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Abstract

The transplantation of organs across species offers the potential to solve the shortage of human
organs. While activation of human platelets by human von Willebrand factor (VWF) requires
VWEF activation by shear stress, contact between human platelets and porcine VWF (pvWF)

leads to spontaneous platelet adhesion and activation. This non-physiologic interaction may
contribute to the thrombocytopenia and coagulation pathway dysregulation often associated with
xenotransplantation of pig organs in nonhuman primates. Pigs genetically modified to decrease
antibody and complement-dependent rejection (GTKO.hCD46) were engineered to express
humanized pvWF (h*pvWF) by replacing a pyWF gene region that encodes the glycoprotein
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Ib-binding site with human cDNA orthologs. This modification corrected for non-physiologic
human platelet aggregation on exposure to pig plasma, while preserving in vitro platelet activation
by collagen. Organs from pigs with h*pvWF demonstrated reduced platelet sequestration during
lung (p< .01) and liver (p< .038 within 4 h) perfusion ex vivo with human blood and after
pig-to-baboon lung transplantation (o< .007). Residual platelet sequestration and activation

were not prevented by the blockade of canonical platelet adhesion pathways. The h*pvWF
modification prevents physiologically inappropriate activation of human or baboon platelets by
porcine VWF, addressing one cause of the thrombocytopenia and platelet activation observed with
xenotransplantation.
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genetic engineering; lung transplantation; pig; platelets; von Willebrand factor

1| INTRODUCTION

If scientific barriers can be surmounted, xenotransplantation utilizing pigs would provide
the unique opportunity to develop a safe and readily available supply of organs, allowing
treatment of many of the greater than 111 000 people currently on United Network for
Organ Sharing (UNOS) waitlists in the United States alone.! Genetic modifications have
effectively reduced antibody-, complement-, and coagulation-mediated mechanisms of pig
organ xenograft injury.2-8 However, these modifications fail to attenuate thrombocytopenia
during the first days following transplant in pig-to-primate xenotransplantation models,’~13
and platelet deposition is prominent within failing cell and organ xenografts.3-14-17
Activation and aggregation of human platelets are particularly prominent within minutes
after lung or liver perfusion with human blood or engraftment in non-human primates and
are mediated in part by non-physiologic interaction between porcine von Willebrand factor
(pvWF) and human or baboon platelet glycoprotein Ib (GPIb).16.18-21

VWEF is stored in the Weibel-Palade body of endothelial cells (ECs) and the a-granules of
megakaryocytes and platelets. The mature functional vVWF comprises a series of multimers
with molecular weight from 500 kDa (dimers) to over 10 x 106 kDa.22 Large multimers of
VWEF, present in ECs, subendothelium, and platelets, efficiently promote platelet adhesion
and aggregation through binding to GPIb and GPI1bll1a.22 When the endothelium is
activated, vVWF is expressed on ECs and released into the circulating blood, initiating platelet
adhesion to ECs and to other platelets thereby leading to thrombus formation.23 Human
VWF (hvWF) must undergo a shear stress-dependent activation step to bind to the human
platelet GPIb receptor. In contrast, native pyWF interacts with human GPIb independently of
a prerequisite shear stress-dependent conformational change.2425

We have previously shown that blocking the human GPIb-binding site for hvWF

attenuates platelet activation and sequestration during perfusion of GTKO.hCD46 pig (also
referred to as “pvWF”) lungs and livers with human blood, implicating the pvWF-GPIb
interaction.19-21 However, this approach blocks both physiologic and non-physiologic pig—
human interactions and may not inhibit pyWF-mediated interactions topologically remote
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from the binding site of the anti-GPIb Fab used in those studies. We developed a CRISPR-
Cas9-based strategy for genetic editing of the pig VWF gene to provide “humanization”

of pvWF (h*pvWF) in al,3 galactosyltransferase knockout cells expressing human CD46
(GTKO.hCD46). Here, we evaluate the effects associated with h*pvWF with respect

to physiologically inappropriate human platelet aggregation by pig plasma and various
pathophysiologic features associated with lung and liver xenograft injury in organ transplant
models.

