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Recent human decedent model studies** and compassionate xenograft use® have
explored the promise of porcine organs for human transplantation. To proceed to
human studies, a clinically ready porcine donor must be engineered and its xenograft
successfully tested in nonhuman primates. Here we describe the design, creation and
long-term life-supporting function of kidney grafts from a genetically engineered
porcine donor transplanted into a cynomolgus monkey model. The porcine donor
was engineered to carry 69 genomic edits, eliminating glycan antigens, overexpressing
humantransgenes and inactivating porcine endogenous retroviruses. Invitro functional
analyses showed that the edited kidney endothelial cells modulated inflammation to
an extent that was indistinguishable from that of human endothelial cells, suggesting

that these edited cells acquired a high level of human immune compatibility. When
transplanted into cynomolgus monkeys, the kidneys with three glycan antigen
knockouts alone experienced poor graft survival, whereas those with glycan antigen
knockouts and human transgene expression demonstrated significantly longer
survival time, suggesting the benefit of human transgene expressionin vivo. These
results show that preclinical studies of renal xenotransplantation could be successfully
conducted innonhuman primates and bring us closer to clinical trials of genetically
engineered porcine renal grafts.

Xenotransplantation may offer a transformative solution to the world-
wide organ shortage crisis' . To proceed to clinical studies, a clinically
ready porcine donor must be engineered and its xenograft success-
fully tested in a nonhuman primate (NHP) model to assess its safety
and efficacy.

Over theyears, various genetically engineered porcine donors have
been created and their kidneys transplanted into Old World monkeys
(OWMs)*¢, Although these donors contributed to our understanding
of molecular incompatibilities in xenotransplantation, they are not
clinically ready. First, the donors were often created on acommer-
cial pig breed whose heart and kidney sizes are too large for human
application. Although elimination of growth hormone receptor gene

expression could reduce organ sizes*?, it comes with other undesired
biological consequences’. Second, the donors were designed for test-
ingin OWMs. They lacked the a-Gal (galactose-a-1,3-galactose) or the
«-Gal and Sd(a) (Sia-a2.3-[GalNAc-B1.4]Gal-1.4-GIcNAc) glycans but
expressed the Neu5Gc (N-glycolylneuraminic acid) glycanto match with
Neu5Gcexpressionin OWMs. However, in vitro analysis suggests thata
human-compatible porcine donor should ideally have all three glycans
eliminated to match with the absence of the three glycans in humans®®.
Although renal grafts derived from the porcine donors lacking these
three glycans and carrying various human transgenes have been tested
in OWMs, graft survival was short® or not all human transgenes were
expressed™. Third, the donors carried porcine endogenous retrovirus
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Fig.1|Functionalincompatibilities exist between porcine donorand
primaterecipient. a, IHC confirmed that the three glycan antigens are
expressed inthe WT porcine kidney, but have been eliminated from the
3KO.7TG (donor D 21077) and the 3KO.7TG.RI (donor ID A9161) kidneys, a
patternsimilar to that of the human kidney. In comparison, OWMs express the
Neu5Gcantigen. IHC analyses of 3KO were performed for all contralateral
kidney samplesincluded in this study and 3KO phenotypes confirmed for all.

b, WT porcine KECs bound humanand NHP preformed antibodies, whereas
3KO porcine KECs showed markedly reduced antibody binding. Each sample
wasrunwith threetechnical replicates. Error barsares.d.c, The 3KO AECs
bound significantlylessIgGand IgM thanthe WT AECs, whenincubated with 96
individual cynomolgus monkey serum samples. Note that 3KO AECs retained a
substantiallevel of IgG and IgM binding. Statistical analysis was performed
using Wilcoxon matched-pairs signed rank test.d, WT KECs showed significant

(PERV) sequences in their genome, which present a zoonotic risk, as
PERV transmission to human cellsin culture and their integrationinto
the human genome have been demonstrated™".,

Here we created a humanized porcine donor on the Yucatan minia-
ture pigbreed and transplanted porcine renal grafts lacking the three
glycans with or without PERV knockout (retroviral inactivation (RI))
(referred toas 3KO.RI or 3KO), or 3KO with seven humantransgenes with
orwithoutRI (referred to as 3KO.7TG.Rlor 3KO.7TG, respectively) into
cynomolgus monkeys (Macacafascicularis). We show that a humanized
porcine renal graft, combined with a clinically relevant immunosup-
pressive regimen, supported long-term NHP survival for up to 2 years
(758 days).

Porcine molecular incompatibilities
Substantial molecularincompatibilities exist between pigs and humans.
Of particular interest to xenotransplantation are cell-surface antigens
andregulators of the complement cascade, coagulation pathway, and
inflammation process™" (Supplementary Table 1).

Porcine cells display three major glycan antigens on their cell
surface — a-Gal", Neu5Gc'® and Sd(a)"” (Fig. 1a) — which are the products
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C3bdepositionin humanserum, compared with human umbilical vein
endothelial cells (HUVECs). Although markedly reduced, the 3KO KECs
retained some level of C3b deposition (right panel). Errorbarsares.e.m.

e, WTKECs showed C3b deposition and 3KO KECs showed less deposition when
incubated inthe cynomolgus monkey serum. Error bars ares.e.m.f, Porcine
KECs (WT or 3KO) did not produce aPC, whereas HUVECs readily produced aPC.
Ford-f, WTKEC (n=1),3KOKEC (n=3) and HUVEC (n=1). OD,s, optical density
at405nm.g, Whenincubated with human wholeblood, WT (n=1) and 3KO
(n=1) porcine KECs triggered coagulation, measured as TAT formation. Error
barsares.e.m.Ford-g, each pointisabiological replicate examined over at
leasttwoindependent experiments. With the exception of ¢, statistical
analyses were performed using two-tailed unpaired Student’s t-tests.
***P<(0.0001,***P<0.001,**P<0.01,*P<0.05.

of the corresponding glycan synthesis genes, glycoprotein
a-galactosyltransferase 1 (GGTAI), cytidine monophospho-N-
acetylneuraminic acid hydroxylase (CMAH) and 3-1,4-N-acetyl-
galactosaminyltransferase 2 (B4GALNT2)/B4GALNT2-like (B4GALNT2L).
Inhumans, GGTAI (ref.18) and CMAH" evolved into pseudogenes and
the a-Gal and the Neu5Gc epitopes are not expressed (Fig. 1a). After
birth, humans develop antibodies to a-Gal and Neu5Gc, referred to as
preformed antibodies, upon exposure to molecular mimics of these
two antigens'®?*, Although the human B4GALNT2 gene s functional®,
itsexpression levels vary and naturally occurring mutations have been
identified that correlate with the Sd(a-) phenotype?®. A low level of
Sd(a)-reactive antibodies has been detected in humans?. Similar to
humans, OWMs carry preformed antibodies to a-Gal and Sd(a), but
unlike humans, they lack preformed antibodies to Neu5Gc, as they
possess a functional CMAH gene® (Fig. 1a).

When porcine cells are exposed to primate serum, the glycan anti-
gens are recognized by primate preformed antibodies, leading to
antibody-mediated rejection (AMR)"™. In an antibody-binding assay,
the porcine wild-type (WT) kidney endothelial cells (KECs) bound a high
level of humanIgG and IgM and binding was significantly reduced when
the three xenoantigens were eliminated (3KO KECs) (Fig. 1b). Binding



by OWM serum IgG and IgM was similar, although substantial residual
antibody binding (especially IgM binding) was detected with the 3KO
KECs (Fig. 1b). This is consistent with other reports that 3KO porcine
cells possess additional xenoantigens recognized by OWM serum®®.
WT and 3KO aortic-derived endothelial cells (AECs) behaved similarly
to the KECs when incubated with 96 individual cynomolgus monkey
serum samples (Fig. 1c).

Antibody binding triggers complement activation, producing
surface-bound C3b and soluble C3a. When incubated with human
serum, human umbilical vein endothelial cells do not show C3b dep-
osition (Fig. 1d), suggesting no antibody binding and/or complete
mitigation of complement activation. When porcine WT KECs were
incubated with human serum, significant C3b deposition was observed.
Althoughthe 3KO KECs showed significant reduction in C3b deposition
compared with the WT KECs, they retained substantial residual C3b
deposition (Fig. 1d), suggesting that porcine complement regulators
are less effective in mitigating human complement activation. When
WT and 3KO porcine KECs were incubated with cynomolgus monkey
serum, similar results were obtained, although higher residual C3b
levels on 3KO porcine cells were observed, compared with those in
human serum (Fig. 1e).

Under physiological conditions, thrombomodulin and endothelial
protein C receptor (EPCR) are expressed on the endothelial cell surface
andinhibit coagulation by enabling activated protein C (aPC)-mediated
regulation®*?. When human thrombin and protein C were provided
to human umbilical vein endothelial cells, aPC was readily generated
(Fig. 1f). By contrast, aPC production was not observed when these
reagents were supplied to porcine WT or 3KO KECs (Fig. If), suggesting
that human thrombin and protein C are not compatible with porcine
thrombomodulin and/or EPCR. Enhanced clotting of human whole
blood ex vivo was observed, measured as thrombin-antithrombin
(TAT) complex formation, probably due to the inability of the porcine
cells to generate aPC (Fig. 1g).

A humanized porcine donor

The Yucatan miniature pig breed was chosen because its organ sizes
are comparable to human organs®. In addition, pigs with OO blood
type were selected to eliminate ABO blood-type incompatibilities®.

The pigs were engineered to carry 69 genomic edits, using the clus-
tered regularly interspaced short palindromic repeats (CRISPR) and
CRISPR-associated protein 9 (Cas9)-mediated nonhomologous end
joiningand homology-directed repair®**, and recombinase-mediated
cassette exchange® (Fig. 2a, Extended Data Fig. 1a and Supplemen-
tary Table 2). These edits disrupted the three glycan synthesis genes
(eightalleles; Extended Data Fig. 1b) (3K0), had a transgenic construct
(referred to as Payload 15S (PL15S)) inserted hemizygously into the
AAVSIsite (Extended DataFig.1a) (7TG), and inactivated the PERV ele-
ments (59 copies) (RI) (Extended Data Fig. 1c) carried in the Yucatan
female cells Yuc25F.

PL15S carries seven human genes (Supplementary Table 3), including
CD46 and CDS55fromthe complement cascade, THBD and PROCR from
the coagulation pathway, CD47, whichis involved ininnate immunity,
and TNFAIP3and HMOX1, which dampenischaemia-reperfusioninjury,
apoptosis and inflammation. The transgenic construct was config-
ured into a polycistronic design, in which two complementary DNA
sequences were linked with a viral 2A sequence® and the seven com-
plementary DNAs splitamong three transcription cassettes (Extended
DataFig.1a).

