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Abstract

Worldwide, the critical and growing shortage of human donor organs represents a
major concern which needs alternative solutions. Xenotransplantation - the
transplantation of cells, tissues and organs between different species — has a long
history and aims to provide a solution to the high demand of donor organs. Pigs are
considered a suitable donor candidate, however organs from wildtype pigs are
rapidly rejected by a process called hyperacute rejection. This consists of a massive
antibody binding and subsequent complement activation with an inevitable graft
destruction. Nowadays, hyperacute rejection can be overcome by genetic
manipulation of the donor. However, a delayed rejection still occurs. It is defined as
acute vascular rejection and is characterized by coagulation dysregulation resulting
in thrombotic microangiopathy and leading to graft failure within days. Cellular
rejection mediated by T cells as well as innate immune cells, including NK cells,
macrophages and neutrophils is another hurdle which needs to be overcome in order
to bring xenotransplantation closer to the clinical application. Advanced genetic
engineering techniques such as the CRISPR-Cas9 technology allow to delete
antigens from the porcine genome or to introduce human transgenes with the aim of
reducing the molecular incompatibilities as well as the immunogenicity of the
xenograft. The use of pigs with new multiple genetic modifications, including
expression of human thrombomodulin, complement regulatory proteins and knock-
out of xeno-antigens are now available for testing in nonhuman primates.

This thesis focuses on the study of the vascular endothelium, as this is the first tissue
to come in contact with the recipient blood after transplantation. A novel in vitro 3D
microfluidic system has been developed and used to explore the effects of multiple
transgenes in a xenotransplantation setting. Endothelial cells cultured on the luminal
surface of circular microchannels were exposed to shear stress and pulsatile flow, so
that they experience a microenvironment similar to the in vivo situation. Perfusion of
porcine endothelial cells with human serum allowed to study the effects of transgenes
on prevention of complement and antibody mediated cytotoxicity. This thesis
comprises of interesting and fruitful collaborations which gave light to real

breakthroughs in the field of xenotransplantation.






Introduction

Organ shortage: the situation of allogeneic organ transplantation

Allogeneic organ transplantation — the transplantation between two genetically non-
identical individuals from the same species — is, nowadays, a globally accepted life-
saving medical treatment for end-stage organ failure. However, worldwide, the
demand for organs largely exceeds their availability. On average, 20 people die each
day in the U.S while waiting for a transplant and every 10 minutes a new person is
added to the waiting list. At the end of 2015, there were 122,071 patients waiting for
a donor organ, 30,975 transplants performed, and 15,068 donors recovered (Figure
1). Currently (August 2018) in the U.S, 114,400 people need a lifesaving organ
transplant and 21,000 transplantations have been performed so far.

(https://optn.transplant.hrsa.qgov/).

According to the non-profit Swisstransplant Foundation, by the end of 2017, there
were 1,480 Swiss residents waiting for a transplant, which represents a 38% increase

as compare to 2010 (https://www.swissinfo.ch). In Switzerland, a patient in need of a

kidney — the most requested organ — must wait on average 1,109 days. The shortage
is likely to be exacerbated by Switzerland’s policy of explicit consent, known as ‘opt
in’ system, according to which organs can be donated only with the patient’s
permission, or the one of their next of kin. The majority of European countries adopt
the policy of “presumed consent”, known as ‘opt out’ system, meaning that a
deceased individual is classified as a potential donor in absence of explicit opposition
to donation before death. In practice, regardless of the type of legislation, in most
countries families are allowed to have the last word. A study carried out by Queen
Mary University of London revealed that ‘the next of kin are more likely to quash a
donation if their deceased relative has not given explicit consent’.! Indeed,
approximately half of the families that are asked to decide for a donation refuse it in
the U.S. and Great Britain, compared to around 20% in Spain and around 30% in

France.?*
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Figure 1 The organ shortage increases and the gap between organ demand and supply widen.

(Data from United Network for Organ Sharing, https://unos.org/bucketlist/)

Spain is considered the world leader in organ donation and transplantation. A
leadership which was maintained for 26 years reaching a total of 2,183 donors in 2017
(49.9 donors per million population). This success derives from a specific
organizational approach. In 1989 the Spanish Government created the Organizacion
Nacional de Trasplantes (ONT), an organism responsible for overseeing and
coordinating donation and transplant activities in Spain. The Spanish model relies on
the designation of specialized professionals (transplant coordinators) with the aim of
making donation happen when a patient dies in conditions that allow organ donation,
not only after cerebral death but also after circulatory death.> Following this approach,
Italy was able to significantly increase the donation rate.® Very recently, Italy and
Spain carried out the first international paired kidney exchange in Southern Europe

(http://www.ont.es). The countries adhering to the paired exchange program offer the

possibility to exchange living kidney donors between 2 or more pairs despite the fact
that their partner or relative, who would like to make the donation, is incompatible.
One patient in Spain and another in Italy received a living-donor kidney transplant
thanks to the exchange of organs from their respective donors. Despite the manifold

efforts aiming at increasing the donor pool, the need for solid organ transplantation



keeps growing, with rises in the number of patients on the waiting lists. Alternative

solutions are therefore needed.

Xenotransplantation: a possible solution to organ shortage?

Alternatives to allotransplantation include artificial organs, stem cell therapy and
xenotransplantation. Despite the recent advances in stem cell biology and tissue
engineering their clinical application remains in the far future.

Xenotransplantation, from the Greek ‘xeno’ meaning ‘foreign’, is a cross-species
transplantation aiming to resolve the shortage of human organs. It has the potential
to offer virtually unlimited supply of organs and cells for clinical transplantation.” In
addition to the unrestricted availability of organs, xenotransplantation offers
additional advantages: Genetic manipulation of the donor organ/animal to improve
molecular compatibility with the recipient; the organs would be available electively,
allowing the planning of a pretreatment to enhance the acceptance of the graft.
Lastly, donor organs would not be potentially damaged after brain death as they

would be explanted from healthy anesthetized animals.®

Xenotransplantation has a long history since there have been a number of clinical
attempts during the past 350 years. The first one known from the literature goes back
to 1667, when Jean-Baptiste Denis, a French physician, performed lamb-to-human
blood transfusion.® At that time, scientists believed that by transfusing blood from an
animal that was considered innocent and pure, the lamb or a calf for instance, they
would have been able to replace bad blood with a good one. Several transfusions
were then performed in Europe until a patient called Antony Mauroy dying after being
repeatedly transfused with calf blood to cure his mental illness. Even though the
cause of the death was later found to be arsenic poisoning, a French court decided
to ban transfusions. Since then, no one attempted to do it again until the 19"

century.

The first xenotransplantation of body parts was performed in 1682 when physicians
successfully repaired a damaged skull of a Russian nobleman with a piece of bone
retrieved from a dog’s skull. In 19th century, Serge Voronoff, a famous French

physician, performed several xenotransplantation using testicles of chimpanzee or
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baboon aiming at rejuvenating men." During the early 1900’s many
xenotransplantation attempts miserably failed. To mention few of them: In 1905, in
France, Princeteau transplanted slices of rabbit kidney into a child with signs of renal
failure who succumbed after 16 days of lung congestion. In 1906, after perfecting the
anastomosis technique, Mathieu Jaboulay carried out two distinct heterotopic
transplantations of a pig and goat kidneys to the bend of the elbow of a 48-year and
50-year old women, respectively. Both the patients died on the third day because of
thrombosis. Lastly, there was a remarkable attempt of Harold Neuhof (USA) in 1923,
consisting in the transplantation of a lamb kidney to a man with mercury poisoning.
The patient survived for 9 days. Following these striking failures, for the next 40 years

no other attempt was to be done.

The arrival of the first immunosuppressive drugs reawoke interest in transplantation.
The modern history of clinical xenotransplantation is generally thought to begin in
1963 when Dr. Keith Reemtsma transplanted chimpanzee kidneys into 13 patients
using immunosuppressive treatment.’>'* Remarkably, one patient returned to work
for almost 9 months before suddenly dying from electrolyte imbalance. Dr. Hardy in
1964 performed the first heart transplant in a human using a chimpanzee heart.
However, the patient died within two hours as the heart proved too small to support
the patient's circulation.”™ The first chimpanzee-to-human liver transplantation was
carried out 1966 by Dr. Starzl.”® Between 1966 and 1974 he performed one ex vivo
chimpanzee liver perfusion and three chimpanzee liver transplants in humans with a
maximum of 14 days of graft function. After that, Dr. Starzl did not use chimpanzees
anymore as organ donors. Following the introduction of cyclosporine, in 1981, Dr.
Starzl’s group performed more than 600 transplantations in a year establishing what
was considered the busiest transplant program in the world (nicely reviewed by Dr.
Cooper'). In 1984, the most famous xenotransplantation so far was realized by
Leonard Bailey. He transplanted a neonate (‘Baby Fae’) with an ABO-mismatched
baboon heart to cure her hypoplastic left-heart syndrome.” Even though the
conditions for the success were present: match in the organ size, immunological
immaturity of the recipient, availability of cyclosporine, unfortunately, the baby

recipient died 20 days after surgery. After this latest failure, xenotransplantation faced



a stalemate. Only in 1992, when FK506 (tacrolimus) became available, Dr. Starzl

obtained patient survival for 70 days following a baboon liver transplant.™

Concordant or discordant xenotransplantation?

Promising results were obtained in the past by using organs from concordant species
(chimpanzee or baboons). However, the availability of great apes closely related to
humans is poor. Even though the baboon is available in the wild in relatively large
numbers, its usability is reduced due to several compelling ethical and practical
reasons. Non-human primates are more likely than other animals to carry viruses
which could infect humans (e.g., the HIV virus originated in chimpanzees)®. Besides
that, the baboon’s organ size would restrict transplantation to pediatric patients.
Another practical issue is represented by the low breeding potential which consists
of long pregnancies, very few offspring and their slow growth. Last but not least, the
ethical concern: The public is reluctant to exploit animals sharing many features with

humans as organ reservoir for transplantation.

The early attempts at clinical xenotransplantation using discordant donors (e.g., pigs)
were all characterized by early failure. Even though the usage of pigs as organ donors
would guarantee several advantages over the non-human primates (Table 1)?', it
appeared to be less desirable from an immunological point of view reflecting the fact
that pigs and humans are phylogenetically distant. This results in a very very strong
response to pig organs by the human immune system. Nevertheless, given the
numerous advantages (Table 1), the pig is generally accepted as ‘the’ discordant

species of choice for xenotransplantation.”??



Table 1. The advantages and disadvantages of the pig vs baboon as a potential

source of organs and cells for humans?®'

Pig Baboon
Availability Unlimited Limited
Breeding potential Good Poor
Period to reproductive maturity 4-8 months 3-5 years
Length of pregnancy 114 + 2 days 173-193 days
Number of offspring 512 1=2
— Rapiq (gdult human size Slow (9 ‘years tq

within 6 months) reach maximum size)

Size of adult organs Adequate Inadequate
Cost of maintenance Significantly lower High
Anatomical similarity to humans Moderately close Close
Physiological similarity to humans Moderately close Close
Relationship of immune system to humans Distant Close
Knowledge of tissue typing (in gzgggﬁif ds) Limited
yv?tielfﬁir;yaf:sr bad o Gompdinmlty Probably unimportant Important
Experience with genetic engineering Considerable None
Risk of transfer of infection (xenozoonosis) Low High
Availability of specific pathogen-free animals Yes Yes
Public opinion More in favor Mixed




The hurdles to xenotransplantation. Organ rejection: pig organs are seen

as ‘dangerous’ and ‘foreign’ by the human immune system

Hyperacute rejection

Early experimental xenotransplantation studies in 1960s suggested that
transplantation of vascularized xenografts between widely disparate species, such as
pig-to-human, results in immediate destruction of the graft by hyperacute rejection
(HAR). This type of reaction, occurring within minutes to hours, was recognized to be
similar to the one occurring in ABO-incompatible allograft®® and characterized by
extensive intravascular thrombosis and extravascular hemorrhage.*** Later on,
during the 1990s, it was shown that HAR results predominantly from complement
activation, through both the classical and alternative pathways®, following preformed

antibody binding to specific carbohydrate antigens present on the graft endothelium.

An important finding in the past 20 years was that pigs, as all the other mammals
except apes, Old-World monkeys and humans, express an epitope, Gal-a1,3-Gal
(aGal), synthesized by the enzyme a-1,3galactosyltransferase, which is responsible
for the binding of a large portion of preformed human natural antibodies.””*® Such
antibodies are not present at birth®, but they are thought to arise as a result of
exposure to environmental bacteria expressing the same antigen (e.g., the
microorganisms of the intestinal flora). It is estimated that these antibodies constitute
1% of total immunoglobulins in the circulation.*® Activation of complement and rapid
destruction of the graft have been observed within the first hours after
xenotransplantation.?**' Molecular incompatibilities between porcine complement
regulatory proteins expressed on the surface of porcine endothelium and human
complement components result in a lack of regulation and blockage of the

complement activation.

Endothelial cells (EC) are the primary target of host immunity during HAR.**%* Under
normal physiological conditions EC express an anti-inflammatory, anticoagulant and
pro-fibrinolytic phenotype which is partly due to the presence of the endothelial

glycocalyx consisting of proteoglycans and associated glycosaminoglycans (mostly



heparan sulfates). Activation of the vascular endothelium, following the binding of
xenoreactive natural antibodies and deposition of complement, results in a
phenotype transition of EC due to a loss of anticoagulants, such as thrombomodulin
(TBM), tissue factor pathway inhibitor (TFPI)** and vascular ATP diphosphohydrolase
(ATPDase)®*. Furthermore, plasma proteins such as antithrombin Ill, superoxide
dismutase, C1 inhibitor, etc. normally bound to the heparan sulfate are also lost
following glycocalyx shedding®® This type of EC activation is defined as type | as
it does not involve de novo protein synthesis and it is responsible for the

manifestation of HAR.

Acute vascular rejection

Early destruction of the xenografts could be prevented by depletion of complement
using complement inhibitors such as cobra venom factor®®** or by removal of
xenoreactive natural antibodies from the circulation by plasmapheresis, perfusion

through immunoaffinity columns*"*

or swine organs (e.g., liver, kidney). This
reinforced the idea that antibodies and complement play a critical role in rejection of
xenografts. However, further experiments revealed that rejection still occurred, but it
was delayed by hours or some days because of the anti-complement therapy. This
delayed rejection process was named acute vascular rejection (AVR) or delayed
xenograft rejection.*®** It is the first form of rejection occurring when a transplantation
between concordant species is performed. To study in detail AVR, transplantations
between concordant species (e.g., hamster-to-rat*®, or mouse-to-rat*®) were
performed since HAR does not occur due to the absence of preformed xenoreactive
natural antibodies. Even though AVR might be seen as a delayed form of HAR* there
was evidence that it is pathogenetically distinct from HAR. * The histopathology of
AVR is characterized by EC swelling, focal ischemia, and fibrin deposition resulting in
diffuse microvascular thrombosis.*® The immunopathology of xenogeneic organs
undergoing AVR reveals that immunoglobulin of recipient origin bound to the
endothelial lining of graft blood vessels.?****® In addition, increased synthesis of anti-
donor antibodies was found following exposure to the xenogeneic organ.***° Also

complement was shown to be involved in AVR though less prominent that in HAR.*'



Antibodies alone, or together with a low level of complement activation, may be able
to induce pathophysiological changes in the EC leading to their activation.*® The kind
of EC activation underlying AVR involve de novo protein synthesis and is called type
II. It consists of activation of cytokine genes, expression of adhesion molecules (e.g.,
selectins) which allows adhesion of immune cells, and changes from an anticoagulant
to a procoagulant phenotype on the endothelial surface due to shedding of heparan

sulfate from the cell surface.

Beside activation of EC, also NK cells have been demonstrated to play an important
role in the delayed xenograft rejection. Evidence of the involvement of natural killer

|53

cells in AVR was provided in 1994 by Hancock et al.>” using a discordant guinea pig-
to-rat heart transplantation model. It was noticed that in AVR an intense cellular
infiltrate was seen resulting from accumulation of activated macrophages and NK
cells. Inverardi et al. demonstrated ex vivo and in vitro that NK cells adhered rapidly
and led to lysis of the xenogeneic endothelium by two distinct pathways, one
dependent (antibody dependent cellular cytotoxicity, ADCC) and the other
independent from IgG presence, since the selective removal of human IgG from the
perfusion buffer markedly reduces but does not completely abrogate NK cell
adhesion.*** Later on, Seebach et al. demonstrated in vitro that unstimulated NK
cells provide little or no xenogeneic cytotoxicity in serum free medium whereas IL-2
stimulated NK cells result in porcine EC destruction.*® Morphologic changes and
appearance of gaps between EC as well as the induction of a procoagulant state by

human NK cells has also been observed in vitro.*”

HAR and AVR represent the ways through which the recipient immune system

responds to ‘dangerous’ signals provided by the xenograft.

T-cell mediated rejection

T cell mediated rejection represent the result of the recipient’s adaptive immune
response to the ‘foreign’ donor xenograft. T cells in xenotransplantation are activated
through direct and indirect pathways similarly to the allogeneic response. Direct

activation means that recipient (non-human primate or human) T cell receptors bind



swine leukocyte antigen class | and class Il on porcine antigen-presenting cells (APC).
Porcine dendritic cells or endothelial cells function as APC.*® This interaction results
in T cell-mediated cytotoxicity directed against the xenograft endothelium. The
indirect pathway of T cell activation refers to the recognition by recipient T cells of
porcine donor peptide presented on recipient major histocompatibility complex
(MHC) class Il. This leads to CD4" T cell stimulation followed by B cell activation with
consequent de novo antibody production resulting in humoral xenograft rejection.
Furthermore, activated T cells produce cytokines that prime the innate immune
system, including macrophages and NK cells, ultimately leading to xenograft
dysfunction.”*®® The CD4* T cell subset, in particular, is of central importance in
xenograft rejection. It was demonstrated in vivo that CD4-specific, but not CD8-
specific immunosuppression significantly prolonged xenogeneic skin graft survival in
the mouse.®’

T-cell response to a xenograft is believed to be stronger than the alloresponse in
allotransplantation as the xenograft bears more antigens, and molecular
incompatibilities between species cause disordered regulation of cell-mediated
responses.®*®® This is possibly because T-cell activation leads to a rapid antibody
response that results in AVR before significant T-cell infiltration occurs in the graft.
Cell mediated rejection is therefore typically not seen with intense
immunosuppressive drug regimens.’**®*% Activation of T cell requires both binding of
the T cell receptor to an MHC-peptide complex on the APC as well as a second
costimulatory signal. Blocking these second signals through fusion proteins or
antibodies is nowadays an established strategy to prevent both allogeneic and
xenogeneic T cell responses. One of the first studies using the fusion protein CTLA4-
Ig which impedes CD28-CD80/86 interactions, was a xenogeneic human-to-mouse
islet model. The blockage of the CD28-CD80/86 resulted in a prolonged islet survival.
% Recent xenotransplantation studies have focused on the usage of antibodies
targeting the CD40-CD154 pathway (reviewed by Cooper et al.®’). These potent
costimulation blockage agents, together with genetic modification of the donor
organ, led to significantly prolonged xenograft survival: Kidney xenograft >400 days
with anti-CD154mADb®, heterotopic heart xenograft >900 days®® and orthotopic heart

xenograft 150 days (oral communication by Dr. Paolo Brenner at the international
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meeting TTS 2018, both with anti-CD40mADb™). Liver xenografts survived up to 29
days with anti-CD40mAb’" and in xeno-islets >600 days with anti-CD154mAb".

Genetic modification of the donor

Together with the immunosuppression strategies to prevent cell-mediated rejection,
genetic manipulations of the donor pig have made it possible to prevent complement-
mediated rejection, and thus markedly prolong graft survival in pig-to-non human
primate xenotransplantation. The first transgenic pig goes back to 1992 when the
company Imutran (Cambridge, UK) produced pigs transgenic for human decay-
accelerating factor (hDAF, hCD55), a protein that inhibits complement activation in
man. Ex vivo perfusion of hearts and livers explanted from such transgenic pigs were
performed in order to assess the hypothetical resistance towards human complement
activation. " Indeed, the heart showed resistance to HAR.”*"® This has been
confirmed also in vivo in a pig-to-baboon heart transplantation model.”” In 1995, the
company Nextran (Princeton, NJ, USA) produced transgenic pigs expressing both
human DAF and human CD59.”® Following the advent of the cloning technology

(nuclear transfer)’®?°

, which made it possible to delete genes from the pig genome,
efforts were made to delete GGTA1, the gene encoding for the galctosyltransferase
enzyme that attaches the terminal Gal saccharides to the underlying carbohydrates
on the pig vascular endothelium. In 2001, combining nuclear transfer with
homologous recombination technology, pigs with heterozygous inactivation of the
GGTAT1, were produced®, and 1 year later, piglets with homozygous inactivation of
the gene (GTKO) became available.’ Heart and kidney transplantations were
performed using baboons selected for low levels of the remaining anti-pig antibodies
(anti-nonGal antibodies). GTKO pig hearts and kidneys prolonged graft survival

significantly.®#’

Later, the transplantation of organs from GTKO pigs transgenic for human
complement regulatory proteins (CD46, CD55, CD59) showed improved outcomes
compared to GTKO or complement regulatory proteins alone.?®® However,
thrombotic microangiopathy within the graft and frequently also consumptive

coagulopathy in the recipients developed. In parallel endothelial cell activation due to
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the increases in complement deposition and antibody binding followed by graft failure
was the typical outcome.®*°! Already in the 1990s both in vitro and in vivo studies
suggested that the generation of activated protein C (APC), an important
anticoagulant factor, may be significantly compromised by cross-species
incompatibilities.***® This was later on confirmed by a molecular analysis showing
that porcine thrombomodulin binds human thrombin but is a poor cofactor for
activation of the human protein C.** In addition, pig tissue factor pathway inhibitor

does not successfully inhibit primate factor Xa®"%

, and pig von Willebrand factor is
associated with excessive primate platelet aggregation.?® To compensate for these
molecular incompatibilities and to neutralize thrombin generated by TF-dependent
and -independent mechanisms as well as to exploit its potent anti-inflammatory
effects®®, human thrombomodulin (NTBM) has been expressed in transgenic pigs.
Petersen et al. successfully generated hTBM transgenic pigs by somatic cell nuclear
transfer. They demonstrated that its expression on porcine fibroblasts led to an

elevated activated protein C production.®

The advent of the CRISPR/Cas9 technology (clustered regularly interspaced short
palindromic repeats/CRISPR associate systems) which is an adaptable immune
mechanism used by many bacteria to protect themselves from foreign nucleic acids,
has made it possible to perform virtually any kind of genetic manipulation in vitro and
therefore the prospect of producing multitransgenic pigs for xenotransplantation. The
technology is characterized by simplicity and high efficiency and at the same time is
able to shorten the process of generation of multitransgenic pigs. Using such
technique, Yang and colleagues successfully inactivated the porcine endogenous
retroviruses (PERV), which could potentially infect human cells, from the porcine
genome first using PK15 cells, an immortalized kidney epithelial cell line (PK15)'®° and
later on using a porcine primary cell line. This allowed for the generation of PERV-
inactivated pigs via somatic cell nuclear transfer.’®' Petersen et al. were able to obtain
biallelic knockouts of GGTA1 gene in three pigs out of six by microinjection of
CRISPR/Cas9 into zygotes.'*”
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With the aim of producing pigs resistant to antibody mediated rejection, further
xenoantigens were studied and deleted from the pig genome. One of these is the
Neu5Gc (N-glycolylneuraminic acid) which is not expressed in humans but is found
on cell surfaces in Old World monkeys. Pigs lacking GGTA1 as well as the gene
encoding CMAH (cytidine monophosphate-N-acetylneuraminic acid hydroxylase),
which is responsible for catalyzing the reaction leading to the formation of the
Neu5Gc antigen, were produced and the cells showed better protection against
human serum.’® Another porcine xenoantigen, to which humans and non-human
primates have antibodies, is an immunogenic non-Gal glycan produced by the
enzymatic activity of the porcine [1,4-N-acetylgalactosaminyltransferase
(B4GalNT2)."* Pigs with triple knockouts (GGTA1, CMAH and PB4GaINT2) were
produced by Estrada et al. and showed reduced IgM and IgG binding to PBMC
compared to cells from pigs lacking Gal and Neu5Gc.'® However, the possibility to
test these pig organs in established pig-to-NHP models is hampered by the
expression of Neub5Gc - and thus the lack of anti-Neu5Gc - in non-human

primates.'®%

Anti-inflammatory and antiapoptotic genes to inhibit delayed xenograft rejection were
also introduced and tested. Heme oxygenase 1 (HO-1) is an enzyme degrading heme
into iron, carbon monoxide and biliverdin. These degradation products are important
biologically active compounds contributing to the protection of cells against

apoptosis, free radical formation and inflammation.’®®

It has been shown that porcine
aortic endothelial cells overexpressing human HO-1 are protected against TNF-a-
dependent apoptosis. Furthermore, in an ex vivo kidney perfusion model HO-1
overexpression increased the survival of transgenic organs compared to non-
transgenic controls.'® Another protein, which has been shown to provide significant
protection from apoptosis and inflammation by inhibiting NF-kB signaling, is called
A20 (tumor necrosis factor a-induced protein 3)."'%""! The protective effects provided
by the expression of HO-1 and A20 were confirmed by Fischer et al. which produced
multitransgenic pigs expressing human HO-1, A20, CD46, CD55 and CDS59 genes.