2| MATERIAL AND METHODS

2.1| Invitro

Pigs with knockout of al,3 galactosyltransferasegene (GGTAZ; GTKO) and expressing
human CD46 (hCD46), or GTKO.hCD46, were used in all experiments.1426 To create
h*pvWF pigs, a targeting vector with a cDNA fragment including hvWF exons 22-28
replaced pvWF exons 22-28 via homology-directed repair in porcine fetal fibroblasts.
Screening for proper targeting at the colony level was performed by polymerase chain
reaction (PCR). Cells used for somatic cell nuclear transfer (SCNT) to generate fetuses,
and fibroblasts from these were transfected with a piggyBac transposase vector to excise
the green fluorescent protein (GFP)/puromycin cassette and restore in-frame expression of
the hvWF cDNA.27 A second round of SCNT was done using single-cell clones with the
correct VWF edit (without random integrations) to yield pigs carrying the “humanized”
VWF knock-in sequence as identified by long-range PCR and confirmed by Southern blot
analysis.

VWF was detected in platelet-poor plasma (PPP) from GTKO.hCD46.h*pvWF pigs,
GTKO.hCD46 pigs, and humans via simple Western (WES), with capillaries probed with
either human-specific anti-vWF antibody or antibody detecting both human and pig vVWF.
VWF multimers were visualized on sodium dodecyl sulfate (SDS) agarose gels.1® Plasma
levels of hvWF, h*pvWF, and pvWF were measured by enzyme-linked immunosorbent
assay (ELISA). The REAADS vWF Antigen Test kit detected both hvWF and pvWF,
whereas the REAADS VWF Activity Test utilized a monoclonal antibody specific for the
hvWF A1 domain that did not cross-react with pyWF.

VWEF-dependent platelet function was assessed by exposing whole blood from human
donors, h*pvWF pigs, and GTKO.hCD46 pigs to collagen and measuring aggregation by
whole blood aggregometry.1> Human platelet aggregation was assessed following platelet-
rich plasma (PRP) mixture with PPP from humans, h*pvWF pigs, or GTKO.hCD46 pigs.

Factor VIII activity of whole blood from h*pvWF and GTKO.hCD46 pigs was measured
using human plasma standards and controls (Antech Laboratories).

Tissue samples collected from GTKO.hCD46 and h*pvWF pigs were incubated with either
human-specific or human/pig cross-reactive anti-vWF antibody for immunohistochemistry
(IHC) using commercially available sections of the human lung as a reference.
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2.2 | Animal care and use

All procedures were approved by the Institutional Animal Care and Use Committee at the
University of Maryland, Baltimore, and were conducted in compliance with the National
Institutes of Health guidelines for the care and use of laboratory animals.

2.3| Exvivo lung and liver perfusions

Organ recovery was preceded by the routine administration of antihistamines, thromboxane
synthase inhibitor, and 1-deamino-8-Dargenine vasopressin (DDAVP, to pre-deplete the
porcine endothelium of vVWF)28 to the pig, followed by organ perfusion with clinical cold
preservation solutions and topical cooling with saline slush,18:21.29-32

Each lung was separately ventilated and perfused with freshly donated pooled human blood
for up to 8 h on side-by-side ex vivo circuits as previously described.19:30 In each pair

of lungs, one lung received a standard “base regimen” (n=5 h*pvWF, n=5 reference),
including 1-BIA (thromboxane synthase inhibitor), anti-GPIb Fab (6B4, blocks human
GPIb-binding site for VWF), and histamine receptor blockade; while the contralateral
lung was “treated” with the base regimen and additional integrin (H52/I1B4) and selectin
(GMI-1271, PSGL-1) blocking cocktail (7= 5 h*pvWF, =5 reference).1%33 Pulmonary
artery (PA) flow and PA and airway pressures were used to calculate pulmonary vascular
resistance (PVR).14 Blood samples were collected from each lung circuit before perfusion
and from pulmonary vein effluent at regular intervals throughout perfusion. Platelets were
quantified by flow cytometry as previously described.14

The liver was perfused with human blood on an ex vivo circuit as previously described.32
All experiments received a “base regimen” of remodulin (treprostinil), heparin, and insulin.
Additional treatment with famotidine, BIA, and anti-GPIb were given to the “treated”
groups (n=7 h*pvWF, n= 4 reference). Experiments were electively terminated after 12 h
if livers had not failed earlier due to rapidly escalating hepatic arterial and/or portal venous
vascular resistance.

