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Generation of alpha 1,3-Galactosyltransferase Knockout Pig Cell
Expressing Membrane Cofactor Protein and Thrombomodulin
without Application of Antibiotics for Selection
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o A9} FAF HY XJo|R ofFo]4] HA| GT|oA BHA &3}, AFEHS 2183 @Y o 59 ARuREo]
o] FAFE APl o]27 3t Q1A 0 F Membrane cofactor protein(MMCP) ¥ Thrombomodulin(TBM)
= A2 ol ARNEORRE Mg Hosty PR FL7IhE IRt HEglom o] Aol
MCPmMCERY TBM cDNAS B83 34 HEE F530 v Qlok & a9 B4 YA A 48
o]-851A] ¥l FAAMSE M| A AAHLS 3FH5HY alpha-1,3-Galactosyltransferase knock-out(GTKO)/mMCP/TBM
A2 2RI /fEst= Aotk Nucleofection® 538 mMCP/TBM &4 &d #HEE =93 GTKO MZE MCP
gt FAE ol8st] MCPE L& st= AZRRE F+ A EEsilch ol &8 £33 Aze ddAzr) Hes
ikt o fAZEALS B3t MCP ¥d 2o wet ol 229 Azale £/t A8t HFHez
MCP ©ld @&o] 90% o4 GTKO/mMCP/TBM /AR AE 29l 432 Ndsiaict. Ad8d S852
GTKO/mMCP/TBM A B4-E 93t dloj4] FoiAzs &8 Aot} FYA AFY FHAAE AMESHA] U=
Al 7e2 5 R E 98 BF A EEoR E8E 4 S ACRE JgHr

F

Abstract The immunological barriers between pigs and primates result in complement activation,
inflammation, and coagulation in xenografts, consequently leading to the recipient's death. The
intentional co-expression of membrane cofactor protein (MCP) and thrombomodulin (TBM) in pigs is
known to contribute to the prolonged survival of xenografted recipient primates. In a previous study, we
had constructed MCP/TBM co-expression vectors using codon-optimized MCP (mMCP) and TBM cDNA.
The objectives of this study were to establish an antibiotic-free selection system and generate a pig cell
line carrying mMCP and TBM expression vectors based on the alpha-1,3-galactosyltransferase knock-out
(GTKO) genetic background. The mMCP/TBM co-expression vectors were introduced into GTKO pig
fibroblasts. We isolated and selected only MCP-expressing cells using anti-MCP antibodies and cell
separators twice. Additionally, we performed single-cell separation and clonal culture depending on the
MCP expression level. Finally, we were able to obtain four GTKO/mMCP/TBM clones expressing MCP at
levels of 90% and over. The selected clones will be used as donor cells for nuclear somatic cell transfer
to produce GTKO/mMCP/TBM pigs for xenotransplantation. We believe that the antibiotic-free selection
system established in this study could be useful to produce biomedical source animals without the
antibiotic resistance gene.
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2.1 N& 22 ¥ Y

A A AfoMZE(porcine ear fibroblasts, pEF)
22 9 U2 o]d AFE FarsiltH17]. 171Y®
GTKO FAAE =HA oA B3t A oA u]e}
AZS AAst &2 2o = At A uiFHAlo|
B3t & aiglzt g4 37C AFlolElolA et
HFHL 15% Fetal bovine serum (Invitrogen, CA,
USA), 1% Non-essential amino acid solution(Invitrogen),
1% Antibiotic/Antimycotic(Invitrogen), 0.1% Low
serum growth supplement(LSGS; Invitrogen),
0.1mM B-Merchaptoethanol(Sigma Aldrich, USA)o] &
7+l Dulbecco’s modified Eagle’s medium(DMEM,
Invitrogen)& A&

2.2 RTA = F ME 22

FAHG AEZF F5E {5 o]d AN 5T
MCP/TBM &Al Ed HEE  Z8sHrH18]
Nucleofector(Lonza, Koln, Germany)9] U-023 T&
& o]&5to] ARfobAlaEe] =A% & oF 10 &<t
ZAAFHE. o]&  FITC-conjugated anti-human
MCP antibody(BioLegend, CA, USA) ¥ anti-FITC

microbeads(Miltenyi Biotec, Bergisch Gladbach,
Germany)Z AR&3lo] MCPE LAsh= AlZE A5}
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9o auto MACS Pro seperator(Miltenti Biotec)&
ARgSte] A RALIA AlFSE Bl wet A AEE
Sgotodct 14 A S B9l £2I§ MCP-positive
A= 712 st & 234 AEE Attt 22 A
HE MCP-positive AIZE 96-well plate(Thermo
Fisher Scientific, MA, USA)Ol @ AM|Z7} HE = Hj
FotarkFig. 1.

