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Absence of porcine endogenous retrovirus transmission
in a model of pig-to-nonhuman primate corneal transplantation
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Abstract Pigs are widely considered donor animals for xenotransplantation to solve the critical issue of
human donor organ shortage. However, the risk of zoonosis needs to be overcome during
xenotransplantation. Porcine endogenous retroviruses (PERV) that are integrated into the pig genome
include the subtypes (PERV-A, -B, and —A/C recombinants). These subtypes are capable of infecting
human and non-human primate (NHP) cells in vitro. Therefore, this preclinical study investigates the
transmission of PERV from the cornea obtained from a transgenic pig donor to a monkey. Blood samples
were obtained from the anterior lamella-grafted (n = 5) and full-thickness cornea-grafted (n = 2)
cynomolgus monkeys. RNA and genomic DNA were analyzed from blood samples using PCR applying
PERV-specific primers. Our results revealed no PERV transmission in any of the pig-to-nonhuman
primate corneal xenotransplantation cases. Notably, at postoperative day 1,308, neither transmission nor
presence of PERV was detected in the samples collected periodically from the recipients. Therefore, this
study provides evidence for long-term survival in the absence of PERV transmission in pig-to-NHP

corneal transplantation.
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A AARCR Ag7]0140] LR o4t 7]| 247}
ol Z7kskal lou, 71EAF b HEsle] &t
o|AFRE FFAIPI7IlE AL AHIL. °olIF T+ &
710142 7] 37 AIE AT 5 e HideE A
A= AR, =R E 7]

TFUOE AgI] 9
A dARET A5TEY

A(zoonosis) gt

A 5 shEsior & 2417 Ak [2,3]. FA HAAF
W8-S SESIS A FRAAE AASHAY A7
RS Este] ARRES 28T 5 Sl FEE
A it A7E BEs) AFHIL At [4,5]. AeSF
Aol digh S FESP] A A, WS,

EAYPUA7} 9= DPF (Designated Pathogen Free)
AldoflA] Ao 2 =iX] fEf 2f=f YA (exogenous
pathogen)ol] tigt Y182 &3 4= Qlot. kA, =7
Qg YEZHP]HA (Porcine endogenous retrovirus;
PERV)E EE HA]9] genome ol EAskaLqlo] AA
7} ojg7] W7ol QAT gk ek EhEo
ojg}Zo] wErt [6].

PERVE= RNAS A-HEAZE 7H retrovirus2 O]
WS Aol gag AL FRBAE Y586t
pol FAx}F 1181 vio]HA QJu] TS 5 sls}
env FAAE A=A et [7]. Ho|HAE A4
=l 9= PERV-A, -B, -C Al 32 AH419] RNAS
SFAEE JFAA F(infection)AZ 4= Aot 4
SFAZ YjoAl PERV RNAE cDNAZ =1

o o]F ERIsl] gt A7-Eo] APH
Al ek A9 dito] =¥ PERV-A, -B
Fgo] AZES EI’t YAF NEE 7
T AAR =1 Z7E
AT A7 SRR
ZAr e BRIkt [11-18]. hAT QI 5%
7t o]4A] HIV, CMV, EBVSY] Hio|g{A ZFAAR7L
AL, o]Fol4] A= thFet HYAAAE Fofd7]
&l PERV 79l 918482 oxs| wolsltt [191.
| I3 FA0]Fol45HE] 9] o]Fo|4]o Ht
Alg hf 2-A A FA] PERVE] YA His o
st PERVE AFotl, #49e 1T 9He st

Ag AT et
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F2 gkQl HoEkgo] £dsl= HYEA (immune
privilege)< 7HA L Q171 ol thE7|3el Hls| A
of FHaket & vk wWEhA E AFolA= o]FolAA
PERVY] 9184d< gRlstaxt & 4 A9 =HHA-F3+F
Ztd} o]Fo|AmdlofA] PERVY T ARE RIS

o olFolAE FUUT XY FEF EL W3zt
2 ol4re Ugolo] S AHstol RNASH gDNAS
25191 PCRE S5 240] 9 f PERVE] 442
QIsHsict. S AU G olHmdo] Fg3tel
PERV 2¥& A7g02M, Y4 H§2 fuldt olFo]
A qige] 7ake SystuA s,