2.4] Invivo lung transplantation

GTKO.hCD46.h*pvWF left lungs were transplanted into baboon recipients (7= 3 h*pvWF)
as previously described.10:30 Genetic reference group (GTKO.hCD46.pvWF: 1= 5) were
performed earlier in the lab’s experience, and recipients, therefore, received a different
drug regimen than the GTKO.hCD46.h*pvWF transplants. Recipients of lungs from pigs
with additional genetic modifications presumed not to directly modulate platelet adhesion
(GTKO.hCD46.A20, GTKO.hCD46.HLA-E, and GTKO.hCD46.HLA-E.p4GalKO: n=5)
comprised the regimen reference group, which received anti-histamines, a thromboxane
synthase inhibitor, and some or all of the anti-inflammatory (PSGL/GMI1271, +/-
Interleukin 8 (IL8) receptor antagonist, IL6 receptor antagonist, tumor necrosis factor
inhibitor, C1 esterase inhibitor, cobra venom factor) and immunosuppressive (prednisolone,
anti-thymocyte globulin, aCD40, aCD20, mycophenolate mofetil) treatments given to the
GTKO.hCD46.h*pvWF lung recipients and to the group listed in Table S1).30.33-38
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After transplantation, the baboon remained intubated and anesthetized overnight and was
evaluated with chest x-ray and bronchoscopy the following morning. If clinically stable,
the baboon was extubated and vital signs and behavior were monitored closely. X-ray and
bronchoscopy surveillance were performed every 2 to 3 days. When the baboon developed
concerning behavioral or clinical changes for graft failure, the transplanted and native
lungs were evaluated in the operating room prior to euthanasia, followed by macroscopic
assessment and histological analyses.

2.5]| Statistical analyses

Statistical analyses were performed using Prism 8.0. Survival was represented using the
Kaplan—Meier curve, and statistical significance was calculated using log-rank analysis.
Unless otherwise stated, all other data were expressed as mean and standard error of the
mean within study groups. Variables that were normally distributed were assessed with
Student’s #tests to compare two groups. Variables that were not normally distributed were
assessed with Mann-Whitney tests. Variables compared across multiple conditions (such

as change in platelets for treated and untreated conditions) were analyzed with two-way
analysis of variance with multiple comparisons, with Geisser— Greenhouse correction as
indicated. g5 < .05 were considered statistically significant. Extended methods are described
in the Supplemental data.

3| RESULTS

3.1| Generation of humanized vWF pigs

“Humanization” of GPIb platelet-binding domain in pvWF was done by replacing porcine
exons 22-28 with their human counterparts and was confirmed in porcine fibroblasts (Figure
1). Selected cells were used for SCNT, and ET produced a total of 27 pigs, 20 (74%)
harboring bi-allelically (Bi-A) targeted, marker-excised h*vWF; in seven others (26%), the
targeting fragment was bi-allelic, but the marker excised from only one allele (Mono-A) as
demonstrated by long-range PCR and illustrated by representative Southern blots (Figure
1B,C). Further analyses were done on pigs with mono-allelic or bi-allelic modification of
h*vWF. Genotypes of pigs used in this study are described in the supplemental material
(Table S1).

Ten of 18 h*pvWF piglets that reached transplant age (2-4 months) exhibited a phenotype
prone to abnormal bleeding after routine procedures such as ear tattoo and tail sampling.
Two of these animals exhibited chronic low volume epistaxis or melena consistent with
gastrointestinal blood loss. Stress-induced bleeding in over half of h*pvWF pigs was
empirically treated with oral desmopressin (100-200 £g daily) and vitamin K2 (0.5-1.0
mg daily) in an effort to prevent hemorrhagic complications.

3.2] Molecular characterization of h*pvWF protein expression

A human-specific monoclonal antibody detected hvWF and h*pvWF but not pyWF, in PPP
by Western blot (Figure 2A), whereas a polyclonal antibody recognized all three forms

of VWF protein (Figure 2B). The molecular mass of h*pvWF was similar to hvWF and
pvWEF at just over 280 kDa (Figure 2A,B). In addition, each species of vVWF formed
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multimers with similar “laddering” patterns (Figure 2E). Together, these data indicated that
the human exon 22-28 cDNA fragment was expressed in-frame with pyWF to encode a full-
length human-porcine chimeric protein capable of forming large multimers, a functionally
important characteristic of VWF in both pig and human.39:40

3.3|] h*pvWF is secreted and functional

The human-specific VWF activity test detected vVWF in human and h*pvWF plasma but not
in plasma from GTKO.hCD46 pigs (Figure 2C), while the non-species-specific vVWF antigen
test produced a positive result for all samples tested (Figure 2D). Although vVWF activity and
antigen quantity in h*pvWF plasma was lower than in normal human plasma by both assays,
h*pvWF results were within the kits’ normal ranges for human blood. Similarly, plasma
FVIII activity was detected in h*pvWF plasma, at levels generally in the range of that seen
with GTKO.hCD46, demonstrating absence of hemophilia A phenotype (Figure S1).