Next-generation sequencing was performed on the edited cells and/
or the cloned pigs produced after each round of editing and cloning.
Here we present data produced from the porcine donor, A9161, car-
rying the 3KO.7TG.RI genotype, whose kidney was transplanted into
NHP recipient M6521 and achieved a graft survival time of 176 days.
Long-read whole-genome sequencing showed that one copy of the

intact PL15S sequence wasinserted into intron1of the porcine PPPIR12C
gene (orthologous to the human AAVSI gene) (Fig. 2b, top). Direct RNA
sequencing (dRNA-seq) of an A9161 kidney sample indicated that the
three transcription units carried in PL15S were transcribed, with the
expected transcriptioninitiation, intron excisionand mRNA polyade-
nylation (Fig. 2b, bottom). Among the three units, expression of the
CAG and ssUBC units were higher, whereas expression of the sSEEFIA1
unit was at alower level. The 3KO and Rl genotypes were verified by
sequencing of the PCR products encompassing the CRISPR-Cas9 target
sites (Extended Data Fig. 1b,c and Supplementary Table 4).

RNA-seq and immunohistochemistry (IHC) were performed for all
completed 3KO.7TG + Rl renal transplants, except for donor 21405
whose contralateral kidney biopsy sample was not available (n =11). For
RNA-seq, contralateral, biopsy and necropsy samples were analysed
and showed that allhuman transgenes were expressed and, again, those
under the CAG and ssUBC promoters were at a higher level, whereas
those under the ssEEFIAI promoter were at alower level (Extended Data
Fig. 2a). For IHC analysis (Supplementary Table 5), two samples from
eachrenaltransplantexperiment, the contralateral kidney collected at
transplant and the transplanted kidney procured upon necropsy, were
analysed. As an example, IHC images from A9161 are shown (Fig. 2c).
All seven transgenic proteins were detected in the contralateral kid-
ney, in both the glomeruli and the tubular cells, and expression was
maintained inthe renal graft at necropsy on post-transplantation day
176. The IHC photomicrographs fromall completed NHP studies were
scanned and quantified (Extended Data Fig. 2b-e), which showed that
all transgenic proteins were detected. Therefore, we conclude that
transgene expression was durable.

Contralateral kidney tissues from two porcine donors, A9161 and
21077 (a 3KO.7TG donor), were dissociated into single cells, and
single-cell RNA-seq was performed. Three KEC types were identified,
including endothelial cells (PECAMI'PLVAP"EHD3 GATAS"), fenestrated
endothelial cells (PECAMI'PLVAP") and glomerular endothelial cells
(PECAMI'EHD3*GATAS") (Fig. 2d). Transcripts from the CAG and ssUBC
cassettes were readily detected in the three endothelial cell types,
whereas sSEEFIAI cassette transcripts were found in endothelial cells
and fenestrated endothelial cells, but not in glomerular endothelial
cells. This probably reflects the lower expression of the sSEEF1AI cas-
setteshown by direct RNA-seq (Fig. 2b). Nonetheless, both the human
TNFAIP3 and HMOX1 proteins were detected in kidneys by IHC (Fig. 2c),
and TNFAIP3 was detected by western blot (Extended Data Fig. 5c).

Given the relatively large number of genomic edits carried by the
porcine donors, we wanted to see whether kidney function was com-
promised. The measured glomerular filtration rate of 3K0.7TG donors
was not different from age-matched and gender-matched WT Yucatan
pigs (Fig.2e). Furthermore, when subjected to fluid challenge studies,
both groups responded to the challenges similarly, providing further
evidence that the 3KO.7TG kidneys functioned normally (Extended
DataFig.1d).

Genomic edits confer protection

We isolated primary KECs from pigs (Extended Data Fig. 3a,b) and
performed in vitro analysis. As expected, the 3KO KECs lacked a-Gal,
Neu5Gc and Sd(a) (Extended Data Fig. 3c) and the 3KO.7TG = RIKECs
expressed humantransgenes, as analysed by flow cytometry (Extended
DataFig.4a, CD46,CD55, EPCR and thrombomodulin; Extended Data
Fig.5a, CD47) and by western blot (Extended Data Fig. 5c, TNFAIP3).
When incubated in human or cynomolgus monkey serum, the
3KO.7TG + RIKECs exhibited significantly less C3b deposition than 3KO
cells, suggesting that the transgene (or transgenes) impeded comple-
mentactivation (Fig.3a,b). Whenincubated with human or cynomolgus
monkey serum for 45 min, WT cells were lysed, whereas the 3KO modi-
fications alone almost completely abolished complement-dependent
cytotoxicity of human serum, but not cynomolgus monkey serum
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Fig.2|Yucatanporcinedonorisengineered to carry 69 genomicedits.

a, The porcine donor kidney, 3KO.7TG.RI, was engineered to eliminate three
glycanantigens (3KO), overexpress seven human transgenes (PL15S) and
inactivate PERV elements (RI) through three rounds of editing and cloning. The
donorkidney, 3KO.7TG, carries 3KO and PL15S, without RI. KI, knock in; RMCE,
recombinase-mediated cassette exchange. b, Reads from Nanopore long-read
whole-genome sequencing of the 3KO.7TG.RI donor, A9161, were aligned toa
custom chromosome carrying PL15S inserted at the AAVSI genomic safe
harbour site (top). Reads from Nanopore direct RNA-seq of A9161 kidney mRNA
were aligned to the custom chromosome (bottom). All three transcription
units were transcribed. ¢, Allseven human transgenic proteins were detected in
the contralateral (contra) kidney of A9161 recovered at transplantation (row 1),
and the xenograft (xeno) kidney harvested at necropsy on post-transplantation
day176 (row 2). HRP, horseradish peroxidase; TM, thrombomodulin; Ms-HRP,

(Fig. 3c and Extended Data Fig. 4b,c). This suggests that cynomolgus
monkey serum has a stronger anti-porcine cytotoxic activity than
human serum. When the incubation time was extended to 15 h, the
3KO modification was insufficient to fully protect the cells even from
celldeath by human serum, whereas 3K0O.7TG + RIKECs were protected
against both human and cynomolgus monkey serum cytotoxicity,
beyond the protection afforded by 3KO (Extended Data Fig. 4b). The
contribution of the CD46 and CD55 transgenes was verified by blocking
antibodies (Fig. 3d and Extended Data Fig. 4d,e). Furthermore, when
CD46,CD55 or both were expressed in 3KO KECs, each was functionally
competent to mitigate complement activation (Fig. 3e). Collectively,
these datademonstrate that transgenic human CD46 and CD55 proteins
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Ms-HRP

Rb-HRP

goatanti-mouse secondary antibody conjugated with HRP; Rb—~HRP, goat
anti-rabbit secondary antibody conjugated with HRP. d, Three endothelial cell
typeswere identified from kidney dissociated cell populations by single-cell
RNA-seq, including endothelial cells (ECs) (PECAM1'PLVAP"EHD3 GATAS"),
glomerular endothelial cells (GECs) (PECAMI'EHD3*GATAS") or fenestrated
endothelial cells (FECs) (PECAMI'PLVAP®) (bottom), and transgene expression
was examined amongthe three endothelial cell types (top). Mean log,-normalized
unique molecularidentifier counts were plotted against the three PL15S
transcription units (ssUBC, ssEEF1AI and CAG). UMAP, uniform manifold
approximation and projection. e, The 3KO.7TG porcine donors (n = 3) showed
normal measured glomerular filtration rate (mGFR) compared with age-matched
WT Yucatan pigs (n =4). Unpaired two-tailed Student’s t-test; error bars are
s.e.m.Pointsare biological replicates and data are from one experiment.

regulate complement activity when expressed on porcine KECs.
By including both transgenes, we mimic the naturally built-in redun-
dancy, whichmay render the system moreresilientinthe case that one
of the regulators is lost by shedding (CD46)* or by enzymatic cleavage
(CD55)* during inflammation or tissue injury.

Unlike WT or 3KO porcine cells, 3KO.7TG + RIKECs readily produced
aPC (Fig. 3f), reduced TAT formation (Fig. 3g) and regulated coagulation
of humanwhole blood as efficiently as human control cells (Extended
Data Fig. 4h). Using blocking antibodies (Extended Data Fig. 4f), we
showed that both EPCR and thrombomodulin contributed to aPC
production (Fig. 3f), with thrombomodulin having amore prominent
effect.Inaddition, 3KO KECs overexpressing EPCR, thrombomodulin
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Fig.3|Human transgenes confer protection.a,b, In human (a) or cynomolgus
monkey (b) serum, deposition of C3bon3KO.7TG + RIKECs was further reduced.
Thedashedlinesindicate average C3b deposition (serum+EDTA). c,In humanor
cynomolgus monkey serum,3KO.7TG + RIKECs were protected from complement-
dependent cytotoxicity. 3KO KECs showed residual complement-dependent
cytotoxicity in cynomolgus monkey serum.d, The 3KO.7TG + RIKECs mitigated
C3bdepositionwhen human CD46,CD55 or both were not blocked by antibodies.
NHS, normal humanserum. e, 3KOKECs carrying CD46, CD55 or CD46-CD55-
CD47 polycistronic genes regulated C3b depositionin human or cynomolgus
monkey serum. The dashed linesindicate average C3b deposition from EDTA-
treated serum. f, The 3KO.7TG + RIKECs readily generated aPC. aPC production
wasreduced when EPCR or thrombomodulin (TM) was blocked withantibodies,
withblocking ofthrombomodulin being more effective. The dashed line
indicates average aPC production withoutcells.g,3KO.7TG + RIKECs regulated
TAT formationin wholeblood. The dashed line indicates baseline TAT in donor

or both were engineered and showed that both EPCR and thrombo-
modulincontributed to aPC production, with thrombomodulin having
amore significant effect in this experimental system (Extended Data
Fig.4g). Although both thrombomodulin and EPCR contribute toaPC
production, their mechanisms of action differ*®. Thrombomodulin
binds to thrombin and functions asacofactor in the thrombin-induced

blood. h,Human CD47 (hCD47) on3KO.7TG + RIKECs signalled through SIRPa on
humanjurkatcells. WTKECs (n=1),3KOKECs (n=1),3KO.7TG + Rl (n=2for
3KO0.7TGand n=1for3KO.7TG.RI). mAb, monoclonal antibody; RLU, relative light
unit.i,3KO.7TG + RIKECs were protected from human TNF-induced caspase 3/7
activation.j, 3KO kidney cortex-derived cells expressing TNFAIP3, HMOXI or
TNFAIP3-HMOX1 polycistronic genes were protected from human TNF-induced
caspase 3/7 activation.Ina-d,f-i, WT (n=1),3KO (n=3),3K0.7TG (n =3, solid blue
circles), 3KO.7TG.RI (n =2, open circles), human controls (HC) and human
umbilical vein endothelial cells (n =1, grey triangle). Ina-d,f,g, human glomerular
microvascular endothelial cells (n=1, grey inverted triangle). For a-d,f-i, dataare
frombiological replicate, repeated atleast twice. For e,j, dataare fromatechnical
replicate.Error barsindicates.e.m.Statistical analyses were two-tailed, paired
(3KO.7TG + RIwithversus without blocking antibodies (f)) and unpaired (all other
comparisons) Student’s t-tests. ***P<0.0001, ***P< 0.001, **P< 0.01; NS, not
significant.

activation of protein C, whereas EPCR binds to protein C and presents
it to the thrombomodulin-thrombin activation complex. Given the
synergistic effect of the two proteins, we reasoned that coagulation
may be better regulated when both are provided.

