRS,
Ut B 18 I 41 B R DNA 840 75 5 3R ULt A% T BR A
PAKHAYTBR HIV-1 BT 55 «
25 EHEBM TR Db (xeroderma pigmentosum
group b, XPB) B HNFIF| XPB & [ 42 8 H % % [H]
F TFIIH ) 3 200 58, W] 78 5% 5% 06 A 2 R &1 i 7T
DNA XU M T i ik 4 S L 4h . R Uk, 4071 XPB 7 £ w]
T B e s, AT A0 ) T AR 0 7 ) FRBOE . IR A
P (35, 18] 12) A& — e [ i 5 S P4 7510, F T-3R97 7K
JHPE R o AR, A I TR MR A R RT3 XPB Y
B P TR e RO, AN TR A ) SR HIV R, 2021
4, Mori 55V B P TS 75 7 AR 4 i & R DASR) & 4Kt
PR 77 AN HIV-1 B8 5%, Ho g 2 3 PRSI AR
AR . WB 5 25 S Ui B N s i i 75 5 XPB )
e fe I T A0 1) HIV-1 00 52461 . 8 P9 T8 B AT 9 R0 4t
HIV-11E ], AN 75 56 A HUadi % 55w 55 2590, AT I3
P G gt AT L BT 40 e R HIV-1 R ). (HAE R4 25 )5,
HIV-1 (& i /K 38l 52 T, 4080 7 1) XPB & H & &
WS B 1EF 7K, BRI AN AT R 2 s
fiEHIER
2.6 Janus¥f§ (Janus kinase, JAK) $##HIF  JAK 2
— RIS AR P A RV, 3 0 M A TR i I ) STAT
Y i TR Tl TR 6 M T A %41 8 40 o 2 A S 00 T i
W Yo 5 B G A AR . JAK #1014 771 36 (baricitinib,
K 12) T 2018 4E 4k 25 [H FDA b #E VA 7 28 R P 56 3
4. 2021, de Armas ZEU R Bl 36 ££ 10 pmol- LK E
AL D HIV-138 R G gi i i 2. T RE AL
1 S TAK 00 1) 57 AT [ AR 41 B #0355 A K S AT BE I
HIV-1 5 3 1 40 i % A4, 38 (2 3F 40 i 0 98 T DT sk
/U AR I G 4 i ) B

2.7 AKT/mTORHIHIF]  411.3 /M55, AKT-mTOR
155 18 B I J0E NF-«B e E 83 . Rtk 0
il AKT-mTOR {5 ‘538 3 7] PR 25 1) =2 i K F . 2023
4, Huang 257% H @il & i &, M 1 701 4~ 36 E FDA
e _E T /NG A B B T e R AR AR R e
#JE (37, ponatinib, & 12). THYNE JE A& Fik 2 R ik g 411
7, W R b Y6 97 08 A 20 B 1 L AN S I B 4
M L . B T A BA AN B JEZEAS [R] A7 AR At i R A
M B AR PN 43 B 1 CD4AT T 41 B Hh 240 B 00 ok 5 R BT
A 5 0 HIV-1 805 808, HAS A B 5 R 40 e a4 .
WB i %6 45 SR WA g 2 Je il 1 F# I AKT A1 mTOR £
Tt TR A 7K - 38 17 410 1) s 5 2 1, AR 0 BRI AR o
3 REERE

9o TRV AR B M AT SR T R RS . R
7 HIV-138 AR 2, sl Dh e v va i, A4 “Bos I
A BRI RELY I B 5 7 T o SR e, S FH 9 AR 28 A 428 )
CHIET B DUER TR EE . A9 AL KRR T
WP 4 5 5 0 20 AR v O AR SR 2 M A A SRS T 12
H, IR T Z Rl oy iR R Bl S, SR
PN B BF LI o B 15 A K SR LS O B I
5% PCR =256 FH i =X 41 i R 55 S 56 I 5 46 & W 1) 3 AR
FE VR TE T . WB SEEG Y (05 s ST SR G VR A
L 27 53 AT e S o A SR T VR B 2R 6 s IR AL
EVEIE - BLE .