By whole blood aggregometry, collagen-induced platelet aggregation in blood from human
donors, h*pvWF pigs, and pvWF pigs each aggregated in response to collagen, indicating

that h*pvWF is functional (Figure 3A,B). h*pvWF aggregation did not differ from human

blood but was lower than in porcine blood from pvWF pigs (p < .001).

3.4] h*pvWF prevents spontaneous platelet aggregation by pig plasma

In an in vitro platelet aggregation assay, neither human PRP (hPRP) nor human PPP induced
spontaneous aggregation of human platelets, whereas porcine PPP (pPPP) caused robust
“non-physiologic” spontaneous platelet aggregation (Figure 3C,D) as shown previously.1®

In contrast, platelet aggregation was not observed in hPRP upon addition of pPPP from

an h*pvWF pig. Together, these data demonstrate that h*pvWF curtails dysregulated,
physiologically inappropriate (in the absence of shear stress) platelet aggregation of human
platelets by pvWF in pig plasma.

3.5| Tissue expression and localization of h*pvWF by IHC and Western blot

Representative h*pvWF pig lung and liver tissue samples obtained before organ perfusion
or transplant confirm the h*pvWF expression by IHC and Western blot using the human-
specific monoclonal anti-vWF antibody (Figure S2B). The pattern of h*pvWF distribution
primarily in endothelium was indistinguishable from that observed with the cross-reactive
polyclonal antibody in h*pvWF or pvWF pig organs (Figure S2A) or in human lung (Figure
S2D), indicating that expression of the h*pvWF protein was not significantly altered by the
h*pvWF modification. Western blot with the human-specific antibody detected VWF at the
expected molecular weight in both lung and liver tissue lysates from h*pvWF pigs but not in
tissues from pvWF pigs (Figure S2E,F).

3.6 | Exvivo perfusion of h*pvWF pig lungs with human blood

Lungs from GTKO.hCD46.h*pvWF pigs (n = 10) exhibited similar duration of organ
function compatible with supporting the life of a lung recipient (survival), compared to
GTKO.hCD46 lungs (n7=10) during ex vivo perfusion with human blood (median > 8 h) (p
= .44), with most experiments reaching the time of elective termination (Figure 4A). PVR
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remained very low and constant through the duration of perfusion in both cohorts (Figure
S3), suggesting h*pvWF has no adverse effect on lung xenograft physiology.

Platelet sequestration was significantly reduced and delayed in lungs expressing h*pvWF,
compared to those with pyWF (p < .01) (Figure 4B), but was not further modulated by
additional selectin (GMI 1260; PSGL-1) and integrin (H52; 1B4) receptor blockade (treated)
relative to a reference anti-inflammatory drug treatment regimen derived from our prior
work (BIA, famotidine, GPIb: “base regimen”).1® The reduction in platelet sequestration
was most significant within the first 5 min of xenoperfusion (5 min: base regimen p=.0017,
drug-treated p < .0001) and persisted throughout the duration of the experiment (8 h: base
regimen p=.0348, drug-treated p=.0279; Figure 4B). Expression of CD62P by platelets
was also significantly attenuated in the h*pvWF lungs beginning at 6 h of perfusion for both
treated and base regimen groups (p < .001; Figure 4C). Platelet sequestration and activation
(as CD62P, Figure 4C, and TG, Figure 4D) were not significantly modulated by additional
administration of selectin- and integrin—blocking molecules (“treated” groups), implicating
alternative adhesive mechanisms. No significant difference was observed in association with
lung phenotype or drug treatment groups for neutrophil counts (Figure S4A), or F1 + 2
levels (Figure S4B).

3.7| Exvivo perfusion of h*pvWF pig livers with human blood

During ex vivo perfusion, “survival” (vascular resistance compatible with liver perfusion)
of h*pvWF livers (n=T7) treated with famotidine, BIA, and anti-GPIb was similar to
GTKO.hCD46 livers both with (reference “treated” group, /7= 4) and without (reference
“base regimen” group, /7= 4; Figure 5A).%! Platelet sequestration was significantly
attenuated with treated h*pvWF livers, compared to the treated reference group through
the first 4 h of perfusion (p < .0378; Figure 5B), although activation of circulating platelets
(CD62P, Figure 5C) was not modulated. The decline in circuit hematocrit, reflecting RBC
damage and sialoadhesin-mediated endocytosis by Kupffer cells, was significantly delayed
for the first 2 h in h*pvWF livers (p = .0166) (Figure 5D), indirectly implicating pvWF-
GPIb interactions in this phenomenon.*2