Porcine CD47 does not engage the human SIRPa receptor effec-
tively”. Using aSIRPa reporter cellline, we found that 3K0.7TG + RIKECs
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Table 1| Renal grafts support life in pig-to-NHP xenotransplantation

Genotype Animal ID Survival (days)® Reason for euthanasia® EOS Xenograft injury De novo DSA°
patterns
3KO.RI M13021 Renal failure - ATI No
M12121 Renal failure T AMR, TMA Yes
CY1061¢ 21 HE — intra-abdominal haemorrhage, DIC with |, C/A, T,U  ATI, TMA No
refractory anaemia and renal insufficiency
CY1062¢ 26 HE — respiratory insufficiency with I,C/A ATI, TMA No
haemoptysis, peripheral oedema and renal
insufficiency
MB1027¢ 35 HE — peripheral oedema and renal - ATI, TMA Yes
insufficiency
3KO M11521° 50 HE — peripheral oedema C/A, T,BH  ATI, TCMR-IA Yes
3KO.7TG M2220 8 HE — respiratory insufficiency with pleural - AMR, TMA No
effusions and renal insufficiency
M10619 9 Renal failure C/A, T AMR, TMA No
M11421 25 Renal failure BH AMR, ATI, TMA No
M82208" 103 Renal failure 1, BH CAMR, TCMR-lIl, TMA Yes
M7721 365 Renal failure C/A CAMR, TMA Yes
M2519 511 HE — epistaxis with refractory anaemia and I,C/A, T TMA Yes
renal insufficiency
M2420 758 HE — peripheral oedema and renal I,C/A CAMR, TMA Yes
insufficiency
M8320 >673, ongoing - - - NC
3KO.7TG.RIf M64219 6 Renal failure T ATI, TMA No
M126219 9 Renal failure - AMR, ATI, TMA No
M12021 16 Renal failure | TMA No
M6521" 176 Renal failure C/A CAMR, TMA Yes
M6121 283 HE — acute paraplegia - No evidence of No
rejection
M57229! >247, ongoing - - - NC
M7621 >429, ongoing - - - NC

3KO, three knockout (GGTAT, CMAH and BAGALNT2/B4GALNTZ2L); 7TG, seven human transgenes (CD46, CD55, THBD, PROCR, CD47, TNFAIP3 and HMOX1); >, beyond; -, not present; AMR,
antibody-mediated rejection; ATl, acute tubular injury; BH, body habitus including weight and skin condition; C/A, coagulopathy or refractory anaemia; CAMR, chronic active AMR; DIC,
disseminated intravascular coagulation; DSA, donor-specific antibody; EOS, end of study; HE, humane end point; |, suspected or confirmed infection; NC, not completed; RI, retroviral inactivation
(PERV knockout); T, thrombocytopenia (<100x10° platelets per millilitre); TCMR-IA, T cell-mediated rejection grade IA; TMA, thrombotic microangiopathy; U, ureteral stricture managed by redo

ureterovesical anastomosis.

Survival days were based on data cut-off on 31 March 2023. "EQS based on renal failure alone defined by multiple creatinine values of more than 6-8 mgdl™ and/or BUN (blood urea nitrogen) of
more than 100mgdl™ unless noted as HE. Renal insufficiency denotes creatinine values of 3-6 mgdl™ and/or BUN 60-100mgdLl™, which alone did not meet criteria for euthanasia, but in the
context of severe symptomatology, met criteria for HE. °Denotes DSA (IgM or IgG) in peripheral blood (Extended Data Fig. 8). “Denotes transplants carried out at additional sites (Duke University
for MB1027 and University of Wisconsin for CY1061and CY1062). °In addition to 3KO, this xenograft also carries a ‘landing pad’ sequence inserted at the AAVST safe harbour site. '3K0.7TG and
3KO.7TG.Rl are also referred to as EGEN-2734 and EGEN-2784, respectively, in other publications. °Denotes animals receiving co-stimulation blockade with TNX-1500. "Denotes recipients

who had only unilateral native nephrectomy at time of transplantation, with the remaining native nephrectomy performed around post-operative day 20. 'Denotes animals that did not receive

MMF (mycophenylate mofetil) as part of their maintenance immunosuppression.

expressing transgenic human CD47 (Extended Data Fig. 5a) activated
the SIRPa signalling pathway, and pre-incubation with the anti-human
CD47 antibody blocked SIRPa signalling ina dose-dependent manner
(Fig.3h).Inaddition, the capacity of human CD47 to engage NHP SIRPx
receptors was demonstrated in a binding assay using a human CD47
fusion protein to stain monocytes from cynomolgus monkey express-
ing endogenous SIRPa (Extended Data Fig. 5b).

Finally, activation of innate immune cells in the xenograft induces
inflammation and apoptosis of endothelial cells™. To improve tissue
resilience, human TNFAIP3 and HMOX1were expressed in 3KO.7TG = Rl
kidneys (Fig. 2c). Western blot analysis confirmed TNFAIP3 expres-
sionin3KO.7TG + RIKECs (Extended Data Fig. 5c). The effect of trans-
genic TNFAIP3 and HMOX1 expression on apoptosis was assessed in
a caspase 3/7 assay, which showed that transgenic protein levels in
3KO.7TG cells were sufficient to reduce caspase 3/7 activation following
human TNF treatment, compared with 3KO KECs (Fig. 3i). Furthermore,
kidney cortex-derived cells overexpressing TNFAIP3, HMOX1 or both
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effectively blocked TNF-induced caspase 3/7 activationin vitro (Fig. 3j).
Although overlapping in their anti-apoptotic activities, TNFAIP3 and
HMOX1 achieve this outcome by their unique biological functions and
dampeninflammation under distinct circumstances. TNFAIP3isadeu-
biquitinating enzyme and inhibits TNF-mediated apoptosis®, whereas
HMOX1 is involved in the initial step of haem degradation and has
beenshown to have antioxidant and anti-inflammatory effects®*. We
included both TNFAIP3 and HMOX1in our donors, asboth transgenes
have been shown to provide benefit in vitro and in vivo*®*.

Engineered porcine kidney supports life

A cohort of cynomolgus monkeys was screened for porcine-reactive
preformed antibody binding. In general, monkeys with alower antibody
binding to 3KO AECs or KECs were selected (Extended Data Fig. 6a-d).

Given that NHPs are expensive, highly regulated and limited in
availability, it was not possible to conduct a statistically powered
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experiment. Therefore, the number of NHP transplants per porcine
donor genotype group was empirically determined, based on histori-
caldatareportedinliterature and what could be reasonably achieved.
The pairing of a porcine donor with an NHP recipient was dictated
by availability. In addition, the study was not blind for all involved.
Therecipients were administered animmunosuppression regimen of
induction therapy with B and T lymphocyte depletion, maintenance
therapy with anti-CD154 antibody and mycophenolate mofetil, and a
brief post-transplant course of tacrolimus and steroids (Supplemen-
tary Fig.1). Agenetically engineered porcine kidney was transplanted,
concurrently with nephrectomy of the two native kidneys of the cyn-
omolgus monkey.

Given the similar performance of KECs isolated from 3KO.7TG or
3KO.7TG.RIl donors in functional assays (Fig. 3 and Extended Data
Figs.3-5), we analysed transplants performed with 3KO kidneys with
and without Rlas one group and 3KO.7TG and 3KO.7TG.RI kidneys asa
second group. Survival of the six 3KO + RIkidney transplant recipients
was short, withend of study at days 4 and 6 (renal failure), 21 (dissemi-
nated intravascular coagulation), and 26,35 and 50 (severe oedemaand
proteinuria) (Table1). By contrast, the 3KO.7TG (n = 8) and 3KO.7TG.RI
(n=7)transplants achieved significantly longer graft survival than the
3KO * Rl xenografts (n = 6) (median survival time of 176 days versus
24 days; P=0.026,log-rank test) (Table1and Fig. 4a). The filtration of
metabolites, such as creatinine, by the single transplanted porcine
kidney was sufficient to compensate for the lack of two native kidneys
(Fig. 4b), as observed routinely in human renal allotransplantation.
Other parameters, including serum albumin, serum potassium and
blood platelet counts, generally remained within normal range, except
when associated with renal failure (serum albumin and potassium)
(Supplementary Fig. 5).

Rejection was assessed by histopathological examination, based on
the Banff classification of renal allograft pathology*’, with modifica-
tions for xenotransplantation (Table 1 and Extended Data Table 1).
Five out of the six 3KO + Rl kidneys showed evidence of acute tubular
injury (ATI), afeature notincludedin the Banff criteriabut representing
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euthanasia. Dashed lines indicate normal range of serum creatinine levels.

