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ABSTRACT

Xenotransplantation of pig organs into primates results in fatal damage, referred as hyperacute rejection (HAR), and
acute humoral xenograft rejection (AHXR), to the organ graft mediated by antibodies pre-existing and newly-producing
in primates against their cognate pig antigens. Functional ablation of al,3-galactosyltransferase (Gal-T KO) of pig
which is an enzyme involved in synthesis of Galal-3Galb1-4GlcNAc-R antigen is essentially required to prevent HAR.
Moreover, additional genetic modification under Gal-T' KO background for enforced expression of human complement
regulatory proteins which can inhibits complement activation is known to effectively imped HAR and AHXR. In this
study, we constructed a membrane cofactor protein (MCP) expression cassette under control of human EF/a promoter.
This cassette was inserted between homologous recombination regions corresponding to Gal-T locus. Subsequently this
vector was introduced into ear skin fibroblasts of female pig by nucleofection. We were able to obtained 40 clones
by neomycin selection and 4 clones among them were identified as clones targeted into Gal-T locus of MCP
expression cassette by long-range PCR. Real time RT-PCR was shown to down-regulation of Gal-T expression. From
these results, we demonstrated human EF/a promoter could induce efficient expression of MCP on cell surface of
fibroblasts of female pig.
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N B 1-AY SFch(Macher9F Galili, 2008). 18 H Gal o] A AR
A9 A7 E GAF ol4H 2FA AR WSS Ao
27] GAle] 7] B 3R A YR v 22 A =HA R, 73] §4 A YA (acute humoral rejection)©] 2t &
= 7] ol Aoty IZ AT 7] o]A & thr]ste FAAe = A1 AR ghgo] A gt o] & H Xl Gal 4 ©]
Hlal Folzte] 71 53] Aol o]F 8] A7|E ol4ste olF ool JFFAA FA-FA AR S AT 7 de OF
o]2jo] thA W e st=E AAIEL Urk A= A H] g FRo o] EAE] wWEolat dEA A rh(Macchia-
TS W, 1 AYH EAG A9 A7 5 o8 FHAA rini &, 1998; Chen &, 2005).
A Z71E AFstr] g B AEE AEE JAAEAL 9 FAF A HA G719 FAE A EA HH o]<]
ok Ab ) AR WYty EAE BAgh AR = Ao o JFF ol EAstE BEA Aol &4
715 ol H TolA H AIZE <kl o2 | A7)7F &4 stE|o] =2 719 AZES T4 Aot g9, Rl
HHA A He 2EAd AR vhgo] A ghtk(Yang = Astd BA AISHICRRE A NEE BHSse o
Sykes, 2007). o] A& w32 A 2 G FA = SAISA ek BA 24 kel A (complement regulatory protein)©] s
%= H A 2] Galal-3Galbl-4GIcNAc-R(Gal) &3} o]o] tf gk 3to] BA3E HA A AR 0 ZHE A A EQ] £AHS WA
At 2GRl EAlSE Gal AHAEA S WY wkgel o3| SH(Miyagawa &, 2010). Z2]ste] BA] =& ©l =l CD59
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(Fodor -5, 1994; Niemann 5, 2001), decay accelerating factor
(White 5, 1995), membrane cofactor protein(MCP, Adams -5,
2001; Zhou 5, 2002)2 L& s= A Mg A 7F AAkE
R, ol5°] 715 GAAFA olHeAE W YE 7|7kl A
AE) Uk B 7 ¥ thEkser 5, 2009). BA 2 oA 3
o] fejatA W AR WS AAAZ F AA T, 2
o2 1 wkgo] S EA A=A &ol(Ramirez 5, 2005;
Davila 5, 2006), 257 © 7% wkg 4§44 al-3Ga-
lactosyltransferase(Gal-T)2] 71%5°] Al #(knockout, KO)= 3, F
7t2 BA 24 ddo] R T o adFoE Wy A
w20l Aoj= Aolgky A= ArHYang? Sykes, 2007;
Miyagawa &, 2010).