% . @ 10 days after transfection
15t Cell sorting
Y/ 20 Cell sorti
U / Positive e7 sorting

Negative [
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Single cell culture

Fig. 1. Schematic diagram of selection methods for
specific isolation of MCP-positive cells.

2.3 BTN
A A AROMHEE 2447 HidRE & 4%

paraformaldehyde(Sigma Aldrich) €102 3133}
S}, FITC-conjugated Isolectin B4(Sigma Aldrich)

L
.

1% Bovine serum albumin(BSA; Invitrogen)°|
X3t Phosphate-buffered saline(PBS; Invitrogen)
‘Ao 77t )%k & TARE A|3o]| A2l A 1A7E
Aottt dix IS 9ol Hoechst(Sigma Aldrich)&
AHgstgom B3 drlH(Leica, Germany) o2 AA
gt Al E TSI

2.4 FNE 2M

HA 7 A-Fotdlzel Trypsin(Invitrogen)& 2|5t
o &d Nx7} HEE B5 AlZ]32L FITC-conjugated
MCP antibody(BioLegend)2}
PE-conjugated anti-human TBM antibody(BD,
Germany)g ARESH] A204 1A1ZE A6kt ©]

£ g8l FAI= 0.5% BSAZF X3 PBS &fof Zzt 5

anti-human

Astlon PGt AE= Attune
Fisher Scientific)2 A3}t

NxT(Thermo

2.5 Polymerase Chain Reaction(PCR)

dgotA122oll A DNeasy Blood & Tissue kit(Qiagen,
Hilden, Germany)E ©]-85}% genomic DNA(gDNA)
£ FE5I9th ARoHE =94 RS Eelsh]
A35lo] Prime Taq Premix(Genet Bio, Korea)2}
Table 18] Zglo]HE ARESIGITH

Table 1. Primers used for PCR analysis

Vector Sequences
F: CGGCAAGAAGTTCTACTACAAGGC
m2A R: CAGGGCCAAGATGGAGTACAAGTG
F: CGGCAAGAAGTTCTACTACAAGGC
mpl2 R: TGCAGGACCACCTCTTTGCTAG

2.6 Western blot

AL Radioimmunoprecipitation assay buffer

(RIPA; Thermo Fisher Scientific)g AR&oto] &3}
1 Bradford assay(Bio-Rad, USA) W02 sl
o} 10uge] TS 4-12% SDS-PAGE(Invitrogen)°
A A719% & PVDF membrane(Invitrogen)2. & &
Zot. 13 FAZE Mouse monoclonal anti-MCP
antibody(BioLegend)?} Mouse monoclonal anti-TBM
antibody(Abcam, Cambridge, UK), Goat polyclonal
anti-Actin antibody(Santa Cruz, CA, USA), 2%} &
A2+ Goat anti-mouse IgG-HRP(Santa Cruz)@}
Donkey anti-goat IgG-HRP(Santa Cruz)& AM&-3l%
omn, ol IS AT Ad AFEACFE 0.1%
Tween 20(Sigma Aldrich), 5% Skim milk(BD)7} &
7HE PBSE AREStIth ©¥E2 Amersham ECL
Prime Western Blot Detection Reagent(GE
Healthcare, Buchinghamshire, UK)S AR&5}o] &2l

Azs B4 G gato] ol-&sh] A A
} FRE s Qo A AlSF3Tt.
3j| T25 flask(Thermo Fisher Scientific)oll Al
90%7t HZ = F45t & GTG-Banding 4

Sl SASIATHEEAAA AL, AL, HiRhl=).

