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Xenotransplantation of pig organs is complicated by the existence of polytropic replication-competent
porcine endogenous retroviruses (PERV) capable of infecting human cells. Two classes of infectious
human-tropic replication-competent PERVs (PERV-A and PERV-B) and one class of ecotropic
PERV-C are known. The potential for recombination between ecotropic PERV-C and human-tropic
PERVs adds another level of infectious risk. A recombinant PERV-A/C (PERV-A14/220) virus is
500-fold more infectious than PERV-A. Two determinants of this high infectivity was identified; one
was isoleucine-to-valine substitution at position 140 in RBD (receptor binding domain), and the other
lies within the PRR (proline rich region) of the envelope protein. To examine whether the effects of
the cytoplasmic tail of the PERV-C Env on fusogenesity also influences infectivity, we constructed a
pseudotype retroviral vectors containing MoMLYV core protein and PERV envelopes. Pseudotyping
experiments with the PERV envelope glycoproteins indicated that recombinant PERV-A/C virus is
10-fold more infectious than PERV-A by lacZ staining. This result supports the suggestion that viral
transduction of PERV-A/C is enhanced by a membrane-proximal cytoplasmic amphiphilic o-helix in
PERV-C Env tail.
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= Aot 7Fsshd, BE TR HA Alsdel multi-copy
’JE|Z provirus FE] & vlo]# YRIZ EAYSIAL germ line
< 53 Auls= =1 WA dEZufo]#{2~(PERV: Porcine
Endogenous Retrovirus)= #8717 FETH17, 18, 19, 25).
BE HFFEY Aude W dEZxte|g2r) EXlse
ol 2R3 HEZntole) e} fHAt o] wig- FARSIT €]
143 BERZnAol] 29 Alme] =R &30 AlE o] =AW
A HEZntolH 27 AGEY e Sdely 24
of o3 EA] Tgo] gick 1eut B2 Uikl HEZulo|y
22 FARR= o] LTR (Long Terminal Repeat)S 7}
XS gag, profpol, envE 7HAAL o] BEAZFser 7+ dut
olg)2 JAE AT 4= 2tk PERVE ¢F 8.8 kb single strand
RNA Hlo]Z2Z 2] AlEe] F 10-100 copy A=t O]
HE BugarE X0 F provirus FE|Z AEEL 2Y H)
A YRR HEZntelg e QR ulolalAZ EAlst
B2 A7} 78k, 12). HA Al Holxe 1359 WSl
4 HEZnlolg|~E X8Il et y-HEZ 0|2 2(C-type)
9} B-dlEZHIO]H2(B- or D-type)o} o] ULk y-lEZHE
olfx IF F A ol e 3714 AMEILF(PERV-A,
PERV-B, PERV-C)¢| ¥&%=Hl PERV-AS} PERV-B= ¢l
7t AZF9) A MEFE A 2EAE 4 2 PERV-
Ce= & =iA] AEFT ZAAE F ATk, 13, 15, 23).
PERV-C7} 17t AIZFE 7 AI7IA] B8k olf= 99 5%
™ A (SU; surface protein)2] C-et 917} QIZF A
Fo] FE8Ald A¥sle AL Weleke AR deA o
PERV-C9] 17t Al2e]| detshe sEolv ZdsE s Wl
A7l #efshe SUS| C-TH H-915 PERV-A®} Hlu &}
A @A) 97)9] opmliilivte] trET, o] FLjoxe] EH
Hole PERV-C7} QIR NZFE 7 7Fs3tA & 5 Stk
In vivo “3°X PERVS] 79 AR5 43517 98 &4
= hZsk= o2 Aleso] Slo] $tth(14, 22). PERVE ©F
Z7A in vivo “doIX AFE ZEATIAE S AoE 4
#9191} PERV S} PERV Afo] e QIZF UiQ1A] Bl EZH]o]
#2(HERV: Human Endogenous Retrovirus)®} A|Z3He o
o102 AleA XA AHES o F Ue MEL
vlolgj2E vHE 7Fsdo] Ath®). ©]v] PERV-A 9} PERV-C
Zhel] oekst AxF nlelg vt ERIga gEiA e
o]#fgt HlolH 259 AA| AIE 7 717 7 A7l X3
A1 Aol WA ThsdS Akt 7|oE Aot Hx=
PERV-A ¢} PERV-C9] A|%3} ulo|2|2g &&]%] PERV-A14/
220 UlFE PERV-CO] 342 A= o] 9lom &4 ¢}
Adehs F-9I PERV-AS] 2|9 F3A2 Azl Hof 3l
=8 PERV-AKRT} QI7F MEFel|A & 7H7FE 7FTH(11).
E AFoa= 7] ¥ pseudotype assay HHS 83
oJ(24) PERV-A14/2208} 28 )23} njo]e] 2o o 3ej7}
PERV-ART} =2 71 Uehfied] #os=xE Wl
2t &t3ick