3.8| Invivo orthotopic h*pvWF pig lung xenotransplants

GTKO.hCD46.h*pvWF pig lung transplants into baboons with additional mechanism-
directed drug treatments (Table S1) did not exhibit life-supporting lung function at the end
of implantation (n7= 3). By comparison, two of five recipients of GTKO.hCD46 pig lungs
without these drug treatments (genetic reference group) and three of five GTKO.hCD46
with other genetic modifications and with these drug treatments (experimental regimen
reference group) were transiently fully or partially life-supporting. Reference lung recipients
typically exhibited loss of xenograft vascular barrier function with tracheobronchial flooding
and/or recipient hemodynamic instability within 24 h (nine of 10; Figure 6A); one, a
GTKO.hCD46.HLA-E.B4GalKO regimen reference lung recipient, survived for 4 days
before xenograft barrier function failure. Two of the three GTKO.hCD46.h*pvWF lung
recipients survived for 5 and 7 days before the xenograft lost barrier function and became
consolidated and hemorrhagic; survival duration was not significantly different between
genetic and experimental regimen reference groups (p = .074). Recipients of both genetic
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and regimen reference pvWF lungs exhibited 30%-40% decline in platelets within 2 h after
xenograft revascularization, and platelet counts typically remained in this range until graft
failure. In association with h*pvWF lungs, platelet counts declined 10%—20% within 2 h
and remained stable over the first 48 h in the surviving recipients (p < .007; Figure 6B).
The platelet counts did not decline further over the remaining day(s) of survival of these
recipients.

4| DISCUSSION

Using CRISPR-Cas9-assisted homology-directed repair and SCNT, we successfully replaced
the region on pvWF that included the site that participates in GPIb-binding with orthologous
hvWF cDNA sequences. This modification was associated with amelioration of the
dysregulated platelet activation otherwise observed when human platelets are exposed to

pig VWF in vitro, ex vivo, and in vivo. Prior pvWF knockout pigs have been shown

to have prolonged bleeding (> 500 min) and require chronic plasma supplementation to
prevent lethal bleeding, despite coagulation and other hematological parameters within the
normal range.*3 In contrast, h*pvWF pigs were viable and developed normally for over 20
weeks when stressful interventions are minimized, allowing maturation to an age and size
appropriate for organ evaluation. While stress-induced bleeding was empirically treated with
oral desmopressin and vitamin K2, it is unclear if these treatments were helpful. At present,
we cannot rule out that the bleeding phenotype is (a) a vVWF-independent artifact of pig
cloning (since bleeding is also observed in multiple different strains of cloned pigs), (b) due
to incomplete epigenetic reprogramming at the VWF locus or its regulatory regions, or (c) a
combination of ineffective VWF molecular hybrids associated with some particular transgene
insertion sites, potentially aggravated by vVWF-independent cloning artifacts. However, the
fact that half of the pigs had no clinically apparent bleeding issues indicates that the
h*pvWF is indeed functional and hemostatically active in multiple different genotypic
constructs. We infer that the human GPIb region substitution used here does not fully
complement the physiological function of pyWF in h*pvWF pigs.

During both ex vivo lung perfusion with human blood and in vivo lung xenotransplants

into baboon recipients, h*pvWF lungs were associated with a significant reduction in
platelet sequestration when compared to lungs with pyWF and either GTKO.hCD46
“reference” genetics or with similar experimental drug treatment regimens and additional
genetic modifications. In vitro analyses confirmed the functionality of the human GPIb-
binding domain in these genetically modified pigs, as well as physiologically appropriate
interactions with human platelets. Specifically, plasma from pigs with h*pvWF did not cause
spontaneous “physiologically inappropriate” aggregation of human platelets as did porcine
plasma-containing pvWF, while whole blood from h*pvWF pigs had a physiologically
appropriate aggregation response to collagen.