245 Rk, ©F MG A PR aE i R EE
7], o A 254 2 NI RS, 0 HDAC #1
1] 771 panobinostat. vorinostat. romidespin fl PKC 4 5
7| prostratin. bryostatin-1 5§, {HE AT I R 50 45 5T
ARIE B THANS B[R I HDAC # il 71 558 7T
PABSOR TR AR 1) HIV-1 % 3%, (HABe A ot is > HIV-1 7
fRFE . X 0] 8 A2 T HIV-1 38 AR B L) 6 &2 44 1
RS Y, S O AR AR R A [R]  OR A B 1 AR
FAASET™, Ak, 78 A Je i 8252 ART [ 3w, 46K
% B VB AR 40 M A7 AE CTL W6 R AY, 5 U0 i () 98
TR — 52 REMR T R G RAE . PKC IS5 H
AT B A B AR O 7R, (B vT B 51 kS T 40 M 1 42
THD V75 A AT A SR AN R BET™Y o Ay 386 5 5 AR B30 28 8 A
P AN RS, AT DUBE A A LA AL ) A [ 98 AR
T BLAh, I3 R AL AR ) G P B BRI 5 T R
4 M 98 T LR AL “ R BB Bt . TLR B3l 55 F1 SMAC
RSO LA s R AR B RN 3 58k 1 = B0 9% Th R 1) DU 1R
FH, AT R 8 AR 0 77 B 9 1) 2 2077 1)

T AR 7] AR TR, (R R I T B K
F15 P AR AR T E BEL WS 2 2 ), 5 p g
KAV EEWRIER . shah, $8m E H 1 ArSl
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B AN RN, A g 5l S WOE . A8 H Al R
IR 5 770 A it K S0 BEL BT 8 AR 2 1) T IROOS , T R e K A
TR AR PR TR BRR S (7 AR 12 2 751 2 A SR ATt
F H br o

BN B TR A AR R AR BT, (R AR
W= DU R R, HIV-1 38 AR 122 14 TE BRATL ) K B8 o i
Wi, A BHRALE Z IR RE R AN, 2 5K
JEE T B HE ) K 43 - R 2 AE AR A IR N
Ft, K P 25 E 5 6 SR, 45 6 i 308 2 7 B B R e PRk
RO KRR R . A 46, &F 6 HIV-1 384k %
(9 72 B BT ¥ K B0 7 6 R R 25 IR 1+ o B 4 1
R BR T ECE F 2, R AT LA T 2 B S 25, DA
HASRAS IS 1 = BRI AV AR R R4 ). AR, DA
1S 1] R A R A T8 o A e AR R AR AIE 1) 22 o e 1
455 RSB D AR PR B U B 0GB N IR
HIV-1 78R oG8k B B R B 2. &, “¥
TG R AR BE RN CRH I FE B E 7 AR P AR A S 1 R
W&, (HLEVR YT SRS IR A R AR LRI, T DG4 DA
W SIS W T RE MR VR . 252 HAART [ HIV-1
BT O RFH PR R A 7, S A P AR O R B
B Ty RO A0S AR G At L, S S P 9 AR AR a2 A
HME LA O BT R0 B 1E N TR BV DROIRES, M SE 3
hREtEB @ .

Ve TRk JR X 1 STk AT Rk 1) 4 FE NG o505 AR I
T4 SRS 22105 B RIS e ST AR 2 )T
VKOS ST BRI 48 5

FIZE S BT 1R 37 AR f i o

References

[1] Menéndez-Arias L, Delgado R. Update and latest advances in
antiretroviral therapy [J]. Trends Pharmacol Sci, 2022, 43: 16-29.

[2] Garcia F, Plana M, Vidal C, et al. Dynamics of viral load
rebound and immunological changes after stopping effective
antiretroviral therapy [J]. AIDS, 1999, 13: F79-86.

[3] CEisele E, Siliciano RF. Redefining the viral reservoirs that
prevent HIV-1 eradication [J]. Immunity, 2012, 37: 377-388.

[4] Finzi D, Hermankova M, Pierson T, et al. Identification of a
reservoir for HIV-1 in patients on highly active antiretroviral
therapy [J]. Science, 1997, 278: 1295-1300.

[5] Sharova N, Swingler C, Sharkey M, et al. Macrophages archive
HIV-1 virions for dissemination in trans [J]. EMBO J, 2005, 24:
2481-2489.

[6] Ganor Y, Real F, Sennepin A, et al. HIV-1 reservoirs in urethral
macrophages of patients under suppressive antiretroviral therapy
[J]. Nat Microbiol, 2019, 4: 633-644.

[7] Lorenzo-Redondo R, Fryer HR, Bedford T, et al. Persistent

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

(21]

(22]

(23]

HIV-1 replication maintains the tissue reservoir during therapy
[J]. Nature, 2016, 530: 51-56.