Mz H aE

PERV 2|2} |FXI =

PERV-A%} PERV-C 9|2} fHAE S53817] flefo] 22
2 PERVE #HIgk= 2o ¢4l PK15 AEF9 MPK Al
35, PERVO| 7139 293 A EF9] Alm DNAE AR83Rth
Sense (5'-ACC TCG AGACTC GGT GGA AG-3'), antisense
(5'-CTT TCA TTC CCC ACT TCT TCT CT-3")2] primerE
ARgSte] oF 2-2.5 kb HES] FF AHES AUtk PCR WHE
o] A&-¥ reaction mixture= 3 mM MgCl,, 0.1 mM dNTP,
1 unit Taq (Solgent, Korea), 1x Taq buffer, 1 pmole primer,
1 pg DNA template, DW 8.8 ul 5 =5 20 & A-8319th
Mj Research (PTC-150)5 A}-8-5}o] 94°Col|A] 583t hot-start
£ 1 cycle 38, 94°Col|A] 183} denaturation HH-, 58°Coll
A 187} annealing WHS, 28]3 72°CollA 287} extension
S-S 30 cycle HHEEE &, 72°ColA) 7RIE WHEAIA HkS-S
FTAXNHY FEFIELS 1% oPIE2AGA A7dES 5ot
o ZRI5HT

Cloning & RFLP & 21

A7195S 55t E1E ¢F 2-2.5 kb2] PCR 22 gel
extraction kit (Solgent)E ©|-835}] 1% opl22AZHE &
2] AAslaL HAE PCR 4AHES pCR2.1-TOPO TA cloning
kit (Invitrogen, USA)E ©|-&3l] S2S 433}l EcoRIS
A2] st PCR AHERRS: #elsiqinh. #2]€ PCR A2 7t
Z+e] PERV ol 50]&2Q1 Kpnl, Bsu36l, AvalS *2jsle] dH
o] =7]& PERV-A, B, C = o] o &£3=x] vlwslych

=g 29 SYThiziol =

Murine leukemia virus (MuLV)Z ©]-83} pseudotype H}O|
2225 Ax3}7] 98| F29% PERV-A9} PERV-C 9|7}
ZAHKasI-EcoRI fragment)2] <F Wotol]l BamHIZ} KaslS 7}
A= linker (PERV-1: 5'-GAT CCT CTA GAC CAC CAT
GCA TCC CAC GTT AAG CTG-3', PERV-2: 5-GCG CCA
GCT TAA CGT GGG ATG CAT GGT GGT CTA GAG-3")
¢} &7 pBluescript 11 SK vector®] BamHI-EcoRI H-9]o &
243}tk pVPack-Eco vectorel]l A|tas H-971 EA31X]
QFol Sacl¥ EcoRIS *]2]3}ed pIRES2-EGFP vectordl] &3]
T Not# PsdS *]2|8Fe] pVPack-Eco vector (Stratagene,
Usa)ell 2438tk A3t AEFE A £ e HA
eld dEZ ulo]egi PERV-AS} A MEXFRE ZAAT]
+= PERV-C &9} F2AE )23 A1Z=1] transmembrane (TM)
9ol EAsk= Bsml& ©]-&3t] PERV-A/CE THE1oH
pBluescript II SK vector®l] 71 % pVPack-Eco vectorol] &
2 tFig. 1).

