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JFHiAR (1gM) 454 SHMAKIANEEY:, IF0ET GTKO 3 EMEI A B AR Ae, Wil S2 A A e . 2
Mifeps . e R ARTEYR, FIFBEFERE .. AR PO e, i b @M R st 0 5 i He B T
BEFUR B2 IOAr . R M ER /N GGTAL FEHE 4 48 Fi& i1 85 5 RNA (sgRNA) , ¥ pGL3-
GGTA1-sgRNA1-GFP 244 gL FF /NG IR LAREF A, SRR eI, AR CSO#AI C89#M 4T
MU TERE S5 GGTAL FEH bR ol s, &9 KEFFEIE AN & 5 VR (LR A0 A TR A e ke, ke EA
R R A 2 = e 2 BB R A b, 3R45 13 kR JLSE, o Fo4 A FL1 iG LI GGTAL & & A WA FE [
4%, H FO4 BALIER , FIHIL GTKO MU #HATE soke, I EMIRIGRAE 2 = iU Rt on e b, gk
7 kAP, HY R KK a-Gal PR K AL 20448 ] 4 1 7 1gM 5 GTKO 3% PBMC 45 & # i >, H
GTKO %% PBMC £ AR 61 20 B 7 4 S 40 o A0 A7 16 258 5 TP A AU . ARIIL GTKO J& B T AT R H 2 58 48
H, VIBRZ A B R S S, MY & 5ERUE UG, s e, RrAERSHHER
N (HAR) , 6 min JE%iRE IR, RUEBAARNT, FURSZAGE . BHARE 7 d BAE 5 ALy
KA, ZABINEIEACERE, MyEH AR C ARFERE RN, (HEBEAS 10d 87 5. BHEARE 7d
ZARERN F A0 . BRELAIAE . SRAZ AN MR RS R MR AN AT I TR NG BRI EF 4R 2 R BEAIG, T
T PR 73R L AT [P0, R L o RO Il G B (R XA AR, 2R T AN 10d, PRIRE
BT . FRARAIRSE, BHL AR 1gG Ui, K IgM. #MA C3c 1 C4d TiiFY, CD68*E MEZMfiERIE . 4
i GTKO VE g /INESE M 7T A6 T ] A4 P 4 — g B R) ) TE R B 2D BE, IR A ARk HAR, HIESE GTKO #5111
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[ Abstract] Objective To explore the construction of a-1,3-galactosyltransferase (GGTA1) gene-knockout
(GTKO) Diannan miniature pigs and the kidney xenotransplantation from pigs to rhesus macaques, and to assess the
effectiveness of GTKO pigs. Methods The GTKO Diannan miniature pigs were constructed using the CRISPR/Cas9
gene-editing system and somatic cell cloning technology. The phenotype of GTKO pigs was verified through polymerase
chain reaction, Sanger sequencing and immunofluorescence staining. Flow cytometry was used to detect antigen-antibody
(IgM) binding and complement-dependent cytotoxicity. Kidney xenotransplantation was performed from GTKO pigs to
rhesus macaques. The humoral immunity, cellular immunity, coagulation and physiological indicators of the recipient
monkeys were monitored. The function and pathological changes of the transplanted kidneys were analyzed using
ultrasonography, hematoxylin-eosin staining, immunohistochemical staining and immunofluorescence staining. Results
Single-guide RNA (sgRNA) targeting exon 4 of the GGTAI gene in Diannan miniature pigs was designed. The pGL3-
GGTA1-sgRNA1-GFP vector was transfected into fetal fibroblasts of Diannan miniature pigs. After puromycin selection,
two cell clones, C59# and C89#, were identified as GGTA1 gene-knockout clones. These clones were expanded to form
cell lines, which were used as donor cells for somatic cell nuclear transfer. The reconstructed embryos were transferred
into the oviducts of trihybrid surrogate sows, resulting in 13 fetal pigs. Among them, fetuses FO04 and F11 exhibited
biallelic mutations in the GGTA1 gene, and F04 had a normal karyotype. Using this GTKO fetal pig for recloning and
transferring the reconstructed embryos into the oviducts of trihybrid surrogate sows, seven surviving piglets were obtained,
all of which did not express a-Gal epitope. The binding of IgM from the serum of rhesus monkey 20# to GTKO pig PBMC
was reduced, and the survival rate of GTKO pig PBMC in the complement-dependent cytotoxicity assay was higher than
that of wild-type pig. GTKO pig kidneys were harvested and perfused until completely white. After the left kidney of the
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recipient monkey was removed, the pig kidney was heterotopically transplanted. Following vascular anastomosis and
blood flow restoration, the pig kidney rapidly turned pink without hyperacute rejection (HAR). Urine appeared in the
ureter 6 minutes later, indicating successful kidney transplantation. The right kidney of the recipient was then removed.
Seven days after transplantation, the transplanted kidney had good blood flow, the recipient monkey's serum creatinine
level was stable, and serum potassium and cystatin C levels were effectively controlled, although they increased 10 days
after transplantation. Seven days after transplantation, the levels of white blood cells, lymphocytes, monocytes and
eosinophils in the recipient monkey increased, while platelet count and fibrinogen levels decreased. The activated partial
thromboplastin time, thrombin time and prothrombin time remained relatively stable but later showed an upward trend.
The recipient monkey survived for 10 days. At autopsy, the transplanted kidney was found to be congested, swollen and
necrotic, with a small amount of IgG deposition in the renal tissue, and a large amount of IgM, complement C3c and C4d
deposition, as well as CD68" macrophage infiltration. Conclusions The kidneys of GTKO Diannan miniature pigs may