Lenasi T, Contreras X, Peterlin BM. Transcriptional interference
antagonizes proviral gene expression to promote HIV latency [J].
Cell Host Microbe, 2008, 4: 123-133.

Verdikt R, Hernalsteens O, Van Lint C. Epigenetic mechanisms
of HIV-1 persistence[J]. Vaccines, 2021, 9: 514.

Hokello J, Sharma AL, Tyagi M. Efficient non-epigenetic activa-
tion of HIV latency through the T-cell receptor signalosome [J].
Viruses, 2020, 12: 868.

Karn J. The molecular biology of HIV latency: breaking and
restoring the Tat-dependent transcriptional circuit [J]. Curr Opin
HIV AIDS, 2011, 6: 4-11.

Yukl SA, Kaiser P, Kim P, et al. HIV latency in isolated patient
CD4" T cells may be due to blocks in HIV transcriptional elonga-
tion, completion, and splicing [J]. Sci Transl Med, 2018, 10:
eaap9927.

Chiang K, Sung TL, Rice AP. Regulation of cyclin T1 and HIV-1
replication by microRNAs in resting CD4" T lymphocytes [J]. J
Virol, 2012, 86: 3244-3252.

Deeks SG. HIV: shock and kill [J]. Nature, 2012, 487: 439-440.
Fidler S, Stohr W, Pace M, et al. Antiretroviral therapy alone
versus antiretroviral therapy with a kick and kill approach, on
measures of the HIV reservoir in participants with recent HIV
infection (the RIVER trial): a phase 2, randomised trial [J].
Lancet, 2020, 395: 888-898.

Kessing CF, Nixon CC, Li C, et al. In vivo suppression of HIV
rebound by didehydro-cortistatin A, a "block-and-lock" strategy
for HIV-1 treatment [J]. Cell Rep, 2017, 21: 600-611.

Gregoretti IV, Lee YM, Goodson HV. Molecular evolution of the
histone deacetylase family: functional implications of phyloge-
netic analysis [J]. ] Mol Biol, 2004, 338: 17-31.

Keedy KS, Archin NM, Gates AT, et al. A limited group of class
I histone deacetylases acts to repress human immunodeficiency
virus type 1 expression [J]. J Virol, 2009, 83: 4749-4756.

Jones RB, O'Connor R, Mueller S, et al. Histone deacetylase
inhibitors impair the elimination of HIV-infected cells by cyto-
toxic T-lymphocytes [J]. PLoS Pathog, 2014, 10: 1004287.

Lu W, Yang C, Xu X, et al. A novel selective histone deacetylase
I inhibitor CC-4a activates latent HIV-1 through NF-«B pathway
[J]. Life Sci, 2021, 267: 118427.

Bresciani A, Ontoria JM, Biancofiore I, et al. Improved selective
class I HDAC and novel selective HDAC3 inhibitors: beyond
hydroxamic acids and benzamides [J]. ACS Med Chem Lett,
2019, 10: 481-486.

Liu J, Kelly J, Yu W, et al. Selective class I HDAC inhibitors
based on aryl ketone zinc binding induce HIV-1 protein for
clearance [J]. ACS Med Chem Lett, 2020, 11: 1476-1483.

Feng ZM. Investigation on the Mechanism of Daphnane Diter-

pene NB6 and Resveratrol Activating Latent HIV (i & %t ! —



AR5 HIV-1 98 (R B R 2500 B 1 et fé -+ 851

[24]

[25]

[26]

[27]

(28]

[29]

[30]

[31]

[32]

[33]

[34]

[35]

[36]

[37]

AL A ) NB6 K 5 2™ B0 18 AR HIV AR H L1 #4985 5T)
[D]. Xiamen: Xiamen University, 2019.

Tembeni B, Sciorillo A, Invernizzi L, et al. HPLC-based purifica-
tion and isolation of potent anti-HIV and latency reversing daph-
nane diterpenes from the medicinal plant Gnidia sericocephala
(thymelaeaceae) [J]. Viruses, 2022, 14: 1437.

Lai W, Huang L, Zhu L, et al. Gnidimacrin, a potent anti-HIV
diterpene, can eliminate latent HIV-1 ex vivo by activation of
protein kinase C f [J]. J Med Chem, 2015, 58: 8638-8646.

Liu Q, Cheng YY, Li W, et al. Synthesis and structure —activity
relationship correlations of gnidimacrin derivatives as potent
HIV-1 inhibitors and HIV latency reversing agents [J]. J Med
Chem, 2019, 62: 6958-6971.