=] o
SREI
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3. 97EM ¥ 1%

3.1 GTKO/mMCP/TBM EHX| MIZL 21 JHgY
£ A7olA GTKO A =ix19] 171 B $A #242
AAL A 2 o2HE HfotEE Eejsto] sijdst
k. & A7 oA Adst GTKOZE 842
2 FAE A5S 295rlth Bgk v glom(15],
ol FHollXZ GGTA FAAT AAE 1 FAx=
el SHEE Gal epitope ©do] A& 07 o]Fo]
AR A= A GRlstr] sl Y FBAM(Fig. 2a)7 F
M ZEX(Fig. 2b)S AASHI. Fig. 2a®] GTKO
A AlEollA Wild typedt gt XolE HolH Gal
epitope H&o| AR Aottt FAIZEA AA| Wild
type MJEZE Gal epitopeS YHsM= BHH GTKO
2| HZA A= Gal epitope HEo] e AL FRI519

HFig. 2b).
GTKO Alzoll A Aol MCPS} TBM 32 TAFA|
7171 918l = A} MCP  cDNAmMCP=

Cytomegalovirus enhancer/chicken #-actin(CAG)
nERE AA% A 24 HH e 3 Eo] {4
A2 GHA HA Intercellular adhesion molecule
2plcamz) ZERE| AZTE TBM cDNA °1% HH
CAG-mMCP-plcam2-TBM-R(mpI2)2} mMCP2}
TBM cDNAE P24 signal sequence(ZA)Z AATH
Dicistron &@ #E CAG-mMCP-2A-TBM(m2A)s
AE(Fig. 3)5t GTKO pEFo =dstqirt. & A1d
2 o]d AFE B3| MCP 4% cDNA FEHZ A=
| EASt F- HAA| =50]] vlo] AR Y
= FEo] W Yoy FEY AVINE K}
(mMCPIE B @i IdS Z7H1E 5= UATH18I.
£ dFolMe BEARY =Y o Reks Ik A
o] oz}, MCP ZAHIE L83 =3 &3 HE2HH
o] =2 2032 WHT= A EWS E257] 9

3 A8 B s

e

A WA cell seperatorZ MCPE Ldsi= AZE
AEHE W) m249% mpl2 WE] BT 1% o]U(0.27%<
0.6%)& LFE9] Alzrto] MCPE Hdsh= Aoz 3
TE|QdTh A NS ST & F ¥R AES Y
5193, ol& Bl 20% F=(19.79% % 21.57%)<]
MCPE Hdsl= MZE HE 4= 99icKTable 2).
Fig 4acllA] Holi= uie} Zo], S 24 Ayt A A
AEE Bo A =E AlEel =R ok Al
29| Bej7} 7hsota F ¥iA AEE o A =
P AIE FollA MCPE Hdsh= AlZo] Aol 7Hs
St AL & 5 AT Western blot £41-2 23]9] AE
Bl 13 Hth MCP 93 50| =2 Axg Ad &

RS HoEKFig. 4b).
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4 to
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Overlay

» |R2: 99.025¢
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Count (1073)
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Fig. 2. Validation of GGTA ablation in pEF cells
isolated and incubated from GTKO pig to
detect absence of Gal epitope using (a)
Immunocytochemistry (b) Flow cytometry
analyses.

Table 2. Summary of selection for the MCP expressing cells by cell separator

Vector Sorted Toral Cell numli:(:ells/ml) Dead Viability % of total cells
Lst Negative 3.6x107 3.1x107 5.7x106 84.25 99.73
Positive 9.7x104 5.1x104 4.7x104 52.8 0.27
m2A Ind Negative 7.7%x106 6.3x106 1.4x106 82.35 80.21
" Positive 1.9x106 1.3x106 6.0x105 68.25 19.79
lst Negative 3.8x107 3.6x107 2.6x106 93.15 99.40
mpl2 Positive 2.3x105 1.5x105 7.4x104 66.70 0.60
nd Negative 8.0x106 7.2x106 8.3x105 89.25 78.43
Positive 2.2x106 1.7x106 4.1%x105 80.95 21.57
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CAG H mMCP [P2A] TBM __ [bGH poly(4)
(a)
CAG H mMCP_ [svd0 poly(A)—bGHpoly&)|  TBM | pleam?|

b

Fig. 3. Constructs of MCP and TBM dual-expression

vectors
(a) CAG-mMCP-2A-TBM(m24)
(b) CAG-mMCP-plcam2-TBM-R(mpl2)
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Plasmid Ist 2nd

DNA  Negative Positive Negative Positive

mpl2

GTKO

m2A positive
Ist 2nd

mpl2 positive
Ist

yuraiyeirs

(C)