Pseudotype virus M|Zt
MuLV packaging A|3¥STELCeB6)= Moloney leukemia
virus9] gag®t polS zta o FAl lacZ FAAE Ztu
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Fig. 1. Schematic representation of PERV-A, PERV-C, and PERV-A/C. KasI-EcoRI fragments of amplified PERV-C env PCR product and a
synthetic double strand linker with BamHI and Kasl sticky ends were cloned into the pBluescript II SK vector at the BamHI-EcoRI sites
(pBlueScript-PERV-C). To prepare the pVPack-Eco-PERV-C, Notl-EcoRI env fragment of pBlueScript-PERV-C was ligated into the
Notl-EcoRI cloning site of the pVPack-Eco retrovirus packaging vector (Stratagene). The recombinant PERV-A/C was constructed by
replacing the Bsml/EcoRI fragment of pBlueScript-PERV-A with the corresponding fragment of the PERV-C env PCR product.

A7) wiZoll o] AlEZFol Z} subtype®] PERV 99} {-3A=
QIAGEN PolyFect transfection kit (QLAGEN, USA)ZS AR&-3}
o] transfection A|ZTE. M35~ Dulbecco’s Modified Eagle’s
Medium (DMEM; Hyclone, USA)°l| 10% fetal bovine serum
(FBS; Hyclone), penicillin/streptomycin (100 U/ml)< 37}3}
ol 37°C, 5% CO7} FAIH= wg7]olA wigFsict.
1.5x10°702] MZE 6-well BjIEA oA wjeFet 3 8 pg/ml
9] polybrene 3}l transfections F3}] &5 1 ml19] vjo]
Y=g 3AIZE Bt FAAA 3417 F 2 mle] A28 wiA|
= H7isted 24417 viskTh vl et AlEE= 0.5% glutaral-
dehyde 8o F 3143}3l 5-bromo-4-chloro-3-indolyl-p-D-
galactopyranoside (X-gal, 2 mg/ml; ICN Biomedicals, USA)
S 71A=E AHE3}o] B-galactosidase B8 =3Ik 447}
= Hlolglx A=A 1 ml T blue colony A2 YERNATE

20 o 2%
PERVS} 22 glEZulol|so] e npolg] el
ofeF geiidoe] M FH e iAo Aoz
A AR, 3). YEZbloE 2] v Prbil Ao AT (pre-
cursor molecule) 2 o] F XA oA M ¥xfe] ZZEjo}
Aol 23} surface (SU) protein} transmembrane (TM) protein
02 YFolRtk3). Surface (SU) proteine oligomerE 34
3 glycosylation ==t ulo]ai2s who] upZhel| 9)x]57] uf
ol &5 WY ¥hg-o] FFo] "ty T™M F9jdle 2§34
wj7iSh= “fusion peptide’ 7} EAsh Z7] vk §3 FRA
%3 Aty 2914 9ok PERV-A, B, CE% 25 94t
Tl o] zjolol| &J3) 37FA] o2 vrolXith. PERV-A%}
B3 Rt AEXFE TAAZE F ot PERV-CEL HA]
AEFRE ZAAD = e AoE geiA Jvh2s, 24). EA)
74X PERV Y] &5t gkl F o] K97} human tropism
o] #Jsh=Ae tair= AFHA AT o]FoiR] i 9}
10). =iA WY BlEZnfole] Alo]dNE AjzFe] Ho

fl

b =2 97EE JEhie AEE vlo] 2 Z(PERV-A14/220)
7} BA=31 PERV-CY €7} 747} PERV-A9] 29t £-71
Aot AzFste] PERV-C/A AZ]E €9t nole]2r} vhso]
A =R AEFT A 7 UD vlol#| 27} AT AlEF
T AEE 4 Je AeE B Frk1e6). o|AH A= A
3 vlo]g e AL 7|80 EAlEt U= vlol# s} &
A F7E o83 o]F 3k 7] o] A A arFsljor & Fa st
P AR FE I Yot A AE 7 gk AT
1713+ 2 olt}l. PERV-A$} PERV-C] A=t o2t gt
S 7F PERV-A14/220= %% PERV-CY FZAZE
woj glom 489} A¥shk= F9I5F PERV-A9] ]9}
A2 Azl o] QIET|(Fig. 1) PERV-ARTH 2171 A
FolA Ee 7971S 7F¥th PERV-A14/2209] PERV-A
o} ekl 140 o} :=Ak} PERV-C 9]9F PRR 97} &=
< A7l Befste AoR dHA Jon HE Aol st
W PERV-CY| 97A} 8% A|Z3 nlo]z]22] PERV-Al4/
2209] 97} F7tell #ofshe ALE Y ATH4, 10, 11).