maintain normal renal function for a certain period in rhesus macaques and effectively overcome HAR, confirming the

F16

effectiveness of GTKO pigs for xenotransplantation.

[ Key words] GGTAI1 gene-knockout pig; Rhesus macaque; Kidney xenotransplantation; Genetic modification;

Hyperacute rejection; Immunosuppression; Peripheral blood mononuclear cell; Somatic cell nuclear transfer
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YR, WABEMEHER R (hyperacute rejection,
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L WD 218 ( ethylene diamine tetraacetic acid,
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AEFRAS I [ A Akl By T ae ol B A ] 5 A A
4 H 2 [E Beckman 2\ ) o

1.3 MRABTS5FE

13.1 GGTAl % B & 4k #H & X pg /h Al
W GGTALK [H 2 44 B T it 154 B m 7
RNA ( single guide RNA, sgRNA) ( J#%]. 5-
GCTACAGGGCCTGGTGGTACAAGG-3') , Jf &
T pGL3-GGTA1-sgRNA1-GFP # 1A, fdi FHIAH 5|9
PEAT %8 . ZEIRE] S Cas9 & PR EE (7 GGTAL
LR HUIE] DNA, I SEERIRE R B

132 mifdeompnde g it 5 %5m MG E /N
6 L B ZF 4 40 A R, AR A 10% 116 AR I Y
Dulbecco 24 R 1Y Eagle 55 7 % ( dulbecco's modified
Eagle medium, DMEM ) %35 1.d, #7400k A X
BARKME, Y 4x<10° P41 ETEE S A pGL3-
GGTAI1-sgRNA1-GFP #{& (1 :2) MyHLEL Q22 vl
HREE S min, A SGHATHUZEAL . K 4 2 b
FE 10% G415 H9 DMEM T25 B35 3555 24 he
5 FRIE N 3 pg/mL EERFE R AN 5 pg/mL W5 R
Bi 3% 24~48 h, AT 5 B2 7 Gl A4 1) J 4T A 20
THALAE IS4, K 100~150 40 FER 2] 100 mm Ay
FFRILA SR 15 d, SRR, (A58
REEHEE W ( polymerase chain reaction, PCR) Al
Sanger X FRAI A re P HEA TR R - U S 2E , GGTAL
LiE5IY . 5'-GGCAACATGGCAGGAAGGAA-3',
GGTA1 R 1#%: 5-~AGACGGCCCTGTCAGTTCAT-
3', Mk GGTATL J: PR Al ) f 55 14 200 B 48 75 VR 43t
TR AL TR A M A% AL AR FL R R RS AL

