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BAEGTBFREMEEMDE (= THRIFEFF)
(B) HrEmEE

.

ESRET  MEREFIA L= A XU AN R BREEEFOBRRL KO OFH
T A RVREIE~DIGH

H

MERFRE KN EH
RRERENRTE B

PR s HMARMICHITL WA, XOFRTHD b MaERET A L2 (HIV)
X, PARERET A LA (SIV) B THEOEE] 20 B2 FEMELZRT HIV AL E
PRZ R REEAEENALNE > TETWA, LL, SIVAE MIERL, &
2T L Do RN, REBAN R SN TORWERS RS, UIFET
I, SIV 28 THEDEE | V2 Tk M~ BRERET IBICED 2 BRGERT (B)
s L O HIV Bl e MaER+ @) 2RETHZ LICED ., Fio A XGEE
AT COFEBESLICEST5 2 &, BIOS B OFHBEERYEICHT 5 b MNMEEFHHE
A T AR A RO D Z L2 BRYE LTI 21T Lz, 34EM DY 5
HITZHFZER R E LT, (1) B OHEEELRFHIRME THR S 4 75 U — ORI,
(2) HIV BRI IR T8\ T HIV R EEEE F 2 S8R = &
sk = L. (3) HIV BEHIEEMEFHEOF T, E5%0o HIV RYH EKE
(AMPK-RPK B L O'ABP) ZRIEL7-Z ERET b5, B2, 3EE TREIRE
>7- AMPK-RPK ® L 97, 150t MEANK TS, E0 HIV B8RRI /EH
5 2 & CTHIVIEGEHIE R 2 T BT BB CRERE STV Z &b,
HIV BB R OEME L VIED D Z LN FERIZ 2 57217 T < . AMPK-RPK 4 #£K)
HSREFRERINS, #Fr7-7eht HIV 3220 5 AFEMENH B, T, ABP IO\ T,
HIV BEILERIZRBW T, I - BABRRICEELZ B X3 HIV BEHIEE b 5
TEBHLNERoT, TNDORERRIT, RFRDO BRI TH HF T A XGEE
DEIRICL DR BH LD EEZBIA,

A WRBE®

RIS TlE, HIV B EEICEDL 5 B
SREIE (BE) BIUSIV 3k b~
BT A2BICEDL S BRAERT (B) %
FIE L, FHTA XIREECAET ToR
BEESLICFE T2 L, BIUASHKROH
BRI E IS )95 & N E E A EAE o
HfEAZEOHZEEHBE L,

BHEETIZE M7 AERICSIEL
7= HIV BSHE1E £/ F3REE S LT,
RNA + ¥ #E 1T &L 5 genome-wide
screening VEIZ X AT RN KO0
EINTWAN, KED HIV REAER
MiaE AW bD TR, 207D B
SRR BT 5 HIV BREIE TORE|

.3.

IZDOWTIIARBAZR BB L, KR TIL,
HIV BERMIETHD T U o3skz
AW THERE FRBFMSE T U2
TATTV—&HBEL, ThbT747 7
V—LEH T VI oREkEDMTO HIV
RGN =R % FLBR RS L, HIV R
FIRFEHEZEET D Z L 2R BTz, £,
Rk 22 £, RNA F#E (shRNA)
AW e MEREEEF B T
faZ A 75 ) —DRSEIZAZ L, HIV K
LB ERFEmFEE S EEL 2 L
DUk, YRk 23 EEIT. AIEEILE
biviz HIV REGLHIEE E R i o
PRREFRIT Z D T2 ER . 2 FEOMEERR




FIBLHINE] T ARz 380T 5 HIV Rt
TERNERDZE LWVETRRRD b, £OHF
D 121k, WEERISBEIZEEZXB X
FL., b9 120 HIV RS - A
BRIIEELZBIIIEEIRFTH D
ZEHEBHELMMI L,

VR 24 X, RIEEICFEE LT 2
OB ERFOFTH, WERERIGHHE
WCEEEZB LIETERFICOWVWTERY
\ZEE AR AT 2 TV R — RN EF 23
F7p % HIV BB RICEEL B JIET
ZEEBLMILE, AR TED
izt HIV e EmE 3o
WTCh, EXRMEEEFHMI 21T - 72,

B. MR

(1) BEHERETFHREME T @
MWFA475 Y —DER

EEXEET (8158 TERF) ©F
#) & L7z short hairpin RNA (shRNA)
TAT 7Y —%HETH Y Ml
FIANTEV o TFIANVART Z—%H
WT THiaY ) 5~shRNA Rt v
NEf AT T LT XY | BEEEG T3
HH shRNA TR Z A4 77 U —%1E
BT, BEEMICIE, CD4 e B T
Rk TH D MT-4/CCREMfa%Z 7 A4 7
7 U —{ERMELE L, shRNA-L > F v
ANATA T T —% MOI=10 TR
S¥7, shRNA BRIy M, E
a—a<A Y UHERBRFREENT
WABZ EMnG, shRNA B & S
MAAFN M ZRIRT 5 BT, &
Pq SEEFAHBICE 22—~ A Y2 (1
ng/ml) ZETEHEAZH L, 2 AME
REELZIToBIC T MK A 77
U—%ZRr L7z,

(2) HIVB X SIV B Hl#smE £
HTEEOBRE

(1) WCCTER L7z N THREKT A

77V —%&RAWT, HIV B X SIV &K

ettt T AACHR 20BN L7z, BRI,

HIV-1 NL4-3 #3$ £ O'SIVmac239 £
Yoz e T fRaRE T & 5 MT-4/CCR5 #

.4.

fao 477U —iz, HIV (MOI=0.001)

BLO SIV (MOI=0.1) %@ SH7z,

YL 12 B #212 HIV/SIV REYLr 4 #i fa &

RAAIRL., BIC2BEMEERT 5L T,
HIV/SIV REYEE T Milgo A 77 Y —

BT, TO%. TAUDMBEERSRE L

TV 5 shRNA EF|Zf#HT L, shRNA
BLFIARER & LTV AT THEEE s T

ZRIE LT,

(3) EZh shRNA 3 T Mgk o
YA

HIV BN ERE L/ET LT

WA fEjaEE (semi-clonal population)
DHFT, 6 FED shRNA BEEL TV D
HREEIZ DV, %54 @ shRNA B3
BT AROkk & 4N LT,