o

2. W2 L b

2.1 BOEAR| o 45250 2o
B A7E 52U8Y FPSATA) 524 A
gAol oA BEEEY U FUSAALY FEARE
Aosol  sE HEAY WY G

NIAS2021-515)°] w} == At

FEATH FESAEYolA RISt alpha-1,
3-galactosyltransferase (GT) SHAF Fof Al
membrane cofactor protein (MCP)E =St
GTKO/MCP =A] 12019} GTKO =AJof| AF MCPe}
thrombomodulin ~ (TBM) f3xE& =%
GTKO/MCP/TBM HAIE 29} Foi5=2= AlE3IA
th. A ZHhS 0]83t cynomolgus Y50|29 o]F
o]A12 @AYo}t kB 7IATAA PSR,
45 Yol BHE AlFHtol 2 Aol ARSI
E AFoA ARESE EHL Table 10 AAsHAL

€]
KR
<

Table 1. List of blood samples used in this study

Corneal Genotype Nar'ne' of Day of blood
of donor recipient
grafted X collected
(pig) (cynomolgus)
104, 258,
GTKO/MCP #28-119 330, 385
~ 87, 160, 377,
Anterior GTKO/MCP #28-004 531, 612, 658
lamellar 737, 810, 1027,
GTKO/MCP #24-024 1181, 1262,
1308
GTKO/MCP/TBM #1F0002 98
Full GTKO/MCP #2F0002 28
i GTKO/MCP/TBM | #1F0001 13
thickness
GTKO/MCP #2F0001 14




=AY &8sl =R A A244E Al1S, 2023
2.2 UM RNA U gDNA %5 £ AFolAE RS Zhef o Fol 42 98} GTKO/
ZojgjA)9} 3 gs0] A RNeasy Plus Mini ~ MCP BEAE HAS AZsioiet. 2 ezt
Kit (QIAGEN, Germany)E o 83}o] RNAZ %&slgy  © (Hyperacute immune rejection)& ek =
1=} o

31, SuperScripttm™ IV  First-Strand Synthesis
System (Invitrogen, US) & ©]-&35}o] A|&2] ShjjA o]
w2} complementary DNA (cDNAYE 43319t &
3t gHof|A] DNeasy Blood & Tissue kit (QIAGEN,
Germany)E ©]-&3}9] genomic DNA (gDNA)E &
st

2.3 FEEAAMHS (PCR)

PERVS] &4 §-FE& gRls7| fisto] EHoA A2
cDNAS} gDNAS A|&ZE Table 29| Zlo|HE ARS
St fAF IS ERIsE] st Go Tag® DNA
polymerase (Promega, US) £+ T100™ Thermal
Cycler (BIORAD, US)E ol-&3sto] 41x+E SEAIFA

Table 2. Primers used in this study

Gene Primersequence (5’ to 3') size
cytochrome| (9 CACACACTAGCACAATGGATGCCL |
oxidase I | (R) GAGGATACTAATATTCGGATTGTTAT
I g
PRVEE (@ ToatcoccaTceacatoon | P
PRA | @ romaccmcconceaotar |
PRB | macrrmatcccoreccacts PO
PR |G imormeaceateerecroe P

3. Zat & nF
3.1 BEX 0]Al Y&0[0|AQ] PERV Ol

cornea
transplantation

S
|

&

RNA — cDNA

) PCR
gDNA

Cynomolgus
monkey

Transgenic pig

l

Fig. 1. Schematic diagram of the experimental
process to assess PERV infection in
pig-to-NHP corneal xenotransplantation.
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GT #4% 715 AAsHL 34 HIARSS 43
Al7]& QIZF MCP f3AE =% GTKO/MCP A
Ziare] HES-S HEsto] o]Ao] ARSIt (Fig. 1).
o]Ajgke. gl5o] oA PERVE] &A1& 15|
3l Table 101 A|AgE vle} Zo] FHS v|g7|Ho= F
Fitol RNASE gDNAE F&51tt (Table 1).

WA PERV 79 o5& gRIsH7] fI5te] Fo =A]
9} o]Auke dzol9] A RNACA PERV & /4
A0 HES gRlskltt (Fig. 2). o]AE& A, ¥sol
#28-119 (POD 339), #28-004 (POD 658), #24-024
(POD1308) 7NA1S] EHofA &3 RNAR PCRE A
Aletgiet. 1 A3, Fof #jA]9] EH RNACIA] PERV
T AL st AL Ik