Although significantly reduced both ex vivo and in vivo, platelet sequestration was

not completely prevented in association with the h*pvWF modification. STG, a plasma
biomarker that quantifies cumulative platelet activation in the lung and elsewhere in

the perfusion circuit, was not reduced in association with h*pvWF or the additional
interventions tested here. Blockade of the platelet agonist thromboxane (using BIA) and
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canonical P-selectin binding (with PSGL1)—pathways that mediate platelet activation and
adhesion in other models—in addition to inhibiting the VWF/GPIb integrin axis (using
GPIb-blocking Fab 6B4)19:36 failed to inhibit residual platelet aggregation, implicating
alternative platelet activation (adenosine diphosphate (ADP), or PAR1) and non-canonical
platelet ligation mechanisms in the residual sequestration; current work is exploring
whether FcyR, sialoadhesin, ASGR1 and/or galectins play a role.** Several physiologic
incompatibilities between pig and human coagulation pathway proteins have been described,
which have been addressed by the expression of human coagulation cascade regulatory
proteins in GTKO.hCD46 transgenic pigs.*> However, platelet activation was not fully
prevented by these approaches in pigs expressing pvWF.21:32:41.46 \We presume that

the observed delay in activation of platelets residual in the circuit in the reference

group(s) probably reflect differential susceptibility of platelets in the blood to activation
stimuli since platelets are of different ages and experience different interactions during

their course through the lung and perfusion circuit. While we cannot specifically

explain why some platelets exhibit delayed activation in the reference lungs (or livers),

the fact that activation is further delayed when the lung or liver expresses h*pvWF
demonstrates that VWF interactions contribute to this phenomenon, directly or indirectly.
Determining whether adding hTBM, hEPCR, hTFPI, or hCD39 will address residual platelet
sequestration and aggregation seen here with humanized pvWF will depend on generation of
GTKO.hCD46 cells and organs that combine h*pvWF with one or more of these additional
thromboregulatory gene modifications.

Thrombocytopenia is a prominent feature of every in vivo organ xenograft model,

although the severity varies with different organs and cells, and recovery is generally
observed if anti-pig antibody elaboration is constrained by effective immunosuppression.
This has been demonstrated by multiple groups, although a causal contribution of
thrombocytopenia to the coagulation dysregulation often seen in xenograft recipients has

not been proven.’-13 Of interest, delayed xenograft rejection (thrombotic microangiopathy,
consumptive coagulopathy, including thrombocytopenia) is diminished by expression of
human thrombomodulin in GTKO.hCD46 pig organs.*’~49 We posit that platelet adhesion is
pathogenic and pro-inflammatory for every cell and organ xenograft, albeit with variable
consequences for each graft and in different models. Importantly, we show here that
humanizing pvWF partially attenuates initial platelet sequestration in two organ systems.
Inflammation and coagulation are both linked to xenograft injury and likely trigger increased
immune injury and resistance to tolerance induction.154550 Further work will be needed to
determine whether humanizing vWF is desirable to enable cell or organ xenotransplantation,
to increase the prevalence or ease of achieving long-term xenograft survival with normal
function, or necessary to successful clinical translation, particularly for liver and lung
xenografts. In either case, the h*pvWF genetic modification is effective to partially modulate
platelet sequestration and is consistent with viable animals.

Prior studies have used von Willebrand diseased (VWD) pig organs in kidney or lung
xenotransplant models.#6:51 These pigs are severely deficient in VWF due to genetic
mutations. This Type 11l VWD is a very severe, autosomal recessive hemophilia phenotype
manifesting as hemarthrosis and purpura fulminans.52:53 While this line of animals could
in theory provide a source of organs devoid of pyWF for xenotransplantation, due to
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their fragility, these animals are not suitable for the breeding and shipment processes

that are required to provide organs for transplantation. We are optimistic that half of our
h*pvWF pigs had no clinically apparent bleeding issues, and the rest had only mild signs
of bleeding noted, suggesting that h*pvWF is indeed functional and hemostatically active.
Humanizing the pvWF gene prevents physiologically abnormal triggering of human platelets
by pig VWF while preserving other critical homeostatic thromboregulatory functions of
the vVWF molecule. h*pvWF pigs exhibit a normal range of circulating Factor VII1I

levels and activity and aggregation since aggregation of pig platelets by collagen is
preserved in h*pvWF pigs. Reduced VWF levels in ELISA assays reflect either decreased
expression or altered conformational folding of h*pvWF relative to hvWF. In either

case, h*pvWF exhibited preserved functional capabilities including multimerization and
endothelial-specific expression similar to pvWF and hvWF. Meanwhile, the spontaneous
human platelet aggregation seen in assays and perfusions with pvWF organs was mitigated
with the h*pvWF pigs.