%7] A A E(primary somatic cell)o] 53 22 2Ll
AAE Edshe ENAA o] 7dE T, o] AAEe] 3
Aoz FAAR FA dFE AL Eel JgE oy
(McCreath 5, 2000), & AFAE] 3l Gal-T KO £A|
27 BAE|AHDai 5, 2002; Lai 5, 2002; Phelps %5,
2003; Ramsoondar &, 2003; Takahagi 5, 2005; Ahn -5,
2011). 233 YA Gal-T KO H A= 7180 A4kd BA) =
A Hdd P4 A% AR wulE B8 v 34 A%
A AAE o] R A, TF Tl o] E o] o]F o]
9%k AR ukL-o] Ao) o] L% Y tiEkser 5, 2009; Ekser
S, 2010; Ekser 5, 2012).

E Ao A EFla T2 X Ee 4o 2]3] membrane co-
factor protein(MCP) #}'ZdS Fxsl= FMEE A &sk &
Gal-T 281 AAAT A HA Afretd x2S Atk
o] NIXE Gal-T HdTFo] HAada FA]o MCPE #&ds)
= olFHTA AR Gal-T F2A7F KOE 222 o7
Aol A AL 34 AAEKo T, 2013)8F HEo] AA
FFoll olF oA Aol AHEsHl 2 T Y Gal-T KO %
MCP #H&d Fd A A BS99 717 # v ES 7
2A71E w AA 718 ZoE Z|Eh

Mz & UE

b=

1. Gal-T /AL ZH20ll MCP 2 FIME &) 28 e | &

MCP ¢cDNA 222 21C Frontier Human Gene Bank(Clone
ID,hMU002255)1 A1 F+Jat At Zetolw 5°-ATCAGCTGA
TGGAGCCTCCCGGCCGC-3"¢} 5°-GCCAGCTGTCAGCCTCT
CTGCTCTGCTGGA-3& ©]-&3t9 MCP cDNA®| % Ttk
of AlgE L Pou I 71N ES AXAIHTE AFE EFla Z2
R EE pBudCE4.1 ¥ El(Invitrogen, CA, USA) ZZREE A
S A Nhe 13+ Not 122 Hwdste] £2]381% 3, pIRESneo3
WE 9] Nhe 19} Not I o A8ttt I8 YAl oA
AT E A EcoRVE Sal 1E A-&-3+ EFla-IRES/neo F-1t

do
2
O
o
oo,
>
N
=
N,
N

23t & pBluescript II KS + ] E](Stratagene, CA, USA)<]
FEL Sma 13} Sal T 1219 AAsA™. EFla-IRES/Neo
238t pBluescript KS I + WEE A& 4 Not 12 AHS
o EFla ZZ5FE % IRES AlelE A gt & Klenow large
fragment(NEB, MA, USA)E A &3t Nor I 91X F71XE &
HAskA T Agras PullE ARS8l #E]8 MCP ¢DNA
5 971X o] MAE Not 19 AU THpEF1a-MCP-IRES/
neo). pEFla-MCP-IRES/neo ®E1E A &2 Sma 12 Xba 1
< 2183t s & Klenow large fragment(NEB)E A 2
st A7IMES HIA AT A BES Sma 1S AHE-S)
of A Gal-T KO WME(Ko %, 2013)° 44sted Gal-T
KO/EF1a-MCP-IRES/neo ™E1E 43519

o g X e

2 X 7| MROMIES 22, Y U KX £
A Ao ES £ R g PHE oA AR
(Ko 5, 2013)0] ALAI5] 71219k A4 A fold
cco’s modified Eagle’s medium(DMEM : Invitrogen, CA, USA)
ol 15% fetal bovine serum(Invitrogen), 1% non-essential amino
acids(Invitrogen), 0.lmM [-mercaptoethanol(Invitrogen), 1%
antibiotic/antimycotic(Invitrogen)< 3 7}gt vl FH o] A X 5]
At} Gal-T KO/EF1a-MCP-IRES/neo Bl S A && 4 Not 1
< At AP =2 W= F Amaxa Basic Nucleofector Kit
for primary mammalian fibroblasts(#VPI-1002; Lonza, Koln,