(4) HIV-1 B ROMHT

(2) TR L% T MRk,

HIV-1mB  env-pseudotyped HIV-1
(IIIBenv/luciferase-reporter HIV-1) %
72 X VSVG-pseudotyped HIV-1
(VSVG/ luciferase-reporter HIV-1) % &%
Yo x4 24 BB O luciferase &1 %
E LT,

(5) HIV-1 BE%HEE DT

£ T Mifakkic, HIV-1 2R sv 7z,

T OBAFRFIICEEE RIFZEIL, £
SIZEEND VANV ARKOW IR ERE
F (RT) 1EHEEZAE LT,

(6) HIV-1 BRPEMBEARIZBIT DY

A )V 2 DNA & R & DN

(3) TEI L7-%& T Hilatkizc HIV-1
(NL4-3 #F) & Reye X &, 24 B 0BG
RN T, WEEBERZ R TE/R S
74 )L A DNA &EIZ2WT, pol BLW
env DFBEBIZE T DIV T VFA L
PCRIEIZCTHIE L7,

(7) Fate-of-capsid 7y &A1 X
HRGHMBANO T ANV aTZENHE
D fRHT

b b T AR HIV-1 2R S8,
8 FF M #% @ K 4 # F2 & Dounce
Homogenizer |Z CHEAZMEIL ICHERE



SEE&EZ, TOMBESE %Y.
20%-60% = 7 o — R ICERE L7-1%. M
FE R 4 D ELE 4 Qﬁ%gL‘L‘/fb 'Cﬁ
oTc, LLESBER, EED 34 EIZH
JTCEIR L, &4E ’aii’bflﬂé ‘74
JVA CA % /37 =% Wetern blotting
B L ELISAEZ AW TR L,

(8) HIV BRIMlaNITBITB A
VA mRNA & B & DN

HEK293 #i}212 pNLA-3 A 3 =
& T, HIV BRI RE 2 B L I TS 5
L, BEEERTZFALEZVA LA
mRNA &f&E% . 1) unspliced form,
ii)single-spliced form . iii)
double-spliced form @ 3 & % (2
35U 7% A L PCR IEIZTREERIC
RIE L7,

(9) HIV BIMENIZE
VAR E T BORYT

HEK293 fifgiz pNL4-3 & L < i
pNL4-3luc (Vv 7 =27 —FLHR—F—
HIV) ZEBAL, VA NVAZ U RTED
RERE{LE WB EB X MEER ek
HEIZ CRIE L7,

(1 0) AMPK-RPK B#E&EMMIZ
Bt 3 HIV B Y303 @4

AMPK-RPK-KD 293 #1 fa iz

AMPK-RPK % v /X R TZ7 A K&
BN 5 Z & TAMPK-RPK HHELE 41T
VW, VSV-G/NL4-3luc > =2— K& A4 7
HIV-1 Z R S5, B 24 R
BYHBEN DL YT = T —BEMEE A
ETHI & CREIBERET LT,

FTo5vA

(far B~ D B )

ARIFRICE T DBIEFELBRZEY
HE2HAVWAERIZOWVTIE, BEIZST
RRERER KRFZOEEAREL LT
B ZEREARBZRICREESLTH

50

C. FEERE R

1. HIV B X O SIV BEIufI#HH
B AT LDOWES

b MEREEEGT (158 %ﬁfﬁ%)
ZER)E L7 shRNA 7914 75 U —|Z k&
LHIEEB LT REME T fmﬁaﬁi%ﬁfiz
TA57=0, SIV B X HIV OB F Ikt
L CRERZ g T 5 MT-4/CCR5
Mias o477 —1ERME L LCE
RUTz, BEx RRGEEEE R LR,
1 x 105 {&@ ®» MT-4/CCR5 #Hfaiz
MOI=10 2% 3% shRNA-L > F 7 A
NATAT TV —% A8 BRI ST,
shRNA 5%@%737‘12/ MZiZ, Pa—o~w

A4 UNMEBEFRE TN WD I &
ZFA LT, shRNA ¥HE & F2#H

HIAENT- R Z IR 5 HAY T, R
48 BFffZ I = — <A v (1 ug/ml)
AEiE e AR L | BT 2 8RR
BEIToT-%IZ, THRKZA 7T —
R L (K1),

2. WEEBMETHREME T Mgk > A
75V — & B\ HIV/SIV &Y 4
R T DR

B L7 T Mgk 477V —%H
VWT, HIV NL4-3 (MOI=0.001) K&
O SIVmac239 (MOI=0.1) %X+
7o YL 12 B 1412 HIV/SIV YL AR
JREZRAFRL, BiIC2BHEEET A Z
& T, HIV/SIV RrmitE T MRtk %5
- (K1),



& CBTyansduc(iun of sShRNA library

&l and puromycin selection

@
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e a®

l shRNA-induced cytotoxicity

human T cells

@. )
shRNA-expressing () ‘
humanTcells @@ @

l & HIV-1 infection (NL4-3 strain)

=iy
YO

|

HIV-1 replication induced cell lysis

Limiting dilution of the cells
that protected from virus-induced Iytic cell death

X1. b FTHEETATZ ) —DRT
B LN HIV R A sk o 2= INTE

WIZ, THHHMBEEPRELTVD
shRNA Bl % f#HT L, shRNA E2FI H3HE
e LTV aEEREERTHLRE
L7z, TN OB FREOBEEMITZIT O
7=\ BN BTES AR 2 INGENUITY
75— % X— 2|2 L5 YFG search