Li SF, Liang X, Wu XK, et al. Discovering the mechanisms of
wikstroelide E as a potential HIV-latency-reversing agent by
transcriptome profiling [J]. J Nat Prod, 2021, 84: 1022-1033.

De la Torre-Tarazona HE, Jiménez R, Bueno P, et al. 4-Deoxy-
phorbol inhibits HIV-1 infection in synergism with antiretroviral
drugs and reactivates viral reservoirs through PKC/MEK activa-
tion synergizing with vorinostat [J]. Biochem Pharmacol, 2020,
177: 113937.

Nacro K, Bienfait B, Lee J, et al. Conformationally constrained
analogues of diacylglycerol (DAG). 16. How much structural
complexity is necessary for recognition and high binding affinity
to protein kinase C? [J]. J Med Chem, 2000, 43: 921-944.
Matsuda K, Kobayakawa T, Kariya R, et al. A therapeutic
strategy to combat HIV-1 latently infected cells with a combina-
tion of latency-reversing agents containing DAG-lactone PKC
activators [J]. Front Microbiol, 2021, 12: 636276.

Katti SS, Krieger IV, Ann J, et al. Structural anatomy of protein
kinase C C1 domain interactions with diacylglycerol and other
agonists [J]. Nat Commun, 2022, 13: 2695.

Ishii T, Kobayakawa T, Matsuda K, et al. Synthesis and evalua-
tion of DAG-lactone derivatives with HIV-1 latency reversing
activity [J]. Eur J Med Chem, 2023, 256: 115449.

Bridges D, Saltiel AR. Phosphoinositides: key modulators of
energy metabolism [J]. Biochim Biophys Acta, 2015, 1851:
857-866.

Dan HC, Ebbs A, Pasparakis M, et al. Akt-dependent activation
of mtorcl complex involves phosphorylation of mTOR (mamma-
lian target of rapamycin) by IxB kinase o (IKKa) [J]. J Biol
Chem, 2014, 289: 25227-25240.

Gramatica A, Schwarzer R, Brantley W, et al. Evaluating a new
class of Akt/ mTOR activators for HIV latency-reversing activity
ex vivo and in vivo [J]. J Virol, 2021, 95: ¢02393-20.

Fulda S. Smac mimetics as IAP antagonists [J]. Semin Cell Dev
Biol, 2015, 39: 132-138.

Pache L, Dutra MS, Spivak AM, et al. BIRC2/cIAP1 suppresses
HIV-1 transcription and can be targeted by Smac mimetics to

promote reversal of viral latency [J]. Cell Host Microbe, 2015,

[38]

[39]

[40]

[41]

[42]

[43]

[44]

[45]

[46]

[47]

(48]

[49]

[50]

[51]

[52]

18: 345-353.

Cossu F, Milani M, Mastrangelo E, et al. Structural basis for
bivalent Smac-mimetics recognition in the IAP protein family
[J]. J Mol Biol, 2009, 392: 630-644.

Pache L, Marsden MD, Teriete P, et al. Pharmacological activa-
tion of non-canonical NF- B signaling activates latent HIV-1
reservoirs in vivo [J]. Cell Rep Med, 2020, 1: 100037.

Nixon CC, Mavigner M, Sampey GC, et al. Systemic HIV and
SIV latency reversal via non-canonical NF-xB signalling in vivo
[J]. Nature, 2020, 578: 160-165.

Guo J, Zheng Q, Peng Y. BET proteins: biological functions and
therapeutic interventions [J]. Pharmacol Ther, 2023, 243: 108354.
Bisgrove DA, Mahmoudi T, Henklein P, et al. Conserved P-
TEFb-interacting domain of BRD4 inhibits HIV transcription
[J]. Proc Natl Acad Sci U S A, 2007, 104: 13690-13695.

Liang T, Zhang X, Lai F, et al. A novel bromodomain inhibitor,
CPI-203, serves as an HIV-1 latency-reversing agent by activating
positive transcription elongation factor b [J]. Biochem Pharma-
col, 2019, 164: 237-251.

Huang XS, Tian RR, Ma MD, et al. Bromodomain and extra-
terminal inhibitor BMS-986158 reverses latent HIV-1 infection
in vitro and ex vivo by increasing CDK9 phosphorylation and
recruitment [J]. Pharmaceuticals, 2022, 15: 338.