Limitations of this study include the relatively small numbers of h*pvWF animals studied in
vivo and potentially confounding variables associated with evolving genetics and recipient
drug treatment regimens studied, which were modified over 7 years in response to our
interim ex vivo and in vivo observations, and reports by others working in the field.
Additionally, the use of both mono- and bi-allelic pigs is a potential limitation since

the mono-allelic pigs may express a fusion protein with unknown properties. While we
cannot exclude that lung microvascular expression of hCD46, for example, may have
differed between groups, our extensive unpublished data characterizing endothelial protein
expression in the pig lines reported here, and multiple other genetically modified pig strains,
do not support that alternative explanation for our findings.

This is the first report showing that humanizing pig VWF reduces the thrombodysregulation
caused by non-physiologic interaction between pvWF and primate GPIb and partially
attenuates the platelet sequestration and activation that is associated with injury to lung and
liver xenografts from GTKO.hCD46 pigs. Although h*pvWF does not provide a singular
solution to thrombocytopenia in two pig organ xenograft models, studies incorporating

this modification into donor pigs with additional mechanism-directed genetic modifications
may reveal a synergistic role for h*pvWF, particularly in the setting of thromboregulatory
molecule expression, or in combination with drug regimens that block as-yet-unidentified
pathways driving thrombocytopenia. Improved understanding of these pathways could
prove pivotal not only for lung and liver xenografts but may also facilitate successful
transplantation of other organs and cells where thrombocytopenia is typically seen but

the consequences of adhesive and pro-inflammatory platelet interactions appear to be less
obvious, such as the heart, kidney, and islets.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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FIGURE 1.
Generation of humanized pig von Willebrand factor (VWF) by homology directed repair. (A)

GTKO.CD46 porcine fetal fibroblasts were transfected with a targeting vector containing
cDNA of human VWF (hvWF) exons 22-28 and a transposase-excisable GFP/PuroR
selectable marker and plasmids expressing target-specific CRISPR-Cas9. Single cell clones
of targeted fibroblasts were subjected to somatic cell nuclear transfer (SCNT), followed

by embryo transfer to recipient pigs from which fetuses were collected on gestation Day
32. Fibroblasts from these fetuses were transfected with transposase-expressing plasmids to
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excise the selectable marker and subjected to a second round of SCNT to generate pigs.

(B) Long-range polymerase chain reaction (PCR) on genomic DNA of GTKO.hCD46 and
VWF-edited pigs. Primers are located just outside of the 5" and 3" homology arm sequences.
The wild type (WT) allele produces a band of 11.7 kb, while the monoallelic (Mono-A)
modification produces two bands, one of 8.2 kb, which contains the “humanization of pvWF
(h*pvWF) insert plus the unexcised GFP/PuroR selectable marker, and another of 5.3 kb
produced by the allele in which the marker was excised. The bi-allelic modification (Bi-A)
produces a single band of 5.3 kb. This was sequenced to confirm precise integration of
hvWF exons 22-28 in pyWF and precise excision of the selectable marker. (C) Southern
blot was performed by digesting genomic DNA with Hindl11/Psil restriction enzymes and
using a DIG-labeled hvWF probe (exon 24-28, with partial sequence homology to pig
VWF). pvWF generates a single band of 7 kb; Mono-A generates two bands of 7.5 kb

and 8.4 kb, representing alleles in which the GFP/PuroR marker was unexcised or excised,
respectively; and Bi-A generates a single band of 8.4 kb. Targeting vector serves as a
positive control
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VWEF protein expression by Western blot and ELISA in plasma. Capillary Western blots were
run on the WES system using platelet-poor plasma (PPP). (A) Monoclonal antibody specific
to hvWF glycoprotein Ib (GPIb)-binding domain detected hvWF and h*pvWF but not pvWF
from GTKO.hCD46 pigs. (B) Polyclonal antibody to full-length hvWF detected hvWF,
h*pvWF, and GTKO.hCD46 porcine VWF (pvWF). VWF activity and antigen were assayed
on PPP using two hvWF ELISA kits. Each assay included plasma from three h*pvWF pigs.
Human (n= 1) and GTKO.hCD46 pig (7= 1) samples were included as controls. Samples
were run twice in duplicate. Mean and SD assay results are shown. (C) The VWF activity
ELISA measures VWF using a monoclonal antibody specific to the hvWF GPIb-binding
domain. Measurable VWF activity was found in plasma from human and h*pvWF pigs

but not from control GTKO.hCD46 pigs. VWF activity in both human and h*pvWF PPP

was in the normal human range for the assay (1.7%-57.98%; mean 26.5%). (D) The vVWF
antigen ELISA measures hvWF using an antibody that cross-reacts with pyWF. Measurable
VWEF antigen was found in plasma from human, h*pvWF pigs, and GTKO.hCD46 pigs.
VWEF antigen levels in human, h*pvWF, and GTKO.hCD46 pigs was within the normal
human range for the assay (47%-197%; mean 106%). (E) vVWF multimer patterns in PPP.
Membranes were probed with hvWF antibody. vVWF from human, h*pvWF, and control
GTKO.hCD46 pigs were capable of forming multimers in this assay
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FIGURE 3.
Collagen-induced platelet aggregation. Fresh-drawn, citrated whole blood from human (n