The multiple xenoprotective transgenes were collocated at a single genomic locus;
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this permits to avoid segregation when these genes are transmitted to the next

generation.'"

The transgenic modifications mentioned above were directed towards the protection
of the xenograft from HAR as well as AVR. Strategies to provide protection against
cellular rejection were also studied. Indeed, following the study by Sullivan and
colleagues describing the inability of porcine MHC (swine leukocyte antigens, SLA)
to inhibit lysis by human NK cells, the HLA-E gene was introduced in the pig genome.
Expression of HLA-E on porcine endothelial cells has been shown to partially protect
the cells in vitro against NK cell cytotoxicity.'" Furthermore, limb xenoperfusion
studies, in which amputated pig forelimbs were perfused with human blood, showed
encouraging results with reduced complement activation, inflammatory cytokines,
and NK cell infiltration in HLA-E transgenic pigs compared to wild-type controls.™
Laird et al. as well as Abicht et al. showed that additional expression of HLA-E
together with GTKO/hCD46 led to a reduced recruitment and activation of NK cells
after ex vivo perfusions with human blood."'>'"

A recent review by Meier et al. provides a nice overview of the genetic modifications
available so far as shown here in Table 2. This long list of genetic modifications does
not assume that all of them must coexist in the pig genome, instead it is important to

find the right organ-specific combination.
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Table 2. Genetically modified pigs available for xenotransplantation'’

Gal or non-Gal GalT-KO a1,3-galactosyl-transferase KO Deletion of «Gal xenoantigen
deletion (GGTA1 KO)
EndoGalC Endo-B-Galactosidase transgene Reduction in «Gal xenoantigen
GLA a-galactosidase transgene Reduction in aGal xenoantigen
NeuGI/CMAH KO  N-glycolylneuraminic acid/Cytidine Deletion in xenoantigen NeuSGc
monophosphate-N-acetylneuraminic
acid hydroxylase
a2FucT Human H-transferase transgene Masking of xenoantigens by adding H
blood group antigen
p4aGalNT2 KO a2FucT Synthesize xenoantigens
GnT-lIl N-acetylglucosaminyltransferase il Masking of xenoantigens aGal and NeuGc
Complement CD46 Human complement regulatory protein  Inactivation complement factors
regulation transgene C3b and C4b
CDS5 Human complement decay-accelerating  Acceleration of complement decay
factor (DAF) precursor transgene
CD59 Human MAC-inhibitory orotein Inhibition of the complement membrane
transgene attack complex C5b-9
Cellular immune CITA-DN MHC class Il transactivator knockdown,  Transcription factor essential for porcine
response major histocompatibility complex class histocompatibility antigens Il (SLA-Hl)
Il, swine leukocyte Ag Il, SLA-II expression
MHC Class | KO Major histocompatibility complex class I,  Antigen presentation
swine leukocyte Ag |, SLA-1, SLA-2,
and SLA-3
HLA-E/human Human leukocyte antigen class | Inhibition of NK cells cytotoxicity
B2-microglobulin  histocompatibility antigen transgene, o
chain E/human B2-microglobulin
CcD178 FAS ligand transgene, CD95L Inhibition of NK cells cytotoxicity
CTLA4-Ig Cytotoxic T lymphocyte antigen 4 Inhibition of T-cell costimulation via
transgene, CD152, LEA29Y CD86/CD80
CD253/TRAIL TNF-a-related apoptosis-inducing ligand  Induction of apoptosis of activated T cells
transgene
CcDa7 Human integrin-associated protein Regulation of macrophage activation and
transgene phagocytosis
SIRPx Human signal regulatory protein-a Regulation of macrophage activation and
transgene phagocytosis
ASGR1-KO Porcine asialoglycoprotein receptor 1 Decreases human platelet phagocytosis by
pig sinusoidal endothelial cells
iGb3S KO Isoglobotrihexosylceramide, isogloboside  Critical for NK cell development and
3 synthase self-recognition
Anticoagulation vWF-deficient Von Willebrand factor Platelet adhesion
and other TFPI Tissue factor pathway inhibitor Human protein C activation
D141 Human thrombomodulin transgene Human protein C activation
cD73 5"-nucleotidase Platelet aggregation
CD201 Human endothelial protein C receptor,  Human protein C activation
EPCR
CD39 Human ectonucleoside triphosphate Platelet aggregation
diphosphohydrolase-1 transgene
Anti-inflammatory/  A20 Human tumor necrosis factor-a-induced  Inhibition of NF-xB activation and TNF-
Anti-apoptotic protein 3 transgene mediated apoptosis
HO-1 Human heme oxygenase-1 transgene Degradation of heme
STNFRI-Fc Human soluble TNF receptor inhibitor/Fc  Inhibition of TNF/receptor binding
chimera
Other PERV inactivation  Porcine endogenous retroviral viruses Retroviruses

Current preclinical survival of xenografts in non-human primate models
Meier et al. also exhaustively describe the progresses made in solid organ
xenotransplantation.””” The following table (Table 3) shows recent advances and

combinations of genetic modifications tested so far.
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Table 3. Longest survival times of porcine organs in non-human primate recipients

and respective genetic modifications (modified from Meier et al.’"’)

Longest
Year | Organ Recipient | Donor (pig) survival References
(days)
2014 Heterotopic 146, 616, 550,
P Baboon GTKO/hCD46/hTBM* 69,118,119
2016 | heart 945
hCD46
2018 | Orthotopic
Baboon or 34, 40, 57,90, | 70,120
2011 heart
GTKO/hCD46/hTBM 180
2017 Kidney Baboon GTKO/hCD46/CD55/EPCR/TFPI/CD47 260, 237 121
Rhesus
2017 | Kidney GTKO/hCD55 499 68
monkey
Rhesus
2017 Kidney GTKO/ B4GALNT2-KO 435 122
monkey
2017 Liver Baboon GTKO 5,8, 25,29 71
GTKO/hCD46/hvWF
or
2017 Lung Baboon GTKO/hCD46/hCD47/HO-1/EPCR/hTBM 2.9 123
or
GTKO/hCD46/hCD47/hCD55/EPCR/TFPI

#Abbreviations: GTKO - alpha-galactosyl transferase knockout, hCD46 — human membrane co-
factor protein, hTBM — human thrombomodulin, CD55 - (human) decay accelerating factor,
EPCR - endothelial protein C receptor, TFPI - tissue factor pathway inhibitor, CD47 — integrin
associated protein, B4AGALNT2-KO - beta 1,4 N-acetyl-galactosaminyl-transferase 1 knockout,

hvWF — human von Willebrand factor, HO-1 — hemoxygenase-1.

The complement system and its regulation

Because the vascular endothelium of the xenograft is the first to come in contact with

the recipient blood, thus with the recipient’s complement, this section will focus on
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the role of the complement system in graft rejection and will describe strategies to

overcome its unwanted activation.

Overview of the complement system

The complement system is an effector mechanism part of the innate immunity. It was
first identified in 1890s as a heat-labile principle in serum that “complemented”
antibodies in the killing of bacteria.’®* It consists of more than 30 proteins in plasma
and on cell surfaces. The complement system has three main physiologic activities:
Early defense against bacterial infections'®, it bridges the innate and the adaptive

immunity'?

and it is responsible for the waste disposal, meaning clearance of immune
complexes as well as apoptotic cells.’®” As part of the innate immunity, its role is
paramount to fight pathogenic invasion. As such the complement system must be
able to discriminate the self from non-self and it accomplishes this using the ‘missing
self’ strategy.’?®' Basically, anything not recognized as self is considered non-self
and destroyed. The three pathways of the complement system are the ways through
which this discrimination occurs: The classical, the lectin and the alternative
pathway.(Figure 2'**) Each pathways has its own mechanism of activation that results
in the activation of the central factor C3, followed by common terminal complement
pathway leading to the formation of the C5b-9 — the membrane attack complex

(MAC).

The classical pathway

The classical pathway was the first to be discovered. It begins when antibodies (IgM
or IgG) recognize and bind to a cell surface antigen and ends with the lysis of the
target cell. C1, a multimeric complex which comprises C1q, C1r and C1s molecules,
recognizes and adheres to the antigen-antibody complex bound to pathogenic
surfaces. The C1q adherence to the Fc region of the IgG or IgM activates C1s and
C1r. C1s cleaves C4 and C2, resulting in the cleavage of C4 and C2 into C4a, C4b,
C2a and C2b''®, The larger fragments (C2a and C4b) build the C4bC2a complex,
called C3 convertase of the classical pathway. This enzyme cleaves cleave C3 to
release C3a and C3b. At this point all the different pathways converge. C3b acts as

an opsonin leading to enhanced phagocytosis and further amplification of the
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complement activation. The C3b fragment can also adhere to the C3 convertase to
produce the C4bC2aC3b, the C5 convertase. C5 gets cleaved by the C5 convertase
leading to the formation of C5a and C5b. C5b binds to the target cell surface followed
by C6 and C7. C8 and several C9 molecules bind to the C5bC6C7 complex to build
the MAC. Cell lysis is achieved by the formation of a pore (MAC) into the cell
membrane. C3a and C5a produced along the cascade are called anaphylatoxins and
act as chemoattractants for cells such as phagocytes (neutrophils, monocytes) to the

site of injury or inflammation.

The lectin pathway

The lectin pathway functions in a similar way but it is immunoglobulin-independent.
It employs pattern-recognition receptors (PRR), i.e. mannose-binding lectin (MBL)
and ficolins, to perform non-self recognition. In contrast to antigen-recognition
receptors (antibodies or T-cell receptors) which hypothetically can recognize every
possible antigen thanks to their diversity, PRR specifically scan for highly conserved
structures expressed in large groups of microorganisms called pathogen-associated
molecular patterns (PAMPs). MBL, a well characterize receptor of the collectin family,
is able to bind to carbohydrate moieties on surfaces of pathogens including yeast,
bacteria, parasites and viruses. Both MBL and Ficolin circulate in the serum in form
of complexes with MBL-associated proteins (MASPs) which are similar in many
aspects to C1s and C1r of the classical pathway. Four structurally related MASPs are
known so far: MASP1, MASP2, MASP3 and a truncated MASP2 called MAP19™',
Binding to pathogens results in activation of MASP2 which in turns cleaves C4 into
C4a and C4b. C4b is able to stick to the surface of pathogens and gather C2 to bind
to it. The C2 is then cleaved by MASP2 and lead to the formation of the C2b and C2a
fragments. C4b and C2a converge and build the lectin pathway C3 convertase also
known as C4bC2a The role of the other MASPs is still under investigation although
MASP1 can cleave C2 but not C4.%%,

The alternative pathway
Carbohydrates, lipids and proteins found on foreign and non-self surfaces are

responsible for the activation of the alternative pathway. It does not only represent
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an individual recognition pathway, but also functions as an amplification loop of both
the classical and lectin pathways. It has been shown in vivo that the alternative
pathway alone can contribute up to >80% of the total activation induced by either
pathways.*® C3 is constantly hydrolyzed at a low level (“tick over”) to form C3b, which
binds to bacteria for instance. Factor B, a protein homologous to C2, is then recruited
to the cell-bound C3b. Factor D cleaves Factor B resulting in the C3 convertase
C3bBb. The convertase is stabilized by the presence of plasma properdin which is
released by activated neutrophils and binds to C3b. Properdin prevents C3b cleavage
by Factors H and |. The C3bBb represents the core of the amplification loop
converting C3 into C3b and C3a in a similar way C3 convertase of the classical and

lectin pathways.

C3 independent pathways
In addition to the activation by the above-mentioned pathways, complement
activation products can be generated by immune cells (neutrophils and

macrophages)'®* 1%

as well as by factors involved in other plasma cascade systems
such as kallikrein, plasmin, factor Xlla. Thrombin, for instance, has been shown to be
able to generate C5a in vivo in C3 deficient mice.® This evidences indicate a strict

interconnection between the plasma cascade systems.

Regulation of the complement system

Under physiological conditions, the activation of complement cascade is tightly
controlled by a series of soluble and membrane-bound complement regulatory
proteins. Their presence ensures that autologous complement activation is prevented
protecting host cells from accidental complement attack. Molecular incompatibilities
between pigs and humans are known to be responsible for the loss of complement
regulation leading to HAR and AVR episodes. Decay accelerating factors (DAF, CD55)
and membrane co-factor proteins (MCP, CD46) inhibit complement activation at the
C3 convertase step, while CD59 prevents formation of MAC. The phlogistic potential
of both C3a and Cb5a is quickly reduced by plasma carboxypeptidases which cleaves
the C-terminal Arginine leading to C3a des-Arg and Cba des-Arg, resulting in a
reduction of 90% of their biological activity."® C3b and C4b are quickly inactivated
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by proteolytic cleavage into fragments iC3b, C3dg, C3c, C4c, C4d by Factor | in the
presence of cofactors: CD46 and complement receptor 1 (CR1, CD35) and Factor H
bound to host surfaces. Furthermore, there is a series of serum phase complement
regulatory factors, which include C1 inhibitor, C4 binding protein, factor H, clusterin
(apo-J) and S protein (vitronectin). The fluid-phase regulators prevent uncontrolled
activation of complement in the fluid phase, whereas the membrane-bound

regulators directly protect the host cell from complement attack.™’
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The coagulation system

Blood coagulation is a vital mechanism responsible for the normal hemostatic
response to vascular injury. Under physiological circumstances, anticoagulation is
maintained thanks to the expression of numerous inhibitors on the endothelial
surface. Coagulation is a dynamic process subjected to a fine and meticulous
regulation provided by the endothelium, the platelets and the fibrinolytic system. This
delicate equilibrium is disturbed when the procoagulant activity of the coagulation
factors is somehow enhanced or the inhibitory capabilities of the inhibitors is

diminished.

The coagulation system consists of a series of inactive proteins that circulate in the
blood. The majority of them circulate as precursors of proteolytic enzymes
(zymogens). They are the core components of the coagulation system that lead to a
cascade reaction resulting in the final conversion of soluble fibrinogen into insoluble
fibrin strands. Zymogens undergo a vitamin K dependent post translational
modification that enables them to bind calcium and other divalent cations and

participate in clotting cascade.'®

The coagulation cascade (fig. 3) is traditionally divided into the intrinsic and extrinsic
pathways both of them converging at the level of factor X activation. The extrinsic
pathway, also known as tissue factor pathway, is activated by tissue factor (TF) which
is expressed by activated EC in the presence of trauma or any vascular insult.” The
exposed TF interacts with factor Vlla and calcium to convert factor X into the active
form Xa.'* The tissue factor-factor Vlla complex also activates factor IX in the intrinsic
pathway resulting in a positive feedback amplification loop.""'* The intrinsic
pathway, also known as contact activation pathway, starts by contact activation of
factor Xl (Hageman factor), high molecular weight kininogen (HMWK) and
prekallikrein into active factor Xlla. Factor Xlla converts factor Xl into the active form
Xla followed by activation of factors IX and X in the presence of the co-factor Vllla to
form the active factor Xa. The extrinsic pathway is believed to play a minor role in
initiating clot formation as patients with deficiencies of factor Xll, HMWK and

prekallikrein do not experience bleeding disorders.'*® Both intrinsic and extrinsic
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pathways share a common pathway that starts with active factor Xa. Factor Xa, in the
presence of its co-factor (factor V), platelets and calcium for the prothrombinase
complex which converts prothrombin into thrombin. The generated thrombin in turn
cleaves soluble fibrinogen into insoluble fibrin and activates factor Xlll which

crosslinks fibrin polymers incorporated in the platelet plug resulting in clot formation.
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Figure 3 Overview of the coagulation system. 144
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The vascular endothelium: a key player in rejection

In a (xeno)transplantation setting the endothelium lies at the interface between the
recipient’s blood and the transplanted donor organ. EC form the inner layer of blood
vessels and, when quiescent, they are responsible for the maintenance of an anti-
inflammatory, anti-coagulant and pro-fibrinolytic environment within the vascular
lumen.'*>'*® The endothelial surface layer, the glycocalyx, is a brush-like structure
composed of glycoproteins, proteoglycans and associated glycosaminoglycans. It
functions as a barrier to transvascular exchange of macromolecules as well as to
leukocyte adhesion.’*”'*® Heparan sulfate proteoglycans (HSPG) with a varying
number of glycosaminoglycan (GAG) side chains (mainly heparan sulfate on EC)
represents the majority of proteoglycans (50-90%) associated with the endothelium.
Heparan sulfate, attached to the EC surface, provides anti-oxidant, anti-inflammatory
and anti-coagulant effects via binding and activation of anti-thrombin lll, superoxide
dismutase, C1 inhibitor and other plasma proteins via their heparin binding
domain.™®'_ In response to inflammatory mediators (interleukins, TNF, C5b-9), the
endothelium switches to a proinflammatory, procoagulant and anti-fibrinolytic state
by expressing tissue factor, enhancing prothrombinase assembly, attenuating
thrombin inhibition as well as overproducing plasminogen activator inhibitor-1 (PAI-
1), an inhibitor of fibrinolysis. These changes are also associated with the secretion
of cytokines and the increased expression of adhesion molecules, such as E-selectin,
vascular cell adhesion molecule (VCAM-1) on the endothelium. As mentioned above
in the chapter describing the rejection mechanisms, this process of profound
changes is defined as EC activation and it is a prominent feature of rejecting
xenografts. EC activation can be divided into two phases: An early phase of which is
independent of protein synthesis (type | EC activation) and a later phase, type Il

activation which is associated with de novo protein synthesis.(Table 4)'

24



Table 4. Classification and biological consequences of endothelial

cell (EC) activation.'”

EC Activation

Biological consequences

Type 1

Type 11

Cellular retraction

P selectin

vWF release

Heparan sulphate release
PAF release
Prostaglandin (I,,E;)
Nitric oxide (NO)
Endothelin-1
Leukotriene (C4, Dy, Ay)

Leukocyte-EC interactions
E selectin
ICAM-1

VCAM-1

MHC classes I, II
IL-8

MCP-1

IL-1B

Growth factors
M-CSF

GM-CSF

PDGF

TGF-B

bFGF

IL-6

Vascular tone
Cyclooxygenase
NO synthase

Thrombosis/matrix remodelling

PAI-1

Plasminogen activator
Collagenase
Vitronectin

Tissue factor
Thrombomodulin

Exposure of thrombogenic subendothelium
PMN adhesion

Platelet adhesion to EC

Loss of anti-thrombin III activity

Platelet activation

Vascular tone and inflammation
Vasodilatation

Vasoconstriction and mitogen

vWF expression and secretion

PMN, lymphocyte, and monocyte adhesion
Leukocyte adhesion ligand for LFA-1
Leukocyte adhesion ligand for VLA-1
Antigen presentation to T cells

Chemokine

Chemokine

Inflammation

Monocyte differentiation
Monocyte differentiation
Smooth muscle cell mitogen
Growth regulation

Mitogen

B cell growth

Prostaglandin synthesis
Synthesis of NO

Inhibition of plasminogen activator
Activation of plasminogen to plasmin
Matrix degradation and remodelling
Extracellular matrix factor

Cofactor for extrinsic coagulation pathway
Regulation of aPC synthesis by thrombin

Flow and shear stress

In vivo EC are constantly exposed to shear stress as a consequence of the frictional
forces created by the blood flow. Hemodynamic forces and chemical signals are
sensed by the endothelium and influence its functional properties.'®'** Pulsatile or
steady unidirectional laminar flow stimulate EC production of factors that support
their survival, quiescence and barrier function and at the same time suppress
coagulation, leucocyte adhesion/extravasation and proliferation of vascular smooth
muscle cells.” In contrast, sustained changes in hemodynamic forces, i.e. perturbed

flow in atheroprone regions, challenge EC which consequently respond by altering
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gene expression and cell morphology as well as undergo structural remodeling
resulting in an increased permeability for plasma macromolecules, increased
adhesion properties for monocytes and enhanced turnover (proliferation and
apoptosis).’®'*” Mechanotransduction is a process through which EC are able to
convert mechanical (physical) stimuli into intracellular biochemical mechanisms.
Mechanosensing molecules present on EC include junctional proteins (VE-cadherin,
occludin), receptor kinases (vascular endothelial growth factor (VEGF) receptor
2(VEGFR2) and others), integrins, focal adhesions (FAs), G-proteins, G-protein-

coupled receptors (GPCRs), ion carriers and, last but not least the glycocalyx."’

The endothelial glycocalyx

The endothelial glycocalyx (EG) has been briefly introduced in the previous sections.
Here it will be described more in detail since it plays an important role in many crucial
biological processes such as regulation of blood flow, prevention of coagulation, and
modulation of inflammatory responses. The presence of this important layer was first
observed 50 years ago in the microcirculation by perfusing the vasculature with a

cationic dye (ruthenium red) which bound to the glycated proteins on the endothelial
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surface.”™ It is composed of proteoglycans and glycoproteins.™ lts composition and
thickness fluctuate as it continuously replaces material sheared by flowing plasma.
1%0 S0 far, the observed thickness varies between 0.1 and 4.5 um.™*'°1% and changes
throughout the body depending on the vessel type and the local shear stress. The EG
is overall negatively charged and this is due to the sulfation of the
glycosaminoglycans (GAG) side chains attached to the membrane bound
proteoglycans. The net negative charge pushes away negatively charged molecules,
white blood cells, red blood cells and platelets — essentially because they also carry
a glycocalyx which is negatively charged.'®

Proteoglycans consist of a core protein with one or more GAG chains linked to it.
Syndecans and glypicans, two groups of core proteins, have a tight connection to
the cell membrane through a membrane-spanning domain or a
glycosylphosphatidylinositol anchor, respectively. Other proteoglycans, like perlecan,
mimecan and biglycan are secreted after being assembled and modified in their GAG

chains. The secreted soluble proteoglycans can either stay in the glycocalyx or
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diffuse into the blood stream. Among the proteoglycans, hyaluronic acid is the only
one to be synthesized on the cell surface and is not covalently attached to a core
protein. GAG chains are composed of heparan sulfate, chondroitin sulfate, dermatan
sulfate, keratan sulfate and hyaluronic acid. Heparan sulfate counts for the 50-90%

of the total amount of proteoglycans in the glycocalyx.

Glycoproteins acts as adhesion molecules and can be grouped in three families:
selectins, integrins and immunoglobulins.’' Selectins that are mainly expressed on
the activated vascular endothelium are E- and P-selectin which are responsible for
the interaction with leukocytes and EC. Integrins are able to bind to collagen,
fibronectin and laminin in the subendothelial matrix and play an important role in the
interaction of platelets with EC. Intercellular adhesion molecules 1 and 2 (ICAM-1 and
ICAM-2), vascular cell adhesion molecule 1 (VCAM-1) and platelet/endothelial cell
adhesion molecule 1 (PECAM-1) belong to the immunoglobulin superfamily. These
are ligands for integrins on leucocytes and platelets and are crucial for their adhesion
to the endothelium and diapedesis.’® All the known glycoproteins bound to the EG

have an influence on coagulation, fibrinolysis and hemostasis.