Zhang X, Lin J, Liang T, et al. The BET bromodomain inhibitor
apabetalone induces apoptosis of latent HIV-1 reservoir cells fol-
lowing viral reactivation [J]. Acta Pharmacol Sin, 2019, 40:
98-110.

Zheng T, Chen P, Huang Y, et al. CPI-637 as a potential bifunc-
tional latency-reversing agent that targets both the BRD4 and
TIP60 proteins [J]. Front Cell Infect Microbiol, 2021, 11: 686035.
Bosque A, Nilson KA, Macedo AB, et al. Benzotriazoles reacti-
vate latent HIV-1 through inactivation of STATS SUMOylation
[J]. Cell Rep, 2017, 18: 1324-1334.

Sorensen ES, Macedo AB, Resop RS, et al. Structure-activity
relationship analysis of benzotriazine analogues as HIV-1
latency-reversing agents [J]. Antimicrob Agents Chemother,
2020, 64: ¢00888-20.

Ne E, Crespo R, Izquierdo-Lara R, et al. Catchet-MS identifies
IKZF1-targeting thalidomide analogues as novel HIV-1 latency
reversal agents [J]. Nucleic Acids Res, 2022, 50: 5577-5598.
Oravecz A, Apostolov A, Polak K, et al. Ikaros mediates gene
silencing in T cells through polycomb repressive complex 2 [J].
Nat Commun, 2015, 6: 8823.

Schafer PH, Ye Y, Wu L, et al. Cereblon modulator iberdomide
induces degradation of the transcription factors Ikaros and
Aiolos: immunomodulation in healthy volunteers and relevance
to systemic lupus erythematosus [J]. Ann Rheum Dis, 2018, 77:
1516-1523.

Kawai T, Akira S. Toll-like receptors and their crosstalk with

other innate receptors in infection and immunity [J]. Immunity,



\

852 - Zj%E %4k Acta Pharmaceutica Sinica 2024, 59(4): 840-852

[53]

[54]

[55]

[56]

[57]

[58]

[59]

[60]

[61]

[62]

[63]

[64]

[65]

[66]

2011, 34: 637-650.

Cen X, Zhu G, Yang J, et al. TLR1/2 specific small-molecule
agonist suppresses leukemia cancer cell growth by stimulating
cytotoxic T lymphocytes [J]. Adv Sci, 2019, 6: 1802042.

Duan S, Xu X, Wang J, et al. TLR1/2 agonist enhances reversal
of HIV-1 latency and promotes NK cell-induced suppression of
HIV-1-infected autologous CD4" T cells [J]. J Virol, 2021, 95:
€00816-21.

Waterman ML, Fischer WH, Jones KA. A thymus-specific
member of the HMG protein family regulates the human T cell
receptor enhancer [J]. Genes Dev, 1991; 5: 656-669.

Wen J, Li X, Zhao QX, et al. Pharmacological suppression of
glycogen synthase kinase-3 reactivates HIV-1 from latency via
activating Wnt/f-catenin/TCF1 axis in CD4" T cells [J]. Emerg
Microbes Infect, 2022, 11: 391-405.

Poeschla EM. Integrase, LEDGF/p75 and HIV replication [J].
Cell Mol Life Sci, 2008, 65: 1403-1424.

Bruggemans A, Vansant G, Balakrishnan M, et al. GS-9822, a
preclinical LEDGIN candidate, displays a block-and-lock pheno-
type in cell culture [J]. Antimicrob Agents Chemother, 2021, 65:
€02328-20.

Roberts RA, Campbell RA, Sikakana P, et al. Species-specific
urothelial toxicity with an anti-HIV noncatalytic site integrase
inhibitor (NCINI) is related to unusual pH-dependent physico-
chemical changes [J]. Toxicol Sci, 2021, 183: 105-116.

Janssens J, De Wit F, Parveen N, et al. Single-cell imaging
shows that the transcriptional state of the HIV-1 provirus and its
reactivation potential depend on the integration site [J]. MBio,
2022, 13: ¢00007-22.

Zhou C, Huang Y, Li Y, et al. A new small-molecule compound,
Q308, silences latent HIV-1 provirus by suppressing Tat- and
FACT-mediated transcription [J]. Antimicrob Agents Chemother,
2021, 65: e00470-21.

Campos N, Myburgh R, Garcel A, et al. Long lasting control of
viral rebound with a new drug ABX464 targeting Rev-mediated
viral RNA biogenesis [J]. Retrovirology, 2015, 12: 30.