(SIGMA-ALDRICH) 24T > 7=, = DfEE,

HIV YRR o ¢, MfakEs X
B IZCRET DL DN 50%H1% %
LW AR L7 (X 2),

2 . HIV JEGLHIfE E 3 O AR A
RIS TR

3. HIV BRYL i sh R 2B LT B4R
B AR T8 O EAT

HIV BREmtE T Milaz 4 770 —%
FRLCHEELTToERIZEONT
WM (sub-clonal cell population)
DA NABRKEDOFE, IO
shRNA O off-target ZhRIZ LD VAL
AP VLAV ST —TH D
CD4/CXCR4/CCR5 O #ll B 3 i = R
LRIV~ EEBIZOWT, EF
MT-4/CCR5 #ifa & & & I thB a2 1T
ST, BEEMIZIX, VA NVARBROFE
IZDWTIE, AN T A L2 DNA OFE
BB LR LEFOHEREREREN
ZRIE LT, ZO/RER, MRy A LR
DNA B LOEE BEFOWETEERTE
MAIZEBD b e oz, T2, MEE
FELEOEET LT —DREHE L X
VAR mAESTERE (FACS) I2TH
LA, BELNVOZERITERD
L inote, ZHHOFERLD, HIV
YT HIV FEREHaTH D |
2> HIV EYZaUHE & L ToMHR%E
HERFLTWAHZ LA L7 (data not
shown),

WIZ, 2o THIlAZ A 77V —&IE
BT ML 20T U AL AR R
ST A0, TR A 75
V—EMBLOEF T MiaLiz, HIV
(MOI=0.001) & R4 =70, RRGeshE
IZoWTiE, EHRIZEEE EEF O RT
activity ZHIET D Z LI L VB LT,
ZORER, HIV B EDNBEEIIET L
7= T MR A 77 ) —£M% LR
L=, TOREN2TA 77V —EFHD
ERE~T (X 3),

3. IV Ml 5 Il
SRR ERTHOEE. e BokERET &



BEHL L= T MlaZ 177 ) —4£H®#10-E11)
BLOER T #la (Normal MT-4/R5) {Z NL4-3
PRI, BEFMICEEE EIET O RT activity
ZHEIE LT,

4. HIV BREBEHRIIH TS
AMPK-RPK m %

HIV EREENENE LK T LT
WHMIAEEDOF T, 6 fED shRNA 23R
FEL TV S HfasE (K 3) 2o\ T, &%
@ shRNA BRI T MR 2 Hf z L7z,
RIZ, shRNA BEMFE T Mfatkz AV
T HIV-1 R& % % B ( single'round
infection) ZfTo7-fER., 6 FEEDH L
2 fEH D shRNA B FE T MAEERIZE
WTRESNEDOBEERETARO N
Tro Flo, ENLSLD 4FEIZONTH
BRGNS 50%LL KT 5 2 & A3HA
bnéirotr, &I T, BESIENIEE
WIRT L7 2D 9 5, AMP-activated
protein kinase AMPK)”7 7 2 U —IZ&
3 %5 AMPK-related protein kinase
(AMPK-RPR)IZ D\ CTREM 72 AT 2 1
7=, AMPK-RPK 7% HIV-1 &Y
RFE2VEBRNEINEETT AT
DIz, NIEME AMPK-RPK O3 IH M| T
fopatk (AMPK-RPK-KD) % #fir L.
HIV-1 /&% 3#E (single-round infection)
iTo7z, 9. X4-tropic HIV-1 DR
PR TH D CD4/CXCR4 473 F = FIH
L 7= MR AR LT VSVG 4o+ %
FIR L7=Rl o R gL iR 2 FIH L CHERE
BA%O HIV-1 AFERICEEL KIZT
MENERTLIEEZA, WTHD
HIV-1 l@ABRBABRBICE VN TD
HIV-1 AFERICEEBZB T &R
ot (K4),

“
& & &8
N &
& Gl S
M < & 03

HIV-1 enveloj
120
1
2
3
<«+—AMPK-PRK
<«—GAPDH

X 4. HIV BEL2h=R|Z %35 AMPK-RPK

BB f2 %)L AMPK-RPK % 4Z#9 & L7- shRNA
% FA T AMPK-RPK-KD #Hfz= % {ER L, MT-4/CCR5
FBAEE L TN shRNA =2 > b o — L #RE (Non—target
shRNA) D PNTEME AMPK-RPK @ mRNA & & this L 7=
FEE. A /SR MT-4/CCR5., Non—target shRNA,

AMPK-RPK-KD #AZ1Z HIV-1 env/NL-luc B X °
VSVG/NL-1uc HIV-1 ZREIEXH, 24 W% OM
BRI S luciferase activity ZIE L7-,

5. HIV ¥EERSBRICXY T 5
AMPK-RPK D

% Z T, AMPK-RPK ® HIV-1 JE&ZxH
A=A LEBTT 5720, £T1%
HIV1 AFROZEBREIZB T D
AMPK-RPK D EZ|Z DWW T 21D
=, BEAEBIZIZ, VT & A L PCRIE
ERAWTHEERISIZE > TERIN
574 VADNABREETHZ & T,
HIV-1 BNERMRENICEARZIZEZ 5
WERE RSB~ D BT DV THEAHT
ZiTo7-, Z0OfER. AMPK-RPK-KD
MEAIZIBN T, 74 L2 DNA &RiahE
NELLIETLTWAZ ERHLMNE
otz (K5),

pol region

env region

»
n
»

| -&-MT4/CCRS
2,04 —O- Non-target shRNA
~4— AMPK-RPK-KD

| -e-mT-2icCR5

2,04 —O-Non-target shRNA
—— AMPK-RPK-KD

relative viral cDNA levels
relative viral cDNA levels

o 8 16 24 o 8 16 2
Hours post infection

X 5. AMPK-RPK D8R E @RIkt
% B . MT-4/CCR5 . Non-target shRNA .
AMPK-RPK-KD #BAEIZ HIV-1 (NL4-3 #K) 2 R & &,
4, 8, 24 BB DO REFIZI VT Total DNA % #
H L. HIV-1 @ pol 3 X O env pEI 2 R £ A2 18
32U T7NEALPCREZHNTY AL ADNA
ERETTEELT,