= 2), h*pvWF pigs (7= 13) and GTKO.hCD46 pigs (1 = 6) was tested using a Chrono-

log Whole Blood Aggregometer. (A) Collagen (2 mg/ml) was utilized as an agonist to
induce platelet aggregation. Gray-shaded area represents normal range for collagen-induced
platelet aggregation in humans (15-27 Ohms). (B) Blood from h*pvWF pigs was similar

to human blood in its functional ability to stimulate platelet aggregation (a;ab p=.14).
Platelet aggregation was lower in blood from h*pvWF versus control pvWF (a;b p < .001).
Mean results were compared using one-way ANOVA and Tukey’s multiple comparison test.
Spontaneous platelet aggregation: Human platelet-rich plasma (hPRP) was prepared from
blood of a healthy donor. PPP was prepared from h*pvWF and GTKO.hCD46 pigs. (C)
hPRP was mixed with human/porcine PPP (1:1) and platelet aggregation was monitored
without adding an agonist. (D) PPP from h*pvWF pigs and human did not trigger platelet
aggregation whereas PPP from GTKO.hCD46 pigs triggered platelet aggregation within 1-2
s. Representative tracing from one experiment shown using a bi-allelic h*pvWF pig (A &
C), while histogram bars represent mean and SD of both mono- and bi-allelic pigs
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FIGURE 4.
Ex vivo perfusion of pig lungs. Humanized vWF (h*pvWF, red) were compared to reference

lungs with pvWF (blue), with base regimen (solid; 7="5 h*pvWF, n=5 pvWF), or
additional treatment (dashed; n=5 h*pvWF, n="5 pvWF). (A) Survival was similar for
both groups regardless of treatment, with most experiments reaching elective termination
at 480 min (p = .44). (B) There was significant improvement in platelet sequestration in
the humanized vWF lungs, compared to reference lungs with pvWF, regardless of treatment
(p<.01). The reduction in platelet sequestration in the h*pvWF lungs was both rapidly
significant (5 min) and sustained (8 h), regardless of treatment. (C) Platelet activation as
demonstrated by platelet expression of P-selectin (CD62P) was significantly attenuated in
human blood perfusing h*pvWEF lungs, compared to pvWF lungs at 6 h, regardless of
treatment (p < .001). (D) There was no difference in rise in plasma beta thromboglobulin
levels (BTG), regardless of genetics or treatment. Error bars represent standard error of the
mean.

* base regimen, T treated *p < .05, **p< .01, ***p < .001, ****p< .0001
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FIGURE 5.
Ex vivo perfusion of pig livers. Humanized vWF (red), compared to reference livers with

pvWEF (blue), with base regimen (solid; 7= 4 pvWF), or additional treatment (dashed;
n=17h*pvWF, n=4 pvWF). (A) Survival was similar for all groups (p=.12). (B)

There was significant improvement in platelet sequestration in the treated humanized vVWF
livers, compared to reference livers with pyWF for the first 4 h (p < .04). The reduction

in platelet sequestration in the h*pvWF livers was rapidly significant (5 min). (C) There
was no significant difference in the CD62P rise on human platelets. (D) h*pvWF livers
demonstrated initial protection from drop in hematocrit (p < .02 in first 2 h), but this effect
did not persist for the duration of the experiment. Error bars represent standard error of the
mean. *p < .05, **p < .01 versus treated
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FIGURE 6.
In vivo pig-to-baboon lung xenotransplantation. (A) There was a nonsignificant trend toward

improved survival of baboon recipients of pig lungs with h*pvWF (GTKO.hCD46.h*pvWF,
red), compared to lungs with pyWF (GTKO.hCD46, blue; GTKO.hCD46 with additional
genetics, green); as well as (B) improvement in platelet sequestration in the first 48 h after
transplantation (p < .01). Error bars represent standard error of the mean. *p < .05 versus
genetic reference
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