Germany)E AHE3Fe] 24 Al frobMl Zol Zishich

3. AROMMZel MY U STXL 24

FAR =9 48A17F T G418(Invitrogen)©] 400 mg/ml &
T2 H7bE kel M A& AAEH T Neomycin A3
MEE 100 mg/mle] FEZ of proteinase K7 ¥ 7H8 §-3]&
o1(50 mM KCI, 10 mM Tris-HCI[pH 8.3], 2 mM MgCL,
0.45% NP-40, 0.5% Tween 20)914 &3] ¥ %A DNAS
FZatAch MCP 4 FMMEZL Gal-T F32F 4o 4
STHAEAE vF AE $3E5S FIo2 Zeloly 12
(5’-TCGTGCTTTACGGTATCGCCGCTCCCGATT-3") %}
138(5’-TTATAGAGAAACAAGAGTCCTAATTGACTTGT-3")
S o] 83 NeoPCR¥, Al EZ 2| f-#14 DNAE FYCo 2 =g}
o]" 146(5’-AATGGTGGAGAGTAGCTGGGAATGTTACAG
-3"3} 143(5’-AACTTGCACCATGAAGTCTCTGCACTCCA

G-3")2 o] &3 F-PCR B4& 331

—

4, U AT A HMEFS(Real Time RT-PCR)

AfolAZZFE £ RNAE RNeasy Mini Kit(Qiagen,
Hilden, Germany)& AHg-3te] FZ313th cDNAE oligo-dT
Zz}o]m &F Super Script 1T First Strand ¢cDNA Synthesis Kit

(Invitrogen)E °ol-&3 AdstaAct FAx HAMA T ZF>
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Light Cycler Fast Start DNA Master SYBR I Kit(Roche, Ger-
many)& ©]43 real-time PCR o2 £A43519th Gal-T
T FAS 9% Zetolv = 5-TACATCATGGTGGATGAT
ATCTC-3’¢} 5°-GCCTGTAGCTGAGCCACCGACTG-3’E A}

35193, MCP mRNA &S 91 Zglolu= 5°-GAAGC
TATGGAGCTCATTGGTAAA-3’¢} 5°>-TTGCTACTGATCCTT
TAAGTTCAC-3’E AHE-3lth 2722 glyceraldehyde-3-
phosphate dehydrogenase(Gapdh)oll 3+ Zgo|H = 5°-TCG
GAGTGAACGGATTTG-3’ ¢} 5’-CCTGGAAGATGGTGATGG-3’
g Agsiieh

FME ZAM(Flow Cytometry Analysis)

Hj oF 2291 A-f-olA| 5 Hank’s balanced salt solution(HBSS)
2 33 M3 &, enzyme-free cell dissociation solution(EMD
Millipore Corporation, MA, USA)S A 2|3le] AlxXE 435}
ATk 2 1AIZF 0Tl A fluorescein isothiocyanate(FITC)
-conjugated anti-CD46 &+A|(BioLegend, CA,USA)$} wjj k3t &
A1 22 £417](BD FACSvantageTMSE, Germany)2 274 it}

1. Gal-T /T Al (0 MCP ZHEH FIMETE afelEl Ahd
HMZ SES Y&

ﬂl

UH(Hauschild %, 2011; Kolber-Simonds %, 2004; Nottle 5,
2007; Phelps 5, 2003). ¥ 9o Al4¥ Nucleofections ¥
ek THAR FARY] AME EY HRCEE B4 §4
Zte] FPHYS KO AAEZE A 5 Qlo], AFHHoE o
o] 2ol AL o F 3L A AL
Ao g AEg F7HATII7] S5t IRbE
AxE &4