6. HIVREMENTHD CAaT DR
EfECx+ 5 AMPK-RPK D%
MR NIZ BT 2 BB E RS BT
b A8BiE. VA AL RaT7NThHAIL
N MoTRBY ., a7 OREWNPHERE
RIGh2R LR < B L TWaD Z &3
Bink7zoTWn3b, 2T, AMPK-RPK
D, WERERISD I THONTWAEDaT



BEMICEEBEZRIEILTNANE H 2

ZErd A7, Fate-of-capsid &% A

WT CA a7 OREMIZ OV TR 21T

ST, TOFRER. v N THRENIZEWT,

AMPK-RPK I L~V MET L72fER,
CA a7 ODREMWENENHLLTNDZ MR

Ao ERo7- (K6),

Cell lysate

NL4-3 T cells

pre Fraction
after infection
#1
4# == <@> D #2[
#3

Step gradient ultracentrifugation g

input #1 #2 #3

M
rey

™
res

o
1sd
n

Amount of HV-1 p24 antigen (ng / m}
<

4.,
| :
o n
o 5

i I []

B

Hicontrol

Hicontrol

Hicontrol
rey

AMPK-RPK-KD
AMPK-RPK-KD
AMPK-RPK-KD
AMPK-RPK-KD

6. HIV EEMaNIcB T 5 CA =7
DEEMIZXTT S5 AMPK-RPK D%,
kB : MT-4/CCR5. Non-target shRNA .
AMPK-RPK-KD #fifeiz HIV-1(NL4-3 #%) % Jg e
S, 8 R SRR oD ARADE S A fhE Ly
20-60% > =7 m—2D LIZHRETEZERB L.
I LEIZ T CA a7 4B LTc, CA =7 (3#3
SEICER LTS, TE #1,#2,#3 O&H
IZ>WT CA Z o7 #fHBHT 5 Western
blotting #1T~7, FED 77 71X, EHE%
ELISABICCTERBETATERERER LTINS,

7. HIV R HBRIIXH T 5
AMPK-RPK D%

AMPK-RPK » HIV % EhETEIC
BT AEEZENT 5720, HEK293,
293 non-target shRNA control 35 X
293 AMPK-RPK-KD #HfziZ, pNL4-3
DNA #EAL, ZOBEHRINDITA
VA E T B AMPK-RPK B3 %
BLIETHEPERFT LI, TORBE,

B BERICEE SN D HIV CAp24 #
Ry BIEIT TR <, AMPK-RPK DO
FANRBEENEKT T 2121 VWHEN
HIVCAp24 # v X7 BEHLIRTTAHZ &
WHLMNER-T (K7),

VSVG-pseudotyped HIV HIV
1207
2 1004 e =
< 2 e
el S &
g & & Y
o 0+ & 8 ‘ls
Il b 3 3
2 & & &
§ 40 < & &
s
20-
® s |e—p55
= N—
% %
E 140_‘ HIV-1 - le— pa1
3
2 i
g 120 ‘I‘
‘g 1004 |
£ 804
2
¢ " 25
.‘:: L ~ e ::524
3 40
20
W S F
SO S
PR
& &8
L0 & N
P
F e
S, 4 N o =
7. HARAN HIV gag # v /37 BH&E

12k 5 AMPK-RPK D2, £4:293,
non-target shRNA, AMPK-RPK-KD H#HfaiZ .
pNL4-3 # FS A7 xs gL, 24 KH%
DOEEE FERIZEENS HIVp24 X VR B %
ELISA BIZ CEE Lz, Al : 24 FFE % O
W HIVp24 ¥ X7 &% WBIEIZTHRE L7,

8 . AMPK-RPK BH#EEMMIIZBIT 5
HIV B4R~ D K&

A Crx. shRNA # AW i-&mF
FEIRH LRI T, EREE T DOHEREREAT
24ToTWAT=H, shRNA DEREEE
BICER L TWAMNE ) a2 iERT S
VERNHDH, £ T, AMPK-RPK 7%
HIV BL#HIERFCTHDZ L2 FHITH
S 57-%. AMPK-RPK-KD #AEMNIC
AMPK-RPK # L /R FEHT T2 F&
EA4+ 5 &L TAMPK-RPK # /37 &
BE ATV, HIV BN EIRT 20
EODEBRR LT, TORBE, BEET
% Z & T, HIV BEENFRIC LT
HZEDBHLMMERRo- (K8),



293-MELK-KD

PCAG-OSF- PCAG-FOSZ-
AMPK-RPK (N-term) AMPK-RPK (C-term)
2 Clone #1 Clone #2 Clone #1 Clone #2 E
e
L | A A p— | né
a z
e
W | €= Endogenous AMPK-RPK
I D e i ST

RLU
(% of non-target shRNA)
nN >~ o
S &8 3
[
*
RS- +
*

8. AMPK-RPK-KD #MifaizEB it 5
HIV BEzh=R|Zxt+4 5 AMPK-RPK #
VN BABE DR, 293 AMPK-RPK-KD
MRz AMPK-RPK #Z U X7 BB TFF5 A3 R

(pCAG-OSF/FOS2-AMPK-RPK) % #/5 7
AL (A), BA2 4% VSV-G/NL43-1luc
RS BREMENOL Y T 2T —PiEME
ZHIEL- (B),

9. HIV BREWAEER RT3
AMPK-RPK D&%

MT-4/CCR5, Non-target shRNA ¥
L OV AMPK-RPK-KD T #la#E %2 B iz
HIV-1 &4 #EER (multi-round infection)
EZIToofER. AMPK-RPK-KD T #fifd
HRIZE T D HIV-1 BHEERE RN
BEEICERTTAHAZENHALNER ST

(®9),

3000+ —o— MT-4/CCR5

:1‘ —O— Non-target shRNA
~ -~ AMPK-RPK-KD
€ 20004
a
<
£
£ 1000~
o
©
(-
[~
0 T T T T T T 1

0 2 4 6 8 10 12 14
Days after infection

9. HIV BRI IILT 5
AMPK-RPK D& %2E. MT1-4/CCR5, Non-target
shRNA, AMPK-RPK-KD #A& {2 HIV-1 (NL4-3 #) % &%
e, REFRICEEE EIEYF O RT activity %
BIE L7z,