¢, Periodicacid-Schiff staining of akidney biopsy sample derived from
recipient M2420, carrying a3KO.7TG renal graft, at POD 502, appears normal.
d,e, Blood vessels (d) and glomerulus (e) of M2420 renal graft biopsy at POD
502 appear normal. f, C4d-positive staining in glomeruli, but notin peritubular
capillaries, was observed in M2420 renal graft biopsy at POD 502.

general kidney injury. Inaddition, antibody-mediated rejection (AMR)/
thrombotic microangiopathy (TMA) (M12121), TMA (CY1061, CY1062
and MB1027) and T cell-mediated rejection (TCMR) (M11521) were also
observed. In 3KO.7TG + Rl kidney recipients, those who developed
renal failure exhibited TMA with or without AMR at time of euthana-
sia and only two showed evidence of ATI. Unlike allotransplantation,
T cell-mediated rejection was not a major pathology in xenotransplanta-
tion, with only one graftloss meeting Banff criteriafor TCMR. It remains
to be determined whether the current Banff scoring system devel-
oped forallotransplantationin humans can be satisfactorily applied to
xenotransplantation, as rejection mechanisms may differ®. Inallotrans-
plantation, TMA usually reflects an antibody-mediated or drug-related
process, whereasin xenotransplantation, substantial species coagula-
tion or complement regulatory protein incompatibility may contrib-
ute to TMA, even in the absence of de novo donor-specific antibody
(dnDSA). With these considerations, pathology samples were assessed
with a ‘xenotransplantation-adapted’ criteria (Extended Data Table 1
and Supplementary Table 6). These xenotransplantation-adapted crite-
riarepresent our effort atinformative and useful scoring and diagnosis
inrenal xenotransplantation.

Lymphocyte depletion in blood was demonstrated by measuring
circulating B celland T cell counts (Extended Data Fig. 7). Although B
cell depletion was robust, dnDSA reactive to 3KO endothelial cells was
detected in some animals over time (8 of 18 transplants; Table 1and
Extended Data Fig. 8) and pathological features of antibody-mediated
graft injury were observed. For recipient M2420 with the longest
xenograft survival time (758 days), a protocol biopsy showed mostly
normal kidney histology at day 502 after transplant, with patchy
fibrosis (Fig. 4c—e and Extended Data Fig. 9a). However, C4d stain-
ing was observed in the glomeruli, suggesting C4 activation (Fig. 4f
and Extended Data Fig. 9b). C4 activation is upstream of CD46 and
CD55intervention and positive C4d staining may be expected in the
3KO.7TG * Rlkidney samplesin the presence of dnDSA. Representative
histopathological photomicrographs from necropsy samples with
survival times of 9 (M10619), 176 (M6521) and 758 (M2420) days are
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providedin Extended Data Fig. 9c-e. Among the long-term survivors,
simple appearing, benign cysts in the kidney were observed. Their
aetiology is unknown and currently under investigation.

InNHPs withdnDSA, itis possible that the currentimmunosuppres-
sive regimen was initially efficacious but eventually failed to prevent
the development of porcine-specific humoral responses. TMA and
AMRinthe long-term survivors were often associated with infections
orbiopsy procedures, which might have triggered animmune response.
Although these observations can inform the design of immunosup-
pressive regimens for clinical studies (for example, consideration
of depletion with an anti-CD19 antibody and desensitization or sal-
vage therapy with plasmapheresis or targeted plasma cell therapies),
approachesthat canbe appliedinthe NHP model are limited. Of note,
agentstargeting the CD40-CD40L pathway have become standard of
carein NHP xenotransplantation studies. Although these agents have
not received FDA approval, several are in clinical development and will
serve asacornerstoneintheimmunosuppressive regimen, alongwith
FDA-approved drugs currently usedin clinical kidney transplantation.

Discussion

In this study, we describe a porcine donor carrying 69 genomic edits,
with expression and function of all 7 human transgenes. Although a
porcine donor carrying a CMAH knockout is thought not to survive in
OWNMs considering complication from a CMAHknockout®’, renal grafts
derived fromthe 3KO.7TG + Rl porcine donor supported lifelong-term
in cynomolgus monkeys, up to 758 days.

The variable graft survival time may beinherent to kidney xenotrans-
plantation and/or unique to the OWM model. Although 3KO substan-
tially reduced the level of pre-formed anti-porcine antibody binding,
minor xenoantigens remain and contributed to residual antibody
binding (Fig. 1b). Furthermore, complement-dependent cytotoxic-
ity activity was higher in cynomolgus monkey serum thanin human
serum (Fig. 3c and Extended Data Fig. 4b,c). In addition, data suggest
that CMAH inactivation may produce a novel antigen xenogenic to the
OWMs, whichmay be atarget of preformed antibody binding, leading
to complement activation in OWM serum®”, It is worth noting that in
a clinical setting, the complication around CMAH knockout unique
to the OWMs will not be relevant, as it will be a match with the CMAH
pseudogene genotype of the human recipient.

One advantage of xenotransplantation, as compared with allotrans-
plantation, is the opportunity to genetically engineer a donor organ.
Therefore, to promote graft survival, the burden may be shifted froma
heavy immunosuppression regimen on the recipient toamore optimal
graft donated from a genetically engineered porcine donor. Given
the substantial molecular incompatibilities between the two species,
theinclusion of additional human transgenes may be considered, such
as TFPI, CD39 (also known as ENTPDI), HLA-E and PDL1 (also known
as CD274)"***, To recapitulate the pattern and level of expression of
the porcine endogenous genes, in situ knock-in, in which the human
coding sequence replaces the porcine orthologous gene, could be
considered. Thisis particularly pertinent for THBD and PROCR, which
arenormally expressed in endothelial cells. We recognize thatin addi-
tion to the glycan antigens, a vast array of porcine proteins may also
be xenogenic" and it may not be possible to identify and eliminate
them all. Ultimately, a genetically engineered porcine model, with an
immune tolerance feature*, may be the goal.

The successful proof-of-principle study achieved in this study brings
us closer to clinical testing of porcine renal grafts for human trans-
plantation.
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Methods

Assembly of transgenic constructs

The landing pad construct carries the human EEFIAI promoter
driving expression of the mTagBFP2 marker gene, flanked by a pair
of loxP/lox2272 sites. The left homology arm of 1,469 bp (chromo-
some 6 coordinates, from 59,347,343-59,345,875, susScrll) and the
right homology arm of 1,260 bp (chromosome 6 coordinates, from
59,345,874 10 59,344,615, susScrll) were amplified from genomic DNA
isolated from the Yucatanbreed and placed 5’ or 3’ to the loxP/l0x2272
sites. The PL15S transgenic construct was assembled by yeast homol-
ogous recombination*®. In brief, the human coding DNA sequences
(Supplementary Table 3), promoter, terminator and polyadenylation
sequences were arranged into one of the three polycistronic transcrip-
tionunits, which were further arrangedinto alinear DNA moleculeina
convergent or divergent configuration (Extended Data Fig. 1).

CRISPR-Cas9 guide RNA design

TheRlibrary DECIPHER* was used to design guide RNAs targeting the
sequence encoding the catalytic core of the polenzyme from the PERV
element (Supplementary Table 2). Toinactivate the four genes involved
in synthesizing the three major glycan antigens, a-Gal, Neu5Gc and
Sd(a), we used one single guide RNA (sgRNA) per gene, targeting the
GGTAI,CMAH or B4GALNT2/B4GALNT2L gene. Toinsert the landing pad
DNAinto the AAVS1genomiclocus, we used one guide RNA targeting the
AAVSIlocus. Guide sequences are provided in Supplementary Table 2.
AllsgRNAs were synthesized and provided by Synthego.

CRISPR-Cas9-mediated nonhomologous end joining and
homology-directed repair mutations

An sgRNA was incubated with the Cas9 enzyme (A36496, Thermo
Fisher) to form the ribonucleoprotein (RNP) complex immediately
before use, according to the manufacturer’s instructions. To elicit
knockouts of the three xenoantigen genes and insertion of the land-
ing padinamultiplexed reaction, the AAVSIlanding pad donor plasmid
was added to the RNP complexes before electroporation. To inactivate
the PERV elements, the three sgRNAs were complexed with the Cas9
protein to form RNPs. Electroporation was performed with the Neon
Transfection System 100 pl Kit (MPK10096, Thermo Fisher).

Generation of the porcine donors carrying 3KO, PL15S insertion
into the AAVSIsite (7TG) and RI

Atotal of 1 x 10° ear-punch-derived cells (EPDCs) were electroporated
(MPK10096, Thermo Fisher) with the four RNPs targeting the GGTAI,
CMAH and B4GALNT2/B4GALNT2L genes, and the AAVSIlocus, together
with the AAVSI landing pad donor plasmid, and five days later, cells
were sorted into single cells gated on the absence of the a-Gal glycan
(isolectin B4, FITC conjugate, ALX-650-001F-MCO5, Enzo Life Sciences)
and the presence of the mTagBFP2 marker gene and placed into indi-
vidual wells of a 96-well plate. Clonal populations of the cells were
subsequently genotyped to identify those that carried the correct
edits of 3KO and successful landing pad insertion into the AAVSI site
(Supplementary Table 4). Edited cells were then used as nuclear donors
in a somatic cell nuclear transfer (SCNT) experiment to produce pigs
carrying these edits.

EPDCs carrying 3KO and the landing pad inserted at the AAVSI site
wereisolated and electroporated with the PL15S transgenic construct,
along with the Cre recombinase mRNA (130-101-113, Miltenyi Biotec),
to enable recombinase-mediated cassette exchange. Subsequently,
cells were sorted into single cells gated on cell-surface expression of
the genes carried on the payload (CD46, CD55, PROCR, THBD or CD47),
andplacedintosingle wells of a96-well plate. Clonal populations of cells
were genotyped toidentify those that carry successful replacement of
thelanding pad with the PL15S sequence (Supplementary Table 4). These
edited cells were used inan SCNT experiment and cloned into pigs.

To determine the number of copies of the PERV elements carried in
the Yucatan genome, droplet digital PCR was performed as previously
described*s. Analysed with an assay designed against the pol gene, the
Yucatan 25 female line (Yuc25F) was found to carry 59 copies of the
sequence. To inactivate the PERV elements, EPDCs carrying 3KO and
PL15Sinserted at the AAVSI site were derived and electroporated with
the three RNPstargeting the catalytic core of the reverse transcriptase
activity of the polgene (Supplementary Table 2), and single cells were
sorted into single wells of a 96-well plate. The clonal populations of
cellswere genotyped by amplicon sequencing (Supplementary Table 4)
andthose carryingindel mutations onall copies of the PERV elements
were identified. The edited cells were used inan SCNT experiment and
cloned into pigs.

Porcine donor production by somatic cell nuclear transfer
Gene-edited cells were cloned into pigs by SCNT* and cloning was
performed by eGenesis Wisconsin and Precigen Exemplar. Animal
cloning was performed under Institutional Animal Care and Use
Committee-approved protocols (eGenesis Wisconsin protocol
HF2020-01, approved 24 November 2020; Precigen Exemplar protocol
MRP2018-003, approved 21June 2018). All resulting porcine Yucatan
donors (Sus scrofa domesticus) were female Yucatans. All donor pro-
ductionstrictly followed the Guide for the Care and Use of Laboratory
Animals (National Research Council of National Academies), particu-
larly the 3R principles.