It is well known that shear stress is sensed by the endothelial glycocalyx which
transmit the hemodynamic forces acting as mechanotransducer and influencing
vascular remodeling.'® It has been shown that human umbilical vein endothelial cells
under shear stress doubled their amount of hyaluronic acid in the glycocalyx and this

could be a mechanism to control shear.'®®

When the endothelial glycocalyx is
degraded, for instance in atheroprone vessel regions, it deregulates vascular tone, by
causing EC to lose their expression of endothelial nitric oxide synthase, antithrombin-
lll, superoxide dismutase and other important plasma proteins. Damage to the EG
compromises these mechanisms and the response of the endothelium to shear
stress. Treatment of EC with degrading enzymes such as heparanases led to the loss
of response to shear stress suggesting a role of the glycocalyx in

mechanotransduction.'®®
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Different important factors can bind to the glycocalyx through their heparin binding
domain (Figure 4)."® For instance, antithrombin Ill, the thrombin inhibitor and activator
of factors IX and X, binds to heparan sulfate and this enhances its anti-coagulant
activity. The presence of plasma proteins on the glycocalyx supports the
thromboresistant and antiflogistic nature of the healthy endothelium. Superoxide
dismutase is also bound to the glycocalyx contributing to reduce the oxidative stress

and to maintain nitric oxide bioavailability to prevent endothelial dysfunction.
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Figure 4 Schematic representation of the endothelial glycocalyx. Panel A shows the situation of a healthy
quiescent endothelium with an intact glycocalyx and plasma proteins bound to it. Panel B shows the shedding
of the glycocalyx with consequent loss of plasma proteins which expose the endothelial surface. Adapted from:
Myburgh JA, Mythen MG. Resuscitation fluids. N Engl J Med 2013; 369 (13): 1243-51.(7)
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Microfluidic system

Culturing cells using microfluidic systems is becoming more and more common
nowadays. Microfluidics describes the science and technology of systems that use a
small amount of fluids (in the order of L, nL or pL) and work with channels in a range
of tens to hundreds of micrometers. Microfluidics allows to create a
microenvironment that is closer to the in vivo natural environment that cells are used

to experience.

Polydimethylsiloxane (PDMS) is a widely used polymer for the fabrication of
microfluidic chips and it brings several advantages. It has a high flexibility, is
convenient (cost-effective), and allows the design of complex microfluidic systems.
Furthermore, it is optically clear which allows real-time, high-resolution optical
imaging, it can be polymerized and cross-linked (cured) to form a solid PDMS
structure and it is permeable enough to gas'® which makes it suitable for on-chip

cells culture.'®®

Standard in vitro culture systems hardly mimic the physiological architecture of
human organs or vessels. Microfluidic systems allow reproducing designs that are
similar to the complex structures of human organs and vessels. It is possible to
design microfluidic systems as perfusion systems. Medium will continuously flow
through the system and this setup allows the removal of waste products and supplies

the cells with fresh medium.

Moving cells from a macroscopic culture environment to a microscopic culture is a
big change. Most of the culturing protocols are designed for macroscopic system
and need therefore revision or extensive trials on the microscale culture system.

On Macroscale cell culture level, oxygen and CO; diffuses from the air inside of the
incubator into the culture medium and provide enough supply of oxygen for cell
growth and proliferation, as well as CO, for medium buffering. It is crucial to control
the levels of oxygen and CO. in microscale cell culturing because even minor changes

have a huge impact on the condition of the cells because of the lower cell-to-media
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ratio. Aerobic respiration and buffering of the medium pH is necessary and can be
affected by low levels of CO, and O..

Macroscopic cell cultures usually have medium unmoved and in excess to ensure a
high amount of nutrients for the culture to feed over several days. Microscale systems
rely on a regular exchange of medium to provide enough nutrients for the number of

cells because, like mentioned above, the cell surface-to-volume ratio is lower.
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Hypothesis and Aim of the thesis

The overall aim of this thesis is to provide both basic fundamental research as well

as important pre-clinical data which can support the clinical application of

xenotransplantation. The specific aims are summarized below and follow the order of

the publications reported in the results section.

1.

4.

The study of anti-inflammatory and anticoagulant properties of EC in vitro is
fundamental not only in xenotransplantation research but also in other clinical
conditions. Current in vitro models for the study of whole blood coagulation share
the common limitation of using anticoagulants and overlook the important
physiological anti-coagulant contribution of quiescent EC. The first aim was to
provide a detailed and standardized methodology for the assessment of the anti-
inflammatory and anti-coagulant properties of EC by using whole non-

anticoagulated blood.

. Reliable and high-throughput in vitro models mimicking the microenvironment

present in vivo are required both to reduce avoidable animal experimentation (3R
regulations: reduce, replace and refine) as well as to assess the hypothetical
effects of transgenes before transgenic pigs are actually produced and pre-
clinical pig-to-baboon xenotransplantation experiments are performed. Thus, the
present study aimed at developing a novel in vitro 3D microfluidic model which

include important parameters such as fluid flow, shear stress, recirculation.

Detailed experimental protocols are often missing in the scientific literature. A
book chapter dedicated to 3D cell culture models for the assessment of
endothelial cell function in xenotransplantation aims to provide the scientific
community with a detailed and standardized protocol allowing the reproducibility

of our state-of-the-art assays in 3D cell culture.

When hyperacute rejection is overcome by genetic manipulation of the donor or
by complement inhibition, other mechanisms leading to acute vascular rejection

play a crucial role in xenograft survival. Particularly NK cells-mediated graft
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damage cannot be avoided using organs from GTKO/hCD46 pigs. NK cell
activation is prevented by the binding of inhibitory NK receptors to MHC class |
antigens on healthy, autologous cells. Porcine cells lack the human leucocyte
antigen E (HLA-E) and are therefore recognized as ‘dangerous’ by human NK cells
and lysed. Transgenic (over)expression of HLA-E on porcine endothelial cells
might help to improve the xenograft survival. In this study, the potential of a
combined overexpression of human CD46 and HLA-E to prevent both
complement- and NK cell-mediated rejection was tested in an ex vivo perfusion

system of pig limbs with human blood.

. Following the rationale provided under aim 3 this study aims to assess the
potential of a combined overexpression of hCD46/HLA-E to prevent both
complement- and NK cell-mediated xenograft rejection in a pig-to-human ex vivo

cardiac xenoperfusion model.

. Heart transplantation is still the treatment of choice for patients with terminal
cardiac failure, but the need for donated human organs far exceeds supply and
alternatives are urgently required. Genetically multi-modified pig hearts lacking «
Gal epitopes (GTKO) and expressing human membrane cofactor protein (hCD46)
and human thrombomodulin (hTM) have survived for up to 945 days (median 298
days) after heterotopic abdominal transplantation in baboons. * However, the
maximum survival of an orthotopic life-supporting porcine xeno-heart is so far
only 57 days and this was achieved only once. This study aims to prolong the
survival of baboons transplanted with GTKO/hCD46/hTM pig hearts.
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In vivo, endothelial cells are crucial for the natural anticoagulation of circulating blood. Consequently, endothelial cell activation leads to blood
coagulation. This phenomenon is observed in many clinical situations, like organ transplantation in the presence of pre-formed anti-donor
antibodies, including xenotransplantation, as well as in ischemia/reperfusion injury. In order to reduce animal experimentation according to the
3R standards (reduction, replacement and refinement), in vitro models to study the effect of endothelial cell activation on blood coagulation would
be highly desirable. However, common flatbed systems of endothelial cell culture provide a surface-to-volume ratio of 1 - 5 cm? of endothelium
per mL of blood, which is not sufficient for natural, endothelial-mediated anticoagulation. Culturing endothelial cells on microcarrier beads

may increase the surface-to-volume ratio to 40 - 160 cm“/mL. This increased ratio is sufficient to ensure the "natural” anticoagulation of whole
blood, so that the use of anticoagulants can be avoided. Here an in vitro microcarrier-based system is described to study the effects of genetic
modification of porcine endothelial cells on coagulation of whole, non-anticoagulated human blood. In the described assay, primary porcine

aortic endothelial cells, either wild type (WT) or transgenic for human CD46 and thrombomodulin, were grown on microcarrier beads and then
exposed to freshly drawn non-anticoagulated human blood. This model allows for the measurement and quantification of cytokine release as
well as activation markers of complement and coagulation in the blood plasma. In addition, imaging of activated endothelial cell and deposition of
immunoglobulins, complement- and coagulation proteins on the endothelialized beads were performed by confocal microscopy. This assay can
also be used to test drugs which are supposed to prevent endothelial cell activation and, thus, coagulation. On top of its potential to reduce the
number of animals used for such investigations, the described assay is easy to perform and consistently reproducible.

Video Link

The video component of this article can be found at https://www. jove.com/video/56227/

Introduction

The vascular endothelium consists of a monolayer of endothelial cells (EC) which line the lumen of blood vessels. In a physiological state,
quiescent EC are responsible for the maintenance of an anticoagulant and anti-inflammatory environment." This is mediated by the expression
of anticoagulant and anti-inflammatory proteins on the EC surface. For example, EC activation caused by ischemia/reperfusion injury or vascular
rejection of (xeno-)transplanted organs results in a change of the endothelial surface from an anticoagulant and anti-inflammatory state to a pro-
coagulant and pro-inflammatory state.

To study the fascinating and complex interaction between the endothelium and coagulation factors, in vitro models which mimic as closely as
possible the in vivo situation are highly desirable. A common limitation which characterizes conventional in vitro coagulation assays is the use
of anticoagulated blood which makes the analysis of coagulation-mediated effects arduous and even recalcification of citrated whole blood
cannot reproduce results obtainable with fresh non-anticoagulated blood.” Besides, in traditional flat-bed cell culture systems it is impossible to
exploit the anticoagulant properties of the endothelium as a sufficient endothelial cell surface per blood volume cannot be reached. The model
presented here overcomes these limitations by culturing EC on the surface of spherical microcarrier beads, so that an EC surface-to-blood
ratio of >16 cm“/mL can be reached, which is similar to the situation in small arterioles or veins, and which was described to be sufficient to
allow "natural" anticoagulation of the blood by the EC surface.>* Whole blood can be used without added anticoagulants in this setting. Blood
samples can be collected during the experiment and cytokines, coagulation factors and soluble complement activation markers can be detected
and quantified. Furthermore, EC-coated microcarrier beads may be analyzed for complement and immunoglobulin deposition as well as the
expression of EC activation markers by confocal microscopX Another interesting application includes the testing of drugs which are supposed
to prevent endothelial cell activation and, thus, coagulation.” Although this model cannot completely replace animal experimentation, it offers a
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method to test specific functional hypotheses ex vivo using cells and thus reduce the number of animals used in basic research on ischemia/
reperfusion injury or (xeno)transplantation.

The described model was used to mimic a xenotransplantation setting in which porcine aortic endothelial cells (PAEC) are grown on the
microcarrier beads and incubated with whole, non-anticoagulated human blood. Different transgenic PAEC, carrying several human genes
such as CD46 for the regulation of the complement system and/or thrombomodulin (hnTBM) for the regulation of the coagulation system,

were analyzed for their anticoagulant properties. Endothelial cell activation, complement, and coagulation systems are tightly controlled and
interconnected.® It is therefore important to understand how the different transgenic cells behave after exposure to human blood with regard to
adhesion molecule expression and cytokine release, shedding of the glycocalyx and loss of anticoagulant protelns

German Landrace pigs (wild type bred in a local farmhouse and transgenic bred at the Institute of Molecular Animal Breeding and Biotechnology,
Ludwig-Maximilian University, Munich, Germany), weighing between 30 kg to 40 kg, were used in this study. All animals were housed under
standard conditions with water and food ad /ib. All animal experiments were performed in accordance with the U.K. Animals Act (scientific
procedures) and the NIH Guide for the Care and Use of Laboratory Animals, as well as the Swiss animal protection law. All animal studies
complied with the ARRIVE guidelines. The animal experimentation committee of the cantonal veterinary service (Canton of Bern, Switzerland)
approved all animal procedures, permission no. BE70/14. Experimental protocols were refined according to the 3R principles and state-of-the-
art anesthesia and pain management were used to minimize the number of animals and reduce the exposure of the animals to stress and pain
during the experiments.

Blood was drawn from healthy individuals by closed system venipuncture in accordance with Swiss jurisdiction and ethics guidelines of the Bern
University Hospital. The phrase “"non-anticoagulated blood" means that the blood has not been treated with any anticoagulant.

The following steps are performed under sterile conditions. Familiarity with basic cell culture sterile technique is required.

1. Isolation of PAEC

NOTE: Thoracic aorta segments of 6 to 10 cm were obtained from euthanized German Landrace pigs of 3 to 6 months of age (used for other in
vivo experiments) and immediately transferred into a S00-mL glass bottle containing transport medium (DMEM + 1% penicillin/streptomycin).

Pre-coat a 6-well plate with fibronectin 12.5 pg/mL in PBS 1x and place it in an incubator at 37 °C for 1 h.

Pre-warm sterile PBS 1x and cell culture medium (DMEM).

Take out the porcine aorta from transport medium.

Place the aorta on a polystyrene plate.

Flush with warm PBS gently beforehand.

Cut the aorta longitudinally and fix it with needles.

Add warm cell culture medium on the inner vessel surface.

Aspirate fibronectin-cell culture medium and add fresh cell culture medium (DMEM supplemented with 10% FBS, 1% penicillin/streptomycin
and 0.4% of Endothelial Cell Growth Medium Supplement Mix).

Soak one cotton swab in the cell culture medium. Swab the cotton wool bud on the very top of the inner vessel surface gently and slowly in
the same direction.

10. Rub the cells in one well of 6-well plate round by round.

11. Do the same for the rest of the wells.

12. Check cells under the microscope and place the 6-well plate in incubator at 37 °C, 5% CO,.

13. Change the medium on the second day and change it again every 2 - 3 days.

14. When cells are going to be confluent, trypsinize cells and seed them into a T75 flask (PAEC P1).

2. PAEC Characterization

LN N

©

Pre-coat an &well chamberslide with fibronectin 12.5 pg/mL in PBS 1x and place it in an incubator at 37 °C for 1 h.

Seed 5 x 10° cellsiwell and mwbate overnight in the incubator at 37 °C.

Wash the cells twice with PBS™(PBS supplemented with CaCl, and MgCly), 300 pliwell.

Fix cells with 3.7% paraformaldehyde for 10 min at room temperature, 200 pL/well.

Wash cells 3 times with PBS™, 300 pL/well.

Add 300 pL of PBS 1x-3% BSA (blocking buffer) and leave 30 min at room temperature.

Apply primary antibodies (anti-VE-cadherin, anti-CD31, anti-vWF) diluted in PBS 1x-1%BSA-0.05% detergent, 160 pL/well and incubate for 1
h at room temperature.

8. Wash 3 times with PBS"" (200 pL/well).

9. Apply secondary antibodies and DAPI diluted in PBS 1x-1%BSA-0.05% detergent, 160 pL/well, and incubate for 1 h at room temperature.
10. Wash 3 times with PBS** (200 pL/well).

11. Mount slides with glycerol based mounting medium and verify endothelial cell markers expression under a fluorescence microscope.
NOTE: Culture porcine aortic endothelial cells in a T175 flask (DMEM low glucose medium + 10% FBS, 1% pemcnllm/streplomycm and
0.4% of Endothelial Cell Growth Medium Supplement Mix) until 90% confluence is reached. (seeding density 1 x 10° cells, 90% confluence
correspond roughly to 5 x 10°cells).

NP OVRWIN
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3. Coating of Microcarrier Beads

1.

Mix 7 mL of microcarrier beads with 42 mL of collagen solution in a 50-mL tube (100 pg/mL, diluted in a 0.2% acetic acid solution) and
incubate for 1 h at room temperature.

2. Wash beads two times with 25 mL of PBS pH 7.4 (add 25 mL of PBS, mix well with the pipet and wait until the beads are settled down then
discard the supernatant and repeat) and one time with 25 mL of DMEM medium.

3. Cover the beads in the 50-mL tube with 10mL of medium 199 supplemented with 10% FBS, 1% penicillin/streptomycin, 1% L-Glutamine,
0.4% of Endothelial Cell Growth Medium Supplement Mix and 25 pL of heparin (5000 IU/mL) and allow equilibration for 10 min before further
use.

4. Collecting Cells

1. Remove the cell culture medium from the T175 flask containing PAEC and add 5 mL of PBS pH 7.4.

2. Remove PBS from the T175 flask.

3. Add 5 mL of Trypsin-0.05% EDTA and incubate for 3 - 4 min at 37 °C.

4. Collect the cells by rinsing the flask with 15 mL of cell culture medium and transfer the suspension in a 50-mL tube.

5. Centrifuge cells at 1,200 x g for 8 min at room temperature, remove excess medium and resuspend the pellet in 5 mL of cell culture medium.

5. Seeding Cells into the Stirrer Flask

AR WON =

bsn

8.

9.

Add 20 mL of cell culture medium to the cell suspension and resuspend.

Add 20 mL cell culture medium (w/o cells) into the 500-mL magnetic stirrer flask.

Add the cells to the washed microcarrier beads from step 3.3 and mix carefully with a 25-mL serological pipette.

Transfer the beads/cell mixture into the magnetic spinner flask.

Rinse the 50-mL tube with 10 mL of cell culture medium to collect the remaining cells.

Add an additional 85 mL of cell culture medium into the spinner flask and place it into the incubator overnight at 37 °C on a shaker (100 x g,
mixing interval: 3 min every 45 min).

Add 50 mL of cell culture medium (total volume 200 mL) and continue stirring for additional 24 h at 37 °C on a shaker (100 x g, mixing
interval: 3 min every 45 min).

Add colorless RPMI medium (supplemented with 10% FBS, 1% penicillin/streptomycin, 1% L-Glutamine, 0.4% of Endothelial Cell Growth
Medium Supplement Mix and 25 pL of Heparin) until 320 mL of total volume is reached.

Replace the medium every 48 h: Remove 100 mL of old medium and add 100 mL of fresh supplemented colorless RPMI.

10. Culture the cells for S to 7 days. The time depends on the confluence state of the cell-coated beads.

6. Confluence Verification

N =

NoOOsw

Collect 200 pL of cell-coated beads using a pipette and transfer them into a polypropylene tube.

Wash the beads 3 times with 600 pL of PBS 1x (add PBS, tilt the tube and mix gently to avoid detachment of the cells, wait the beads to
settle down, discard the PBS and repeat).

Fix the beads for 10 min by adding 200 pL of parapicric acid.

Wash 3 times with 600 pL of PBS 1x.

Add DAPI diluted in PBS 1x and incubate for 10 min.

Transfer the beads on a glass slide and apply a coverslip using glycerol based mounting medium.

Visualize the beads under a confocal microscope.

7. Experimental Procedure

oaawN

Remove the cell-coated beads from the magnetic stirrer flask (procedures do not have to be done under sterile conditions) with a 10-mL
serological pipette and transfer them into 12 mL round-bottom polypropylene tubes.

Let the beads settle down (around 1 - 2 min) and remove excess medium.

Add more beads to the tubes until every tube contains exactly 2 mL of beads.

Add 5-mL clear RPMI to each tube and mix carefully using a 10-mL serological pipette.

Let the beads settle down and remove excess medium.

Repeat the washing procedure one more time with RPMI and remove all excess medium.

8. Incubation with Non-anticoagulated Blood

Carefully and slowly (using neither jet nor vacutainers) draw blood from a healthy volunteer and collect it in 9 mL neutral polypropylene tubes
(no anticoagulant).
Slowly transfer 8 mL of blood with a 10-mL serological pipette into each of the polypropylene tubes containing 2 mL of cell-coated beads (the
total volume will be 10 mL). Always avoid rough handling of blood or beads to avoid premature EC activation. The procedure takes 1 - 2 min.
Carefully tilt the blood/bead mixture to ensure equal mixing and seal the cap with paraffin film.
Place the tubes on a horizontal tilting table (with gentle tilting settings only) inside a 37 °C incubator and record clotting times.

1. Atsettime intervals, e.g. after 10, 20, 30, 50, 70, 90 min, remove at least 1.5 - 2 mL of blood-bead mixture for serum or plasma

analysis.

Copyright © 2017 Journal of Visualized Experiments September 2017 | 127 | 56227 | Page 3 of 6
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NOTE: for 6 time points we suggest having more than 3 replicates within one group of cells, as the blood sampling will be done in
different tubes.

2. For collection of serum, leave the blood to coagulate. To collect the plasma, add EDTA or citrate to 2 mL tubes before adding blood
samples.

3. Store the tubes on ice, centrifuge at 2,500 x g for 10 min at 4 °C and store serum/plasma at 80 °C until use.
NOTE: Details on materials are provided in Table of Materials

Representative Results

After 7 - 10 days of culture in the spinner flask (Figure 1) the cells were confluent, covering the whole surface of the microcarrier beads (Figure
2). Verification of the confluency state is an important step because a non-confluent monolayer of EC on the microbeads will lead to a marked
decrease in the clotting time, given the microcarrier beads' surface is strongly pro-coagulant (clotting time: 4 + 1 min) (Figure 3).

Another important point which needs attention is the speed of the tilting plate. A high tilting speed will enhance blood clotting. A prolongation

of the clotting time could be observed if a monolayer of EC was present on the surface of the microcarrier beads. The use of GalTKO/hCD46/
hTBM transgenic PAEC showed a significant increase in the clotting time compared to WT PAEC (Figure 3). The absence of the Gal-a-1,3-Gal
xenoantigen on the PAEC (GalTKO) showed an increase in clotting time (25 + 8 min for PAEC WT and 68 1 30 min for PAEC GalTKO). Another
strong increase in clotting time was observed when PAEC GalTKO/hCD46/hTBM were present on microcarrier beads (205 + 32 min), which
suggests a successful modulation of both the complement (hCD46) and coagulation systems (nTBM). The end of the experiment is defined
when a visible clot is formed.The variability within samples of the same of group is due both to inter assay-variability and the blood donor. Every
experiment had 3 replicates and each time a different blood donor was used to increase the reliability of the data. For each donor, a blood
analysis (platelet count, WBC, RBC, HCT and other parameters) was performed by external healthcare laboratories. The results shown in Figure
3 are obtained from different experiments performed with different blood donors.

Grow PAECs to confluence

on microcarriers
' D
—_—
-‘ !
Confluent PAECs o
on microcarriers . %2 Incubation at 37°C
Non-anticoagulated blood < under gentle tilting

Figure 1: Schematic Representation of the Microcarrier-based Assay. (A) EC are expanded in T175 flasks and (B) transferred into spinner
flasks together with collagen-coated microcarrier beads. (C) Fresh non-anticoagulated blood is collected from a healthy volunteer, (D) mixed with
EC-coated microcarrier beads, and incubated at 37 °C. The phrase "non-anticoagulated blood" means that the blood has not been treated with
any anticoagulant. Please click here to view a larger version of this figure.

Copyright © 2017 Journal of Visualized Experiments September 2017 | 127 | e56227 | Page 4 of 6

58



.
lee Journal of Visualized Experiments www.jove.com

Figure 2: Immunofluorescence Staining on EC-coated Microcarrier Beads. Microcarrier beads were retrieved and stained for CD31
(PECAM-1) to assess the confluency. The nuclei were stained in blue (DAPI) and CD31 was stained in red (Cy3). Scale bar: 100 pm. Please
click here to view a larger version of this figure
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Figure 3: Clotting Times of Different EC. Clotting times were determined visually and the end of the experiment was defined when a

visible clot was observed. A strong procoagulant effect was observed when non-EC-coated microcarrier beads were exposed to whole non-
anticoagulated human blood. The absence of the Gal-a-1,3-Gal xenoantigen on the PAEC (GalTKO) showed an increase in clotting time (25 + 8
min for PAEC WT and 68 + 30 min for PAEC GalTKO). A further increase in clotting time was observed when PAEC GalTKO/hCD46/hTBM were
present on microcarrier beads, which suggests a successful modulation of both the complement (hCD46) and coagulation systems (hTBM). Data
are shown as mean # standard deviation. Statistical analysis has been done using ANOVA for multiple comparisons with Bonferroni correction
Please click here to view a larger version of this figure
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The model presented here is suitable for coagulation related studies allowing the analysis of different aspects of coagulation and its interaction
with EC.% In xenotransplantation research, it is a useful system to test the anticoagulant properties of different genetically modified porcine ECs
after incubation with human blood °.