TR0 ojAke o] ¥l RNACIA PERV-pol,

PERV-gag QXS SISt TAER] Atk
(Fig. 2b, ¢). 3t PERV-A, -B &} -C Al §3 9A] &=

a fgole] WolelMs AR Qe (Fig. 2d-).
olg §3) FolFAIol PERV/} wasitize 2 Q]
A AT 8% Zuelilont Sauslne] 4

o] goiLx] selstot.
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. PCR analysis to detect PERV in the recipients
xenografted with the GTKO/MCP pig anterior
lamella. Blood samples from recipients
#28-119, #28-004, and #24-024 were
collected at postoperative day 339, 658, and
1308, respectively. Blood samples from the
pig donor and non-treated cynomolgus were
used as the control. Total RNA isolation and
cDNA synthesis are described in the Materials
and Methods. Porcine cytochrome oxidase II
(a), PERV-pol (b), PERV-gag (c), PERV-A (d),
PERV-B (e), and PERV-C (f).

Fig.
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Fig. 3. PCR analysis to detect PERV in the blood of

the anterior lamella-grafted monkeys.
Recipients #28-119 (a), #28-004 (b), and
#24-024 (c). Blood samples from the

GTKO/MCP pig donor and non-treated
cynomolgus were used as the control. POD,
postoperative day.
A RES 7] fA = B2 ¥5o] genome©l
PERV integration = A &RI57] Yl oA
gDNAE F&dto] PCRS AT (Fig. 3).
#28-11971= & & 10494, 258%4F 33992t
9 38544 & 43] BHE AFSto] gDNAS £ s}
I PERV ¥ FAAE2 RI6tH (Fig. 3a). 1 2
&, Fo A9 gDNAC| EAsh= PERV FAAE2
ojARkx] o}2 Aol FES AR oA o]
O HEolA W HAHA ) #28-00470A4= &
& T AQY Fort Byl 879, 160€4E, 37794,
53194 6129 % 658Y Aol & 63] AHFT FHoZ
A5 (Fig. 3b). 7L 23, o]4] & oF 2|5t U
o] HMIZ oA 5% PERV-pol PERV-gag 181
PERV-A, -B, -C7} &<QIHA] ololth wiAgrez
#24-024 7NAl= WA T35 2 ol 4REal 1,308Y
St 7152 A ABESHAAL ol AAl FF 7=
o[t} o]4] ¥ 20| Xt AHEE 73743, 81094t
1,02794}, 1,181€%}, 1,26294F 1831 1,308t
A & 63 XL AFIsto] FAsIA (Fig. 30). =HA
FES Zato]l fAlE= 1,308Y5<t A5t Aol &
%4 gDNA°JA PERVZF #ZEA] It} ol F3 =
A F&25 Aol fAEE oF 3 7MLt Ysol2
9] PERV &Y Y integration®] YoutR] %3-S 39l
shetet.

old QAFolx ALt ATFYL 0|57t Zutol]
23 37597 £ RIS PERVZ} Holw7]
=& Basigict (18], & AtolA«= A e £E5
= oAk AlA FHR7ISC® AL 1308Y7HA] A
288 U4o] o] RNA%

ol

=

52

=
o= TOo

A|AE PERVZF = A
gDNACJA El5tA Tt

ol4oX9] PERV 9 %5 &RIstai; 59l
0|58 AL A IF AFE ARGSe] 2
P FESolAT dFolde AARE dgololA AT
FA5HATt (Table 1). GTKO/MCP A9

tet o213} A5zt o] Ao]l ARG
#1F0002 7HA|2} 735 ©]4]
=3 #1F000171419] EHoA] RNASH gDNAS
&dfo] PERVE ZRISIA (Fig. 4). A AARE 7

T
o4l Zuer FUsH REZ Zupe olare

T ™o

#1F0002 ¥%0]9] d: RNA 2 gDNASIA PERV7Z}
=R ookttt MF 2k o]4] vk #1F0001 7HA
9] €9 RNASJM = PERVZ} TEEA PY1 0S5
3] A= Zato]2lo| % PERV 7ol Yolubx] ¥L-S
gRlstltt (Fig. 4a). EZE Fig. 4bollA K= Hie} o]
ol gDNAOAE PERVZ} ERIE] ] gkottt. o] & B9
A% Zrdgol4l o2 =R 9] Yot Yzl WHjrt ¥
Floj Y5o|29] PERV 7L TR o3-S 39l
staict.

o
J XN
=

L

(a) (b)

GTKO/MCP/TBM
2

GTKO/MCP/TBM
2

#1F0001
#1F000;

#2F0001
#2F0002
#1F0001
#1F000.