B AFto) A= PERV-A14/2202] TM #-$]= PERV-CEH
B SAE%7] W&o TM 397} PERV-A¢} PERV-C &2t
A3 ule]g e o IS mX=A] ZAIATE Pseu-
dotype Hlo]#]2=E THE7] 9I5ke] PK15, MPK, PERV] 74
H 293 MXFZRE] PERV-AS} C 2714] subtyped] <19 T
dAS 2F SEHY 4 QU= primerE ARSI oF 2-2.5 kb
PCR A28 At} 7} subtypeoll E0]13Q) 3714 A|gkasel
Kpnl, Bsu36l, Avale *2]3led PCR 4Hz©] PERV-A$}
PERV-C 9|9} @l els- 3lo] 319 o™ PERV-A, PERV-C,
PERV-A/C 29t A= ©@¥d {328 22 pVPack-Eco
g o] F2J3IAtHFig. D).
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Fig. 2. Susceptibility of PK-15 cells to PERV-C pseudotype
infection. Supernatant of pVPack-PERV-C transfected TELCeB6
cells was transferred onto PK-15 cells. Two days after infection
with PERV-C env pseudotype, PK-15 cells were fixed with 0.5%
glutaraldehyde and stained to reveal the presence of B-galactosidase
activity. Infectious titers were expressed as the number of blue
CFU/ml of virus supernatant.

fection AJZoH “F=M-S o} pseudotype assayoll AHE3FS
t}. PERV-C &9 F32P7} A2 ddo] Hof =i AEF
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Pseudotype assay 23} PERV-A 228 717 pseudotype
Hlole]2= 10° CFU/ml BEe) e 719718 B9l o1} PERV-
A 97e] TM ¥-9|2 PERV-C 2|99 TM H-9)= 2)%3Hsh
PERV-A/CE 10° CFU/ml %= PERV-A &Rt} O =&
alolg 2 7449712 el ckFig. 3). ©]2]3F A3h= PERV-C
o] T™M F-917F AxF <4 culds vgle e 2 4l
A BPAY NEERE ulo]gl2e] Zolbudding)E Z7} )

< Z 0= AZtEnh. = PERV-A/C AZF 99 Thgo]
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PERV-A T4 Hr} o] M3l &2 77k Yephlls
Ttk

H A UG HEZnfole) e} 27} fARE vhe2
HER ulolgjo] 79 ofut ey dok BRES Mol
AR Az e 2971 vlol#f o] A=Y (transduction) o]
o I ARde] WEATH20). blolgie] ojut griuld
& FaAd RHete] 5 A gehsd 24 o
&g shar low noj o] HSQIHA A ] Tkl o
e o AFtollA BlaF ApAdEAl B o g
o= B3t ¥k}l &5 9 wlojel B Alolo] A £
7182 83 R0 Z ol UtK2, 3). PR HEZuto|Y
291 7% 4849} Agsir]el 2A R FElo|=7) RejEof
of 3l A UK slEZuto]z]2o] ot FTk ol x
R JElol= R/t §3E F3 A7l Aoz wEiRtke). R
Helol = w2 gEZulole]2ox AHE AEE o vt
olgj~ ZZE|opAo] 93 M= TMY 7I28A] Ut 16
A obreakS A ETH617-632; 29t Tld AA| opr|x
2F A= 63271). R SEfo]=9] Atho] oful il ze] o]t
ulo]z]2=o] F{jel] Aotk w2 HEZnfo]H 2] A9
R efo] =7t Bg3hs JAlske 7123 & dEA] A 2o
™ 6169 o}r|%=2Kleucine)¥} 617 ofu]:=2Kvaline)©] R %
Elo]= Hat 9JX|o|tiFig. 4). o] At %] F1e] Y& olv)
4k F oW ofmlieite] W Ao Hofsh=A] Bhe]7] 9
3 54 opuiesks EARo] A7) A9 R Jeto]=71 A
@E $ ot e TMY] | 7Pk AlEEZE 7-91(598-616W
ofrliezh o] gl gk Arh Eks] P JUTh18).
Figure 40lA] B ule} o] oful grhulgo] TM F-9of &
n2e oAt MEES BE X 4d(amphiphilicity) S =
<t v HEZnlo]g 29l A= R JElo|=rF dod
3 ol e opvAke] Fivjde] wiolmtat A EEkAt
ole] §§ol Bsl= Aoz A Jrh20). =HA WA
FEZuto]z2l ZA¢% R JElo|=rt Heke & ol Q=
ofm|izato] AXImjAdS =tk PERV-A TM# PERV-C TM Y]