The most critical steps of the protocol are those ensuring complete cell coverage (confluency) of the microbeads before starting the experiment
and those pertaining to the careful collection and handling of the non-anticoagulated whole blood to avoid premature platelet activation due to
high shear stress, which may occur if vacutainers are used to collect the blood. " Nevertheless, this system has some limitations, including the
absence of a recirculating closed system and the absence of physiological shear stress which would better represent the in vivo conditions.

Despite these limitations, the described model offers significant advantages over currently existing models. Due to the use of microcarrier beads,
the EC surface to blood volume ratio is increased, allowing the establishment of the anti-coagulant and anti-inflammatory environment and use
of non-anticoagulated whole blood. In current flat-bed cell culture models, this is not possible and mechanisms which involve blood clotting due
to EC activation therefore often require the use of animal experimentation. In part, this can be avoided using the described microcarrier bead
model.

Furthermore, this system allows for a broad spectrum of applications. Its versatility resides in the possibility of testing different drugs or
compounds which are not only related to (xeno-) transplantation but also to human diseases. The effects of the drugs on the endothelium and
on the coagulation system can be easily assessed by immunofluorescence, ELISA and multiplex suspension array analysis. This was previously
done in a study on the effect of transgenic expression of human thrombomodulin in a xenotransplantation setting. 1

A possible modification of the described method could be the collection of non-anticoagulated whole blood directly into tubes which are filled
previously with cell-coated beads in order to reduce air-contact and blood activation by using the pipette. The use of human aortic endothelial
cells (HAEC) may be an interesting control and is already incorporated into future plans. Argon topping of the tubes might be used to reduce the
contact of non-anticoagulated blood with air, which is known to lead to contact activation of the clotting cascade. If the blood is drawn too quickly,
for example by using vacuumed tubes with rubber stopcocks and introducing blood into the tube in a fine jet, then platelets become activated and
coagulation will occur sooner. To avoid platelet activation, use large diameter hypodermic needles (216 - 166).
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Background: /n vivo endothelial cells, the cell type lining the luminal side of blood
vessels, live in a 3D microenvironment and experience shear stress caused by the
flowing blood. According to the 3R regulations (reduce, replace and refine animal
experimentation) we developed a closed circuit microfluidic in vitro system in which
endothelial cells are cultured in 3D round section microchannels and subjected to

physiological, pulsatile flow.

Aim: To establish an in vitro model able to mimic
as close as possible the in vivo situation where
endothelial cells grown in artificial cylindrical
microchannels experience pulsatile laminar flow

and shear stress.

Conclusion: The microfluidic in vitro system
revealed to be able to reproduce the structure of
a 3D microvessel formed by a monolayer of
elongated endothelial cells. Furthermore, we

provided interesting data on the feasibility of

drug testing Figure: Complement activation fragments (C3b/c
and C4b/c) deposited on porcine cells after

perfusion with allogeneic porcine serum.
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In the context of xenotransplantation, in ischemiafreperfusion injury as well as in cardiovascular
: research, the study ofthe fascinating interplay between endothelial cells (EC) and the plasma cascade
: systems often requires in vitro models. Blood vessels are hardly reproducible with standard flat-bed
i culture systems and flow-plate assays are limited in their low surface-to-volume ratio which impedes
: the study of the anticoagulant propetties of the endothelial cells. According to the 3R requlations
¢ (reduce, replace and refine animal experimentation) we developed a closed circuit microfluidic in
i vitra system in which endothelial cells are cultured in 3D round section microchannels and subjected
i to physiological, pulsatile flow. In this study, a 3D monolayer of porcine aortic EC was perfused with
¢ human serum to mimic a xenotransplantation setting. Complement as well as EC activation was
. assessed in the presence or absence of complement inhibitors showing the versatility of the model
i fordrug testing. Complement activation products as well as E-selectin expression were detected and
: visvalized in situ by high resolution confocal microscopy. Furthermore, porcine pro-inflammatory
© eytokines as well as soluble complement components in the recirculating fluid phase were detected
: after human serum perfusion providing a better overview of the artificial vascular environment.

Luddothelial cell ¢1 act wvalion plays an important role inthe pathoplivwiology o ischemiadreper fusion injury,
: ~ePaie, vascular rejection ol irausplanied organs, aud other discases linked 1o e vascalar system. Inransplan-
D oanion, the vascular endothelivm of Hhe donor orgdn I the lirsl Hssue 1o come in comact with the Blood of the
S orecipienl 11U pre-formed anii-donor antibodies are present in the recipicnts Blood, an immediale aclivaion of
: thedonor endothelium occurs due to antibody binding follovied by activation of the complement system, This
: Is for example the case mmblood group ABC ncompatible transplantations, recipients sensitized to donor HLA
: antigens, and in experimental pig to prunate xenotransplantation-, EC activation in turn triggers the coagulation
: cascade and leads to the clinical picture of hyperacute or acute vascular rejection’. Xenctransplantation exper
¢ iments in anunal models have heen carried out extensively to investigate mechanisms of EC activation™, but
U dlso pavivo perlusions of porcine orgais with human blovd, plasina or seram have been wed for 1his parpose ™"

T order 1o reduce = W accordance wilth the 3R principles = the nunber of avimals weed for inves igalion ol 126
Dacthvalion in hyp'crdn.'ul v dand deule vascular rejechion, we d&:\f'clopcd A1 in vilro syslem o grow dud invesl igdle

1 under phy:iiul( wical, pulsalile Nose condilions, simula iny ~hear shress as occurring in snall 1o medium sised
i arierien, Furthermore, the system provides additional seienlilic advaniages over in vive models such as a reduced
o amomnnt of dimgs needed for the experiments, better controlled and lower variability, as well as the possibility to
¢ scale up as a high thronghput system capable of parallel wivestigation of dozens or even more parameters like
: drugs or genetic modifications of EC.
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I standard 212 coll cullure the amount ol serum, plasia or whole blood in contact with 1 grown on the
Lottarm ol the wells = swall and way olien be the Builiug Gactor for aclivanion or evlotosiciny of E i vitee:
4 ypical experimenl using Ga-well wicraniler rlales, Hhe ralio of uid volurme 1o 10 surlace is tm|}fﬂ.2 mlfen?
(100 pl per well with a hottom surface of U.5 cin?). This ratio is much lower than in a physiclogical situation o
which blood circulates throngh vessels and where mtios from 1.2 mlécm? (in the aorta) up to SUUUmlicm® (in
capillaries) are reached. Using 5 +itre systems based on 3D culture of EC onthe inner surface of ‘artificial hlood
vessels’ and perfusion with a physiological flow the in vive ratio of fluid volume to E©C surtace can he reached
making it possible to exploit the natural anticoagulant properties of EGY,

Over Hhe las decade, wicrolluidic I|:|.'|n|n|og1'|.'h have been da\fcltrpcd, and commuercial syslems have been
made availalle in which cella can be cullured under llow using comaenient slide- or wicroliter plae-lased ~cl-
upsthef T heee systems are normally wed 1o grow BC iwo-dimensionally, onthe Boliom ofa recrangular shaped
micro chanel. Such sysiems have for example been wsed 1o aseess the ellea of complement inlibition outhram-
bus formation in a xenotrasplantation setting!™ -, Also 3D growth of EC has been reported on the ner surtace
of rectanmlar channels'™-*, However, the geometry of these rectangular microtluidic channels poorly replicates
the shape of the microvasculature, in particular in terms of shear stress, In order to tabricate circular microchan
nels, different technologies have been reported such as a combination of mechanical micromilling and soft Itheg
raphy, or introducing a pressurized air stream wito liquid uncured PDMS filled microchannels * *, Most often,
however, those “circular cross-sections" were ather irregular, making i1 dilliculn 1o standardive the respeclive
dsndys a1l reproduce experimental ndings.

Based onthe wse of needles as wolds published by Clirobak e al?, we therelore produced mierolluidic chips
willi evenly circalar wicrochanels. We inseried The nesdles divectly in polydimethvlsiloxane (PRVS) inapuan
dish and extract them afler casting the gel. "This resulis fuan even, round inner diameler ol the wicrochannels,
which remains constant at 37 %C, The ner surface of the microchannels is then chemically modified and fuunc
tionalized to adsorb extracellular matrix proteins and allow ¢ell attachment,

Existing microtlnidic. models often use syringe puunps kept outside the incubator with consequent tempera
ture changing ot the perfusate swhich might intlnence the behavior of the sensitive EC. The model presented here
invalves Hhe use o a perislallic puinp and reservoir iules shich can be keplfuside the incubalor al 37" avoiding
lemperalune changes ofthe medium while perfusing the cells. Recirealalion is aniuleresiing kaure ol he syslem
as 11 allows Tor cell-cell communicarion through solulle wessenger molecules such as cviokine, chemokine as
well as amplilicalion ol plasma cascade syslems.

Ir e presenl sludy porcine 1C grown uider physiological shear stress were perfused with wornal human
serum (NHS) as a souce of xenoreactive natural anthodies and complement under physiolegical tlow conditions
in the conrext of xenotransplantation

Results

Endothelial cell characterization. To confitm that E2C isolated from porcine aortas still expressed typical
endothelial marlers when cultured wn microfiuidic channels, staining tor 021 and VE cadherin was performed
I dmmunoluorescence (1L Al ol These warkers were espressed on PALC afller culluring i the 30 wicrolluidic
syslen under botlslatic and Now conditions, demons raiing success ful PARC cullure in the wicrolluidic chan-
nels (Vg 1 However, expression of Hhe respect e warkers was different depending on llow conditiows. licel -
cultured under slatic conditions, CR3and ¥E-cadlierin were expressed inarbilvary patlerns, whereas G131
and VE cadherinwere aligned with the direction of the pulsatile flowe when the cells were cultured for 2 days at
1udyndam?. This indicates that the expression of these endothelinl cell marlzers is affected by shear stress depend

ent mechanotransdnction?*.

Cellmorphology, alignment, and distribution along the direction of pulsatile flow.  Cells started
to attach to the inner surface of the microchannels 1h atter seeding. They then became elongated and a contluent
11C monolayer was Tormed on day 1. When a pulsaile low was applicd, cells staried 1o align with the low over
Hwe, Alier 2 dawn (Jl'pulsal ile Mosw, cells were complelely Aliguud a~ »hown |)_v B ghl leld MICIORCORY PIIUres
and I-actin slaining al days 2 and 4 (g, 2a). Cell aligument iu the direclion of ow was asseesed Dy slaining ol
Hhe evtoskeleton protein -activ as well as CR310 For Peacting, alier 2 days ol pulsalile Tow, the average angle ol
the cells with respect to the flow direction of the microchannels was .6 &1° swhich was significantly simaller
than under static conditions {7074 32.1°, p — U007 For CD231, the respective values were 21.5 £ 26.3° and
71.2=13.7° respectively, p—0.017 (Fig, Zb).

This cell alignment was described earlier in microfluidic studies and is supposed to be due to mechanically
affected distribution of cytoskeleton proteins as soonas exposire to shear stress occurs, which is nduced by pul
wdlile perfusion with coll culiare wedium® .

Irour microfluidic systern, Hhe formaion ol an FC wonolayer on Hhe whole imier surlace of the microchan-
nels was arsessed by 1 and confocal microscopse ¥ E-cadherin slaiming showed elongared 10 coveriug the eniire
microchaumel and forming aypical wonolayer on both 550 pem and 100 um chaniel diameler (doulle slahing
will P-actin i 100 pen chamicls, g, 34 and supplementary movie 1), This observed slaining patlern mimics the
i vivo unpressionof a small artery as shown in 30 rendering views 1 Fig. 2aand b, In contrast to the i vivo sit
nation, biclogical phenomena on a molecular or cellular level conld be directly observed 1o onr microfluidic assay
by realtime ix vive cell imaging even though the data presented here swere obtained at the end of the experiments
only. High resolntion confocal laser scanning microscopy as well as spinning disk microscopy for high speed
dijuisilion ol pictures can be used and provide delailed msights into Bological wechanisme.

Camplement activatian in a xenatransplantation setting.  Aller establishmen ol our
muoddel, we aimed 1o reproduce complement activalion as oceurring i hyperacale or acale vascular rejection

silre
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CD31 VE-cadherin

static
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Figure 1. EC characterization and overview of cell distribution in microfluidic channels both under static and
flow conditions. EC characterization by expression of CD31 and VE-cadherin. (a-b) Representative images
for CD31 and VE-cadherin expression under static conditions; (c-d) representative images for CD31 and VE-
cadherin expression under flow conditions. Scale bars represent 50 pm.

a xenotransplantation setting'. We therefore perfused PAEC-microchannels with 1:10 diluted normal human
serum. Dilution of the human serum is necessary to evaluate EC activation and complement deposition while
minimizing cell loss as the immune reaction triggered by undiluted serum will result in rapid cell death and cell
release from the channel surface. A monolayer of PAEC is essential to mimic an intact endothelium, therefore the
intactness and the confluency of PAEC-coated microchannels were assessed before performing any experiment.
However, since bovine collagen was used to coat the microchannels to allow a better cell adhesion and prolifer-
ation, binding of human antibodies was assessed by perfusing fibronectin/collagen coated microchannels with
1:10 NIIS to verify the absence of xeno-reactions (Supplementary Tig. 1). The assessment of EC activation and
complement deposition was performed by IF staining for E-selectin and C3b/c, respectively, afler different serum
incubation times: 10 min, 30 min, 60 min and 120 min. The results confirmed a time-dependently increased EC
aclivation as shown by strong E-selectin expression and increased complement deposition as shown by C3b/c
staining (Fig. 4a). Furthermore, another experiment was done by perfusing PAEC for 120 min with different
volumes of 1:10 diluted NHS: 200 pl, 3ml, 5ml, 10 ml corresponding to 20pul, 300 pl, 500 pl and 1 ml of undiluted
NHS (Fig. 4b). The perfusion rate was kept constant at 600 ul/min except for the channels kept under static con-
ditions which were filled with 200 ul of 1:10 diluted NHS. Significantly increased E-sclectin expression and C3b/c
deposition were observed when 5ml and 10 ml of diluted NHS were used, corresponding to 500 ul and 1 ml of
undiluted NHS, respectively. As control experiments both PAEC and human aortic endothelial cells (HAEC) were
perfused with normal porcine serum (NPS) and NHS respectively (Supplementary Fig. 2). The data obtained
support the idea that this microfluidic system, specifically optimized for the assessment and quantification of
complement deposition thanks to the possibility to use relatively large volumes for perfusion of the artificial
microvessels, is able to mimic the in vivo situation in which EC are continuously perfused with blood containing
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Figure 2. Cell morphology and quantification of cell alignment. (a) Cell morphology over time. (a) day 0, cells
are randomly distributed immediately after seeding; (b) day 1, cells attach and elongate under static conditions;
(c) day 3, cells start to become aligned under flow for one day; (d) day 4, most of the cells are aligned under flow
for two days. Arrows indicate the direction of pulsatile flow in the microfluidic channcls. (e) F-actin staining of
PAEC in static conditions and (f) under flow. If not specified scale bar represents 100 pm. (b,c) Quantification
of cell alignment to the x-axis of the microfluidic channels by immunofluorescence staining for the cytoskeleton
protein F-actin and CD31, respectively. On the left panel, column graphs of the average cell angle in degrees to
the x-axis are shown under static and pulsatile flow conditions (mean values + SD, p-value: * < 0.05, ¥* < 0.01).
Representative immunofluorescence images are shown on the right panel (a-b). Arrows show the flow direction.
Scale bar represents 50 pm.

aclive proteins of the complement and coagulation cascade. Indeed, compared with standard chamber slides
where the amount of serum is low (data not shown), our 3D microfluidic assay gave a better quantification of
human immunoglobulin binding and complement deposition on porcine endothelial cells allowing to screen the
protective role of transgenes.

An interesting application of our microfluidic system could be the screening of complement inhibitors or other
drugs in general. 'Three known complement inhibitors were therefore tested in our model: C1 INH (10 1U/ml),
APT070 (0.25mg/ml), and DXS (0.3 mg/ml). C1 INH is a physiological, fluid phase inhibitor of complement and
coagulation, acting mainly on the C1 complex, which initiates the classical pathway of complement activation®.
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150 pm

Figure 3. Confocal images of EC coated microchannels. (a) 3D rendering of the 100 um round section channel.
EC monolayer was stained for VE-cadherin (green) and F-Actin (red). Nuclei were stained with DAPI (blue).
(b) 3D z-stack of the 550 um round section channel. EC monolayer was stained for VE-cadherin (green). Nuclei
were stained with DAPI (blue).

APTO070 is a recombinant derivative of the soluble complement receptor 1, regulating complement activation at
the level of C4/C3%. DXS, finally, is a highly sulfated polyglucose and a member of the glycosaminoglycan family.
It acts as an EC protectant and a complement inhibitor*?#%. Activation of the complement cascade was confirmed
by positive staining for C3b/c, C4b/c, and C6. As expected, all inhibitors blocked complement activation on the
C4/C3 level and further downstream. Deposition of C3b/c, C4b/c, and C6 was significantly reduced by all of the
used complement inhibitors compared o perfusion by NHS alone. The respective data are shown in Fig. 5, both
quantitated as column graphs and as representative immunofluorescence images. Our results confirm earlier
data on successful complement inhibition using C1 INH, APT070 and DXS$*+%%, Furthermore, the model could
reproduce data obtained ex vive in a pig lung xenotransplantation model by using the same amount of C1 INH
(10 IU/ml) which was shown to effectively prolong the survival time of the xenoperfused organ by diminishing
complement activation after perfusion with human blood?*.

Proinflammatory cytokines, growth factors and soluble complement activation markers in
perfusate samples. Perfusate samples were collected and analyzed for the presence of porcine specific
inflammatory cytokines, growth factors and soluble complement components. ‘The assay specifically detects
cytokines produced by porcine endothelial cells after being stimulated with NHS, with the exception of bFGF
and sC5b-9 for which also the human proteins are detected. Analysis of NHS pre-perfusion as well as normal
pig serum (NPS) were performed in order to show the specilicity of the assay (Supplementary Fig. 3). Among
all the pro-inflammatory cytokines which were elevated by perfusion of the microchannels with NHS, IL- 173 was
reduced by treatment with DXS (p = 0.0095, Fig. 6) while C1 INH and APT070 did not show an effect. High levels
of the soluble lerminal complement complex sC5b-9 and C5a were found when cells were perfused with NHS
alone (sC5b-9: 30547 + 2932 ng/ml, C5a: 3298 + 184.6 pg/ml), while addition of complement inhibitors signif-
icantly reduced both sC5b-9 and C5a generation [sC5b-9 (C1 INH: 19019 + 10501 ng/ml, p = 0.004; APT070:
725+ 585 ng/ml, p < 0.0001; DXS: 18605 + 4181 ng/ml, C5a (C1 INH: 2123 + 538 pg/ml, p=10.002; APT070:
1543 + 805.3 pg/ml, p < 0.0001; DXS: 808.4 + 325.4pg/ml, p < 0.0001; Fig. 7). Elevated levels of IL-1(3 and sC5b-9
as found in our in vifro system were also found in earlier ex vivo perfusion experiments performed with pig
forelimbs™. We also found elevated levels of the growth factor bFGF in the perfusate when APT070 was used as
compared to NIIS alone (p < 0.05, Tig. 6). The significance of this finding is still unclear, also because APT070 has
only rarely been used in xenotransplantation setlings so [ar.

Discussion
We have established an in vitro system for 3-dimensional growth of EC in microfluidic channels with circular cross
sections under physiological flow conditions, mimicking small to medium sized arteries in vivo™. L his microfluidic
system was used to investigate endothelial cell activation in the context of a xenotransplantation setting.
Indothelial cells seeded into the microfluidic channels and grown under static conditions for the first two
days aligned in the direction of flow as soon as exposure Lo shear stress was induced by pulsatile perfusion with
cell culture medium. A frequent medium exchange after seeding the cells into the microchannels is required due
to the high cell surface-to-volume ratio. After flow application, the EC monolayer covering the inner surface of
the channels is continuously perfused with recirculating medium, reducing the need for medium exchange. In
contrast to microchannels with a rectangular cross-section, the shear stress along the endothelial walls is homo-
gencous in our system and cnables a better quantification of the effects of the flow on EC behaviour. Thanks to
the transparency of the PDMS the system allows visualization as well as analysis of the microchannels by high
resolution confocal microscopy. This is an advantage over in vivo systems and allows insights into molecular
and ccllular biological mechanisms which are not possible in animal models. 'Ihanks to advanced settings of the
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Figure 4. Impact of incubation time on EC activation and complement deposition. Confocal pictures of EC
coated microchannels. (a) Perfusion with 10 ml of 1:10 diluted NHS, recirculating at 600 ul/min for 10, 30,

60, 120 min. (b) Incubation for 120 min with different volumes of 1:10 diluted NHS: 200 ul (static conditions),
3ml, 5ml, and 10 ml (all recirculating at 600 pul/min). Quantification of C3b/c deposition (green) and E-selectin
expression (red) was done by immunofluorescence. Nuclei were stained with DAPI (blue). Arrows show the
flow direction. Shown are mean values + SD with indication of statistically significant differences belween the
time points,n 5, p-value: #*p  0.01, **p < 0.01, *¥*p  0.0001, ****p < 0.0001). Sera from different donors
with different blood groups were used as pool of at least 3 donors. Scale bar represents 100 pum.

confocal microscope we could show complete coverage of the inner surface of the round microchannels, both
of 550 um and 100 um of diameter, by a confluent monolayer of EC, creating the impression of artificial small to
medium sized arteries in a three-dimensional view. Furthermore, the closed system and recirculation of cell cul
ture medium, with or without human serum or drugs, allows for the assessment of both acute and chronic effects
on EC. Effector molecules in the fluid phase, which are an important way of communication between both adja
cent and distant cells in the vasculature as well as in the blood stream, can develop their effects in the recirculatory
microfluidic system and they can also be analyzed by ELISA or multi-plex assays.

After establishment of our in vitro model, we wanted to further validate the system by reproducing findings on
complement activation as occurring in vivo in hyperaculte or acule vascular rejection in xenotransplantation set-
tings. A time- and volume-dependent increase of ctivation (E-selectin) and complement deposition (C3b/c)
was observed. Indeed, the possibility to continuously perfuse the artificial blood vessels with high volumes of
fresh serum as occurring in vivo is one of the main advantages of our system as compared for example to conven-
tional 96-well plate assays. 'Lhe results obtained from the testing of complement inhibitors - C1 INH, AP'1070 and
DXS - regarding deposition of complement components and the prevention of EC activation revealed another
important aspect of the new in vitro system, which is the possibility to assess the cffects of different drugs in a
purified system composed of an artificial endothelium exposed to pulsatile flow.
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Figure 5. Deposition of C3b/c, C4b/c, and C6 on PAEC assessed by immunofluorescence after perfusion

with NHS with or without complement inhibitors. Column graphs on the left panels show quantification of
immunofluorescence staining for deposition of C3b/c (A), C4b/c (B) and C6 (C). Shown are mean values + SD
with indication of statistically significant differences between complement inhibitor groups and NHS alone.
¥ < (0.0001, n = 5. Representative images are shown on the right panels. PAEC in microfluidic channels
were perfused for 60 min with 1:10 NHS + C1 INH (a), 1:10 NHS + APT070 (b), 1:10 NHS + DXS (c), and 1:10
NHS alone (d). Sera from different donors with different blood groups were used as pool of 8 donors. Scale bar
represents 50 um.

The reproducibility of the results is high as long as a confluent monolayer of cells is achieved and the cells are
kept healthy before any kind of perfusion either with drugs or with serum.