Bernal S, Puertas MC, Moron-Lopez S, et al. Impact of obefazi-
mod on viral persistence, inflammation, and immune activation
in people with HIV on suppressive antiretroviral therapy [J]. J
Infect Dis, 2023. DOI: 10.1093/infdis/jiad251.

Kouzarides T. Chromatin modifications and their function [J].
Cell, 2007, 128: 693-705.

Nguyen K, Dobrowolski C, Shukla M, et al. Inhibition of the
H3K27 demethylase UTX enhances the epigenetic silencing of
HIV proviruses and induces HIV-1 DNA hypermethylation but
fails to permanently block HIV reactivation [J]. PLoS Pathog,
2021, 17: 1010014

Alekseev S, Ayadi M, Brino L, et al. A small molecule screen
identifies an inhibitor of DNA repair inducing the degradation of

TFIIH and the chemosensitization of tumor cells to platinum [J].

[67]

[68]

[69]

[70]

[71]

[72]

[73]

[74]

[75]

[76]

[77]

(78]

[79]

[80]

Chem Biol, 2014, 21: 398-407.

Elinoff JM, Chen LY, Dougherty EJ, et al. Spironolactone-
induced degradation of the TFIIH core complex XPB subunit
suppresses NF- kB and AP-1 signalling [J]. Cardiovasc Res,
2018, 114: 65-76.

Ueda M, Matsuura K, Kawai H, et al. Spironolactone-induced
XPB degradation depends on CDK7 kinase and SCFFBXL18 E3
ligase [J]. Genes Cells, 2019, 24: 284-296.

Lacombe B, Morel M, Margottin-Goguet F, et al. Specific inhibi-
tion of HIV infection by the action of spironolactone in T cells
[J]. J Virol, 2016, 90: 10972-10980.

Mori L, Jenike K, Yeh YJ, et al. The XPB subunit of the TFIIH
complex plays a critical role in HIV-1 transcription, and XPB
inhibition by spironolactone prevents HIV-1 reactivation from
latency [J]. J Virol, 2021, 95: e01247-20.

de Armas LR, Gavegnano C, Pallikkuth S, et al. The effect of
JAK1/2 inhibitors on HIV reservoir using primary lymphoid cell
model of HIV latency [J]. Front Immunol, 2021, 12: 720697.
Huang T, Cai J, Wang P, et al. Ponatinib represses latent HIV-1
by inhibiting AKT-mTOR [J]. Antimicrob Agents Chemother,
2023, 67: e00067-23.

Rasmussen TA, Tolstrup M, Brinkmann CR, et al. Panobinostat,
a histone deacetylase inhibitor, for latent-virus reactivation in HIV-
infected patients on suppressive antiretroviral therapy: a phase 1/2,
single group, clinical trial [J]. Lancet HIV, 2014, 1: e13-21.
McMahon DK, Zheng L, Cyktor JC, et al. A phase 1/2 ran-
domized, placebo-controlled trial of romidespin in persons with
HIV-1 on suppressive antiretroviral therapy [J]. J Infect Dis,
2021, 224: 648-656.

Ait-Ammar A, Kula A, Darcis G, et al. Current status of latency
reversing agents facing the heterogeneity of HIV-1 cellular and
tissue reservoirs [J]. Front Microbiol, 2019, 10: 3060.

Pardons M, Fromentin R, Pagliuzza A, et al. Latency reversing
agents induce differential responses in distinct memory CD4 T
cell subsets in individuals on antiretroviral therapy [J]. Cell Rep,
2019, 29: 2783-2795.¢5.

Grau-Exposito J, Luque-Ballesteros L, Navarro J, et al. Latency
reversal agents affect differently the latent reservoir present in
distinct CD4" T subpopulations [J]. PLoS Pathog, 2019, 15:
€1007991.

Deng K, Pertea M, Rongvaux A, et al. Broad CTL response is
required to clear latent HIV-1 due to dominance of escape muta-
tions [J]. Nature, 2015, 517: 381-385.

Dental C, Proust A, Ouellet M, et al. HIV-1 latency-reversing
agents prostratin and bryostatin-1 induce blood-brain barrier dis-
ruption/inflammation and modulate leukocyte adhesion/transmi-
gration [J]. J Immunol, 2017, 198: 1229-1241.

Zhou Y, Xu SJ, Ding D, et al. Recent advances of antiviral drugs
based multispecific binding strategy [J]. Acta Pharm Sin (2% %%
%), 2023, 58: 2203-2217.