1.3.3 thamfetz A s e M DIBREANBRAE . 1K
AL | AR 40 A% ARV i o A B AT T S T
W 0.1% (wiv ) 325 B J5 R B Ak 25 M B9 Fr 41 i
Sy B EE IR OP Fe-BR BRI AR A, ARAR MIT B B
YA, I SR EACK BT TLH-PVA #/ER T Y
OIRE A AR IR A AR R W R B — A, e I A
Vi, [RIERE AR A 20 v A 242 OB 200 i 1 B9 ] Bt o
it FE 40 M A AR Rl 5 55 32 2 P 2L 200 V/imm (1 B —
Bk Ab R 20 ps, (EEMEIG LA, KEW
IR T PZM-3 B 5k rh 57 0.5~1 h, FFAERUG S
FrEEP L 150 V/mm (9 58K vfof 8 100 ms, $ R R
5 pg/mL AN ER B A9 PZM-3 B, BT
VUGB SR PO 2 he fE LRARRIEE SR AT T
PZM-3 B RS rhak i 57, AR IR R .

T FANR AR AR B = e AR A R R O A
TR 31 d J53E o 5 - AR R LG . s iR L
AT A &R, @i PCR. BFYISCE 1 Sanger
JPUEA TS, R LR i bR i i LG A T
%, M EMMIG R —Ju AU R NS . 4
IREIWIG , 2 AR IRFAT BB s BeA 14, It
1T GTKO F& EIE A% 1 B JE SRR AR

134 B Fohelinl  ARJ5H KA R B it
PGS, W A7 ARG A S L3S UUIF . PRIVLEF . JR A&
PRSI  IIE BB ER C K224k
1.3.5 % &k F &40 B Ik o-Gal, IgG. IgM. C3c.
Cad HANAEMMALIYIRL 3 pm EWYI .
BRI R 1, FH P R B TPRG A7 Ot Ak 2
¥ s T b, ] EDTA 22 vl 7E 92~
98 °C FHATHIEMEE 15 min, fHEEAH ., FHWEmR
5% i ( phosphate buffer saline, PBS) VeI H
3, FEEMBEE RN B RV IF A Wb
A 15 min, PBS LM 3 ¥k, ZEil FF AR I 97
H 30 min, M. FAHNBUARREE 2 h, PBS U
3, F 4,6 - ZRKHE -2 - ZRILMINEGLE 3 min,
PBS k¥ 1 min J&, JIA A KIOCH KT BB E
5min, FRRGER 3R HHBIZOCHEIGNE fr, 98
B RTA G AN

13.6 foik sk Aedhiabml R a2 (A0 i 3 ik
IgA. IgG. IgM FIfMA C3. C4 7K.

1.3.7 B A HE % & Fo &0 A R AL 5 3 &40 K Ik
CD57.CD68 HZHZUREARE T 4% £ B W b [
48~72 h, fii I A S 2140 BRASCK: 4 SUREA U R AE F1
I, (Y R HUR A SR 5 um R YI A,
TE37°C F THEI A BTk, A4 g Hx
AN, R ORI KL, 4% BRER & Ui 5 o
SHEAT HE Je M is 23Uk v gL 4,

1.3.8 #FRIAK (IgM) 4% REZEMEIMNK
FEAS, MBS IMEIFAE 56 °C F K% 30 min, 5 K35 Il
AP (& 1% IG5 35 % PBS) #
12 AFRRE, WCBE LB A AN A RUR 048 iR ) LT
A, VR 2 IR, SEETREZET . K 1x10° 4
Y5 100 uL K36 AP A M5 5% 100 uL PBS 7£ %
N E 45 min, FHVKR YL (28 piR R A L 2%
1ER N, FFFE 4°C T HILFERA IgM-F 85 R 75Ok
FIFE 30 min, FHVKY 19 G 0 22 e U AR M 2 UK,
400xg B> 4 min, FET 200 uL PBS 1, fdi =
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A AHEA TR
13.9 AMRR H 20  A b X B OB B2 IR I
56°C K 30 min, FHAEE G (& 19 JiG 4 13
9 PBS) fi2 1 ¢ 1 Mkt Wbk GTKO FEFIEF A BUAE 1Y
ANE LN ( peripheral blood mononuclear cell,
PBMC) , ¥k 2 Wn s T, # 1x10° 4>
45 50 L K B E RIS B 50 uL PBS 7E % i
THEE 30 min, FHUKR G G MR DR AN LAZ Ok
RR, TEER T SRAMENE (1:3MB) BE
30 min, JH PIULEARGLE 2 min, o FH AR B AUKS:
AIFET -
1.3.10 %t gy Ao A AgAT IR WK J5 52 (A
M/ EFYEET I T AT 20 BB I T il o [R]
i (1L 1 I3 9 v N RV
TP N T2 RSB, R 2 d W 1 oA
65, EIRLLAEcR . ISR . TN MR 25 I
HRLFIF I RESE bR, LATPAG SZ AR 5 A= BB
14 SREIMEHFE