=

»o[o i

2 Gal-T7} ©18 46;} o] Y2 KO¥ &
< H53A D iKlymiuk %, 2010).
A7 RaE TEEFE Gal-T KO A9 4= GI(8
£G2) ¥4 °1¥HF Gal-T KO HA < G2 A4 ol
Gal-T KO =] ¢Fe] Ewufo] ofa) A= et & A3e o
v NHE Gal-T AR J2o] MCP a3 FH ETF A
H A olgHT AMEKo 5, 2013)°) F7HH SR Gal-T
Zolo) MCP #23¥ FHAEZ AYE A AANES QA
o TEAY FAMAS A YA 71 GFAITI A AA
sttt o1& %1;}04 A MCP HLEL F18te =R A2
oM E&HA FHA FHE Frstty & EFla =2
R E(Londrigan 5, 2007)& ¥dxH FH2 AL-3 MCP
HE A ES A5 2 HRA 71€e ek o] A&k

o "r(

1

o

o 233 YA Gal-T KOE 93 Alzd HE Aloldd =4
&t Gal-T KO/EFla-MCP-IRES/neo ™E1S £33
Nucleofection H O 2 A& 3}H Gal-T KO/EFla-MCP-IRES
/meo MBS A AZXZA AdfrolAl ol =319t Neomycine
Al AR B3l 40709 B2 SH S 48-well Wl FH A,
24-well IFHAIR AHZ &7 F o] FTollA A= F2]0]
HAAE =32 FAHE FES Xi]ﬂa 200 S8
FLEZ 12k NeoPCR f4HY 245 A% A3, 6719
2o] AAA O Z Gal-To] KOE Ao =E syt o=
B dF AEE FAEE X]%‘a}ﬂ Aot EFE &
A RESFAY, UHA] AZES Al v At o2
HE §34 DNAE FE38HAth. EFla-MCP-IRES/neo ™€l
7} Gal-T 919l A = A=A HEsHA dotir] st 4
o] upgZo| QX3 Zglo]ME o] &3k F-PCR
= T35k “4—. Fig. 19141} o] 471 9] BE FEA W
Gal-Tl| A Yebd & Sl oF 8 kb 719 W=} MCP L&
FHIEZE 24t $1x]el AYHAS 745 debg F e oF
119 kb Z7]9] WEE HF0] EFla-MCP-IRES/neo WE|7}
Gal-T &9 A=A RS AT + AUATHFig. 1).
Table 1914 B RAAY nucleofetion WHEZE Gal-T
KO ¥WEE T 23 neomycin M= A= 40719
FES M, o] FES 7M7) 53t v gE At
10 cm 719 HAZMA] S48t 4719 S85 dEE + 2
Atk o] FEL AT AT Fg] Wl vlojd x| ¢
71X EE ZEto]HE F-PCRS Fadte] 4719 e &9
Gal-T %1 MCP &3 FHEZ A E AL ERletdth
B AT Gal-T KO E&2 10%EA, o]0 Ao He
% FuGENE™6 "MW 9] 2.3%(Harrison %, 2002)4} electropora-
tion ¥y ol 2]t 2% ©|3KDai &, 2002), 8.7% ©]3HRamsoondar
5, 2003)2] AdEY g80] ¢ £ Aotk Nucleofection
< FAAE EYstr] Afuy EE 2712 FolF]l
parameters¥ EU A SAG ZIA 7] EWA
(Gresch 5, 200422, thE AFAEol ]3| green fluorescent

protein reporter A o]-&3te] HA] 27| MEAA BE
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Table 1. Summary of the PCR analyses to confirm pEF1a-MCP-
IRES/neo cassette insertion into the Gal-T locus for
female clones

No. of
No. of No. of NeopCR  |NVO- Of F-PCR
isolated o positive
nucleofected clones positive clones’(%)
clones(%) ¢
1 40 6 (15) 4 (10)