A limitation of the current model is the use of serum Lo study activation of the EC growing on the inner
surface of the microfluidic channels. Inn vivo, EC activation in transplantation, ischemia/reperfusion injury and
other clinical settings occurs in the whole blood environment. Our study only includes the effect of complement
and omits possible effects of the other plasma cascade systems, namely coagulation, fibrinolysis and kallikrein/
kinin, as well as blood cells. Coating of the silicon tubings and connectors with heparin might allow the use
of whole, non-anticoagulated blood for perfusion of the EC-microchannels and further improve the model.
In the microchannels the ratio of EC-surface to blood volume is 73 ¢cm?/ml for 550 um diameter and 400 cm?/
ml for 100 um diameter, respectively. This would allow the exploitation of the natural, anticoagulant propertics
of EC when working with non-anticoagulated whole blood'’. Modification of the model for use with whole,
non-anticoagulated blood is currently under way.
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Figure 6. Concentrations of inflammatory cytokines/growth factors after perfusion with NHS with or

without complement inhibitors. Porcine-specific cytokines [interleukin (IL)-6, IL-18, IL-10, tumor necrosis
factor alpha (TNF-a)] and basic fibroblast growth factor (bFGF) levels were measured by Bio-Plex analysis.
Data are presented as scattered dot plot with mean values, error bars indicate standard deviations, NHS post-
perfusion n=5, NHS + C1INH n =6, NHS + APT070 n =7, NHS + DXS n =5, p-values: *p < 0.05, ¥¥p < 0.01,
##4%p < 0.0001. Sera from different donors with different blood groups were used as pool of 8 donors.

Methods

Isolation and culture of porcine aortic endothelial cells. Porcine aortic endothelial cells (PALEC) were
isolated from aortas by using a mechanical procedure. In bricf, aortas were cut open and PAEC were isolated by
gently rubbing the inner surface with a cotton wool bud. The cells were transferred into fibronectin-coated tissue
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Figure 7. Concentrations of soluble complement markers after perfusion with NHS with or without
complement inhibitors. Human soluble complement activation markers in the perfusate were detected by
ELISA (human C5a) and Bio-Plex [human soluble (s)C5b-9]. Data are presented as scattered dot plot with
mean values, error bars indicate standard deviations, NHS post-perfusion n =5, NHS + C1INH n =6,

NHS -+ APT070 n =7, NHS -+ DXS n =5, p-values: **p < 0.01, ****p < 0.0001. Sera from different donors with
different blood groups were used as pool of 8 donors.

culture flasks (Nalge Nunc International, Kamstrup, DK) and placed at 37°C in a 5% CO, incubator until conflu-
ence. DMEM cell culture medium (Thermo Fisher Scientific, Waltham, MA, USA) was used, supplemented with
10% heat-inactivated fetal bovine medium (FBS, Biochrom, Berlin, Germany), 100 IU/ml penicillin and 100 ug/
ml streptomycin (Thermo Fisher Scientific), and 0.4% Endothelial Cell Growth Medium (ECGM) Supplement
Mix (PromoCell, Heidelberg, Germany). Cells between passage 3 and 6 were used in the present study.

No animals were used specifically for the present study. Porcine aortas used for PAEC isolation were from
animal experiments with pigs in the context of evaluation of surgical techniques and devices, as well as studies
on Xenotransplantation. All animal experiments were approved by the Veterinary Service of the Canton of Bern,
Switzerland, and performed in accordance with national and international 3R and ARRIVE guidelines*.

Construction of microfluidic channels with round cross section.  Polydimethylsiloxane (PDMS,
Sylgard 184, Dow Corning, Wiesbaden, Germany) was prepared by mixing 10 parts of elastomer silicone and 1
part of curing agent, and casted in a petri dish (Thermo Fisher Scientific). Sterile and pyrogen free needles with a
diameter of 120 um and a length of 3c¢m (Seirin, Hamburg, MA, USA) were laid in parallel in the liquid uncured
PDMS, at the bottom of the petri dish. Four mold needles of 550 um or 100 pm diameter and 2.5 cm length (BD
Biosciences, New Jersey, USA) were placed at a 90° angle on top of the thinner needles. The Luer connectors of the
needles were cut off with a diagonal cutter before using the needles as molds. The PDMS with the needle-molds
was cured at 60 °C overnight. PDMS chips were cut out, while needles were extracted horizontally. Inlet and outlet
connectors to the microchannels were made with 2 mm biopsy punches (Shoney Scientific, Waukesha, USA). The
hole, left from extraction of needles, between the edge of the PDMS gel and the inlet and outlet, respectively, was
sealed with liquid PDMS and cured at 60 °C overnight. The final microfluidic chips contained four microchannels,
mimicking small to medium sized arteries, with a diameter of 550 pm or 100 um, respectively, and a length of
1cm. The schematic for microchannel fabrication is shown in Fig. 8.

Modification of PDMS surface in microchannels.  Before seeding cells in the microfluidic channels, the
inner surface of PDMS was modified to covalently bond extracellular matrix molecules®. Briefly, PDMS chips and
standard glass slides were cleaned, activated in an oxygen plasma cleaner (Harrick Plasma, New York, USA) at 650
mTorr for 3min, and bonded together. Immediately after bonding, the hydrophobic PDMS surface in the micro-
channels was silanized to make it hydrophilic by filling the channels with 5% 3-triethoxysilylpropylamine (APTES,
Sigma-Aldrich, Buchs, Switzerland) and incubation for 20 min at room temperature. The channels were then washed
with ultrapure water and treated with 0.1% glutaraldehyde (Sigma-Aldrich) for 30 min to provide a crosslinking sub-
strate for the immobilization of extracellular matrix proteins. Microchannels were incubated with 50pg/ml human
fibronectin (Millipore, Schaffhausen, Switzerland) in PBS for 1h at 37°C or at room temperature overnight under
UV light, followed by 100 pg/ml bovine collagen I in 0.2mol/l acetic acid (Gibco, Thermo Fisher Scientific) at room
temperature for 1.5h. Cell culture medium containing 10% FBS was then rinsed through the microfluidic channels
to block unspecific protein binding sites as well as to wash out unbound collagen I before cell loading.

Cell loading and pulsatile flow. PAEC grown to confluence in T75 flasks were trypsinized with 0.05%
EDTA-trypsin (Gibco, Thermo Fisher Scientific) and suspended in ECGM- and FBS-supplemented cell culture
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Mold needles Supporting needles inlet outlet

Coating and cell seeding

Reservolr tubes Peristaltic pump

Figure 8. Schematic of microchannel fabrication and pump connecting. PDMS is poured into a Petri dish (@
60mm). Supporting and mold ncedles are placed as shown in the picture and the whole Petri dish is incubated
overnight at 60 °C. Needles are removed, inlet and outlet holes are made with a 2 mm biopsy puncher. Lateral
holes are sealed with more PDMS. The second and the third steps show the device inside a @ 35 mm Petri dish
for a demonstration purpose. Normally everything is done using a @ 60 mm Petri dish which can host up to 4
microchips. After plasma oxygen treatment, the microchip is bounded to a glass slide, coated with fibronectin
and collagen I, and ultimately cells are seeded within the microchannels. One day after seeding a peristaltic
pump is connected and a shear stress of 10 dyn/cm? is applied.

medium (DMEM) with 4% dextran from Leuconostoc spp. (Mw ~ 70,000, Sigma-Aldrich), to increase viscosity
and promote cell adhesion. Cells at a density of 1  10/ml were loaded into the microfluidic channels. The whole
device was flipped upside down and placed in an incubalor at 37 °C/5% CO, for 10-15 minules lo promole cell
adhesion on the upper part of the microchannel. Subsequently cell attachment was checked under the microscope
and if necessary more cells were added and the unflipped device placed back in the incubator. Cells were then
cultured under static conditions with 2-3 cell culture medium changes at intervals of 2 h, followed by overnight
incubation. Growth of the cells was checked daily under an inverted microscope. After confluency was reached,
a peristaltic pump — Minipuls 3 with 8 channels (Gilson, Villiers le bel, France) - was connected to the micro-
fluidic channels via sterile silicon tubing with stoppers (Gilson) and extension silicon tubings (Gobatec, Bern,
Swilzerland). These tubes were autoclaved and extensively flushed with distilled water and PBS, followed by cell
culture medium with 4% dextran. A medium reservoir in a 15 ml sterile tube (Corning, Berlin, Germany) was
connected to each microchannel and placed in the 37 °C incubator together with the microfluidic device. PAEC
in the microfluidic channels were maintained in DMEM under pulsatile flow, starting overnight with a low shear
stress of 0.04 dyn/cm’, corresponding to 0.5 pump head rotations per minute, equaling 5 beats per minute (bpm)
because of the presence of 10 rollers on the pump head. Thereafter the shear stress and pulse rate was gradually
increased by 10 bpm per hour, until the desired shear stress of 10 dyn/cm? at 70 bpm was reached. This shear stress
of 10 dyn/cm?, corresponding to a flow of 600 ul per minute for 550 um channels, was maintained for two days in
the present study. Calculations of the shear stress were performed based on the equation (1):

$S = 4uQ/='R®

where p is the viscosity of the medium, Q is the flow rate and R represents the radius of the microchannel. ‘The
system can be maintained for at least 7 days with exchange of the medium every 2-3 days. Cell morphology was
assessed under a bright field microscope (DMI 4000B, Leica Microsystems Schweiz, leerbrugg, Switzerland).

Human serum preparation. Human blood was drawn [rom healthy volunteers into polypropylene tubes
containing glass beads (S-Monovette, Sarstedt, Germany) and allowed to clot for 30 min at room temperature. 'The
clot was removed by centrifugation for 10 min at 2000 x g in a refrigerated centrifuge (4 °C) and the supernatant
collected and stored at —80 °C. In the present study sera from different donors with different blood groups were
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wred, mostly as pool ofal keast 3 donor, Delails are given inthe respeaive ligure legends, All esperimenial pro-
locol were reviewed and approved by the Universily of Bern and carried oul i aceordance with the Uhiversily ol
Bern regulalions. All human Blood sawples were obraived witl informed consenl according lo Swiss jurisdiclion
and ethics guidelines ofthe Bern University Hospital

Perfusion of PAEC with normal human serum and complement inhibitors. Atter two days of
pulsatile tlow, cell culture medmm was replaced with normal human serwun (NHS) 1:10 diluted 1o 1% dex
tran DVEM without supplements. PAEC were perfused for different periods of time {10 min, 20 min, 60 min,
120min). The perfusate (1:10 diluted NHS in 4% dextran DMEM with or without complement inhihitors) was
present in 15 ml reservoir mbes (Nalge NUNC) and perfusion was performed na <losed cirenit so that the pertu
sdle was recireulated. Usually 10 ml ol perlusa e were used, bur for some esperiments the amount was varied lrom
3o 10 ml will a comrol of stalic inculsaion with 200 . Four groups were made: Group 12 NES alone, (Group
2ONHS 10 WAl Cinbibitor (CHINTL Bermerl, provided by CS1L Behring, Marbwry, Germanyd, Group 3
NS 1T 023wyl APTOT (a recombinant, membrane-rarger ed complement inhilitor based on complement
receptor 1, provided by Richard Smith, Kings College, London, UKY, Group 4: NHS+ 1.2 mginl low molecular
weight dextran sulfate (DXS, Mw 5000, provided by Tikomed, Viken, Sweden). For each group, experiments
with 2 5 channels were performed Finally, perfusate was collected and stored at —50°C, E¢C in the microchan
nels were used for munmnotluorescence staining.

Immunofluorescence staining. Immunofluorescence stalning was performed to assess the establish

ment of a contluent EC monolayer on the inner surface of the microchannels, to characterize endothelial <ells
and 1o assess deposilion of complement componenls as well as EC activalion. T briel cells i the wicrouidic
channels were washed with PBS, fised will 4% formaldehyde for 13 win, and Mocked with PBS-3% BSA Tor
43min. hicubarion with primary aniilodies was done al 4" overnight, Tollowed by secondary anlibodics and
4* A-diamidine- 2-phc1|y|i1|d()||: (AP The rrimary anl ihadies used werer ral anl f-poraue G331 {imABIIRTI,
R&L), Mimluapuh's, LISA), goal anti-human V-cadhierin (re-8438, Sanla Crus, Tesas, USA), rabbil anid-liaman
von Willebrand factor (vWF, AUus2, Dalo, Clostrup, Denmark), rabbit antl human < 3bsk FITE (Fuzul,
Dako), rabbit antl human CAb/c FITC (FU169, Dako), Goat anti human 6 {3307, Quidel, San Diego, USA),

mounse anti human E selectin (S 9555, Sigma Aldrich), The secondary antibodies were goat anti rat IgC Cy2
1112 166 003, Tackson ImmnnoReseﬁrch West Crove, PA, USA), donl..e}"lnu gout alexal55 (AZ1082, Thermo
Fisher Scientific), sheep antl rabbit IgG Cv3 (223006, Sigma Aldrich), donkey antl goat IgG alexalss (A11055,
Hhiermuo Fisher Scientilie, VAL USAT goal anti-mouwse [gM FUIC (1H5-097-020 Jackson TmmunoRescarch),
goal auli-mouse lals alexad 88 (A2 21, e isher Saiennilic). Nucled were slained seith DA PI (Iin;‘hr'mgur,
Roche Diaguoslics, Indianapolis, 1IN, USAL I addilion, evioskeleton ilamentows actin (1-acling was stained
willi Rhodamine Plialloidin (PRI, Cyloskelelon, lie., Denver, USA ) hinages were laken an 105 aud 835 wilh
aconfocal laser scanning microscope (LSM 710, Zeiss, Feldbach, Swirzerland) and analyzed by Image] (National
Institutes of Health, Bethesda, ¥, USA). The thickness of the entire microfluidic device is 1.5 cia and the dis

tance between the hottom ofthe device and the bottom of the microchannel is 120 pm which allows a good imag

ing Inaddition, z stack images were processed by Imauis &2 sofvare (Bitplane, Zurich, Switzerland),

Quantification of cellular alignment. To quantify cellular alignment with the diection of flow, cell ori
entation was analyzed and gquantified using the Fibril Teol plugin function in F1i (hetp:fijsc/Fii) following the
putlished protocol™ hoth nader static and flow conditions, Fluorescent signals from D31 and F actin staining
were wed 'Three fages per chaiel were analy zed o oblain the wean Tuorescence inlensiw

Detection of porcine eytakines and camplement activatian markers by Bio-Plex{ELISA. Ii
determine Hhe concentralions ol porcine-specific cytokines [interleukin (L3-8, 1A 1% 1A 10, Twmor necrosis fac-
loralpha CFNE-20], basic [ilroblast growth factor (BFGE), ax well as the complement achivanion marker soluble
(5)C30-9 3n perlusale samples, 4 wulliples s MAP lechnology (Lumines) assay was performed according 1o a
custom made protocol developed by our group’™. In briel, wicrobueads {Luminesd were coupled with respuec-
tive capture antibodies nsing the Bie Plex amine coupling kit (Bio Rad). Conpled beads were then incubated
with samples, followed by bictuirlated detection antibodies and Streptavidin R PE (922721, Qlagen, Hilden,
Germany). Measurement and data analysis were performed with a Flexmap 3D reader and the Bio Plex Manager
software version 6.1 (Bio Rad). Concentrations of human (25a swere detected by ELISA using a conunercially
available kit (DuoSel, R&D Syaics, VMinneapolis, 1T8A).

Statistical analysis. Al dara are presenled a5 wean slandard deviation (8121, Stalislical dnalyses were
rcrl'm med Ly G .q‘h Pad Prizin 8 sollware ({-}rupll Pad, Sau [Hego, CA, LISA) URINY ole-wdy andlysis ol variance
CANCYA) Tollosed by Pisher’s 181 post hou lest o compare means of all yroups. For comparison ofcel | orienia-
o, Mann-Whilney [ est was wed. P values = 003 were conridered o an et ical ly signilicanl.

Data availability. 'l complue dala sels ofthis anicle are available upon requesl.
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setting.

Figure: 3D rendering (Imaris software) of EC coated microchannel. The endothelial cells are stained for VE-

cadherin (green) and the nuclei are stained with DAPI (blue).
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Abstract

Endothelial cells (EC) play a crucial role in the pathophysiology of cardiovascular diseases,
ischemia/reperfusion injury and graft rejection in (xeno-)transplantation. In such non-physiological
conditions EC are known to lose their quiescent phenotype and switch into an actively pro-
inflammatory, pro-coagulant and anti-fibrinolytic state. This happens essentially because the
endothelial glycocalyx — a layer of proteoglycans and glycoproteins covering the luminal surface of
the endothelium — is shed. Heparan sulfate, one of the main components of the endothelial
glycocalyx, contributes to its negative charge. In addition, many plasma proteins such as
antithrombin Ill, superoxide dismutase, C1 inhibitor as well as growth factors and cytokines bind to
heparan sulfate and by this contribute to the establishment of an anticoagulant and anti-
inflammatory endothelial surface. Shedding of the glycocalyx results in a loss of plasma proteins
from the endothelial surface and this causes the switch in phenotype. Particularly in
xenotransplantation, both hyperacute and acute vascular rejection are characterized by coagulation
dysregulation, a situation in which EC are the main players.

Since many years EC have been used in vitro in 2D flatbed cell culture models, with or without the
application of shear stress. Such models have also been used to assess the effect of human
transgenes on complement- and coagulation-mediated damage of porcine EC in the context of
xenotransplantation. The methods described in this chapter include the analysis of endothelial cell-
blood interactions without the necessity of using anticoagulants as the increased EC surface-to
volume ratio allows for natural anticoagulation of blood. Furthermore, the chapter contains the
description of a novel microfluidic in vitro model carrying important features of small blood vessels,
such as a 3D round-section geometry, shear stress, and pulsatile flow — all this in a closed circuit,

recirculating system aiming at reproducing closely the in vivo situation in small vessels.

Key Words 3D cell culture, Coagulation, Complement, Endothelial cells, Genetic modifications,

Microcarrier beads, Microfluidics, Vascular biology, Xenotransplantation
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1. Introduction

The endothelium consists of a monolayer of endothelial cells (EC) which constitute the inner lining of
blood vessels. Given their location, EC are directly in contact with blood and circulating cells. Blood
fluidity, the vascular tone and platelet aggregation are all actively regulated by EC which carry also a
physical semi-selective barrier function and are responsible for the maintenance of blood vessel
homeostasis by surface expression and secretion of different key molecules (1, 2). The endothelial
glycocalyx — a carbohydrate-rich layer covering the endothelial surface — serves several functions
acting as a mechanotransducer and influencing blood-EC interactions (3).

EC activation is characterized by a change of the endothelial phenotype which loses its anti-
inflammatory, anticoagulant and pro-fibrinolytic features as a consequence of endothelial glycocalyx
shedding. Coagulation dysregulation is a hallmark of acute vascular rejection in xenotransplantation,
leading to thrombotic microangiopathy as well as systemic consumptive coagulopathy which
culminate in organ failure (4). This is mainly due to genetic differences between the donor and
recipient.

Recent developments in genetic engineering techniques (CRISPR-Cas9) paved the way to quick and
efficient production of new, multi-transgenic source pigs (over)expressing human regulators of both
the complement and coagulation systems (5). The effects of different combinations of transgenes
and knockouts in preventing rejection need to be tested before pre-clinical pig to non-human
primate xenotransplantation experiments are performed. Since the graft endothelium is the first site
in contact with the recipient blood, many in vitro models use porcine endothelial cells to analyze the
effect of human transgenes on complement and coagulation. However, the majority of in vitro
experiments involving EC are still carried out in flat bed tissue culture systems, which are far from
the physiological environment of EC and have only limited validity for the assessment of the
anticoagulant, anti-inflammatory and pro-fibrinolytic functions of EC. We therefore developed a 3D
cell culture model of EC on microcarrier beads, in which the increased cell surface-to-volume ratio
allows for the study of the natural anticoagulant properties of EC (6, 7). In addition, culturing of
porcine EC on the inner surface of cylindrical microchannels (Fig. 1) and exposing them to pulsatile
flow of cell culture medium (or human serum/plasma during the experiments) allows to assess the

function of anticoagulant and anti-inflammatory properties of the EC under near-natural conditions.
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This chapter focuses on the description of 3D cell culture techniques to assess anti-coagulant and
anti-inflammatory properties of EC. It does not directly cover techniques for measuring coagulation
markers in blood samples since most of them have been extensively described in the previous book
by Bulato C. et al (8). However, the whole blood collected after incubation of EC coated microcarrier
beads as well as the perfusate (plasma) collected from the microfluidic system can be easily
analyzed to detect coagulation activation markers such as thrombin-antithrombin complex (TAT),

prothrombin fragments (F1+F2) as well as tPA-PAI-1 complexes using commercial ELISA kits.
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Materials

2.1 Microcarrier bead assay

2.1.1 Coating of microcarrier beads

The following materials must be of cell culture grade. A cell culture laminar flow hood is required.

1.

6.

7.

Microcarrier beads (Biosilon, polystyrene beads with a diameter of 160-300 um, a density of 1.05
g/cm3 and carry a negative surface charge).

Ultra-pure water.

0.2% acetic acid solution (prepared in a 50 mL falcon tube by adding 57 pl of acetic acid (60.05
g/mol) in 50 mL of sterile ultrapure water).

100 pg/mL bovine collagen | in 0.2% acetic acid.

Phosphate-buffered saline (PBS): 137 mM NaCl, 2.6 mM KCI, 8 mM Na2HPO4, 1.4 mM KH2PO4,
pH 7.4.

Medium 199

Endothelial cell growth medium supplement mix and 25 uL of heparin (5000 [U/mL).

2.1.2 Collecting cells

The following materials must be of cell culture grade. A cell culture laminar flow hood is required.

8.

9.

10.

11.

12.

13.

Subconfluent (85-90%) T175 flask with EC.

PBS 1X at 37°C.

Trypsin-0.05% EDTA.

Cell culture incubator at 37°C with 5% CO2 in a humid atmosphere.

Medium 199 supplemented with 10% FBS, 1% penicillin/streptomycin, 0.4% endothelial cell
growth medium supplement mix.

50 mL falcon tube.

2.1.3 Seeding cells into the spinner flask

The following materials must be of cell culture grade. A cell culture laminar flow hood is required.

14.

15.

16.

Subconfluent (85-90%) T175 flask with EC.
500 mL spinner flasks.

10 mL and 25 mL serological pipettes.
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17. Medium 199
18. Colorless RPMI medium supplemented with 10% FBS, 1% penicillin/streptomycin, 1% L-

glutamine, 0.4% endothelial cell growth medium supplement mix and 25 L of heparin.
2.1.4 Confluence verification

The following materials do not need to be of cell culture grade unless otherwise specified.
19. 200 pL pipette.

20. PBS 1x at room temperature.

21. Fixative: Parapicric acid.

22. Nuclear labeling solution: 1 ug/ mL of 4,6’-diamidino-2-phenylindole (DAPI) in PBS 1x.
23. Glass slides.

24. Mounting media (Glycergel).

25. Confocal microscope.

2.1.5 Experimental procedure

26. 10 mL serological pipette and pipetboy.

27. Colorless RPMI not supplemented.

2.1.6 Incubation with non-anticoagulated blood

28. Butterfly sterile syringe needle.

29. 9 mL neutral polypropylene tubes (see Note 1).
30. 10 mL sterile serological pipette.

31. 12 mL polypropylene tubes.

32. Parafilm.

33. Horizontal tilting table.

34. 37°C incubator.

35. Timer.

36. 2 mL tubes for serum/plasma collection.

2.1.7 Immunofluorescence staining of EC-coated microcarrier beads

37. PBS at room temperature.

38. PBS containing 3% BSA.
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39. Fixative: Parapicric acid.

40. Antibody dilution buffer: 1% BSA in PBS (see Note 2).
41. 1 pg/ mL of 4,6’-diamidino-2-phenylindole (DAPI) in PBS.
42. Mounting medium: Glycergel.

43. Microscope slides (26x76 mm) and sterile coverslips.

44. Confocal microscope.

2.2 Microfluidic Model

2.2.1 Microfluidic chip preparation

1. PDMS silicon elastomer.

2. Curing agent.

3. O 90mm Petri Dish.

4. Supporting needles (J 120um).
5. Mold needles (& 550um).

6. Vacuum chamber.

7. 60°C incubator.