IHC staining and analysis of transgene expression

Expression of the human proteins (EPCR, thrombomodulin, TNFAIP3,
HMOX1, CD46, CD55 and CD47) was assessed from formalin-fixed,
paraffin-embedded tissue sections of 8-week-old WT and transgenic
Yucatan porcine kidney samples based on standard (tyramide signal
amplification) protocols using Cy5*-tyramide as detection reagent.
After all targets were detected, tissue sections were counterstained
with Hoechst 33258 and mounted with ProLong Glass antifade mount-
ant. Stained tissue sections were imaged using a Zeiss Axio Scan.Z1
automated whole-slide fluorescence scanner using the same scanning
parameters for each tissue. Images were generated using the Zeiss
Zen Blue 3.4 image analysis software. A list of reagents is provided in
Supplementary Table 5.

Mean fluorescentintensities (MFls) of the transgene proteinsin the
wholekidney tissues, glomeruli, tubules and blood vessels of positive
and negative controls were measured using the Zeiss ZEN Blue 3.4 image
analysis software. Positive controls consisted of samples stained with
primary antibodies specific to the human transgene proteins, goat
anti-mouse-horseradish peroxidase (HRP) or goat anti-rabbit-HRP
conjugate and Cy5*-tyramide. Negative controls consisted of sam-
plesincubated with the mouse-HRP or rabbit-HRP conjugate and
Cy5*-tyramide only.

Whole-tissue and tissue biopsy measurements were done by draw-
ing around the contour of the entire tissue. The MFI values corre-
spond to the pixel intensities inside the contour as calculated by the
software. For the glomerular and blood vessel MFI measurements
in whole tissue, 20 glomeruli and 8 blood vessels were selected ran-
domly with equal distribution within the tissue, and contours were
drawn to define the structures. For small tissue biopsies, 5-10 glo-
meruliand3-5blood vessels were selected. Average MFlvalues for the
glomeruli and blood vessels (per whole tissue or tissue biopsy) were
calculated. Tubular MFI measurement was done using 20 rectangles
(measured by the software as 500 x 500 pixels) and 5-10 rectangles
(measured by the software as300 x 300 pixels) in whole tissue and tis-
sue biopsy, respectively. The average MFl values for the 20 rectangles
(per tissue) or 5-10 rectangles (per tissue biopsy) were calculated.
The reported MFl values in the bar graphs correspond to the normal-
ized average MFI (that is, specific signal) of the 11 samples. Normal-
ized average MFl is defined as the average MFI values of the positive



controls minus the average MFI values of the negative controls (thatis,
nonspecific signal).

IHC staining for 3KO in kidneys

Formalin-fixed, paraffin-embedded tissue sections of kidney samples
from Yucatan porcine, human, cynomolgus, rhesus and baboon were
processed as described above using the 1X Thermo Fisher citrate buffer
for heat-induced epitoperetrievalin a pretreatment (PT) module. After
heat-induced epitoperetrieval, tissue sections were blocked in TBS plus
5% goat serum for 30 min followed by a2-hincubation with amixture of
binding reagents in TBS with 5% goat serum. The binding reagent mix
consisted of 1:100 dilution of isolectin B4-FITC (detecting the a-Gal
antigen), 1:100 dilution of chicken anti-Neu5GC antibody (detecting the
Neu5GCantigen) and 1:250 dilution of DBA-biotin (detecting the Sd(a)
antigen). Tissue sections were washed with TBS-T three times for 3 min
each time and incubated with a mixture of a1:1,000 dilution of goat
anti-chicken Alexa Fluor 647 and a1:1,000 dilution of streptavidin-Alexa
Fluor 568 in TBS supplemented with 5% goat serum. Nuclear staining,
tissue mounting with ProLong Glass antifade mountant, imaging and
image analysis were performed as described above.

Measured glomerular filtration rate analysis

Four-month-old WT and the 3KO.7TG Yucatan swine received a sin-
gle intravenous dose of Omnipaque 300 lohexol at 64.7 mg kg™
(00407141359, GE Healthcare). Blood samples were collected at 5, 15
and 30 minand 1, 2, 3, 6, 810 and 24 h post-dosing, and plasma was
separated using K,EDTA. lohexol concentrations were measured using
high-performance liquid chromatography with ultraviolet spectros-
copy (HPLC-UV). Various pharmacokinetic parametersincluding clear-
ance (ml min kg™) were calculated using a two-compartmental model
(Phoenix WinNonlin, version 8.1 software). Body surface area (BSA)
was calculated as BSA (m?) = 9 x BW¥3/100, and measured glomerular
filtration rate (ml min m2) was calculated as lohexol clearance normal-
ized to BSA®. Data were plotted and statistics were calculated using
GraphPad Prism v8.2.0.

Primate anti-porcine IgG and IgM analysis

Endothelial cells from 3KO porcine animals without human transgenes
were used to measure anti-porcine IgG and IgM antibodies in
heat-inactivated serum obtained from cynomolgus recipients before
and after transplantation, along with pools of cynomolgus serum from
96 animals,and human serum fromat least 100 healthy donors (SeraCare
Life Sciences). Each endothelial cell sample (1 x 10° cells per test) was
incubated with serumdiluted 1:4 in 1x PBS with 1% BSA at 4 °C for 30 min.
Cells were washed and incubated at 4 °C for 30 min with Alexa Fluor
488 conjugated F(ab’)2 anti-humanIgG (109-546-098, Jackson Immu-
noResearch) or Alexa Fluor 647 conjugated F(ab”)2 anti-human IgM
(109-606-129,Jackson ImmunoResearch) secondary antibody diluted
1:100. The samples were fixed in 4.2% paraformaldehyde, acquired
within 3 days on a FACSymphony A3 (BD Bioscience) and analysed
using FlowJo software v10.6.1 (Flow]Jo LLC). MFl levels of IgG and IgM
were evaluated in duplicate. MFl data were plotted and statistics were
calculated using GraphPad Prism v8.2.0.

C3b deposition assay

Endothelial cells (50,000 cells per well) were seeded in a 96-well
plate in serum dilution buffer (SDB) (1x annexin V buffer (51-66121E,
BD Pharmingen), 1 mM MgCl, (68475, Sigma) and 1% BSA (A9576,
Sigma)). Pooled normal human serum (NHS, Complement Technol-
ogy) or cynomolgus monkey serum (NHPO1SRM, BiolVT) diluted in
SDB were added to appropriate wells at afinal concentration of 25% and
incubated for 30 min at 37 °C. For negative controls, cells were treated
with 25% serum containing 10 mM EDTA (15575038, Thermo Fisher) to
inactivate complement. After incubation, cells were washed and stained
with phycoerythrin-conjugated anti-C3b antibodies ata1:100 dilution

(846104, BioLegend) and Ghost Dye Red 780 viability dye ata1:500 dilu-
tion (13-0865, Tonbo Biosciences) for 30 min at 4 °C in the dark. Cells
were washed twice, immediately acquired on a BD FACSymphony A3
cytometer and analysed in Flow Jo. C3b deposition was plotted as MFI
and statistics were calculated using GraphPad Prism v8.2.0.

Complement-dependent cytotoxicity assay

One day before the assay, endothelial cells (3,000 cells per well)
were seeded in a 96-well plate (3595, Corning) in endothelial cell base
medium. The next day, adherent cells were washed once with SDB,
treated with 25% diluted sera (described above) containing 250 nM
Cytotox Red viability dye (4632, Essen Biosciences), immediately placed
inan Incucyte SX5 live-cell analysis system (model S3, Sartorius) and
incubated at 37 °Cin a CO, incubator for the durations indicated in
the figure legends. The number of Cytotox Red-positive cells was
counted by the Incucyte software, and total cell counts were deter-
mined manually from phase contrastimages. Complement-dependent
cytotoxicity was calculated by normalizing the number of Cytotox
Red-positive cells to the total number of cells. Data were plotted as
percent Cytotox Red-positive cells, and statistics were calculated using
GraphPad Prism v8.2.0.

aPCassay

The day before the assay, endothelial cells (20,000 cells per well) were
seeded ina48-well plate (FB0O12930, Thermo Fisher) in endothelial cell
base medium. The next day, adherent cells were washed once with assay
buffer (10 mM Tris HCI (15567-027, Thermo Fisher),150 mM NacCl (55886,
Sigma), 5 mM CacCl, (C1016, Sigma), 0.1% BSA (A9576, Sigma), pH 7.5),
and then, where applicable, incubated with 40 pg mI™ RCR-252 (2x final
concentration; MAS5-33375, Thermo Fisher) and/or 4 pg mi™ PBS-01
(2x final concentration; ab6980, Abcam) for 1 h at room temperature
in assay buffer. After incubation and without removing the blocking
antibodies, cells were treated with 0.1 U mI™ thrombin (605190, Sigma)
and 150 nM protein C (539215, Sigma), both diluted in assay buffer,
for 60 min at 37 °C. After incubation, 2 U mI™ hirudin (H0393, Sigma)
diluted inassay buffer was added to quench thrombin activity and the
plate was incubated for 5 min at 37 °C. The solutions from each well
were transferred toa96-well plate, alongside a serial dilution of purified
humanaPC (HCAPC-0080, Prolytix) diluted in assay buffer to produce
astandard curve. Spectrozyme PCa chromogenic substrate (336, Bio-
medica Diagnostics), diluted tol mMinimidazole buffer (0.1985g mi™*
imidazole (15513, Sigma), 0.03535 g ml™ Tris (BP152, Thermo Fisher),
0.12675 g mI™ NaCland 250 mMHCI, pH 8.5), was added and absorbance
read at405 nmevery 30 sfor 15 minonamicroplatereader (FilterMaxF5,
Molecular Devices). Initial velocity of the reaction was calculated (slope
of the initial linear part of the curve), and aPC concentrations were
determined using the aPC standard curve. Concentration data were
plotted, and statistics were calculated using GraphPad Prism v8.2.0.

Whole-blood TAT complex assay

The day before the assay, endothelial cells (75,000 cells per well) were
seeded in a 24-well plate (353226, Corning) in endothelial cell base
medium. Fresh whole blood was collected in-house by a phlebotomist
(Quadrant Health) in a Vacutainer serum collection tube (367820, BD
Biosciences) containing 0.5 U ml™ heparin (H3393, Sigma), 225 pladded
totheadherent cells after awash with 1x PBS and incubated at 37 °Con
an Orbitron plate rocker (201100, Boekel Scientific) for 40 min. After
incubation, non-clotted blood was transferred to Eppendorftubes and
centrifuged at1,500g for 10 min. For baseline TAT concentration, whole
blood was centrifuged at the same time blood was being added to cells.
Plasma was collected and frozen on dry ice until use. Plasma samples
were used in a TAT complex ELISA (ab108907, Abcam) according to
the manufacturer’s instructions with TAT concentrations calculated
based on a standard curve of purified human TAT complex, read on
an Envision 2105 Multimode Plate Reader (2105-0010, Perkin Elmer).
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Concentration data were plotted, and statistics were calculated using
GraphPad Prism v8.2.0.