1 0.HIVEZREHERIIXNT S ABP
-

WeaFZe T AMPK-RPK & 3&|2 HIV
RREHEEHERFE L TCRBEESRET
JFUkEEZ %7 (ABP) 1Z9oWT,

ABP 2% HIV B4ZhEICE JIET R8I
DWTHRET L7z, BEFmIZIZ, TV~

SNERAZ BT ABP ¥ E A A

(ABP-KD) Z#f32 L, HIV 8 ErE &
O HIV FERERE - RABRIZE X
ETEEEZRFT L, TORER, HIV &
ﬁﬁ’]%ﬁ% BRABREICEELZB LTI

RN T® N (K6, TE : HIV-1
envelope & VSV-G envelope & DLER),

ABP| — —

a-tubulin w

HIV-1 envelope

VSVG envelope

120 120
2 100) L 7ol L
< 1004 < 100+
Z aE Z _J_ T
S 80 % 80
. 5§ T
2 s 60 Z 8 60
< o
S 404 2 404
5 5
8 20 8 20
o ] ,.
L] - L]
\g O \g O
S & T
e}," A'a z\," Aa
& o
‘\o“‘ \;o‘\
- Iy
1 0. HIV Egh=:ICxd4 5 ABP @

B ABP-KDT VU <3 (LB |2 HIV-1 %
721IVSV-Gm o _Rg—7ZANWEy a— & A
T HIV 2% ST, B2 4 FER% O RYH
BEANONLY T =7 —BIEEERITE T D E TR
hRERE L. (TR,

DLEofER LY, Mg AMPK-RPK
EEENMETT5Z LT, HIV-1 BREHA
FANIZRIT A CA a7 ODEREMIZEE L
525 L THERERIGHELZET &



B 57213 T7%2 <, HIV mRNA A=
WCHEEZBIIITIENHALNE R
-7z, £7-. ABP /X HIV-1 envelope &
B AN ABRENRICHEST D Z
VWM ERSoTE, Ko T,
AMPK-RPK 3% » HIV @RIz
EE LB LIFT HIV-1 BV ERF T
HY . ABP % HIV BRI BIT 2% -
BABRICEEL B XIET HIV By
BRFTHDHZ ENREINT,

D. Z£
WEETIZ, & M7 AERITSIH L
A XA L AHEE ERFHERIX
BEIZOMNDRENERE SN TWVD A,
TNHlT= A XU AV AERHE Z A
Wb D TR, £D7D B RRGRIC
BIFAZA XTI AN ARBREGETOE
ENZOWTIIRAR AR Z Y, 3ERO
RIFFRIZ LV ES NI ELE LT,
(1) M B OMEEE R ZIH T M
T4 77—, (2) HIV EKYLE
FEAGEE RIS T2\ T HIV RRYLH e
MARFHEESHEIENHFKLZ &
(3) HIV REYEHIEEmMRE FE#E O THE
HHED HIV BEHIERFE2RE L2 Z
ERENRFETOND, FIZ, 3FEHTH
FL7ZAMPK-RPKD L 572120t b
MRENET2, o HIV BI4MEEIC
ER3 % = & T HIV RYEI#E R 25
TEIL, BEETRERES LT Z2ZN
e, HIV LB OB 2 XV 1%
DA EVRFREIZRDLTE T TR,
AMPK-RPK #ZAMrEIRERS, #F7c
7ept HIV EI(Z722 D 5 HFR[EEERH Y |
AHFFEO BRI TH 5, Fil= 1 pRiE
DEBIZLORNB EEZBND, T2,
(2) ©T VU /8BRIZBIT 5 HIV &4
HEERR TR OV T, A %5
PR32 IT B\ T, Bl L OERRFSE
FEIERBET DI LIFIETHDLE
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1. Introduction

The conventional innate and adaptive immune systems are very effective at viral
infections. However, for retroviral infections, there is another immune system that can
recognize at multiple levels e.g. expression of internal host factors with antiviral activity.
This is a component of viral recognition and subsequent restriction that has been called
“intrinsic immunity” (Bieniasz, 2004). Intrinsic immunity can distinguish from innate and
adaptive immunity, and it does not need to be induced by viral infections. Retrovirus
replication has many steps in common with other retroviruses. Upon entry into the
cytoplasm of target cells, some host factors are required for efficient retroviral replication
cycle, and others act as restriction factors that block reverse transcription and ligation of
viral cDNA to chromosomal DNA. Recently, several host factors have been identified
such as the proline isomerase cyclophilin A (CypA), ApoB mRNA editing catalytic
subunit (APOBEC) and tripartite motif protein 5 alpha (TRIMb5a) against retrovirus
infection. This review will focus on how these host factors modulate retroviral activity. It
will then present our current understanding of the mechanism that may explain zoonotic
transmission of retroviruses.

1.1 Fv1 and Fv4: Restriction factors that block infection by Friend-MLV in murine cells
The most intensively studied anti-cellular gene is Friend virus susceptibility (Fv) gene in
laboratory mice. Fvl and Fv4 were of special interest in Fv alleles because cultured murine
cells containing them were resistant to infection by Friend murine leukemia virus
(MLV)(Gardner et al., 1980; Hartley et al., 1970; Pincus et al., 1971; Rasheed and Gardner,
1983; Suzuki, 1975). Fvl-mediated restriction of MLV, for instance, is a well-studied
representative of a class of restriction factors that act after membrane fusion, are highly
virus-specific (Goff, 2004). Fvl has two alleles, Fvin and Fv1b, targeting B- and N-tropic
MLV, respectively (Rein et al., 1976). Fv4 was shown to encode an ecotropic MLV-like env
gene and recent report showed that Fv4 inhibits infection by exerting dominant negative
effect on MLV Env (Takeda and Matano, 2007). Although the precise mechanism of Fvl
restriction remains unclear, the important point is that the viral determinants for this type of
restriction have been mapped to the capsid protein (MLV amino acid 110) and as a target of
host factors that can modulate retroviral life cycle (Gautsch et al., 1978; Kozak and
Chakraborti, 1996).
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1.2 Ref1 and Lv1: Fv1-type restriction factors in human or primate cells

A host factor that belongs to the same category of Fvl-type restriction factors is Refl
(restriction factor 1). Refl is expressed in human and other non-murine cells and imposes
a similar restriction of Fvl that is controlled by relationship between the same capsid
residue (MLV CA 110) and Fv1 (Towers et al., 2000). The difference between Refl and Fv1
function is that Refl restricts retroviral replication at a step prior to reverse transcription
while Fvl seems to impose a post-reverse transcription block (Goff, 2004). Another
restriction factor, lentivirus susceptibility factor 1 (Lv1), was found to be responsible for
restricting HIV-1 and N-tropic MLV but not rhesus macaque simian immunodeficiency
virus (SIVmac) replication in Old World monkey cells (Besnier et al., 2002; Cowan et al,,
2002; Munk et al., 2002).