8. @ 2mm biopsy punch.

9. Scalpel.

2.2.2 PDMS-glass bonding

10. Scotch tape.

11. Plasma oxygen cleaner.
12. 100% Isopropanol.

13. Soap water.

14. Ultrapure water.

15. Nitrogen gun.

16. Glass slides (24x60mm).
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2.2.3 Coating of microchannels

The following materials must be of cell culture grade. A cell culture laminar flow hood is required.

1.

2.

Ultrapure water.

5% (3-Aminopropyl)triethoxysilane (APTES) (prepared by adding 250 uL of APTES to 4.75 mL of
ultrapure water, corresponding to a 1:20 dilution, in a 5 mL tube and mixing well).

0.1% glutaraldehyde in ultrapure water (prepared by diluting 40 pL of the 25% glutaraldehyde
stock solution in 9’960 L of ultrapure water, corresponding to a 1:250 dilution).

15 mL falcon tubes.

50 pg/mL human fibronectin in PBS (dilute 75 pL of the 1mg/mL fibronectin stock solution in 1425
uL of sterile PBS 1x). The volume of this solution is calculated for the coating of 4 microchannels.
Please adjust the volume accordingly if more microchannels need to be coated.

100 pg/mL bovine collagen | in 0.2% acetic acid.

DMEM Glutamax supplemented with 10% FBS, 1% penicillin/streptomycin, 0.4% endothelial cell

growth medium supplement mix.

2.2.4 Cell seeding

The following materials must be of cell culture grade. A cell culture laminar flow hood is required.

17. DMEM Glutamax supplemented with 10% FBS, 1% penicillin/streptomycin, 0.4% endothelial cell

growth medium supplement mix and 4% dextran.

18. Subconfluent (85-90%) T75 flask with EC.

19. Trypsin-0.05% EDTA.

20. Phosphate-buffered saline (PBS): 137 mM NaCl, 2.6 mM KCI, 8 mM Na2HPO4, 1.4 mM

KH2PO4, pH 7.4.

2.2.5 Peristaltic pump connection

The following materials must be of cell culture grade. A cell culture laminar flow hood is required.

21. Peristaltic pump.

22. Silicon extension tubings (inner diameter 1 mm).

23. Silicon pump head tubings with stoppers (Gilson).

24. Adapters (Bio-Rad).
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25. Autoclaved ultra pure water.

26. Autoclaved PBS 1x.

27. DMEM Glutamax supplemented with 10% FBS, 1% penicillin/streptomycin, 0.4% endothelial cell
growth medium supplement mix and 4% dextran.

15 mL falcon tubes (reservoir tubes) with two holes in the cap (d 2mm made with a driller).
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Methods

Carry out all procedures under cell culture laminar flow hood unless otherwise specified.

3.1 Microcarrier bead assay ([6])

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

3.1.1 Coating of microcarrier beads

Mix 7 mL of microcarrier beads with 42 mL of the 100 pg/mL collagen solution in a 50 mL tube
and incubate for 1 h at room temperature.

Wash beads two times with 25 mL of PBS pH 7.4 (add 25 mL of PBS, mix well with the pipet and
wait until the beads are settled down then discard the supernatant and repeat) and one time with
25 mL of medium 199.

Cover the beads in the 50 mL tube with 10 mL of the supplemented medium 199 and allow
equilibration for 10 min before further use.

3.1.2 Collecting cells

Remove the cell culture medium from the T175 flask containing PAEC and add 5 mL of PBS.
Remove PBS from the T175 flask.

Add 5 mL of Trypsin-0.05% EDTA and incubate for 3-4 min at 37 °C.

Collect the cells by rinsing the flask with 15 mL of cell culture medium and transfer the suspension
to a 50 mL tube.

Centrifuge cells at 1200 x g for 8 min at room temperature, remove excess medium and resuspend

the pellet in 5 mL of cell culture medium.
3.1.3 Seeding cells into the spinner flask

Add 20 mL of cell culture medium to the cell suspension and resuspend.

Add 20 mL of cell culture medium (w/o cells) into the 500 mL magnetic spinner flask.

Add the cells to the washed microcarrier beads and mix carefully with a 25 mL serological pipette.
Transfer the beads/cell mixture into the magnetic spinner flask.

Rinse the 50 mL tube with 10 mL of cell culture medium to collect the remaining cells.

Add an additional 85 mL of cell culture medium into the spinner flask and place it into the incubator

overnight at 37 °C on a shaker (100 x g, mixing interval: 3 min every 45 min).
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43.
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45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.
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Add 50 mL of cell culture medium (total volume 200 mL) and continue stirring for an additional 24
h at 37 °C on a shaker (100 x g, mixing interval: 3 min every 45 min).

Add the colorless supplemented RPMI medium up to 320 mL of total volume.

Replace the medium every 48 h: Remove 100 mL of old medium and add 100 mL of fresh
supplemented colorless RPMI.

Culture the cells for 5 to 7 days. The time depends on the confluence state of the cell-coated

beads.
3.1.4 Confluence verification

Collect 200 pL of cell-coated beads using a pipette and transfer them into a polypropylene tube
(see Note 3).

Wash the beads 3 times with 600 pL of PBS (add PBS, tilt the tube and mix gently to avoid
detachment of the cells from the beads, wait for the beads to settle down, discard the PBS and
repeat).

Fix the beads for 10 min by adding 200 pL of parapicric acid.

Wash 3 times with 600 pL of PBS as in step 2.

Add DAPI diluted in PBS and incubate for 10 min.

Transfer the beads on a glass slide and apply a coverslip using glycerol based mounting medium
(see Note 4).

Visualize the beads under a confocal microscope. (Fig. 2)
3.1.5 Experimental procedure

Remove the cell-coated beads from the magnetic spinner flask with a 10 mL serological pipette
and transfer them into 12 mL round-bottom polypropylene tubes.

Let the beads settle down (around 1-2 mins) and remove excess medium.

Add more beads to the tubes until every tube contains exactly 2 mL of beads (see Note 5).

Add 5 mL of clear RPMI to each tube and mix carefully using a 10 mL serological pipette.

Let the beads settle down and remove excess medium.

Repeat the washing procedure one more time with RPMI and remove all excess medium.
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3.1.6 Incubation with non-anticoagulated blood

Carefully and slowly (using neither jet nor vacutainers) draw blood from a healthy volunteer and
collect it in 9 mL neutral polypropylene tubes (without anticoagulant).

Slowly transfer 8 mL of blood with a 10 mL serological pipette into each of the polypropylene tubes
containing 2 mL of cell-coated beads (the total volume will be 10 mL). Always avoid rough handling
of blood or beads to avoid premature EC activation. The procedure takes 1- 2 min.

Carefully tilt the blood/bead mixture to ensure equal mixing and seal the cap with paraffin film.
Place the tubes on a horizontal tilting table (with gentle tilting settings only) inside a 37 °C incubator
and record clotting times.

At set time intervals, e.g. after 10, 20, 30, 50, 70, 90 min, remove 1.5 - 2 mL of blood-bead mixture
for serum or plasma analysis (see Note 6).

For collection of serum, leave the blood to coagulate (see Note 7). To collect the plasma, add

EDTA or citrate to 2 mL tubes before adding blood samples.
3.1.7 Immunofluorescence staining of EC-coated microcarrier beads

Collect 200 pL of cell-coated beads using a pipette and transfer them into a polypropylene tube
(see Note 3).

Wash the beads 3 times with 600 pL of PBS (add PBS, tilt the tube and mix gently to avoid
detachment of the cells from the beads, wait for the beads to settle down, discard the PBS and
repeat).

Fix the beads for 10 min by adding 200 pL of parapicric acid.

Wash 3 times with 600 pL of PBS as in step 2.

Block using 600 pL of PBS-3% BSA for 30 min at room temperature.

Add primary antibodies diluted in PBS-1%BSA and incubate for 1 h at room temperature.

Wash 3 times with 600 pL of PBS as in step 2.

Add fluorescent secondary antibodies diluted in PBS-1% BSA and incubate for 1 h at room
temperature.

Wash 3 times with 600 pL of PBS as in step 2.

10. Add DAPI diluted in PBS and incubate for 10 min.

11. Wash 3 times with 600 pL of PBS as in step 2.
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12. Transfer the beads on a glass slide and apply a coverslip using glycerol based mounting medium

(see Note 4).

13. Visualize the beads under a confocal microscope.

10.

11.

12.

13.

14.

15.

3.2 Microfluidic Model

3.2.1 Microfluidic chip preparation

Mix silicon elastomer and curing agent in proportion 10:1 (see Note 8).

Mix well the two components with a plastic spoon for 3 - 5 min.

Apply vacuum to remove air bubbles.

Clean the needles (& 550 pm and @ 120 pm) with isopropanol and leave them to dry on a tissue.
Transfer liquid PDMS into a Petri dish (@ 90 mm, see Note 9) and vacuum it to remove further
air bubbles.

Place support needles (@ 120 um) on the bottom of the Petri dish.

Place mold needles (@ 550 pm) orthogonally on top of support needles (Figure 3)

Carefully transfer the Petri dish into the incubator (60°C).

Cure overnight at 60°C.

Remove the solidified PDMS and cut four equal chips.

Remove the needles with forceps (@ 550 pm and @ 120 pm). Store the 550-pm needles
(reusable) and discard the small needles.

Punch holes, distance 1 cm (use a ruler), as inlets and outlets using a @ 2.0 mm biopsy
puncher.

Seal the side holes left by the needles with liquid PDMS (see Note 10).

Cure at 60°C for at least 2 h.

Chips can be stored at this point, tape the structures to protect them from dust.
3.2.2 PDMS-glass bonding (Figure 4)

Cut a chip in four parts with a scalpel. Every single part must contain a microchannel.
Tape a PDMS chip with scotch tape on the bottom side while keeping the channel side on top
and leave a small space between the channels.

Clean a glass slide with 70% Ethanol, soap water and rinse with ultrapure water.
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Dry the glass slide with a nitrogen gun (see Note 11).

Place PDMS-chip & glass slide into the oxygen plasma cleaner.

Turn on the oxygen tank, the pressure Indicator, the plasma cleaner and the vacuum pump.
Wait the pressure decreases until ca. 300 mTorr, turn the O, valve into position.

Wait until the pressure stabilizes at ca. 650 mTorr.

Turn on plasma to a high level for glass-PDMS bonding. Leave 3 min under oxygen plasma.
Open the valve to let the pressure normalize by room air (see Note 12).

Place the PDMS chip in the center of the glass slide and gently press them together to allow a

covalent bonding formation.
3.2.3 Coating of microchannels (Figure 5)

After oxygen-plasma bonding, modify the PDMS surface immediately by filling the
microchannels with 5% APTES (the shorter the time between plasma oxygen treatment and
APTES, the more APTES-groups will bind to the surface), and leave 20 min (see Note 13).
Wash channels 3 times with distilled water.

Replace the water with 0.1% glutaraldehyde 3 times. Leave it for 30 min.

Wash 3 times with distilled water.

Replace the water with 50 pg/mL fibronectin (3 times), incubate 60 min at 37°C, or place it in the
laminar flow overnight at room temperature under UV light.

Fill the channels with the 100 pg/mL collagen-I solution (3 times) and leave it in the laminar flow
at room temperature for 1.5 h.

Add cell culture medium and place the Petri dish with the chip in the 37°C incubator for 30 min

or longer before cell seeding.
3.2.4 Cell seeding

Harvest the cells of interest and adjust cell density at 10°/mL by adding cell culture medium
supplemented with dextran (4% final dextran concentration).

Inject 106 cells/mL into the channels from both ends using 200 pL pipette (make sure using a
single cell suspension, avoid cell clumps!).

Place the microfluidic chip upside down in the incubator and leave it for 15 min. The cells

should have enough time to attach to the surface (block the glass slide with a tape to the Petri
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dish).

Aspirate the unattached cells and add new cells. Incubate the microfluidic chip upright for 30
minutes.

Verify cell attachment using a microscope.

Wash the channels with 4% dextran medium to get rid of unattached cells.

Wait until the cells are confluent (normally the next day) and change the medium regularly (every

2 hours).
3.2.5 Peristaltic pump connection (4 channels)

Connect the peristaltic pump only when the endothelial cells are confluent.

Flush tubings with 30 mL of autoclaved ultrapure water then with 30 mL of autoclaved PBS.
Check the tubings for leakage and continue flushing with 20 mL 4% dextran medium.

Be sure that the medium runs through all the channels with the same speed. If not, adjust the
flow with the screws on the back of the pump.

Fill 15 mL falcon tubes (reservoir tubes) with 10 mL of 4% dextran medium and insert the inlet
and outlet of the tubings through the cap. Adjust the inlet at the level of 8 ml and the outlet at 2
mL so that mixing of the medium is ensured.

Insert the ends with the adapters in the inlet and outlet of the microchannels.

Start the pump at 7 rpm (flow 600 pL/min).

Increase to desired rpm or leave the cells at 7 rpm.

Keep the desired rpm for 48 h or longer if you change medium reservoir every 2 days.

Notes

For example Sarstedt blood collection system — do not use open systems to reduce blood-air
contact and don’t use vacutainers because of blood activation due to formation of a blood jet.
Always use fresh PBS - 1% BSA solution for antibody dilution. Since it does not contain antibiotics
contamination may occur if stored for long time.

Carefully pipet and handle the cell coated microbeads to avoid cell detachment and/or activation.
Use a tissue to absorb excess PBS after pipetting the microbeads on the glass slide. Afterwards

apply the mounting medium and place the coverslip without applying excessive pressure.
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Pipet the cell-coated microbeads carefully into the polypropylene tubes without stirring them to
prevent cell detachment.

For 6 time points we suggest having at least 3 replicates within each group of cells, as the blood
sampling will be done in different tubes.

Appropriate collection of serum samples is necessary to prevent complement degradation. The

blood must be allowed to coagulate at room temperature for 30 minutes. Immediately after
placing the tubes in a 4°C centrifuge and centrifuging the samples at 2000 x g for 10 minutes.

After centrifugation, place the tubes on ice and collect the serum in 1.5 mL tubes and store them
immediately at -80°C for further analysis.

Example for 1 Petri dish (4 microchips): 35 g of silicon elastomer, 3.5 g of curing agent.

Use a nitrogen gun to clean the surface of the Petri dish before pouring the PDMS.

Prepare 5 g of PDMS: 5 g of silicon elastomer, 0.5 g of curing agent.

Clean the glass slide carefully and extensively. If not properly cleaned, a good bonding cannot be
achieved and the microchannels will leak.

Slowly open the valve letting the pressure to normalize. Avoid opening the valve too fast, the
microchips and the glass slides might be blown against the walls of the plasma oxygen cleaner
chamber. After oxygen plasma treatment, the PDMS and the glass slide are strongly reactive and
if they come in contact with other surfaces inside the chamber they could stick to them.

Fill the microchannel by pipetting the solution on the inlet until it reaches the outlet. Remove the
excess solution from the outlet with a pipet paying attention not to dry the channel. Add more
solution on the inlet and repeat the partial removal from the outlet two times more. This step has

to be followed throughout the whole coating protocol.
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6. Figure Captions

Fig. 1. Confocal images of EC coated microchannels. (a) 3D rendering of the 120 um round section
channel. EC monolayer was stained for VE-cadherin (green) and F-Actin (red). Nuclei were stained
with DAPI (blue). (b) 3D z-stack of the 550 pm round section channel. EC monolayer was stained for
VE-cadherin (green). Nuclei were stained with DAPI (blue). (c) 3D rendering of the 550 ym round
section channel, detail. EC were stained or VE-cadherin (green). Nuclei were stained with DAPI

(blue).

Fig. 2. Confluence verification of endothelial cells grown on microcarrier beads. Confocal

microscopy picture of endothelial cell nuclei (stained with DAPI, blue) after 7 days of culture.
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Functional analysis of endothelial cells in 3D culture

Fig. 3. Position of supporting needles and mold needles.

Fig. 4. Schematic representation of the bonding procedure. The plasma oxygen treatment removes
hydrocarbon groups (CxHy) leaving behind silanol groups on the PDMS and OH groups on the glass
substrate, respectively. This allows strong Si — O — Si covalent bonds to form between the two

materials.

Fig. 5. Schematic representation of PDMS surface modification to crosslink extracellular matrix

proteins. GA: glutaraldehyde.

7. Figures

Figure 1
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Figure 2

Functional analysis of endothelial cells in 3D culture
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Figure 5
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Release of pig leukocytes and reduced human NK cell recruitment during ex
vivo perfusion of HLA-E/human CD46 double-transgenic pig limbs with human
blood.

Gisella Puga Yung, Anjan K. Bongoni, Amandine Pradier, Natacha Madelon, Maria Papaserafeim,
Riccardo Sfriso, David L. Ayares, Eckhard Wolf, Nikolai Klymiuk, Andrea Bahr, Mihai A.

Constantinescu, Esther Voegelin, David Kiermeir, Hansjérg Jenni, Robert Rieben, Jérg D. Seebach

Status: Published in Xenotransplantation, 2017 Sep 1;e12357

Contribution: Performed immunofluorescence staining of NKp46 on muscle

biopsies, imaging and relative quantification.

Background: In pig-to-human
xenotransplantation,

) . wild-type
interactions between human
natural killer cells and porcine
endothelial cells result in
cytotoxicity. ~Protection from .\ crnie
xenogeneic NK cytotoxicity can

be achieved in vitro by the

BL 720 min
expression of the non-classical Figure: NKp46 staining (red) on pig limb muscle tissue. The figure shows

. reduced NK cells presence on the xeno-perfused transgenic porcine limbs
human leukocyte antigen-E
compared to wild-type controls.

(HLA-E) on porcine endothelial

cells.

Aim: To analyze NK cell responses to vascularized xenografts using an ex vivo

perfusion system of pig limbs with whole human blood.

Conclusion: Transgenic expression of HLA-E/hCD46 in pig limbs provides partial
protection from human NK cell-mediated xeno responses. Furthermore, we could
show the emergence of a pig cell population during xenoperfusions with evident

implications for the immunogenicity of xenografts.
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Abhstract

Background: In pig-to-human xenotransplantation, interactions between human natu-
ral killer {NK} cells and porcine endothelial cells {(pEC) are characterized by recruitment
and cytotoxicity. Protection from xenogeneic NK cytotoxicity can be achieved in vitro
by the expression of the non-classical human leukacyte antigen-E (HLA-E} on pEC.
Thus, the aim of this study was to analyze NK cell responses to vascularized xenografts
using an ex vivo perfusion system of pig limbs with human blood.

Methods: Six pig forelimbs per group, respectively, stemming from either wild-type
fwiy or HLA-E/hCD4é double-transgenic (tg} animals, were perfused ex viva with hep-
arinized human blood for 12 hours. Blood samples were collected at defined time in-
tervals, cell numbers counted, and peripheral blood mononuclear cells analyzed for
phenotype by flow cytometiy, Muscle biopsies were analyzed for NK cell infiltration.
In vitro NK cytotoxicity assays were performed using pEC derived from wt and tg ani-
mals as target cells,

Results: Ex vivo, a strong reduction in circulating human CD45 leukocytes was ob-
served after 40 minutes of xenoperfusion in both wt and tg limb groups. NK cell num-
bers dropped significantly. Within the first 10 minutes, the decrease in NK cells was
more significant in the wt limb perfusions as compared to tg limbs. Immunohistology
of biopsies taken after 12 hours showed less NK cell tissue infiltration in the tg limbs.
In vitro, NK cytotoxicity against hCD46 single ta pEC and wt pEC was similar, while
lysis of double tg HLA-E/hCD46 pEC was significantly reduced. Finally, circulating
cells of pig origin were observed during the ex vivo xenoperfusions. These cells ex-
pressed phenotypes mainly of monocytes, B and T lymphocytes, NK cells, as well as
some activated endothelial cells.

Conclusions: Ex vivo perfusion of pig forelimbs using whole human blood represents a
powerful tool to study humaoral and early cell-mediated rejection mechanising of
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1 | INTRODUCTION

The use of parcine argans or <&lls to overcome the current shortage in
transplantation medicine faces several challenges, including innate and
adaptive immune responses. Fram the clinical paint of view. adaptive
responses might be contrelled by immunosuppressive drugs currcntly
used in allotransplantation; however, therspeutic appresches to con-
trol innate immunity emain to be developed. Cellular innate immu-
nity causing carly endothelial damage fellowing xenctransplantation
of wascularized ergans is medisted by granulocytes, monocytes, and
MK cells.! © The activity of human MK cells is tightly meulated by a
balance between activating and inhibiting MK cell recepters, the latter
predominantly recognizing sclf-MHC class | melecules.” In the pig-te-
human setting, pig MHC class |, that is swine leukacyte antigen | {SLA-
11, is paorly recoghized by human inhibitary NK cell recepto rs.* Indeed,
overexpression of SLA-I on porcine endothelial cells (pEC) by stimu-
lation with wumor necrosis factor reduced but did not fully abrogate
human anti-pig NK cytotoxicit‘,f.? As o strategy to control xenogeneic
human anti-pig NK cytotaxicity, we and others have previausly shawn
that transgenic expression of various human leukocyte antigen (HLA)
class | malecules including HLA-A2, HLA-B27, HLA-Cw3. HLA-Cwd,
and HLA-G in pEC provides partial protoction sgainst MK cytotoxicity
and reduces NK cell weruitment.” ' In contrast to the classical, highly
pelymorphic HLA-A/B/C alleles, HLAE slleles are mestricted te only 2
functionsl wariants recognized by the ubiquitcus inhibitery NK recop-
tor CO94/NKG2A. " '® Censcquently, transgenic expressicn of HLA-E
in pig xenografts might inhibit a large majerity of NK cellz in human re-
cipicnts and aveids the introduction of potentially sllegencic HLA mel-
ccules. Thus, we and others have used different HLA-E constructs to
transfect parcine endaothelial cells. including a trimer consisting of na-
Ture human f2 m, a canonical HLA-E binding peptide VMAPRTLIL and
mature HLA-E® heavy chain. E'0103.Y%% Subsequently, HLA-E and
human F2 m contained in 2 separated vectors were used to generate
HLA-ESP2 m transgenic pigs a5 a strategy to regulate human anti-pig
NK <ell r\*:sponses.21 Whereas in vitro NK cytotoxicity against HLA-E
expressing pEC was reduced, this strategy is onhly now being tested
under mare physiological conditions such as exvivo perfusion systems.

Ex wivo perfusion models have been used in xenotransplantation
for many yoars to tost carly xenograft cvents and mere recently to

cwaluate the potential of genctic medifications in pigs. Preferential

vascularized pig-to-human xenotransplantation, although there are several limitations
of the inodel. Here, we show that (i) transgenic expression of HLA-E/hCD4é6 in pig
[imbs provides partial protection from human NK cell-mediated xeno responses and {ii)
the emergence of a pig cell population during xenoperfusions with implications for the

immunogenicity of xenografts.

human leukocyte antigen-Ehuman CD46. limb perfusion. natural killer cells, release of pig cells,
TrANSgenic pigs. xenoperfusion

recruitment of human NK cells, to mt hearts perfused with human
peripheral blood kmphacytes. was reparted in o seminal paper by
Inverardi et al*? in 1992 A predominance of perivascular xenograft in-
fifcration by NK cells was also demonstrated by Khalfoun et al%* duri ng
pig kKidney xenoperfusions with human peripheral blood mphacytes
and by Ramos et al*™ in a shart report. Using a pig lung xenaperfu-
sion madel. Laird et a1 reported recently that transgenic expression
af HLA-E linfted endothelial damage by preventing NK cell activation
and cytotaxicity resuking in improved pig lung survival and function.
This finding was cerreborsted in the Munich heart model showing re-
duced tissuc infiltrstion by NK cells in HLA-E transgenic pig hearts
perfused with human bloed, as recently mperted in sbstract form. ™

During the past yesrs, our collaberstive group has established &
novel model of ex vivo xencperfusion with human blood using percine
foelimbs of genctically modified pigs.™ Inthe curent work, 3 cembined
strategy to reduce humeral and cellular innate xencrosponses by v
cxpression of HLA-E and hCD46, respoctively, weas used to study intoe
actions between human NK cells and the porcine vascular system. While
HLA-E expression. tissue damage. and the effects an complement acti-
vation and coagulation all have been reparted in detail elsewhere, >
we describe here the effect of combined HLA-E'hCD4S expression on
NK. cell recruitment and tissue infiltration. Additionally, the release into
the circulating bload of an impartant papulation of pig <ells was ob-
served during these xenaperfusions and further characterized.