SIRPa reporter assay

The PathHunter Jurkat SIRPa Signaling Bioassay Kit (93-1135Y19,
Eurofins DiscoverX) was used to assess human CD47 function. Porcine
KECs (30,000 cells per well) were incubated with or without increas-
ing concentrations of an anti-human CD47 blocking antibody (clone
B6H12.2) followed by addition of Jurkat SIRPa reporter cells (10,000
cells per well). Cells were incubated at 37 °C in a humidified CO, incu-
bator (5% CO,) for 24 h, and kit instructions were followed for signal
detection. Luminescence of the plates was read on amicroplate reader
(FilterMax F5, Molecular Devices) according to the manufacturer’s
instructions. Relative luminescence units were plotted and statistics
were calculated using GraphPad Prism v8.2.0.

Caspase 3/7 assay

Endothelial cells (70% confluentin a10-cm gelatin-coated tissue culture
dish) were treated with 50 ng ml™ recombinant human TNF (210-TA-
100/CF,R&D Systems) in complete endothelial cell medium overnight.
Cells were harvested from the plate and 10,000 cells were added to a
96-well flat-bottom white plate (07200589, Thermo Fisher), and caspase
3/7 activity was determined using the Caspase-Glo 3/7 Assay System
(G8093, Promega). In brief, an equal volume of fresh Caspase-Glo 3/7
reagent was added to the wells, the plate incubated for 30 minatroom
temperatureinthe dark and then read on the Envision 2105 Multimode
Plate Reader (2105-0010, Perkin ElImer). Data were plotted, and statistics
were calculated using GraphPad Prism v8.2.0.

NHP recipients

Male and female cynomolgus monkeys (Macaca fascicularis; Bioculture
US LLC and Alpha Genesis) weighing 4-12 kg (estimated 3-8 years of
age) were used. Monkeys were screened for the presence of anti-porcine
IgGand IgM (described above), and animals with low anti-porcine IgG
and anti-IgM were selected as recipients. Yucatan pigs weighing 5-27 kg
were used as kidney donors. All animal care, surgical procedures and
postoperative care of animals were conducted in accordance with
NIH Guidelines for the care and use of primates and The Guide for the
Care and Use of Laboratory Animals and were approved by Institu-
tional Animal Care and Use Committees at Duke University (protocol
A032-20-02, approved 27 February 2020), University of Wisconsin at
Madison (protocol GO06507, approved 30 September 2021) and the
Massachusetts General Hospital (protocol 2017N000216, approved
20 November 2020). All studies followed the 3Rs principles.

Kidney transplantation

To prepare the cynomolgus monkey for the procedure, acentral venous
linewas inserted through the internal jugular vein 2-7 days before kid-
ney transplantation. Through the midline incision, the kidney xenograft
was transplanted intraperitoneally by anastomosing the renal veinand
arterytothe venacavaand abdominal aorta, respectively. Ureterovesi-
calanastomosis was performed by the Lich-Gregoir technique without
placing a ureteral stent. Bilateral native nephrectomy was performed
simultaneously in the majority of the recipients with the exception of
M8220 and M6521, where one native kidney was left intact at transplant
and then removed around POD 20. Postoperatively, the transplanted
kidney was monitored by urine output, ultrasound, clinical chemistry
and haematology, as well as protocol biopsies. The central venous line
was removed by 2-4 weeks once recipient animals had stable kidney
function, to avoid the risk of infection. Long-term survival refers to
life-supporting function of more than 3 months in the NHP recipient.

Histopathological analysis
Protocol renal biopsies were obtained every 2-4 months in recipi-
ents with stable function as well as when rejection was suspected

owingto arise in creatinine. Tissue was processed for light micros-
copy. Following euthanasia of a monkey, a complete autopsy
was performed for histopathological examination of the renal
xenograft, lymph nodes, heart, lung, liver, pancreas, thymus
and skin. Xenograft haemotoxin and eosin and periodic acid-
Schiff-stained samples were scored by current Banff criteriaincluding
C4d deposition*.

Reporting summary
Furtherinformation onresearch designisavailablein the Nature Port-
folio Reporting Summary linked to this article.
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Extended DataFig.1|Yucatanporcinedonorisengineered tocarry 69
genomicedits. a, Payload 15 Swas inserted into the AAVSI genomic safe harbor
site by recombinase mediated cassette exchange (RMCE). It carries three
transcription units, with the ssUBC promoter expressing the PROCR and the
THBD cDNAs, the ssEEFIAI promoter expressing the TNFAIP3 and the HMOX1
cDNAs, and the CAG promoter expressing the CD46, CD55,and CD47 cDNAs.
Thetransgenic constructis flanked by the loxP/lox2272 sequences and
replaced thelanding pad sequence flanked by the same loxsites, inan RMCE
reaction. b, Indel patterns for the B#GALNT2/B4GALNT2L, CMAH, and GGTA1

genes carried inthe porcine donor A9161, analyzed from Amplicon sequencing.
c,Region encompassing the catalytic core of the reverse transcriptase (RT)
wasamplified by aPCRreaction and sequenced, from the porcine endogenous
retroviral sequences of donor A9161. Compared with the PCR product amplified
from the wild type Yuc25F cells, those amplified from A9161 had been modified
and predicted to obliterate the RT activity.d, Kidneys from 3KO.7TG donors
(n=3)respondedto fluid challenges in vivo, including fluid restriction, saline
bolus challenge, and furosemide (1 mgkg™), similar to WT Yucatan (n =4)
kidneys. Dataare from one independent experiment.



Article

a
ssUBC

‘SSEEF1 CAG Recipient ID:
" - M2220 -»-M7721
€ ) - M2420 M8220
§" ‘ﬁﬂ—-’:\ T N b " — = Sample Source: M2519 +M8320
T e e e 2 » Pre-transplant
‘E L 12 - Bioy - M5722 M10619
E w0 10 i . Ne::y - M6121 - MI1421
% A el - M6421 - M12021
N s s - M6521 - M12621
0 200 400 600 o 200 400 600 o 200 400 600 . M7621
Post Operative Days Post Operative Days Post Operative Days
b c
20000 20000
L]
18000 18000 W Contra (n=11)
- . -
. n :
é 16000 - § 16000 . . .Xeno(n 1)
Human (n=7)
il L] g
& 14000 -+ 14000 > N
£ 12000 . £ 12000 o o s
z S
- L]
= 10000 ® = . 2 oo Z 10000 < op e
g 2 2 LI
§ 8000 o - . g 000 . .
< L] L]
< 6000 I . 2 6000 = T
g )
T 4000 e § 2 3 4000 L H L
o
S 2000 i ! ] i ° : s S 2000 ii [ i . b $
H
0 H i 0 ] s
EPCR TM  TNFAIP3  HMOX1 (D46  CD55  CD47 EPCR TM  TNFAIP3  HMOX1 CD46  CDS5  CD47
Whole Tissue Tubules
d e
20000 20000
g 18000 g 18000
516000 E 16000
T 14000 . ™ 14000
2 . . . L .
£ 12000 . & 12000 .o
& < .
= ] z
5 10000 - Z 10000 .
m
§ 8000 S & 8000 - . oo
5 o °
3 6000 2 E < 6000 *
N 1) g
T 4000 o ¢ H . % 4000 o2 H ;
S 2000 s ; S 2000 i °
z z
. ii iiii i ( , ! i i s .
EPCR TM  TNFAP3  HMOX1 CD46  CD55  CD47 EPCR TM  TNFAIP3  HMOX1 (D46  CDS5  CD47
Glomeruli Blood Vessels

Extended DataFig.2|Human transgenes are expressed. a, RNA was
extracted from contralateral, biopsy, and necropsy kidney samples (3KO.7TG,
n=28;3K0.7TG.RI, n=7) and sequencing performed on the lllumina platform.
Transgene expression from each of the three transcription units, ssUBC,
SSEEF1A1,and CAG, was analyzed. b, Human transgenic protein expression, as
detected by IHC, was quantitated from contralateral and necropsy kidney

samples for completed NHP transplant studies, except for NHP recipient
M7721 (porcine donor 21405), for which a contralateral kidney sample was
notavailable (3KO.7TG, n = 6; 3KO.7TG.RI, n = 5). c-e, Transgenic protein
expression was quantitated from tubular cells, glomeruli, and blood vessels,
respectively. Eachdot represents datafromanindependentkidney sample.
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passaging as shownwith passages 9 and 15 cells. KECs wereisolated and
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enriched CD31expression was assessed for lines from 41lindependentkidneys.
(Right Panel) A40X phase-contrastimage of double sorted KECsis provided.
b, CD31+KECs expressed endothelial marker genes, analyzed by RNA-seq.

¢, Compared to WT KECs, 3KO KECs lacked the three glycans, analyzed by flow
cytometry.
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Extended DataFig. 4 |See next page for caption.