#2F0001
#2F0002

con COoIL

PERV-pol PERV-pol
PERV-gag PERV-gag
PERV-A PERV-A

PERV-B PERV-B

PERV-C PERV-C

Fig. 4. PCR analysis to detect RNA(a) and DNA(b) of
PERV in the blood of recipients grafted with
anterior lamella and full-thickness corneas.

Blood samples were obtained from
full-thickness cornea and anterior lamella
transplanted  recipients  #1F0001 and
#2F0001, and #1F0002, and #2F0002,

respectively. Blood samples from the donor
pigs and non-treated cynomolgus were used
as the control.
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ol4o AlFstA. 1 Ad, FE5 A o4

#2F0002 ¥<0] d9A RNA (Fig. 4a)2} ¢DNA (Fig.
4b)ellAl PERVZF BEER Iglth. AT o]4lE whe
#2F0001 ¥50] @9 RNA (Fig. 4a)2} ¢DNA (Fig.
4b)oA = PERVZL WEEA AUtk GTKO/MCP/
TBM BEA% HA9] S AMESE 23t JA| PERV
9] o] =] ookl YFo|= PERV Hol7} o]F
ojx]7] Y=t AL RISkt

& AT FES E=

AE3he 5
o]29] PERV

Zols TEEA & A9l Al

Il
= Q7HE E3]E IHF AZE HA
A7AA AA| oA mEoj A= PERVY)
okokt) [8,9,11-18]. o= WX 9] A7)
9] WoAof| 9] PERV Hio]2|A Z4]0]

o= e,

>

a8

YA 2R GAT AN B2 20204 4]
ol4] 8 QIA2H] 7% B 2w TS &
et g71014] H71% 49k Bd7] Lol A& =
7ot Ik o] sdst] gIat HA-AR olol4)
Tl 7j&o] WISt Qo] 5ahEolo] A1zt
% Z7kshe 4t thew ik sAEt AE71zte] 2
ool ket B4 Gefo) WUA] ThE 1eF 717k
P8 B 7 PR BT ik B3] Wl

I ol

0l

=
<)

E
=

A (immune privilege)S 71 w2 ol It 4=

YouE 2 At HA-FLF olFold] HEdS &8
sto] =fx] ZHakg o]4Jgt &, #jx|o] EAsl= PERV7}
49 YsolR Ho| EEA] YopE 1A}; =5t

HA9] FEE B AE Zdg o4k & 759
cynomolgus %] 74 RNA°A 5% PERV-pol,
PERV-gag 18]3L PERV-A, -B, -C7} &AEA] 99jch
(Table 3). #gtotdzt, oF 3 77HL5<t AlA 2% 7]
£02 Hi7] FEF Zhahg A Y50l FHoME
PERVS} & AA7F HAEA] ot

2 AFollA =R Zhakg o]4] vkl AlA] %717
B 715S FAI5H AESE YsololAl PERVZE HA
A S ERIFHO RN, ol 88 wfol= PERV
o] o] P 7HsAdE Hof 1 QUet. 1¥A
ok AAR Aol H85h7] Heiie B4 SeE &

382

£ 27} 478 B3t B%0] Wasith ol Zut E
£ e olsoldo] AR HA) A, Wil
Al 7, olFol4] #&71E g 59 ASAY A4S
Segololof olgo] 4] BBl Elelet WL
Table 3. Summary of this study
ipient PERV and related gene
recipien ol cag yi 7 C
non- RNA n.d. n.d. n.d. n.d. n.d.
transplant DNA n.d. n.d. n.d. n.d. n.d.
RNA n.d. n.d. n.d. n.d. n.d.
#24-024 DNA n.d. n.d. n.d. n.d. n.d.
RNA n.d. n.d. n.d. n.d. n.d.
#28-004
DNA n.d. n.d. n.d. n.d. n.d.
#28-119 RNA n.d. n.d. n.d. n.d. n.d.
DNA n.d. n.d. n.d. n.d. n.d.
RNA n.d. n.d. n.d. n.d. n.d.
#1F0002
DNA n.d. n.d. n.d. n.d. n.d.
RNA n.d. n.d. n.d. n.d. n.d.
#2F0002
DNA n.d. n.d. n.d. n.d. n.d.
RNA n.d. n.d. n.d. n.d. n.d.
#1F0001
DNA n.d. n.d. n.d. n.d. n.d.
RNA n.d. n.d. n.d. n.d. n.d.
#2F0001
DNA n.d. n.d. n.d. n.d. n.d.
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