2 MATERIAL AND METHODS

2.1 | Animals and pig limb perfusion model

Ex vive perdusion was pedformed as described in detail elsewhene. ™
Sin HLA-E/hCD46 double-transgenic ftg) and & wild-type iwt) pig
forelimbs were perfused with heparinized whele human blood (xencp-
crfusion). Animal care was performed accerding te the Swiss Maticnal
Guidelines and the Guide for the Care and Use of Laboratory Animals
{NIH Publication No. 83-23. revised 1996). The lacal animal experi-
mentation commitee of the Cantan Bern approved this study (per-
mission # BE43/11). Serial blood samples of 10 mL were collected
framn the perfusion system at predefined intervals, starting at base-
line {BL) hefore the blood was added to the perfusion system. and
after 10. 0. 180. and 720 minutes of perfusion. Muscle biopsies were
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abrtained for analysis of cellular tissue infiltration before perfusion and
at the end-paint (720 minutes).

2.2 | White blaad cell counts

Comaplete hemograms including white bleed cell MWBC) counts were
perfermed on cach bleed sample using an analyzer [Sysmet Europe

GmbH, NMerderstedt, Germany).

2.3 | Human and pig cell isolation from
perfused blood

Peripheral bleed monenuclesr cells [PBMC) weers isolsted frem xencge-
neic and autologous perfused blood samples by gradient centrifugation
using Ficoll-Paque (GE Healtheare, Glattbnugg, Switzerland) the morn-
ing fallowing the end of the perfusion, typically ot midnight Thereafter,
the cells were extensively washed with PBS. counted, and split for flow
cytametry staining. & sample was stained with LIVE/DEAD™ Fixable
Agua Dead Cell Stain according to manufacturer’s instnuctions (Life
Technologies. Basel. Swzerland). In same samples, reduced PEMC
nuimbers ar a high degree of hemolysis was noted (Table $1).

2.4 | Estimates of cell number changes

Absolute aumbers of totsl viable hCD45 cells, hCD45 lympho-
cytes, and NK cells (CD3™CD56 ) were calculated using the ameunt
of PBVMC [cellsimL of bleod) purified frem cach blocd sample

{Tahle S1) and the correspending cell percontages obtsined by flowe

TABLE 1 Antibodies used in phenaotype

. Citement et —WILEY——

cytametry and gating of the respective cell population. The absolute cell
numbers were used to determinate the relative percentage of the
drap of cell numbers compared to base line (BL) values.

2.5  Cell surface phenotype analysls by
flow cytometry

The characteristics of the antibodics used for flow cytemetry analysis
are listed in Tsble 1. For staining, cells wem incubsted for 30 minutes st
4°C with satursting amcunts of directly Flucrochrome-labeled antibedics
in PBS containing 1% bovine scum albumin. Secendary pelyclonal gost
anti-mouse antibody was used for indirect staining (ISG-PE, Poly4033,
Biclegend). All snalyscs were perfermed using isctype-matched con-
tral antibodies. The Armune (Life Technok gies! flow ¢ytomerter was used
for data acquisition. and Flowdo software, version X.0.7 (Treedtar Inc.
Ashbind, QR USA). for data anahysis. Gating strategy for human cell pop-
ubrions is depicted in Fig. 1. For the characterization of pig <ells, a panel
of anti-pig antibodies was used (Table 1) Of note, some but not all of the
anti-monocyte/mac rophage pig markers were crass-reactive with human
cells (Fig. 531 However, since the key pan-leukncyte marker CD45 was
clearly species-specific, inisinterpretation of data was excluded.

2.6 Immunofluorescence

Snap-frozen biopsics from & wt and 6 HLA-E/hC D46 transgenic limbs
were collected before and at the end of the perfusicons (720 minutes) (s
totsl of 24 biopsics), cut into 3-..m-thick sections, sir-dried, snd stered
at -BO®C until snalysis. After fixation with acctone and rehydration,

sruahyis b Hlce iryliomicry Specificity Marker Clone Fluorochrome® Saurce”

Pig. CL¥La 74-7-& PC SauthernDotech
ClIi3a BHZ23 B 1+ Nowis Hicn igicAls
CLr1b (CLr1R3) 2reit FTe AbDSeratec
Cixa MILZ HITC AblScraleon:
CLv1é a7 PC AbLSeratec
CIs K252 I+ FITC, Iyl 'chnans AblScralen:
CLH06 1¢.2C7 Purfied. PC llomemade
CIN72a [SWCH BL1H? HTC AhlScralen:
SLA- 3CR3 Purfied. PC I lomemade
SLAL 7411 10 MurTical VMR

Pig and hurman CLa1 LCI-& rrc AbLSeratec

Hurman ClMs HIIC: HirCl? Cys.5 Hplegcml
CLa UCTIIL Ar405 LfeTechnolagies
CISh HCSA HVAGS Hpleecml
CLv7 LT rrc Mltenyi

ACA05, Aexa Tuar”403;

DVAEOS, Brilant VWolet™405 TTS fucrescein “sothiaovanate; PC, R-

phyoceyihirio: PerC1? S5, per dinine chlarophyd prole’n cganinon: 5.5

A1 rzcdly abiz e warmlaris Antibienlics were s lar staining unless alheesse: nd valcd. For nd e,
sta'ning. secondary polyclanal gaat anti-mouse antibady was used LIgG-PC, Poly4033, Diolegend)
achlressesal an byl sieibinors arcas o loss: AbDScrolcsPuchhcim, Gernanys Rialeeonid [Lozern,
Switzerland Lfe Techna ogies (Dose, Switzerlond Miltenyi 1Dergisch Sladbach, Genmaryd; Masis
Hicilergg vzals iCambe g, UKz Scnhicrn Botech (Al sechod | Swace and); VIR (Pu hinan, WA, USA).

103



PUGAY NG ET AL

B IR A Xenotnsplantation

the sections were stained with anti-human NKpdé (2 pg/mL, clone
195314, R&D Systens, Zug. Switzerland). o marker previously shown
to identify human NK cells in frozen b'lopsiec.27 by indirect Timmu-
naofluorescence using goat anti-mouse 18G conjugated with Alexa
Fluor¥546 (Volecular Prabes, Carlsbad, CA USA) as secondary anti-
bedy. Muclei were stained using 4°,6-dismidine-2-phenylindole (DA,
Bochringer, Ingelheim, Germany). The slides were analyzed using a
DMI4CC0 B flucrescence microscepe iLeics, Heerbrugg, Switzerland)
in diffcrent ficlds. At BL, 1 ficld was analyzed in 5 wt and & CO467
HLA-E tg limb biopsics. Whereas at the end-point, 1-3 Fficlds per bi-
ppsy from independent wit perfusions and 2 ficlds per biopsy in the
casc of CD46/HLA-E tg limb perfusions were scquired. In summary,
at BL, 5 ficlds were obtained frem 3 differeat wt snimals, snd & ficlds
from 6 different CO4S/HLA-E animals. whereas at the end-paint. a
total of 11 fields were anakvzed from & different wt biopsies and 12
fields fran 6 different CD48/HLA-E tg limps. Fluorescence intensimy
guantification was measured a5 raw integrated densmy by Imagel soft-
ware [version 10.2. Natianal Institutes of Health) an nan-manipulated
TIFF images. @7

27 Cells

Primary pEC were derived from pigs of different genctic backgreund
[wild-type, wt; hCD46; and HLA-E/hCD36 deuble-transgenic ani-
mals; respectively, see Weiss ot al). Cells were cultured in DMEMY
GlutaMAX"™ medium (Giboo-BRL, Basel, Switzerland) supplemented
with 10% heat-inactivated fetal calf serum (Sigma, Buchs, Switzerland),
100 U/mL  penicillin, 100 pgimlL  streptomycin (Gibco-BRL), and
0.8% endothelial cell groveth medium 1l supplement mix (PromeCell,
Baar, Switzerland) in a humidified atmosphere, at 372C and 5% CO ..
Palyclonal human NK. cells were purified from 4 different heafthy
danors by negative magnetic bead selection accarding to the manu-
facturer's instructions (Miltenyd, Bergisch Gladbach. Germany! and
expanded in the presence of 100 UsmL IL-2 as previously described.®

2.8  Direct NK cytotoxlcity

Cytotoxicity was analyzed using the nen-radipactive Delfiz assay

[PerkinElmer,  Schwerzenbach, Switzerland)  according te the

manufacturers instauctions. ™ IL-2-expanded human NK <ell lines
were used as effector cells. Target cells consisted of primary pEC
derived from human CD48 (hCD48) tg. HLA-E/hCD4S double tg or
wt pigs. Labeling of cells with the non-radioactive BAFTA was previ-
ausly optimized. Specific target cell lysis was calculated by subtracting
background lysis ispentancous lysis) of target cells in the sbsence of
cffecter cells and the maximum relesse (100%) induced by detergent

{Triton X-100} sccording to the follewing formula:

experimental spontaneous

Soeeific lysis(¥) =
pecific iysis() maximum spontaneous

Different effector to target ratios (ET) was examined in 2 hours assay.

2.9 | Statlstlcal analysls

Analysis was perfarmed wusing GraphPad sofoware, wversion 6
(GraphPad, La Jolla. AL USA). Twa-way ANOVA (considering pig
genetic background and perfusion time as anahysis factors) fallowed
by mulkiple comparisons was performed in time-course experiments.
For in vitre functicnal aszays, 3 cno-way ANOVA was used. Sidak's
multiple comparison post-tost was applicd comparing groups st given
perfusion time peints. Significance is indicated by *** extremely sig-
nificant, P < .C01; ** very significant, P < .01; * significant, P < .05; and

ns nct significant, P = .05,

3 RESULTS

3.1 | Total white blaad cell counts do not decrease
during xenoperfusion

Perfusion of wt pig limbs with human blood did not induce significant
changes in total WBC counts (Figure 1AL In contrast, when human
blood was used to perfuse HLA-E/hCD46 tg pig limbs, we noted o
sighificant increase in WBC counts after 720 minutes (from 4.9 = 10°
ta 11.6 = 10%L, P < 05). A simall albeit statistically significant dif-
fercnce in WBC counts was detected betweoon wt and tg limbs
{P =.0388). Contrcl autologous perfusicns with pig bleod did not
shew an incresse in total WBC counts, although the bleod of tg ani-
mals contsined higher levels of WBC st BL [Fig. 52).

FIGURE 1 Time-course of ciraulating human CD43-pasitive leukocytes during perfusion. Blood samples were taken at predefined tine
paoints during ex vivo xenaperfusions. (A). Pooled data of total WEBC counts as quantified by the Sysmex system during 6 wt and 6 HLA-
E/hCD46 tg pig limb xenoperfusions are shewen. The difference of total WBC counts in xencperfusions between wt and HLA-E/hC D436 tg pig
limbs was slightly significant. P < 0388 when tested by 2-way ANOVA (B), For flow cytometry. PBIV C were isolated and stained for wiability
followed by manoclanal antibody staining. The gating strategy for the analysis of viable human CD45™ (WCD4S) PBEMC is shown in Fig. S1.
Pcoled data of the perentages of hCD43 PBMC (left plot); of the absolite numberm of hCD43 cells imiddle plot); and the perccntages of

the drop of hCD45 cells numbers cempared to base line values [right plotl arc shown over time. {C) Pocled data of the percentages of human
Iymphocytes (left plot); of the absolute nuimbers of human lymphocytes (middle ploth and the percentages of the drop of human lymphocytes
numbers compared ta base line values (right plat) are shown over time. Data are shown as mean+SEN of 6wt and 5 HLA-E/hCDM6 pig limb
perfusions. Wild-type [witl limbs s shown with open circles (C), whereas HLA-EAhCD44 with filled circles (o). Differcnces betwoon wit and
HLA-E/hCD4S g were abtained using 2-way ANOVA Sidak's multiple comparison post-test was applied comparing graups at given perfusion
time points. Significance is indicated by ' extremely significant. P < .001: ' very significant. P < .01; * significant, P < .05. (D) Representative
hCD45 and side scatter [SSC) Flow cytemetry plots during 5 HLA-E/RC D46 tg pig limb xenopefusion are showen. Thick lined rectangles indicate
total hCD45 cells and cwals lymphocytes; the respective percentages are given as numbers
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3.2 | Rapid consumption of circulating human
leukocytes during xenoperfusion

To directly address the question whether human leukocytes decreased
and were replaced by porcine cells during xenoperfusions, PBMC ob-
tained from serial blood samples were analyzed by flow cytometry.
The percentages of hCD45 cells in the viable PBMC gate revealed a
striking drop over time (P < .001) with a small, albeit statistically sig-
nificant difference (P =.0229) between limbs from wt and HLA-E/
hCD46 pigs (Figure 1B, left plot). At baseline (BL), nearly 90% of the
viable cells stained positive for hCD45, whereas after 720 minutes,
the percentage of hCD45 PBMC was below 14%. This decrease be-
came highly significant compared to BL after 60 minutes of perfusion
of HLA-E/hCD46 tg pig limbs (P <.001), in contrast the difference
was already highly significant after only 10 minutes of perfusion of
wt limbs (P <.001). Next, we compared the absolute numbers of
hCD45 cells over time (Figure 1B, middle plot) and calculated the
relative drop of total hCD45 cells compared to BL (Figure 1B, right
plot). For the relative drop of total hCD45 cells, no differences were
found at any time-point between xenoperfusions of limbs from wt
or HLA-E/hCD46 tg pigs. Moreover, human lymphocytes defined as
SSC/hCD45 PBMC declined in a similar manner as hCD45 cells
(Figure 1C). Plotting of hCD45 vs SSC illustrated the presence of more
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granular human cell populations including monocytes, contaminating
neutrophils, and presumably early apoptotic cells, as well as cells of
non-human origin appearing during xenoperfusions (Figure 1D). The
quality of several blood samples, especially after many hours of perfu-
sion, was compromised and showed signs of hemolysis and cell ag-
gregates. Consequently, the numbers and purity of the recovered cells
after Ficoll isolation revealed significant variations of neutrophil con-

taminations and apoptotic cells (Table S1 and data not shown).

3.3 | Recruitment of NK cells during xenoperfusion

One of the major aims of this study was to investigate whether the
expression of HLA-E protects the endothelium of the perfused limbs
from NK cell recruitment and NK cell-mediated damage, as previously
demonstrated in vitro.”* Therefore, NK cell percentages, defined by
CD3°CD56" expression in the viable lymphocyte gates, and absolute
NK cell numbers, calculated as described in the material and methods
section, were analyzed during pig limb perfusions and compared to the
BL values. Due to the random assignment of the blood, HLA-E/hCD46
tg pig limb perfusions were in most cases performed with a higher ini-
tial percentage and overall higher numbers of NK cells (Figure 2A). The
percentage of NK cells revealed a striking drop over time (Figure 2B,
left plot). Next, we analyzed the absolute numbers of NK cells during

*

*
*

*
*

———

wt  HLA-E/hCD46
Perfused limb

—

a2
*
*
*

(% of BL)
3

Drop of
CD3CD56" cells
o %

BL 10 120 240 360 480 600 720

Perfusion time (min)

BL 10 120 240 360 480 600 720

Perfusion time (min)

BL10 20 30 40 50 60180 360 540 720
Perfusion time (min)

FIGURE 2 Human NK cells are quickly removed from the circulation during xenoperfusion. Blood samples were taken at predefined time points
during ex vivo xenoperfusions. PBMC were isolated and stained for viability followed by monoclonal antibody staining. (A), The percentages (left
plot) and absolute numbers (right plot) of CD3 " CD56" NK cells at baseline (BL) of wt (open diamonds, <>) and HLA-E/hCD4é6 tg (filled diamonds,
@) xenoperfusions are shown, indicating the variability among different blood donors. The difference was tested by t test (P = .052). (B), Pooled
data of the percentages of NK cells (left plot); of the absolute numbers of NK cells (middle plot); and the percentages of the relative drop of NK cell
numbers compared to BL values (right plot) are shown over time. Pooled data are shown from 4 and 3 xenoperfusions for wt and HLA-E/hCD46
pig limbs, respectively. Data shown as mean + SEM. Wild-type (wt) limbs are shown with open circles (©), whereas HLA-E/hCD46 is shown with
filled circles (e). Differences between wt and HLA-E/hCD46 tg were obtained using 2-way ANOVA. Sidak’s multiple comparison post-test was
applied comparing groups at given perfusion time points. Significance is indicated by *** extremely significant, P < .001; ** very significant, P < .01
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perfusian (Figure 2B. middle plot! and calculited the relative drop of
NK cells compared to BL (Figure 2B, right plot). These data showed a
significant difference in the early consumptian of circulating NK cells
between wt and HLA-EhCD46 tg linbs 10 iminutes after xenaperfu-
sion (P < .001). At 720 minutes, an almast complete absence of human
NK cells was noted, without sny diffcrence between wt and HLA-ES
h€D46é tg limb perfusicns. Similsr results were cbtained when the
absolute NK cells numbers were estimated using the msults of WBC
counts ohtained by Sysmex system (data not showen). In bricf, NK cells
disappearcd quickly from the circulstion, slightly more rapidly during

xenoperfusions of wt as compared to HLA-E/RCD46 tg pig limbs.

3.4 | Reduced recruitment of human NK cells into
HLA-E/hCD44 transgenic plg muscle tlssue

To deterinine the fate of the human NK cells which disappeared from
the circulation during xenoperfusions. snap-frozen muscle biopsies
taken at BL and the end-paint at 720 minutes were anahzed by in-
munohistachemistry using the NK cell marker NKpd&. As compared to
CD56, NKG24, and NKG2D, NKpdd (NCR1} is by far the hest tissue
NK cell marker repomed in the literanure. VWhereas BL samples revealed
cnly hackground staining, infiltrsting MK cells were demenstrated after
720 minutcs of perfusicn [Figure 3A). Quantification of these NKp4s-
positive cells at 720 minutes using Image) software indicated loweer
recruitment of NK cells inte HLA-E/hC D44 tg limbs 35 compared to vt
pig limbs [P < .03); however, more damaged wi tissue might have given

risc to higher unspecific background staining (Figure 3B).

3.5 | Human NK cytotoxicity against pig endothelial
cells derfved from HLA-E/hCD44 douhle- and hCD44é
single-transgenlc plgs

To evaluate the relative effect of HLA-E and hCD46 expression on xXen-
ageneic NK cyvtataxicity, hsis of primary pEC isalated from pigs of dif-
ferent genetic background was tested. A representative experiment and
pooled data from 3 independent experiments perforimed at ET ratios
fram 40:1 to 5:1 are shown (Figure 4). No differences were obhserved
between the lysis of wt and hCOH6 single tg pEC, however, HLA-E/
hCD46 double tg pEC were partially protected from MK cytotoxicity.
Overall, the difference of MK cytotoxicity found between pEC targets
of wit vs HLA-E/hC D46 tg arigin was highly significant, with 64.3%. less
NK cytotonicity compared to wt (P < .001), whereas lysis of hCOM6 tg
pEC did nct differ from lysis of wt pEC. Thus, hCDH46é cxpressicn on
pEC did net alter human anti-pig xenegeneic NK cytotoxicity, whercas
cxpressicn of HLA-E in combination with h€D46 reduced the lysis of

pEC equally to HLA-E expression alone. as previaushy shown 121

3.6 | Emergence of plg cells Into the clrculation
during perfuslan

Next. hCD45"™* cells of non-human origin were anahzed in blood
samples taken at BL and 180 minutes by staining with a panel of an-
tibodies directed at pig surface markers. Indeed. after 180 minutes of

Xenotransplantation

xenoperfusion. pig CD45-postive (pCD45) PEMC were detected. as
shown i a representative experiment in Figure 34, To further char-
acterize the phenatype of these cells, viable PENC were gated as
shawn in Figure SB. Three pCD43 cell papulations. all of them nega-
tive far hCD43. were defined and distinguished according to their
cellular granularity: (i) lows granularty cells cerrespending te pig lym-
phocytes (48%); (i) intermediate granularity cells correspending to pig
menocytes (33%4); Nl and high granularity cells correzpending te pig
granulecytes (14'%), respectively. The phenotyping results of these
populations are presented as percentages of expression in Table 2.

Populaticn &, strengly resembling lymphecytes according to
pCD45 vs S5C plotting, was predeminantly pesitive for pig MHC
class | {SLA-I, 88%) and cxprossed varable amcurts of lymphooyte
subset markers carresponding to T cells (CD3a*. 21%3). NK cells (pC-
D167CD172a . 10%). ™ and a B-cell subpapulation (CDa’. 9%). There
was o Inodest contamination of myeloid cells. manocytes and granu-
locytes, respectively (CD147, 2.79%: CDL1R3*. 2.7%: pCD172a%. 13%).
However. this analysis did not account for approximatehy 40% of the
<ells presentin population A

Papulation B, strongly resembling manocytes based on pCD435 vs
55C plotting, was predominantly positive for pig WHC class | (SLA-I.
83%), the mycloid markers CD11R3 (76'%), pCD14 (4% and cxhib-
ted deuble expression of pCD16 and CD1725 (82%). In addition, this
pepulation contained small numbers of circulating porcine endothelial
cells which were double-pesitive for pCOL06 and COE1 (8.6%).

Population €, with the highest granularity, was pesitive for pig
granulecyte markers including CD11R3 (73%); pCO1725 (99'%4); oaly
subscts of these granulecytes expressed pCD16 (54'%4) and pCD14
165%), respectively. Intriguingly, 43%. of the cells were SLA- negative,
indicating either the presence of MHC class | negative granulacytes.
the lass ar low expression of this marker, or technical staining arti-
facts. Furthermore, staining for circulating pCD106™CD31* parcine
endathelial cells was detected on 7% of the cells.

In ¢conclusion. the large majority of the pig cells emerging during
limb perfusions expressed various lymphocyte subsets and myeloid
markers, whereas onhy a small percentage represented endothelial
cells.

4 | DISCUSSICN

The primary aim of the current study was to test the petential of trans-
genic HLA-E expression on pig endethelial cells te centrcl human MK
cell recruitment during et vive pig limb xenoperfusicns. Early studics
with rat and pig hearts perfused with human bleod er lymphocytes
demanstrated recruitment of human NK cells into the xenoperfused
hearts2™ % and were supported later by the findings of xenoperfused
pig kidneys2*% Of note, the current xenoperfusion model is per-
formed on pig limbs expressing alpha-Gal xenoantigen. To <ontrol
xenoantibody-mediated endothelial damage via complement acti-
vation. pigs transgenic far human CD46 in addition to HLA-E were
used a5 previoushy reported.®? In the latter experiments. xenaperfu-
sions of HLA-E/hCD46 double tg limps were characterized by less
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FIGURE 3 Recruitment of human NK cells in pig muscle tissue. Muscle biopsies from wt and HLA-E/hCD46 tg pig limbs were obtained at
BL and at the end-point (720 minutes) of the xenoperfusions and snap-frozen until analysis. NK cells were stained using the specific NK cell
surface marker NKp46 followed by secondary goat anti-mouse Alexa Fluor® 546 (red), whereas nuclei were revealed with DAPI (blue). (A),
Representative images from biopsies taken at BL and end-point in wt and HLA-E/hCD46 double tg limbs are shown. White bars correspond

to 75 um. (B), Quantification of fluorescence intensity of integrated density (y-axe) analyzed by ImageJ software on non-manipulated raw TIFF
images (11 different fields for each type of limbs, wt and tg, at end-point and 5 different fields at BL). Data shown as mean + SEM, and two-way
ANOVA followed by multiple comparisons showed * significant differences P < .05 between groups

complement deposition and endothelial cell activation, as shown by
E-selectin and VCAM-1 expression, and preserved endothelial in-
tegrity, as shown by heparin sulfate proteoglycan and VE-cadherin
staining. Compared to wt limps, HLA-E/hCD4é tg porcine tissue was
partially protected from tissue damage and xenoperfusion-induced ap-
optosis, as demonstrated in muscle biopsies at the end-point (720 min-
utes). Furthermore, the release of inflammatory porcine cytokines,
including IL-1f, IL-6, IL-8, and thrombin anti-thrombin complexes, into
the plasma, was lower when HLA-E/hCD46 limbs were perfused?"