Extended DataFig.4|Human CD46, CD55, EPCR, and TM proteins are
expressed and functional.a, Human CD46, CDSS5, EPCR, and TM proteins were
detected on the surface of 3KO.7TG + RIKECs. b, WT (n=3) and 3KO (n = 3) KECs
werelysed, whereas the 3KO.7TG KECs (n = 3) showed significantly reduced
complement dependent cytotoxicity (CDC), whenincubated with human or
cynomolgus monkey serumover an extended period of time. ¢, Representative
images from 3b, collected from anIncucyte after fluorescent dye staining.
Scalebar (in white): 400 um. d, Anti-human CD46 (clone M177, left) and CD55
(clone BRIC216, right) antibodies specifically bound human CD46 or CDS5S, as
demonstrated by the lack of binding to 3KO KECs (n =1, blue line), compared to
the 3KO.7TGKECs (n =1, orangeline). e, M177 and BRIC216 antibodies did not
activate complement fixation compared to humanIgG (higG). f, Similarly, anti-

human TM (clone PBS-01) and EPCR (clone RCR-252) antibodies are human
specific. (3KO,n=1;3K0.7TG, n =1). For d-f, average of 2 technical replicates.
g, EPCR, TM, orboth expressedin KECs contributed to aPC production,

with TM showing more significant effect. Points are technical replicates.

h, Extensive clotting was observed when WT (n=1) and 3KO (n = 3) KECs were
incubated withhumanwhole blood, while 3KO.7TG (n=3) or 3KO.7TG.RIKECs
(n=2)showed minimal clotting, similar to human umbilical veinand human
glomerular microvascular endothelial cells (HUVECs and HGMVECs). Samples
inthe same row are technical replicates. Pictures were taken after plasmaor
nonclotted blood was removed from wells. For b,g, ****P <0.0001, ***P < 0.001,
**P<0.01,*P <0.05byunpaired, two-tailed Student’s t-tests.
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Extended DataFig.5|Human CD47 and TNFAIP3 proteins are expressed. deviation from mean. b, (Left) Recombinant human CD47-Fc fusion protein
a, (Left) Human CD47 was detected on 3KO.7TG + RIKECs and on Jurkat T cells bound to human (n =1) or cynomolgus monkey (cyno) (n =3) monocytes.
overexpressing human CD47 (hCD47-Jurkat). (Right) In the SIRPa reporter Each point represents technical replicates. (Right) SIRPa expressionon the
assay, hCD47-Jurkat cells were incubated with SIRPa expressing Jurkat monocytesusedinthe binding assayis shown. Data are representative of two
signaling cells, and engagement of hCD47 with human SIRPa produced an independent experiments. ¢, 3KO.7TG + RIKECs expressed TNFAIP3 protein as
activation signal, which was blocked with increasing anti-human CD47 analyzed by Westernblot. Uncropped images are provided in Supplementary

antibodies. Dashed lines: signals of cellsalone. Error bars represent standard Fig.3.Representative datafrom twoindependent experiments.
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Extended DataFig. 8| Development of de novo anti-porcine IgGand IgM
antibodies. a, Pre-and post-transplant serum samples from NHP recipients
thatreceived 3KO + Rlor 3KO.7TG + Rl renal grafts were incubated with aortic
orkidney derived endothelial cellsisolated from a 3KO porcine donor and

boundIgGmeasured across 2 technical replicates for each sample. b, Same as
inabutanti-porcine IgM binding was measured. Foraandb, data are compiled
fromsevenindependent experiments, where all samples fromagivenrecipient
were screened in the same experiment.
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Extended DataFig. 9 |Histological evaluation of transplanted kidney
samples.a &b, whole kidney biospy section for recipient M2420 at post-
operative day (POD) 502 (see related high power imagesin Fig. 4f-i). Whole
slide scan of a PAS (periodic acid-Schiff) stained section demonstrates a focal
scar atleft with preserved parenchyma at middle and right (a) and stained
with anti-C4d antibody and visualized with horse-radish peroxidase shows
predominantly glomerular C4d and peritubular capillary C4d score of 0 by

b
M2420, Biopsy POD502, C4d Staining

1000 pm

Banff(b).c,d, & e: Histopathologic photomicrographs from necropsy samples
of xenograftsisolated from M10619 (POD9), M6521 (POD176), and M2420
(POD758) respectively.Kidney sections were stained with H&E (haematoxylin
and eosin) and C4d (¢, d) or H&E, PAS, and C4d (e) and photomicrographs of
various magnifications taken. The C4d Banffscores for the 3 xenokidneys are 2,
3,and 3respectively.


https://www.ncbi.nlm.nih.gov/nuccore/M10619

Extended Data Table 1| Summary of Banff lesion scoring and pathologic diagnoses at necropsy

Genotype Animal ID Survival ATI TMA g i t v ptc cg ci ct cv  C4d dnDSA Rejection Phenotype—  Rejection Phenotype —
(days) Allotransplantation- Xenotransplantation-
Banff* Adapted®
3KO.RI M13021 4 Y N 0 0 0 0 0 0 0 0 0 0 No No rejection No rejection
Mi2121 6 N Y 1 0 0 0 1 0 0 0 0 2 Yes AMR No rejection
CY1061° 21 Y Y 0 0 0 0 0 0 0 0 0 0 No No rejection No rejection
CY1062° 26 Y Y 0 0 0 0 0 0 0 0 0 0 No No rejection No rejection
MB1027° 35 Y Y 3 0 0 0 1 3 1 0 0 0 Yes No rejection aAMR*, CAMR*
3KO M11521 50 Y N 0 3 2 0 1 0 0 0 0 0 Yes TCMR-IA TCMR-IA
3KO.7TG M2220 8 N Y 1 0 0 0 0 0 0 0 0 3 No AMR No rejection
M10619 9 N Y 2 0 0 0 2 0 0 0 0 2 No AMR aAMR*
M11421 25 Y Y 1 0 0 0 0 1 1 1 0 2 No AMR No rejection
M8220¢ 103 N Y 1 1 1 3 3 1 0 0 0 1 Yes CAMR. TCMR-III CAMR. TCMR-III
M7721° 365 N Y 3 1 1 0 3 3 2 2 0 3 Yes CAMR CAMR
M2519° 511 N Y 1 1 0 0 0 2 0 0 0 0 Yes No rejection No rejection
M2420° 758 N Y 3 0 1 0 1 3 1 1 0 3 Yes CAMR CAMR
M8320 >673,
ongoing
3KO.7TGRI  M64214¢ 6 Y Y 1 0 0 0 0 0 0 0 0 3 No No rejection No rejection
M12621%f 9 Y Y 2 1 0 0 2 0 0 0 0 3 No AMR aAMR*
M12021 16 N Y 1 0 0 0 0 0 0 0 0 0 No No rejection No rejection
M6521 176 N Y 2 0 0 0 1 3 0 0 0 3 Yes CAMR CAMR
M6121° 283 N N 0 0 0 0 0 0 0 0 0 1 No No rejection No rejection
(accommodation)
M5722%f >247.,
ongoing
M7621 >429.
ongoing

>, recipient surviving at the cutoff time of 31 March 2023; 3KO, three knockout (GGTA1/CMAH/B4GALNT2/B4GALNT2L knockout); 7TG, seven human transgenes (THBD, PROCR, TNFAIP3,
HMOX1, CD46, CD55, and CD47); AMR, antibody mediated rejection by Banff Scoring; ATI, acute tubular injury; aAMR, acute AMR in xenotransplantation context; aAMR*, presumed acute AMR
in xenotransplantation context; CAMR, chronic active AMR in xenotransplantation context; CAMR*, presumed chronic active AMR in xenotransplantation context; CAMR, chronically active
antibody mediated rejection by Banff; C4d, C4 split product; cg, glomerular basement membrane double contours also called transplant glomerulopathy Banff lesion; ci, interstitial fibrosis
Banff lesion; CoB, costimulation blockade; ct, tubular atrophy Banff lesion; cv, vascular fibrous intimal thickening Banff lesion; dnDSA, de novo donor specific antibody; g, glomerulitis Banff
lesion; I, interstitial inflammation Banff lesion; ptc, peritubular capillaritis Banff lesion; RI, retroviral inactivation; t, tubulitis Banff lesion; TCMR, T cell mediated rejection; TMA, thrombotic
microangiopathy; v, intimal arteritis Banff lesion.

?Rejection phenotype graded according to most recent Banff criteria from allotransplantation (Roufosse C., et al., 2018). "Rejection phenotype graded according to Supplementary Table 6.
°Denotes transplants carried out at additional sites (Duke University for MB1027 and University of Wisconsin for CY1061and CY1062). “Denotes animals receiving CoB with TNX-1500. ®°Xenografts
from these recipients contained benign cysts. ‘Denotes animals which did not receive MMF as part of their maintenance immunosuppression.
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and UW Madison). The survival benefit of the 3KO.7TG+/-RI genotype is consistently achieved, as compared with the 3KO+/-RI group. For in
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vitro analyses of the function of the genetic edits on endothelial cells, experiments were performed independently at least twice with similar
outcomes.

Randomization  The porcine donors were cloned from two clonal populations of edited cells, EG114-94 or EG114-137, and originated from the same wild type
pig, Yuc25F. These two clones were confirmed to carry the 3KO.7TG+/-RI edits by extensive NGS analysis and therefore, used interchangeably.
NHP recipients were chosen based on low performed antibody binding to porcine cells, in no particular order. Their assignment into one
group over the other is presented in Extended Data Figure 6. The 3KO.7TG porcine donors were the first to come off our production line and
their kidneys were transplanted into the NHPs in between 2020 and 2021. Next off the production line were the 3KO.7TG.RI donors, whose
kidneys were transplanted between 2021 and 2022. The 3KO+/- Rl genotypes were transplanted in 2022. For in vitro studies to investigate the
function of the genetic edits on primary endothelial cells, endothelial cells used in these experiments from multiple porcine donors were
chosen randomly based on the number of frozen vials we had in our possession. Once we decided on the donors to use,. all the in vitro
functional analysis with KECs was performed with cells from the same donors across the different assays. For the studies with AECs, AECs
were chosen based on what we had stored in liquid nitrogen.

Blinding The 3 academic centers (MGH, Duke, and UW Madison) performed the NHP transplantation studies and were not blinded about the
genotypes of the porcine donors. We did not believe it was necessary, as it was obvious that the 3KO+/-RI group uniformly did not survive
well. For in vitro studies, samples used in the functional analyses were not blinded as we knew the genotypes of the porcine donor cells used
in the assays and we knew which NHP recipient (and their porcine donor identity) serum/blood samples were being analyzed.

Reporting for specific materials, systems and methods

We require information from authors about some types of materials, experimental systems and methods used in many studies. Here, indicate whether each material,
system or method listed is relevant to your study. If you are not sure if a list item applies to your research, read the appropriate section before selecting a response.