1.3 TRIM5a: Fv1-type host factor restricting HIV-1 in primate cells

Recently, the host protein which dictates Refl activity was identified as an o-isoform of
rhesus macaque TRIMb5a. protein by the laboratory of Dr. Joseph Sodroski (Stremlau et al.,
2004). TRIMS5 is a member of the tripartite motif (TRIM) family of proteins, and has RING,
B-box 2 and coiled-coil as common and conserved domains among the family and
B30.2(PRYSPRY) domain on its c-terminal region (Nisole et al., 2005). Subsequently, the
human and non-human primates homologues of TRIM5a were shown to explain restriction
activity against retroviruses, N-MLV, and equine anemia virus (Hatziioannou et al., 2004b;
Keckesova et al., 2004; Perron et al., 2004; Si et al., 2006; Song et al., 2005; Yap et al., 2004;
Ylinen et al., 2005). Rhesus monkey TRIMb5a has strong anti-HIV-1 activity, only modest
restriction against SIVmac, and does not block MLV infection, whereas its human
homologue does not active against HIV-1 infection.

TRIMb5a. recognizes incoming viral core, but not a monomeric capsid protein, thorough its
B30.2(PRYSPRY) domain. B-box2 and coiled-coil domains are required for TRIMb5a
multimerization, and both coiled-coil and B30.2(PRYSPRY) domains are essential for viral
core binding (Reymond et al,, 2001; Stremlau et al., 2006). TRIM5a. captures HIV-1 core at a
very early step(s) after infection, immediately after the release of core into cytoplasm. To
restrict HIV-1 infection and to recognize viral core, TRIM5a must be oligomerized through
its B-box 2 and coiled-coil domains. Its RING domain has E3 ubiqutin ligase activity, and
self-ubiqutination is occurred, then TRIMba is quickly degraded. This quick degradation of
TRIMb5a is not necessary for post-entry restriction, since replacement of TRIM5a RING
domain with the corresponding domain of TRIM21 which has lower self-ubiqutination
activity and longer half life than TRIMb5ao. didn’t alter the antiviral activity. When TRIM5a
was over expressed, cytoplasmic body is formed, and the cytoplasmic body is supposed to
be required for its antiviral activity. During TRIMb5a-mediated post-entry restriction,
disassembly of viral core is induced too quickly and the accumulation of viral RT-products
is reduced. MG132 treatment inhibits to induce quick-disassembly, but still HIV-1 infectivity
was restricted. Two reports showed that TRIM5a could block not only viral ¢cDNA
accumulation but also the nuclear import of viral cDNA (Berthoux et al., 2004, Wu et al,,
2006). Thus TRIMba-mediated post-entry restriction is thought to have at least two phases:
(i) TRIM5a induces quick-disassembly of viral core in a proteasome dependent manner and
(i) TRIM5o. degrades HIV-1 cDNAs in a proteasome independent manner. The determinant
of specificity and magnitude of the post-entry restriction lies on B30.2(PRYSPRY) domain.
Recently, Pacheco et al. reported that new world monkey TRIMb5a restricts foamy virus
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infection (Pacheco et al., 2010). Another consideration is the clinical significance of TRIM5a
against acquired immunodeficiency syndrome (AIDS) in human. Moreover several reports
showed that the efficacy of TRIMb5a-mediated suppression of HIV-1 replication might
interfere with disease progression of AIDS in humans (Cagliani et al., 2010; van Manen et
al., 2008). Thus, TRIM5a-mediated restriction may occur multi step in retrovirus replication
with the relationship between other host factor(s).

Recently, the lab of Dr. Yasuhiro Ikeda reported that rhesus macaque TRIMSa also inhibits
HIV-1 production by inducing the degradation of a viral precursor Gag protein (Sakuma et
al., 2007). To restrict HIV-1 production, amino acid residues in B-box 2 and coiled-coil
domains dictated the specificity of the restriction. In the late restriction, the accumulation of
HIV-1 RNA was not affected but the accumulation of precursor Gag was inhibited in an
ubiqutine-proteasome independent manner. This TRIM5a-mediated late-restriction is still
controversial (Zhang et al., 2008), yet it is presumable that TRIMba restricts HIV-1 infection
and production in two distinct mechanisms. Although TRIM5a. restricts HIV-1 infection in
broad range of cells, its late restriction depends on a cell line (Sakuma et al., 2007).

Here is another notable class of the TRIM family called TRIM-Cyp isolated from new wold
monkeys (NWM). A report from the laboratory of Dr. Jeremy Luban demonstrated that owl
monkey has TRIM-Cyp that restricts HIV-1 infection (Sayah et al., 2004). Although TRIM-
Cyp has a cyclophilin A sequence in its C-terminal region instead of B30.2(PRYSPRY)
domain that dictates the specificity and the magnitude of post entry restriction in OWM-
TRIM5o-mediated post-entry restriction, it recognizes incoming core structure and restricts
HIV-1 infection (Stremlau et al., 2006). Recently, TRIM-Cyp mRNA was also detected in a
rhesus macaque cell, and over-expressed rhesus TRIM-Cyp restricts HIV-1 infection and
production (Brennan et al., 2008; Dietrich et al, 2010; Sakuma et al., 2010; Wilson et al.,
2008).