(B)

Fig. 3. Susceptibility of 293 cells to PERV-A and PERV-A/C pseudotype infection. 293 cells were inoculated with 1 ml of virus in the presence of
8 pg/ml polybrene. Two days after infection with PERV-A (A) and PERV-A/C pseudotype (B), cells were fixed with 0.5% glutaraldehyde and stained
to reveal the presence of B-galactosidase activity. Infectious titers were expressed as the number of blue CFU/ml of virus supernatant.



TMD R peptide
MLV GPCILN PLVQEVDRSISVVQAL VLTQQYHQLKPIEYEP

PERV-A GPCILN PFVAEVDRSVSAVQIM VLRQQYQGLLSQGETDL
PERV-C ---I-- KLI--I---I-----= ——————- SPS-REAGR

Fig. 4. Alignment of cytoplasmic tail sequences from MuLV (GenBank
M 14702). PERV-A (Y12238) and PERV-C (MPK; minipig kidney cell
line). The position of the transmembrane domain (TMD) and R peptide
are indicated. The cytoplasmic tail of the PERV-A Env protein differs
from that of PERV-C by 14 amino acid changes.

AEAZ me] B9 14719 ofv|i=it ApolE Holed o]
gk zto]7} PERV-A/C 99 Az vlola2=9] a7t F7tel
TG F o= FrhE|n 747 opn|ieihs EAHO] AlA F
AFog o] olu|izAilo] PERV-A/CY] =2 7Hg7}ol Tho
k=] gedlojol & Aotk & AFe ofF 1+ Y] o4&
vUsjAE g off PERV-CE TR e =HAE J9
e Aol B Ut JHE AR AxE velgze] &8
< JAE F IS AR

HAE o83t o]FZF A7|o)Ae 17 NEFE FAAZ
T e AeF 4 HA Yo HEZnlolzize] EXlE
Q&) AA] A8l oJzdg-] ATk PERV (Porcine Endogenous
Retrovirus: PERV)-A 2} PERV-BE in vitro 73ollA 17k Al
o} "2 NEFE FAl 492 oY PERV-CE ©
A YA MEF A2 4= 9ok 3 PERV-A2} PERV-B
L= PERV-A S} PERV-CAoldl] A|25to] doju} Aj2-8 HE
il S Eavd = 7%*401 AT 414 A7 vhol]
9] PERV-A14/2202 tj3-& PERV-CY §xzt&2 74 Ho]
Aom gAe} AjFehs F-9IuF PERV-AQ 7t {§3x=
AZZre] o] dEd PERV-AETH 5008] o)) =& 74437}
£ 7}Zth. PERV-A14/2209] 7% PERV-A 2|9} ©h4 140
‘%H_RH olu]:=4kx} PERV-C €] PRR (proline rich region) %
A7F =& A7t sl o= deA Utk B ATl
Ae 1 g3l #Shs PERV-CY] A XA% C- 2t 19 &
gk Az vhole]29] w2 7dvtel TefskeA] dolrr] 9]
3l PERV-A/CY] A=F <9t dtadS 7431 pseudotype B}
ojgixE YHso] ARE AEFAA ZAVNE SASIET
PERV-A RHT} A|23 npolej2rt 108] ol =2 Z97HE
YepQlL). o]ejgh A7+ ZAz= PERV-CY C-geh eyl
Aol EAlkE Fug 297 AEF vlo]H 9] e 74
71ol B3t Aoz dAdEch

i

ZAlel o

o] =R-2 2008 A SHEr|e ] Adoz =
TATe] 2)0e wol =3E AA7AU(KRF-2008-331-C00210).
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