Materials & experimental systems Methods
Involved in the study n/a 7 Involved in the study
Antibodies X[ ] chip-seq
Eukaryotic cell lines |:| |X| Flow cytometry
Palaeontology and archaeology |X| |:| MRI-based neuroimaging

Animals and other organisms
Clinical data

Dual use research of concern
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Plants

Antibodies

Antibodies used Antibody/Reagent Clone Vendor Catalogue Number
Unlabeled anti-EPCR/CD201 clone OTI12H5 abcam ab236517
Unlabeled anti-TM clone PBS-01 abcam ab6980
Unlabeled anti-A20 clone 59A426 Thermo Fisher MA5-16164
Unlabeled anti-HO-1 clone EP1391Y abcam ab52947
Unlabeled anti-CD46 clone EPR4014 abcam ab108307
Unlabeled anti-CD55 clone EPR6689 abcam ab133684
Unlabeled anti-CD47 clone SP279 abcam ab226837
Goat-anti-mouse-HRP DAKO K4001
Goat-anti-rabbit-HRP DAKO K4003
Isolectin B4-FITC Enzo ALX-650-001F-MCO5
DBA-biotin Vector Labs B-1035
Unlabeled chicken anti-Neu5Gc clone Poly21469 Biolegend 146903
Alexa Fluor 647 conjugated goat anti-Chicken Thermo Fisher A21449
Alexa Fluor 568 conjugated Streptavidin Thermo Fisher S11226
Alexa Fluor 488 conjugated F(ab’)2 anti-human IgG Jackson ImmunoResearch 109-546-098
Alexa Fluor 647 conjugated F(ab’)2 anti-human IgM Jackson ImmunoResearch 109-606-129
PE conjugated anti-C3b clone 3E7/C3b BioLegend 846104
APC/Cy7 conjugated anti-human CD46 clone TRA-2-10 BiolLegend 352409
PE conjugated anti-human CD55 clone IA10 BD Biosciences 555694
FITC conjugated anti-human CD47 clone B6H12 Thermo Fisher 11-0479-41
BV650 anti-human TM/CD141 clone 1A4 BD Biosciences 740604
PE conjugated anti-human EPCR/CD201 clone RCR-252 BD Biosciences 557950
Alexa 647 anti-porcine CD31 clone 377537 R&D Systems FAB33871R
Ghost Dye Red 780 viability dye Tonbo Biosciences 13-0865
Unlabeled human CD47-Fc R&D Systems 4670-CD-050
PE conjugated anti-human 1gG R&D Systems 409304
PE-Cy7 conjugated anti-human SIRPa clone SESAS BioLegend 323807
Unlabeled anti-A20 clone EPR2663 abcam ab92324
IRDye® 800CW conjugated goat anti-rabbit IgG H&L abcam ab216773
Unlabeled anti-actin clone C4/actin BD Biosciences 612656
RDye® 680RD conjugated goat anti-mouse 1gG H&L abcam ab216776
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Validation

anti-CD154 clone 5C8H1D MassBiologics PR-1547

anti-CD154 supplied by Tonix Pharmaceuticals

Polyclonal rabbit anti-rhesus thymocyte globulin MassBiologics PR-10027
Anti-CD20-Afucosylatedclone clone PR-8288 MassBiologics 2B8R1F8

These antibodies have been developed to recognize the human orthologous proteins (CD46, CD55, CD47, TM, EPCR, A20, and HO-1).
We performed flow cytometry and IHC experiments to make sure that they do not cross react with the cognate porcine proteins by
including control porcine cells that did not express the human ortholouge:

Unlabeled anti-EPCR abcam ab236517

Unlabeled anti-TM abcam ab6980

Unlabeled anti-A20 ThermoFisher MA5-16164

Unlabeled anti-HO-1 abcam ab52947

Unlabeled anti-CD46 abcam ab108307

Unlabeled anti-CD55 abcam ab133684

Unlabeled anti-CD47 abcam ab226837

APC/Cy7 conjugated anti-human CD46 BiolLegend 352409

PE conjugated anti-human CD55 BD Biosciences 555694

FITC conjugated anti-human CD47 Invitrogen 11-0479-42

BV650 conjugated anti-PE human thrombomodulin (CD141) BD Biosciences 740604

PE conjugated anti-human endothelial protein C receptor BD Biosciences 557950

These 3 reagents were used to detect the glycan xenoantigens of alpha-Gal, Neu5Gc, and Sd(a). They were validated by positive
staining from porcine WT cells and tissues and absence of signal in knockout cells and tissues:

Isolectin B4-FITC Enzo ALX-650-001F-MC05

DBA-biotin Vector Labs B-1035

Unlabeled chicken anti-Neu5GC Biolegend 146903

This reagent was validated to cross react with both the human and cyno C3b proteins by flow cytometry studies:
PE conjugated anti-human C3b/iC3b BioLegend 846104

This reagent was validated to react with porcine CD31 but not human CD31 by IHC & flow cytometry experiment:
Alexab47 anti-porcine CD31 R&D Systems FAB33871R

This antibody was developed to human A20 and validated on cells expressing human A20 compared to control cells not expressing
human A20 by Western blot:
Unlabeled anti-A20 clone EPR2663 abcam ab92324

These two antibodies were developed from the original 5¢8 clone that was first described in 1992 (S. Lederman et al. 1992 J. Exp.
175:1091-1101). The original humanized 5c8 clone was in clinical development in the late 90s/early 2000s, has been extensively
studied and shown to specifically bind to human, and cross-react to NHP, CD40L. Both of these antibodies have the same 5c¢8 dervied
VDJ antigen binding region but differ in their Fc domain. Given this, we felt comfortable that these two 5c¢8 versions used here were
specific for the CD40L antigen and cross-reactive to cyno CD40L, and we did not perform additional validation studies:

anti-CD154 clone 5C8H1D MassBiologics PR-1547

anti-CD154 supplied by Tonix Pharmaceuticals

These two antibodies have been validated by the vendor to bind to NHP T cells (for anti-rhesus thymocyte globulin) and B cells (for
anti-CD20) and both deplete these immune cell subsets. We did not perform independent in vitro validation studies but our analysis
of circulating immune cell subsets in the NHP recipients shows T cell and B cell depletion, indicates that both antibodies bind to and
deplete their intended targets and cells.

Polyclonal rabbit anti-rhesus thymocyte globulin MassBiologics PR-10027

Anti-CD20-Afucosylatedclone clone PR-8288 MassBiologics 2B8R1F8

These reagents were validated on human and cyno monocytes expressing SIRPa by flow cytometry:
Unlabeled human CD47-Fc R&D Systems 4670-CD-050
PE-Cy7 conjugated anti-human SIRPa clone SESAS BioLegend 323807

This antibody is known to react to all actin isoforms in vertebrae muscle and non-muscle cells:
Unlabeled anti-actin clone C4/actin BD Biosciences 612656

All secondary antibodies were validated by showing the lack of staining when the primary antibody was absent by IHC & flow
cytometry.

Eukaryotic cell lines

Policy information about cell lines and Sex and Gender in Research

Cell line source(s)

Authentication

Primary porcine cells were derived by eGenesis from fresh tissues (ear punch biopsy, aorta, and kidney). HUVECs were
purchased from ATCC (catalog #PCS-100-010). HMGVECs were purchased from Cell Systems (catalog # ACBRI-128). Human
CD47 expressing Jurkat cells and untransfected Jurkats were putchased from Eurofins (93-1135Y19).

NGS was performed to extensively analyze the cells isolated from pigs and genotypes of each porcine donor confirmed.

>
Q
S
(e
=
)
o
o)
=
o
=
—
@
§o)
o)
=
>
Q@
wv
c
S
3
Q
<L

€20z |udy




Authentication

HUVECs, HMGVECs, and Jurkat cells were authenticated by flow cytometry analysis of human protein expression and CD47
expression for the Jurkat cells.

Mycoplasma contamination Primary porcine cells were not routinely tested for mycoplasma. Commercial cell lines were tested and reported as negative.

Commonly misidentified lines  we do not believe any lines used in our study are among these.

(See ICLAC register)

Animals and other research organisms

Policy information about studies involving animals; ARRIVE guidelines recommended for reporting animal research, and Sex and Gender in

Research

Laboratory animals

Wild animals
Reporting on sex
Field-collected samples

Ethics oversight

We used two animal species in our study. The Yucatan miniature pig, Yuc25F, was female and her ear punch biopsy procured at birth
from PremierBiosciences and cells derived from the ear punch biopsy sample genetically modified by eGenesis. The porcine donors
used in the transplant studies were approximately 8 weeks of age. Cynomolgus macaques, males and females, were purchased from
Bioculture US LLC and Alpha Genesis, weighing 4-12 kg and with an estimated age of 3-8 years old.

We do not use these in our study.
The porcine donors were female. The cyno recipients were both males and females.
No field collected studies were used in this study.

For NHP studies, all animal care, surgical procedures, and postoperative care of animals were conducted in accordance with National
Institutes of Health Guidelines for the care and use of primates and the Guide for the Care and Use of Laboratory Animals and were
approved by IACUCs at Duke University (Protocol A032-20-02, approved 02/27/2020), University of Wisconsin at Madison (Protocol
G006507, approved 9/30/2021), and the Massachusetts General Hospital (Protocol 2017N000216, approved 11/20/2020). Animal
cloning was performed under Institutional Animal Care and Use Committee (IACUC)-approved protocols (eGenesis Wisconsin
Protocol HF2020-01, approved 11/24/2020, and Precigen Exemplar Protocol MRP2018-003, approved 6/21/2018). All donor
production strictly followed the Guide for the Care and Use of Laboratory Animals (National Research Council of National
Academies). All animal studies adhered to the 3R principles.

Note that full information on the approval of the study protocol must also be provided in the manuscript.

Flow Cytometry

Plots

Confirm that:

|X| The axis labels state the marker and fluorochrome used (e.g. CD4-FITC).

g The axis scales are clearly visible. Include numbers along axes only for bottom left plot of group (a 'group' is an analysis of identical markers).

|X| All plots are contour plots with outliers or pseudocolor plots.

|X| A numerical value for number of cells or percentage (with statistics) is provided.

Methodology

Sample preparation

For lymphocyte depletion studies: peripheral blood was drawn, peripheral blood mononuclear cells were isolated by density
gradient centrifugation with lymphoprep (STEMCELL Technologies, 07801) SepMate™-50 (IVD) tubes (STEMCELL
Technologies, 85450) according to the manufacturer’s instructions and stained.

For other studies: Primary porcine cells were harvested via trypLE treatment, washed, and stained with appropriate
antibodies, washed and acquired or sorted as described in our Materials and Methods section.

Instrument FACS Symphony A3 cyto; Beckman Coulter MoFlo Astrios EQ, BD FACSMelody, or Thermo Fisher Bigfoot Spectral cell sorter
Software FlowJo software

Cell population abundance Over 95% pure based on cell-specific marker expression (CD31 or transgene) post-sort.

Gating strategy For T and B cell depletion from immune suppression regimen:

First gate: VSC versus SSC for scatter of cells

Second gate: SSC versus CD3 to select for T cells

Third gate: Pending on cell type intended to be selected, this differs.
Gating strategy is provided in Supplementary Information Figure 3.

For all other studies:

First gate: FSC versus SSC for scatter of cells

Second gate: FSC-A versus FSC-H to select for singlets
Third gate: Live/dead staining to select live cells
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Fourth gate: CD31 staining to select for ECs
Gating strategy is provided in Supplementary Information Figure 2.

|X| Tick this box to confirm that a figure exemplifying the gating strategy is provided in the Supplementary Information.
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