Not like other restriction factors, the counter part of TRIMbSo-mediated restrictions is not
accessory gene product of HIV-1, and human TRIM5a has just a modest restriction activity.
NWM cell doesn’t have TRIM5a, yet even without B30.2(PRYSPRY), TRIM5-Cyp can be a
defense against viral infection. These evidences suggest that TRIMb5a could be a key
molecule to explain the species-species barrier. And if so, TRIM5a’s dual antiviral activities
can block the viral transmission even from closer species like to human from monkeys.

1.4 APOBEC: Enzymatic restriction factor that target retroviruses

Replication of HIV-1 in primary CD4+ T cells, monocyte and some immortalized T cell lines
depends on the presence of HIV-1 accessory gene product, Vif (stands for virus infectivity
factor)(Fisher et al., 1987; Strebel et al., 1987), and it works in a host cell-specific manner. Vif
is required for enhanced HIV-1 replication in some cell types called non-permissive cells, in
contrast HIV-1 replication is Vif-independent in permissive cells (Akari et al., 1992; Blanc et
al., 1993; Borman et al., 1995; Fan and Peden, 1992; Gabuzda et al., 1992; Sakai et al., 1993;
von Schwedler et al., 1993). Recently, some cytidine deaminases were identified as a new
class of host restriction factors that target retroviruses such as HIV-1 or SIV (Cullen, 2006;
Harris and Liddament, 2004). APOBEC3G (Apo3G), a member of the APOBEC family of
cytidine deaminases, is the first identified enzymatic restriction factor and the determinant
that makes cells permissive or non-permissive. Unlike TRIM5a nor Fvl, Apo3G does not
exert its antiviral activity by targeting the viral capsid protein, but it has to be incorporated
into a newly synthesized virion during a production step, and then inhibits virus replication
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by targeting single-stranded viral cDNA during an infection step. HIV-1 counteracts Apo3G
with Vif expression. During the production of progeny virions, Vif binds to Apo3G and
induces Apo3G’s proteosomal degradation, resulting in the decreased steady-state levels of
human Apo3G (hApo3G) (Yu et al., 2003).

There are several antiretroviral mechanisms of Apo3G against HIV-1 infection. First,
Apo3G-containing virus can be resulted in a large number substitution that register as
cytidine (C) to thymine (T) in a virus minus-strand during reverse transcription, resulting
guanine (G) to adenine (A) mutations in a viral plus strand, known as ‘G to A
hypermutaion’(Harris et al., 2003; Lecossier et al., 2003; Mangeat et al., 2003; Mariani et al.,
2003; Yu et al., 2004; Zhang et al., 2003). Second, Apo3G can inhibit tRNA annealing or
tRNA processing during reverse transcription (Guo et al., 2006; Guo et al., 2007; Mbisa et al.,
2007). Third, Apo3G inhibits DNA strand transfer or integration (Li et al., 2007; Luo et al.,
2007; Mbisa et al., 2007). Although Apo3G has the most potent anti-HIV-1 activity among
the APOBEC family of proteins, another member of the family, APOBEC3F (Apo3F) was
shown to inhibit HIV-1 infection in the absence of Vif (Bishop et al., 2004a; Liddament et al.,
2004; Wiegand et al., 2004; Zheng et al., 2004), whereas APOBEC3B (Apo3B) can inhibit HIV-
1 infection in both the presence and absence of Vif (Bishop et al., 2004a; Doehle et al., 2005;
Rose et al., 2005).

Although we can imagine the broad range of antiretroviral activity of APOBEC family
because APOBEC proteins from non-human species can also inhibit HIV-1 infection (Bishop
et al., 2004a; Bishop et al., 2004b; Cullen, 2006; Mariani et al., 2003; Wiegand et al., 2004), the
Vif-Apo3G interaction is thought to be species specific (Mariani et al., 2003; Simon et al,,
1998). Accordingly, hApo3G is insensitive to SIVagm Vif while african green monkey
Apo3G (agmApo3G) is insensitive to HIV-1 Vif and the determinant of this species
specificity depends on amino acid 128 of hApo3G and agmApo3G (Bogerd et al., 2004;
Mangeat et al., 2004; Mariani et al., 2003; Schrofelbauer et al., 2004; Xu et al., 2004). However,
such species specificity is not strictly controlled, for example a report from the laboratory of
Klaus Strebel demonstrated that SIVagm Vif supported replication of SIVagm virus in the
hApo3G-positive human A3.01 T cell line. Replication of vif-defective SIVagm in A3.01 cells
was severely restricted, resulted in an accumulation of cytidine deaminase-induced G-to-A
mutations in SIVagm genome (Takeuchi et al., 2005). Therefore, it is probable that SIV Vif
has evolved to counteract hApo3G restriction and this might contribute zoonotic
transmission of SIV.

Although the antiviral activity of Apo3G is clearly correlated with its deaminase activity
(Iwatani et al., 2006; Mangeat et al., 2003; Navarro et al., 2005; Opi et al., 2006; Shindo et al.,
2003; Zhang et al., 2003), some members of APOBEC family have additional anti-retrovirus
activities that do not require catalytically activity of itself (Li et al., 2007; Luo et al., 2007). In
fact, several reports showed that deaminase-defective Apo3G and Apo3F have antiviral
activity, and some antiviral-inactive mutants of both Apo3G and Apo3F have cytidine
deaminase activity (Bishop et al., 2006; Holmes et al., 2007; Newman et al., 2005; Shindo et
al., 2003).

However, deaminase-defective Apo3G mutant with C2885/C291A substitutions did not
show any anti-viral actibity and over-expression of the mutant could work as a dominant
negative agent of wild-type Apo3G, suggesting a tightly-relationship between antiviral and
deaminase activities (Miyagi et al., 2007; Opi et al., 2006). Recently, it was demonstrated that
hApo3G has an intrinsic immune effect on viral DNA synthesis, which may account for
cytidine deaminase-independent antiviral activity of Apo3G, and did not abort replication
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steps following reverse transcription (Iwatani et al., 2007). Therefore, precise mechanism of
Apo3G-dependent restriction of retroviral infection still remains unclear.