WA AR KRS B R S50 1 = /N LS
B iR R B SR TSR E T, S i
T EMFARFARWMAF 1 CF9 4 1l bl ) o fiff
F%E PBMC HUE A 1L 78 #4728 SCRC AL, 0 B R 4t
ARG BEARG | AMA 20 0 E AR A A I A A S R
AR BAEART B e M5 245 2500, WUNTE
51 0.5 mg HLIEKRAAFN 0.3 mg SNGE, LA~
AR RN . FEARHET3d. 2d A1 1 d Bl
BRI R 25 4 ( antithymocyte globulin, ATG) . #i
CD20 H sz BB A FIHT CD40 B 7 BB A5 S S e i
il R A AT M2 o . A K,
M GTKO 4% FARHC 1 AEE (A8, IFFH R
B RZRAFH ( University of Wisconsin solution, UW
W) FEATVRUETE . A2 FH BT CD20 S s REdTIA |
flse 5w AP Ik e e gl s, UIBRAE ¥
GTKO & B sh ik 52 W F 3k vy &, 8 B #i kS
T T R G (RO ) | EW)E 7SRO
TGRS . AR S B BN 7 A BRI B R KR
HAR, HUIBRZIEAE o ARG Z W2 3 T4
CD40 Fsg BT A S e 4 75 58, JF46 LUK T
. R ERGR B AR T BRI VCARAIL A
A b B S 76 IR PR 4 7 L R BRI A TR YT (I Ak
1 ATRAE 1) o

A HERD 1 AT M 1
1.5 SFit=EHE
{4 1] SPSS 22.0 1 Graphpad prism 8.0.1 %k {F3#:47
ittt fFPE IERS AR TR FORHA I Bbn e
EFoR, HRILECR A K5 . P<0.05 HZERA G

2 % R

2.1 GTKO BHHMBERERE

FIFH CRISPR/Cas9 F A &1 7 G215 18 [ YL R
/NS GGTAL FEHIE 4 /ME T 1) sgRNA (1T A)
¥ Cas9/sgRNA ZRAREE Y B TE pg /INEURE TG )L £T 2 20
Marb, S RImEIT, CSO#M C8O#M /™4 Jifl v e
RUTE GGTAL FER A HE X Sl 485 4 ARG AR . C59#
1 CRO#M ™l v b s 4G 5 Fh LAY (K1 1B)
RPN e R SOFARR A BN A R A s
RAE R HER A MR 758 —Fe so ke, SRR R
B 13kipILE (B 1C) , Hf4ki)L (Fo4,
F10, F11 fl F12) f#7F GGTAIL 3 K 52748, F0o4 fl
F11 5 JL#5 B9 GGTAT 3 [H % A X557 56 A 28 A%
(EI1D) , Fo4 i JLAEEA 20 bp SR i 4l 5L K]
RHEMIER (1D, E) . Wik, ¥ Fo4 fif )L
1) S 2T 24 A M A A LA 4 Bk A 7 50 — e wa b, gk
59 7 KAE WA (PO5S, PO7. P12, P14, P17, P19
FMIP20) , XEEAETRAFRE RN E] GGTAT FE K HyHE
IR S AR (2 AL B) o RygEutye
LR B/R, 78 GTKO B AR o-Gal HUREN
(F2C) .
2.2 GTKO #E5IEm&A 32 XA EK 16 & & E 5= #h
i

165 S R A AT I 12 FE IR A I, S
GTKO %) PBMC ##475¢ L EC RIS . AR HE B AU 45
W, 20#E ML 1gM 5 GTKO % PBMC %55 %
B> (B 3A), H GTKO % PBMC 7E#MAEMK #i
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GGTAI-F