* Clones with morphological fibroblast features after 24 ~33
days of G418 selection.
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Fig. 1. PCR screening to verify insertion of pEF1a-MCP-IRES/neo cassette into the Gal-T locus for female clones. A : Strategy to screen successful
Gal-T targeting events for female clones. The MCP expression cassette was inserted between the 5-kb left arm and the 2-kb right arm
corresponding to the Gal-T genomic sequences. Arrows indicate the PCR primers used to verify successful targeting events, B : Preliminary
PCR analysis was performed using crude lysates with primers 12 and 138, located at the neomycin resistance sequence and outside
the right arm, respectively, C : The genomic DNA of preliminary positive clones was isolated and applied as template for F-PCR. Four
morphologically active proliferating preliminary positive clones were selected to perform a PCR analysis using primers 146 and 143, which
resulted in 8-kb and 11.9-kb bands corresponding to the endogenous sequence and the EF1a-MCP-IRES/neo cassette targeted at the
Gal-T locus, respectively. On the size marker (SM), 8 kb and 10 kb indicate the corresponding sizes to the 1-kb ladder(Bioneer, Korea).

Holgl= Aol HIFUtK(Nakayama 5, 2007; Sheyn %,
2008; Skrzyszowska 5, 2008; Dickens &, 2010). ¥ A<}
olde] ATE 3% B nucleofections H A Z7] Ao
Ao wi¢- E&AOZ o FHAE EUAE F AUAE E
A2 ol AljtE T
2. Gal-T 2 MCP |SEA U 24
o]x 9 AF(Ko 5, 2013)lA Gal-T7F o8 HF e =
KOS Gal-T Fd o] ardths AS HAFATh TA
2 AFAME Gal-T THZFE LolR A #170783F #17079
A FESEHE F RNAE F%3H9 real time RT-PCR &
Mg AANSAY O 23, F 22 BF A AERG Gal-T
o] o] AN, I AAhEe] $49 A(Ko 5, 2013)
3} fAlsle] EFla-MCP-IRES/neo WE17} Gal-T #<9]9] A
HAtE AL FUIE $HE & AJHFig. 2).
MCP §dA71 FLPs=AE ol 7] 95t MCP %
Zglo]ME AlE-3lo] RT-PCRE S8 3tth £4 0
#170783} #17079 & 8 ¥ MCPE &3t
F AATKFig. 3A). MCP= 2 &5 o g2 A
Fooll HA xd FFo] EA|STH(Liszewski 5,
Aol Al MCP Al Zutoll A BE == A& Lolh 7]
A8l FAE BEHES 289, Fig. 39 Boll vebd AA Y
MCPE A Zetoll A a8 07 dadttes 2S gelstdnh
Ao} G/ Abel o] |G EHH ] Apolof A Al FA 7
go] sl A= ojofet B e] FIE o] &7 o]F ||

[*]

o5 9
i o

Y
Hd o ofo

e

o}

7F5Ad o] =718 ZAolthi(Yang® and Sykes, 2007; Ekser
, 2009). °1& fl8l 710 ALtE Gal-T KO 248 =A)
7|20 2 thefet FAAS HA ] wuE Tl te
3l sz Eo] AJAbE QltHRamsoondar 5, 2003; Takahagi
, 2005; Petersen 5, 2009; Phelps 5, 2009; Ekser &, 2010;
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Fig. 2. Down-regulation of Gal-T mRNA expression in clones har-
boring the MCP expression cassette in the Gal-T locus.
Real-time RT-PCR analysis of female clones #17078 and
#17079. The graph indicated relative Gal-T expression level
of clones compared to wild-type fibroblasts. The value was
normalized by Gapdh values. Standard error shown to top
of the bar. Triplicate experiments were performed. Fibro-
blasts isolated from wild-type were used as a control (Con).
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Fig. 3. A : Up-regulation of MCP mRNA expression. RT-PCR analysis of female clones #17078 and #17079 were performed. Wild-type
fibroblasts indicates negative control(Con). Gapdh indicates loading control, B : MCP was expressed on cell surface of targeted
clones. Flow cytometry analysis of #17078, and #17079 female clones(light histogram) and WT(dark histogram).

Lin 5, 2010). ¥ AFNME Gal-T FHL 9 MCP L& 71A
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