Fi-067 MFI-613 MEte1049

TBM

Fig. 4. Efficient selection of MCP and TBM expressing
cells using MACS separation system.
(2) Genotype analysis to identify the integration of
mMCP and TBM expression vector among selected
cells. Western blot (b) and flow cytometry (c) analyses
for MCP and TBM expressions

crol=22

3.2 GTKO/mMCP/TBM HUZ=

£ ArolA= 23]9] AETEE AX MCPE LS
= MZE 96-well plated] 17§ wello] &g HE7} &
= g oA /\ﬂi’% FAG & FAZESE B9
MCP T d Ird =50 wat Beots Al A AES
AAEHATE 33709 mpl2 G 2 AxEet 42749
mZ2A 94 22 AEE A 5 2% 23, 11 FolA
A7y 14712} 13709) 9 SEAZ7F 90% o1 =l
A MCP Z&& &It Table 3). MCPE Edsk=

ol
=

i

=2 42 2

r
o =

AZE Azl
I AZ A YoA BE MZ7F St S~zoF v
Aol Ferts AL HojZr) ol Ao EUd &

AR A2 GAF o] A9(Random integration)

Table 3. Summary of selection for clones depending on MCP expression level

Vector No. of No. of No. of MCP-positive No. of MCP-positive No. of MCP-positive
isolated clones analyzed clones <50% clones >50% and <90% clones >90% clones

m2A 113 42 10 19 13

mpl2 114 33 10 9 14
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HEZ A Ao wet ohedet WAb T QR 2
Ho| A& position effectd]] 25l Aoz YzZrct
[22]. SHATE ZQJ% AAF 0] wWE A &
A 20 Ao7t ¢S & F U

Al He] AEagS APcts B Bigd NEES
FefAOCZ wild type AEL}F Zfol7l Gt MCPE
90% ol A= m24A 9L S #7, #23% mpl2
o #25, #47& AE5IitHFig. 5). 459 22
% 4R AYE 7= AL ERISHIHFig. 6).
AR mjog e og o] 2 thilZo] i}
ZoHA dEEE AR e &S 29T L7t
doma EA QIx|ot A7l §x1A1e] Wdo] A=
St 28 A& i AE7F XY= Qlok23]. o
gHHog B fAXe] wdE £ 2F oy Alx
oA AgtHos YT 2HY & it} oA
ATE AR o]FolAgoz JtE x4 MCP
A ZZoA TBMS STA| XA Eolzoz od
S s AAE Zo] dukaolrH24, 25].

B2 AFoA m24 HE7F =" S2 #73F 23004
= MCPS TBMY| &d 2% CAG Z2HEH| 93 =
dEo 2 & Adstohd A 2204 ddE Aol
3, mpl2 WElE= MCP2F TBMY] TS 98] &= 57

dZFE

(e L

L
.

T oTT
o Z2HEE ¥R Z8siiet, HACNA MCP=
A A o)A TBMS EHA|ZA A HEF Aotk £ A

Tl 90% o £FOE MCPE Udshs g 22
< 339 RS 5o Bskirh o] EEES

GTKO/mMCP/TBM =HAE 4hZ 948t AN & o]
2] Fojq xR 283 oA o[t}

=0 =2

GTKO

mpl2

Fig. 5. Selection of clones expressing MCP over 90%
level
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Fig. 6. Representative of karyotype analysis of single
clones

4. ZE

AL} FF Afo]Q] WY AIAF] Aol o]Fol4]
Al 234 ARRSE AR g Bl Henke-S &
ettt o] SE5H] Yo 2 AolAe CAG ZER
Hof| 93] BAzdGuA MCP EH31E <A &
Wz TBMZ BAlol dstks WE CAG ZEHE
9J3) MCPE HA] Icam?2 ZEHRE || 2J5) TBME SA|
o WHsl= HWEE S8t GTKO Ao A7) &
| WE7 2Qd A RIS Afdstgich MCPE Ed
St AlZks 23] Adstglon, TBM HaE gRIsH:
o} A B AE-e 58] MCP 23 &) w3 &
£ AxE Eestgon, olg B3l 90% ol MCPE
ddshs ol 22 AE 2R1E F-stiltt. A A
P R =Y glo] AlEolA B |A% HE
2R AR RIS 15T 4 I f8e Ve
2 &89 Aol AES dIEE #73 #232 CAG
2o o5 MCP TBMo| Alo] &3y &2
#259} #472 MCP= CAG T2WE, TBME plcamZ2
2 RE o3 Wdo] /fEH o R 2FEE AX 2l
olt}, o] Al GTKO/mMCP/TBM F&EAE Hhx] A
Aol 83k ofFdolH, o]Fol4 Al FAFF FE7ITH A
ol 7101 o g 7|gHrt
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