GGTAI Ch.1
Gene ID: 396733
Transcript ID: XM_013993817.2

PAM
CATCCACTTGAGCAGTCCTACACGGAACATGGTGGTCCGGACATCGACTCGGTGGCTGACC

GGTA1sgRNA
PAM. GGTALsgRNA FOl F02 F03  FO4 F05 F06
GCCTTGTACCACCAGGCCTGTAGCTG...152bp. . AAA  WT
GCCTTGTACCACCAGGCCTGTAGCTG...152bp. . AAA  WT (1/34)
GCCTTGTAACCACCAGGCCTGTAGCTG...152bp.. AAA  +1bp (23/34)
C594 A476bp  (8/34)
N452bp  (1/34)
GCCTTGTACCA --- GGCCTGTAGCTG...152bp.. AAA  A3bp  (1/34)
GCCTTGTACCACCAGGCCTGTAGCTG...152bp. . AAA  WT (5/20)
GCCTTGTAACCACCAGGCCTGTAGCTG...152bp.. AAA  +1bp (9/20)
C89# CTG...152bp..AAA  A28bp  (1120)
GO E—— AGGCCTGTAGCTG...152bp..AAA  ASbp  (420)
-------------- AGGCCTGTAGCTG...152bp.. AAA  A20bp  (1/20) ©
F04 Fll
GAACTC — oo ACCAGGCCTGTAGC A20bp 2323 GAACTCGTCAGGATGTGCC ————-- ACCAGGCCTGTAGC ATbp 26
GAACTCGTCAGGATGTGCCTGCAAATA ---- CAGGCCTGTAGC  +7bp/ASbp  4/6
F10 FI2
GAACTCGTCAGGATGTGCCTTGTACCACCAGGCCTGTAGC WT 609 GAACTCGTCAGGATGTGCCTTGTACCACCAGGCCTGTAGC WT 306
GAACTCGTCAGGATGTGCC——— - ACCAGGCCTGTAGC ATbp 39 GAACTCGTCAGGATGTGCC-—----—- ACCAGGCCTGTAGC ATbp 3/6
. {9
» )' r~ "o
- . % 58 aa 88 Ra
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= .
TN il 1 T
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H: A BN GGTAL 3P . sgRNA [T, PAM i 5 & PCR %551 Wn B R, PAM 5 5 8] Ff 3 51 4 3 367 ;
B EI2h C59#A CRM#MIAN il GGTAL #U IR FEF AL C B — i esfiisny 13 kG LM D B —ieakeiiss
PIAFTE GGTAL FEFE AR 4 Sk U I HILF R ZEAY ;. E BN Fo4 if LS A Y Az B4 #t
El1 GTKO ¥%ritgiE
Figure 1 The construction of GTKO pigs

I f BRI AT R TP A (B3 B)
e 204 AT A% 1L 3 AMMAKT GTKO % PBMC A i fE
FH/IN, PH I B 2084 T0] 6% 1 O B RIE S B RS A 11
ZAA,

TEE SRR, (1 ATG FiHit CD20 58
EPUIRXT Z R IEAT R E A S . FARY KR, R
GTKO W It LB 24 A (E3C) . ¥
B2 M2 B 5 R T B AR, W) B S U
FERCAHT, 5 A AT, A& A HAR (&3
D) , 6min /G4 RE BRI, KB B A K
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4 Y >
+ 532 - YA %16 &
: S BB RTACTIACCATTCTACACCAMCAIORRICOIOAONTEE
¥ > S B
SEL IR P &\ A\ POIGACAGCATCCACTTONG TGGTCCGGACATCG -20bg

PI2GAGAGCATCCACTTGAG

P14GAGAGCATCCACTTGAG

P17GAGAGCATCCACTTGAG TGGTCC

PI9GAGAGCATCCACTTGAG
0G.

e e e T R

TGGTCCGGACATCG -20bp
TGGTCCGGACATCG -20bp
GGACATCG -20bp
T(J(]T( CGGACATCG -20bp

GACATCG -20bp

[iZassil]

GTKO (P19)

F: A EH GGTAL JEHEE ) X3 PCR 3474 ; B ER Sanger M7 IR, Sanger M7 8 GGTAL ik K (1% 3L 5 A

SRR B
B (x400) .

B 20 bp B (L)

W] S 7 L B35 D9 O 5 R
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Figure 2 The identification of GTKO pigs
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Figure 3 Cross-matching experiments and kidney xenotransplantation between GTKO pigs and rhesus macaques
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Figure 4 Renal function monitoring and pathological changes of the recipient monkey
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Figure 7 Monitoring of coagulation function in the recipient monkey
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