1.5 Cyclophilin A: positive factor against retrovirus replication (or restriction factor?)
Cyclophilins are ubiquitous proteins and first identified as the target of cyclosporine A
(CsA), an immunosuppressive reagent (Takahashi et al., 1989). CypA has proline-isomerase
activity that catalyzes the cis-trans isomerization of proline residue (Fischer et al., 1989). The
binding of cyclosporine A to cyclophilin A inhibits this isomerase activity (Takahashi et al.,
1989). In retrovirus replication, CypA was found to bind HIV-1 capsid (CA) in the yeast
two-hybrid system (Luban et al., 1993). The sequence Ala88-Gly89-Pro90-I1e91 of CA protein
is the major fragment bound to the active site of CypA (Franke et al., 1994; Gamble et al,,
1996; Zhao et al., 1997). Interestingly, The peptidyl-prolyl bond between Gly89 and Pro90 of
the CA fragment has a trans conformation, in contrast to the cis conformation observed in
other known CypA-peptide complexes (Bosco et al., 2002; Zhao et al., 1997), and Gly89
preceding Pro90 has an unfavorable backbone formation usually only adopted by glycine,
suggesting that special Gly89-Pro90 sequence but not other Gly-Pro motif is required for the
binding of CA protein to CypA. Therefore, CypA might be likely to act as a molecular
chaperone but not a cis-trans isomerase (Zhao et al., 1997). However, one report showed that
CypA does not only bind CA protein but also catalyzes efficiently cic-trans isomerization of
Gly89-Pro90 peptidyl-prolyl bond (Bosco et al., 2002). The relationship between the Gly89-
Pro90 bond and catalysis of cis-trans isomerization by CypA still remain unclear.

It has been well established that CypA promotes an early step of HIV-1 infection in human
cells (Braaten et al., 1996a; Braaten et al., 1996¢; Braaten and Luban, 2001; Franke and Luban,
1996; Franke et al., 1994; Hatziioannou et al., 2005; Sokolskaja et al., 2004; Thali et al., 1994).
CypA is efficiently encapsidated into HIV-1 produced from infected cells through
interaction with the CA domains of the Gag polyprotein and disruption of CypA
incorporation into virions by CsA or HIV-1 Gag mutants caused a decrease in replication
efficiency (Ackerson et al., 1998; Braaten et al., 1996a; Braaten and Luban, 2001; Bukovsky et
al., 1997; Franke et al., 1994; Ott et al., 1995; Thali et al., 1994). It is still unclear how CypA is
efficiently packaged into HIV-1 virion, but several report showed that both dimerization of
CA and multimerization of CypA is required for efficient binding each other (Colgan et al.,
1996; Javanbakht et al., 2007). Although CA-CypA interaction is required for infectivity, the
important point is that CypA interacts with incoming HIV-1 cores in newly target cells than
occurring as core assemble during HIV-1 budding from the virion producer cells, indicated
that target cell CypA promotes HIV-1 infectivity (Kootstra et al., 2003; Sokolskaja et al., 2004;
Towers et al., 2003).

CypA-dependent virus replication is only limited the retroviruses which encode CA that
binds CypA. In fact, only those retroviruses are dependent upon CypA for replication
(Braaten et al., 1996c; Franke and Luban, 1996; Franke et al., 1994; Luban et al., 1993; Thali et
al., 1994). These observations suggested that CA-CypA interaction might contribute tropism
determinants for retroviruses. HIV-1 infection in non-human primate cells inhibits prior to
reverse transcription after virus entry (Besnier et al., 2002; Cowan et al., 2002; Hatziioannou
et al.,, 2003; Himathongkham and Luciw, 1996; Hofmann et al, 1999; Munk et al.,, 2002;
Shibata et al., 1995; Towers et al., 2003). This restriction is thought to be the same step in the
retrovirus life cycle where CypA works (Braaten et al., 1996b). Indeed, Analysis of CypA-
binding region of CA with chimeric viruses of HIV-1 and SIV showed the viral determinant
for species-specificity (Berthoux et al., 2004; Bukovsky et al., 1997; Cowan et al, 2002;
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Dorfman and Gottlinger, 1996; Hatziioannou et al., 2004a; Hatziioannou et al., 2006; Ikeda et
al., 2004; Kamada et al., 2006; Kootstra et al., 2003; Owens et al., 2004, Owens et al., 2003;
Sayah et al., 2004; Shibata et al., 1991; Shibata et al., 1995; Stremlau et al., 2004; Towers et al.,
2003).

Human CypA is required for efficient HIV-1 infection but not SIV. There is no known role
for CypA in SIV infection in human cells. Recently, the first report from the laboratory of
Klaus Strebel showed that human CypA acts as restriction factor against SIV infection in
human cells, and SIV Vif counteracts a CypA-imposed inhibition against SIV infection with
exclusion of CypA from SIV vision (Takeuchi et al., 2007). This phenomenon could
distinguish from the function of SIV Vif against hApo3G previously reported from same
laboratory (Takeuchi et al.,, 2005) because they used human cells lacking detectable
deaminase activity. This observation raised the possibility that SIV Vif is crucial for zoonotic
transmission of SIV from monkey to human.

2. Conclusion

Viral replication requires a lot of host cell factors, whose species specificity may affect viral
tropism. On the other hand, there exist host factors that restrict viral replication. The anti-
viral system mediated by some of these restriction factors, termed intrinsic immunity, which
is distinguished from the conventional innate and adaptive immunity has been indicated to
play an important role in making species-specific barriers against viral infection. As
discussed in this chapter, we describe the current progress in understanding of such
restriction factors against retroviral replication, especially focusing on TRIMba and
APOBEC whose anti-retroviral effects have recently been recognized. Additionally, we
mentioned CypA that is essential for HIV-1 replication in human cells and may affect viral
tropism. Understanding of these host factors would contribute to identification of the
determinants for viral tropism. Finally, understanding of the factors mediating intrinsic
immunity may lead to the development of antiviral agents that can boost their potency and
thereby lead to treatments for viral disease.
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