In the present study, we show that the numbers of circulating
hCD45 cells rapidly decreased during xenoperfusions. Further char-
acterization of the fate of hCD45 subpopulations by flow cytometry
revealed a faster removal of NK cells from the circulation at early time
points during perfusion of wt limbs, as compared to HLA-E/hCD46
tg limb perfusions. These findings were corroborated by the analysis
of end-point muscle biopsies, demonstrating a lower density of NK
cell infiltration in HLA-E/hCD46 tg limbs. In the latter experiments,
the cellular marker to characterize human NK cells infiltrating pig
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FIGURE 4 HLA-E expression but not hCD46 expression on

pig endothelial cells provides partial protection against xenogeneic
human NK cytotoxicity in vitro. (A), Porcine endothelial cells (pEC)
derived from wt; hCD46 and HLA-E/hCD46 tg animals were labeled
and used as target cells in 2 h non-radioactive Delfia cytotoxicity
assays using polyclonal human NK cell lines as effector cells. Data of
1 representative experiment are presented at different effector to
target (E:T) ratios showing mean values = SD of triplicates. Specific
target cell lysis was calculated by subtracting background lysis

of target cells in the absence of effector cells and the maximum
release (100%) induced by detergent (Triton X-100) according to the
formula provided in the material and methods. (B), Pooled data from
3 independent experiments with mean + SEM are shown; one-way
ANOVA revealed a *** highly significant difference, P < .005, of the
relative inhibition of NK lysis against HLA-E/hCD46 tg pEC target
cells as compared to wt pEC

tissues was carefully chosen. The conventional NK cell marker CD56
was immediately discarded as it is expressed in muscle tissue, and
there might be cross-reactivity between species. NKp46 (NCR1) is
by far the best tissue NK cell marker reported in the literature,** and
a protocol to stain snap-frozen tissue is available. In general, all NK
cells express NKp4é; at least 80% are NKp46h”gm and the other 20%
NKp46™" As to NKG2A and NKG2D, tissue staining protocols have
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FIGURE 5 Pigcells are released into the circulation during
xenoperfusion. Whole blood samples were taken at different

time points during xenoperfusion; peripheral blood mononuclear
cells (PBMC) were isolated and stained for viability followed by
monoclonal antibody staining. (A), Representative plots of pig CD45
{(pCD45) and human CD45 (hCD45) vs side scatter (SSC) are shown
for the analysis of PBMC coming from the same experiment isolated
at 2 different time points: baseline (BL) and 180 minutes after
starting the xenoperfusion of a HLA-E/hCD46 forelimb. (B), Gating
strategy used for flow cytometry analysis of pig marker expression
during xenoperfusion at time-point 180 minutes. Cells were first
gated for viability by plotting forward scatter (FCS) vs LIVE/ DEAD®
Fixable Aqua Dead Cell stain (left plot). Viable cells were next plotted
for hCD45 vs pCD45 to discard cell conjugates and cellular debris
and select only pCD45 single positive cells (middle plot). Finally,
pCD45 vs SSC plot was generated and pig cells populations defined
on the base of their cytometric properties, referred to as population
A, B, and C, respectively (right plot), from which different pig markers
were further analyzed as shown in Table 2

not been established and they are less specific for NK cells since also
expressed on CD8T cells. Double tissue staining, although of poten-
tial interest, was not envisioned for this study due to a lack of es-
tablished protocols. Finally, a small number of NKp4é-positive cells
were detected in pig heart biopsies stemming from healthy hearts or
myocardial infarction experiments and muscle biopsies taken at the
end-point of pig limbs perfused with autologous blood in areas of
tissue damage but not in healthy tissues. The anti-NKp4é6 antibody
clone 195314 used for tissue staining demonstrated cross-reactivity
with porcine lymphocytes (data not shown). However, the intensity
of NKp46' staining on damaged tissue was much lower than after
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TABLE 2 Phenotypic characteristics of the pig cell populations appearing during xenoperfusion

Marker Asscciated phenotype. alternative name
pCD45' vs §SC Pig leukocytes. LCA

SLA T 1e e s

CD11RE! Meneoytesgranulacyte, possbly CD11b
pCIN 724 Mycla'tl irage?, SIRPG pr SWC
pCrie! M:R3A

pciat Muornxylizerarmlacyl e

pCLida Teel

pCIa Fraclion nl H ool s*

pCL6' nCD172a NI ce ls™

pCI B CIN 724 M yLes

plh0é CD31 Cndothelal ce Is”

LA euleacyte carmmean antigen.

Population Positive cells.

% (SD)

A B C

47.7 [14.8) 32.3(10.0) 14.2(3.9)

B7.4 (11580 2.6 (147 S7.2121.%9}
z71{L5) 72511600 TL322.7

13314420 LT (5.2 LA L)

12,2 (12.3} 33,5 17,00 5350302
2.7 i) 8723 [7.0; 7 6127 A}

Z1.3 (414} 291400 16118
9.1 087) 7.0 (260 AN NEY
w7109} 131G 016 (G008
2.611.4) {4200 [Gut) SIS0}
z.110.4) 5.6 155! LT

Fleny ctamuclry analyss al PBMC isolalzd afhee 180 minutes of hurman blaal xenaperius oo, Cel popo atians sweee galid as describical in Fgore SH aml

prreenilage of posLve e s shosen as 20805 Data abslaine | Teom A innlependent csperimienls 22w aned 2 g pig lews).

In b d. parameters vsed to defne popu atons A, D and C,

“Pige el s ar: SLA | pasil iz s che: eseepton al real brond g s and plalelons,

When suiface marker s eoled up in large and complex populatons,
Ahcer surlace nearker is o ookol up nolbe: yiphioey e gate.
ANhen suiface marlers are aaled up in large and complex papulatons,

xenoperfusions and the numbers of circulating pig NK <ells did not
differ between wt and tg perfusions (table 2 and data not shownl.
Thus. our observation inh xenaperfusion experiments of significantly
lower numbers of NKp46* NK cells in muscle biopsies fram hCD46/
HLA-E transgenic linbs perfused with human blood compared to wt
limbs indicates that hCD46/HLA-E expression inhibits human NK
cellinfiltration predeminantly dircctly snd te a miner degree due te
the preventicn of tissuc damage and censequent nen-xeno-relsted
pig/human NK cell infiltrstion. Tsken together, HLA-E expression
slightly delayed the recruitment and ultimately decressed tissue
infiltration of human/percine NK cells into pig limb tissucs after
12 hours of perfusion.

There are several limtations of the curment study including the lack
of hCD4é single-transgenic ferclimb perfusions as controls. However,
invitro data by us and others did not show any effect of CD44 expres-
sion on NK eytotaoxicity against pEC. Impartanthy, o recently published
ex vivo pig lung xenaperfusion study by Laird et al* carroborates our
findings by <learhy showing physialogically meaningful protection from
NK cell-mediated damage by GalTKO.hCD4S. HLA-E expression using
GalTKO.hCD46 lungs as cantrol. In addition reduced NK cell recruit-
mentwas alsa ohserved in the Munich heart model 27 Mareaver. due
to the restricted volume of blood donations, we could not perfuse both
wt and HLA-E/hCD46 tg pig limbs in parallel with blocd chtained from
the same denor. Since the propertion of NK cells within the lymphe-
cyte population (0.61'%-16.874) warics cnormously ameng healthy de-
ners, ¥ weanalyzed the relative drep of NK cell numbers. Ferthe same
rcason, quantitative analysis of tissue infiltrsticn by MK cells was diffi-

cult to interpret. However, despite the fact that HLA-EZhCD4S tg pig

limbs were in general perfused with blood containing higher numbers
af NK cells, we observed less NK cell tissue infilcration using NKpdé
staining of frozen sections, akhough the software used gquantifies fluo-
rescence intensity. rather than counting individual NK. cells.

By all means. our findings beg the question: Where are these NK
<ells which disappeared completely from the circulation after 720 inin-
utes of perfusion? In contmst to HLA-G, HLA-E docs not affect ad-
hesien of human NK cells to pEC, 35 shown in static and dynamic
adhesion assays."™ ™ In addition, we have provicusly reperted that
transmigration of human MK cells through pig endothelium depends
on h€D49d-pC D106 interactions™' and on hCD99 interactions with
se Far unknown ligands exprossed by pEC.“® In light of reduced en-
dothelial cell sctivation during HLA-E/hCDA346 tg compared to wt pig
limb xenoperfusion,™ which was associated with lower etprossion of
pCO10S, we hypathesize that human NK cells might adhere ta the
vascular lining of HLA-E/hCD46 tg pig limbs. but transmigrate to a
lesser extent into these tissues. Finally, the relative percentages of
human B- and T kmphocytes showed no mmajor differences between
wt and HLA-E/hC D44 tg xenaperfusions [data not shown). with a re-
duction in B cells after 3 hours of perfusion, as reported previously in
2 model of short-tenn Kidney xenoperfusio 0.2

Although there are major differences in terms of endothelial dam-
sge during shert-term xencperfusicns reperted in the litertume, in
part because different pig organs were empleyed,® ! and the cxact
contribution of NK cells is unknown, the expression of HLA-E might
reduce endethelial damage by preventing NK cell activation. We can-
not directly suppert this hypethesis with experimental data from our

model, since the functional assays originally planned with circulating
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NK <ells abrained during xenoperfusions could not be performed due
ta very low NK cell numbers. However. in agregment with previous
wark 17252553 hyman anti-pig NK cytataxicity assays. perfarmed
inwvitro using pEC derived from tg animals as targets. confirmed that
HLA-E provided partial protection. whereas the expression of hCD4d6
had no effect Furthermere, since NK cclls are sble te perform FeR-
medisted ADCC and neutrophils/macrophsges climinste sntibody-
coated cells, differences in xenercactive antibedy levels in the bleed
doners and differcntial binding to the tg cndothelium might have
influenced the results. Provious dasts of the same study have shown
that cversll human IgM and 1gG natural xencresctive antibedics bind
cqually to the eadothelis of heth, wt and h€D36/HLA-E pig limps
after 12 heurs of perfusien ™ However, since the levels of aatural
xenoantibodies in the danor bload samples were not measured, we
cannot exclude that differences might have had an impact on NK cell-
mediated ADCC and tissue damage.

To dare. most studies have facused an the tissue recrumtment of
human leukacytes ih ex vivo xenoperfusion maodels. Perfusion of pig
lings with human blood. far instance, showed a quick drop ih WEC
counts."2% in particular for manocytes and neutrophils; bath in wt
animals, ™1 but also using genetically madified animals.” Similar
finding was reperted for kidaey and liver xenopedusions.” 5% #% |n
contrast, scarce informaticn is available concerning the release of pig
cells. An early publication indicated that percine leukecytes, mainly
lymphecytes, were eleased from pig kidneys during buffered-saline
perfusion. In addition, an increase in WBC counts was alse cheerved
during perfusions of pig hearts, although the nature of this risc was not
further characterized.™ At last, perfusion of pig lungs with diffcrent
perfusien sclutions showed the release of pig T- and B lymphecytes
a5 well as monocytes. inacraphages. and dendritic cells. 1 In sSUmmary,
the nature af porcine <ells released during xenaperfusion of different
argans remains poarly characterized.

In aur model of pig linb perfusion, the tatal circulating leuko-
ayte counts did not decrease as measured by Sysmex not distin-
guishing between cells of human and pig arigin. In contrast, hCD4 3
PENC disappeared rapidhy from the circulation, presumably due to
recruitment and tissue infiltration. Thus, we hypathesized that pig
cells were released into the circulstion. Indeed, cells of pig erigin
were detected in the circulation using specics-specific cell mark-
crs. First, we speculated that these pig cells might correspond to
pEC released upon damage of the endothelium during xencpefu-
sicn. Nonctheless, enly 5 small perentage of these cells were of
cndethclial erigin as shown by pCO106'CD31' cxprossicn. Instead,
the large majority of the emerging pig cells expressed varicus lym-
phocyte and mycleid markers (CD1725, SIRPr, SWC32). Morcover,
they were highly positive far SLA-1 and pCD43, indicating that they

2.4

belonged t the leukacyte lineage. Despite flushing of the pig
limbs for 3 minutes with hydroxyethyl starch before perfusion, these
pig <ells imight hawve been released from the marginal vascular pool
into the bloodstream by detachment from the endothelial lining.
ARkernatively. pCD45 cells might have been released from the pig
bone marrow, since ih contrast to organ perfusions. several hanes

are present in the pig forelimb madel (humerus. radius. ulna, and
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metacarpals). Lineage negative immature bone marrow cells might
also explain the presence in the lymphocyte gate of approximatehy
40% SLA-1* pig cells that are not accounted for by staining with our
antibady panel. In conclusion. the release of pig cells needs furcher
ihvestigatiaon in xenoperfusion models of argans fareseen far <lini-
cal transplantation, for example, heart, kidney, or lung. Depending
on the phenctype and antigen-prosenting propertics of these cells,
cven the release of much lower numbers inte the circulstion fel-
lowiing tranzplantation has major imalications for the develepment
of acquired immune xeneresponses andier tolerance.™ * The pro-
tocels for flushing pig organs prior to perfusion or transplantstion
in order to remewe cells might have to be optimized te minimize
xenorojection.

In canclusian, the current wark showed that HLA-E'hCD4é dau-
ble tg pig limb perfusion is characterized by slightly delayved NK cell
recnumment and reduced tissue infiltratian. In addition. we describe
and characterize a cell papulation of pig origin that was released into
the circulation during the limb perfusions.
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Paper V
Multiple genetically modified GTKO/hCD46/HLA-E/hp2-mg porcine hearts are

protected from complement activation and natural killer cell infiltration during

ex vivo perfusion with human blood.

Jan-Michael Abicht, Riccardo Sfriso, Bruno Reichart, Matthias Langin, Katja Gahle, Gisella L. Puga
Yung, Jorg D. Seebach, Robert Rieben, David Ayares, Eckhard Wolf, Nikolai Klymiuk, Andrea Baehr,

Alexander Kind, Tanja Mayr, Andreas Bauer

Status: Published in Xenotransplantation, 2018 Feb 8;e12390

Contribution: Performed histological analysis, immunofluorescence staining, and

data analysis.

Background: In pig-to-human xenotransplantation, interactions between human
natural killer cells and porcine endothelial cells result in cytotoxicity. Protection from
xenogeneic NK cytotoxicity can be achieved in vitro by the expression of the non-

classical human leukocyte antigen-E (HLA-E) on porcine endothelial cells.

Aim: To test the effect of GTKO/hCD46/HLA-E expression on xenogeneic, and in
particular human NK cell response, using an ex vivo perfusion model of pig hearts

with human blood.

Conclusion: Co-expression of hCD46 and
HLA-E on GTKO background in porcine
hearts reduced complement deposition,
complement dependent injury, and
myocardial NK cell infiltration during
perfusion with human blood. This tested
combination of genetic modifications may

minimize damage from acute human-anti-pig

rejection reactions and improve myocardial

Figure: Detail of NKp46 (red) immunofluorescence
function after xenotransplantation. staining of myocardial tissue.
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Ahstract

Background: In pig-to-human xenotransplantation, early cellular rejection reactions
are mediated by natural killer cells {NK cells;. Human NK cells are inhibited by HLA-E
via CD94/NKG2A receptors. To protect porcine grafts against human NK cell re-
sponses, transgenic GTKO pigs expressing hCD44 and HLA-E have been generated.
The aim of this study was to test the effect of this genetic modification on xenoge-
nei¢, and in particular human NK cell response, using an ex vivo perfusion model of
pig hearts with human blood.

Methads: Cardiopleged and explanted genetically modified {gm) pig hearts
(GTKOMCD46/HLA-E/hp2-microglobuliny and wild-type (wt) controls {n = & each}
were reperfused and tested in an 8 hours ex vivo perfusion system using freshly
drawn human blood. Cardiac function was evaluated during a 165-mminute period in
waorking heart mode. Myocardial damage, antibody deposition, complement activa-
tion, and coagulation parameters were evaluated histologically at the end of perfu-
sion. The number of NK cells in the perfusate was determined by flow cytometry at
baseline and at 8 hours; tissue infiltration by NK cells was quantified by immunofluo-
rescence microscopy using NKpdé staining of frozen sections.

Results: Deposition of 1gG (1.2+1x 10" ws 8.8+29x10% P<.01}, IgM
4.4+ 37 % 10%vs 1.7 £ 1.2 x 10% P < .01}, and the complement activation product
Cabic (3.5 1.3 % 10¢ vs 2.3 x 10° £ 94 x 10% P> .01} was lower in gm than wt
hearts. NK cell percentages of leukocytes in the perfusate decreased from
094 + 0.77% to 0.21 + 0.25% (P = .04} during xenoperfusion of wt hearts. In con-

trast, the ratio of NK cells did not decrease significantly in the gm hearts. In this

Abbreviations: Cal walizs ass- 203 bl i yeneliolly nesilies: G, biall=liv kealan a8 Feponedee o Zegalzzloog] cnsl2se GE AT zera S bman CHAS npls -
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1 | INTRODUCTICN

The shertage of dencr organs scvercly limits sllogencic heart trans-
plantstion. Porcine hearts could previde an alternative, but some re-
guircments must be fulfilled befere clinical application can become a
reality. In additien to nen-toxic immuncsuppression’ and safe denor
animals clear of discase caused by micrcorganisms, stable gencti-
cally modified {gm) pigs arc nocessary.

In primates, carly immunclogical respenses against wild-type (wet)
percine tissues thyperscute rejection) are predominantly driven by
prefarmed antibodies against the carhahydrate epitope galactose-
»-1,3-galactose (Gall and subsequent activation of the complement
and coagulation cascades. The generation of w-1.3-galactosyl trans-
ferase knockour (GTKO! pigs. whose organs do not present Gal
epitopes. was therefore o scientific breakt hrough.2'1 In addition,
overexpression of complement regulatory proteins such as human
CD4d6 (membrane cofactor protein) is necessary ta inhibit comple-
ment activation by non-Gal antibodies (reviewed in Refs [3-7]

However, carly xcnogencic reactions are alse medisted by
waricus leukocyte subsets, cspecially natural killer (NK) cells, nou-
trephils, and monocytes. Human NK cells are able to lyse percine
cndothelial cells beth directly and by antibedy-dependent cellular
cytotoxicity fellowing engasgement of their FoyRIN receptor no-
wicwed in Refs [8-10]).

The activation of MK cells is tightly regulsted by 5 balance be-
tween sctivatingand inhibitery receptors. Self MHC class | molecules
on healthy, sutclogous cells represent a major ligand for inhibitory
NK receptors.“ The human inhibtory NK receptar CD94/NKG2A
specifically binds to the non-classical MHC <¢lass | human leukocyte
antigen {HLA-E.* Parcine MHC | proteins (SLA |) do not bind suffi-
ciently to inhibitory receprors an NK cells campared to human MHC
| because SLA | cannot efficienthy transmit inhibitary signal to human
NK cells. which <an anly be partially avercome by the activation of
pig endothelial cells by tumar necrosis factor (TNF) ar ILL in vitro. 1
Porcine cells are therefare recognized as *dangerous’ and Killed by
human NK cells. However, high cxpression of HLA-E en porcine

cndothelial cells can block binding and cytotoxicity of human NK

sroup, NK cell myocardial infiltration after 480 minutes of perfusion was lower than
in wt organs (2.5 £ 3.7 x 10"mm’ vs 1.3 £ 1.4 x 10°/mm® P = 0001} The function
of gm hearts was better preserved compared to wt organs, as demonstrated by higher
cardiac index during the first 2 hours of ex vivo perfusion.

Conclusion: GTKO, hCD44, and HLA-E expression in porcine hearts reduced comple-
ment deposition, complement dependent injury, and myocardial NK cell infiltration
during perfusion with human blood. This tested combination of genetic modifications
may minimize damage from acute human-anti-pig rejection reactions and improve
myocardial function after xenotransplantation.

cardiac xenotransplantation, hCD44. heart, HLAE. NK cell

cells at least pm't‘lz\lly.“"‘3 To achieve this. concommant expression
af human 2microglobulin was necessary to produce stable HLA-E
expression on porcine endothelial cellg 181f

Here. we present results on ex vivo perfusion of GTKOShCD4 6/
HLA-Efh52microglobulin transgenic pig hearts with human blood.
supporting the conclusion that these hearts are protected from

complement and the human NK cell-mediated respenses.

2 MATERIAL AND METHODS

2.1 | Animals

Twelvejuvenile pigs iGerman Landrace; body weight 153 + 1.2 kg,
heart weight 77.5 + 10.5 g, bloed group Q) were used as doners.
Six of the animals were transgenic for GTROShCDYE/HLA-EShE 2-
microglobulin (D. Ayares. Revivicor. Blacksburg, USA, and E. Walf,
Malecular Animal Breeding and Biotechnology, Gene Center, LMU
Nunich. Germanyl, and six were wt (contrals). Anesthesia was
conducted with fentanyl (L0-15 pg/kgl and propafol (0.15 pg/kg)
min). The study was cartied out accarding to the European Law on
Protection of Animals for Scientific Purposes and was approved
by the Government of Upper Bavaria, Germany. All animal experi-
meats were performed according to 3R and ARRIVE guidelines'® as

wcll 35 rules set cut by the Ludwig Maximilian University, Munich.

2.2 | Surgical procedure and the biventricular heart
perfusion system

The surgical technigue and perfusion system have been pre-
vicusly described in detail.”' 1n bricf, after cardioplegia with
4*C Bretschneider solution (Custodiol, Dr. F. Kdhler. Bensheim.
Germany). the hearts were removed and stored in lactated Ringer's
solution (Fresenius, Kabi. Bad Hamburg. Germany) at 4*C for
130 iminutes to simulate an ischemic period that would occur during
arthatapic ixena-theart transplantation. Superior and inferior venae
cavae were ligated. Thereafrer. the ascending aora, the pulinonary

arcery trunk, and both atria were cannulated and attached o the
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FIGURE 1 A, The ex vivo perfusion system: during Langendorff perfusion of the heart, extra lines (shown as dashed) are open to pump
oxygenated blood with a constant pressure retrograde through the ascending aorta into the coronary arteries. The coronary venous outflow
enters the right atrium. The blood is then directed to the rotary pump, the oxygenator, and back to the aorta. During this mode, the heart

is beating but non-working, as both ventricles are not filled during diastole. Biventricular working heart mode (dashed lines are closed and
the reservoir lifted above the level of the heart): oxygenated blood enters the left atrium, which is ejected from the left ventricle into the
ascending aorta (pre- and afterload may be adjusted). From the right atrium and ventricle, blood is ejected into the pulmonary artery trunk;
the rotary pump supports blood flow to overcome the resistance of the oxygenator and filter. Perfusate temperature is kept constant

by means of a heat exchanger within the oxygenator. B, Experimental design of ten ex vivo perfusion experiments: TO = begin perfusion
without the porcine heart, T1 = start of Langendorff perfusion (beating, non-working mode for altogether 15 min), T2 till T7 = time points of

the biventricular, working mode, T8 till T12 = Langendorff perfusion

perfusion system (Figure 1A). The perfusion solution consisted of
500 mL freshly drawn human blood, 450 mL hydroxyethyl starch 6%
(Volulyte; Fresenius Kabi, Bad Homburg, Germany), 5 mL sodium bi-
carbonate 8.4%, 0.25 mL calcium gluconate 10%, 5000 IU heparin,
and 1 IU of insulin. Activated clotting times of the perfusion solution
were longer than 400 seconds.

Human blood donors were six healthy males (4 blood group A; 2
blood group O). Each of them donated blood for the experiments with
the gm porcine organs and again 1 month later for control experiments
using wt pig hearts. A hollow fiber oxygenator with an incorporated
heat exchanger (HILITE 1000; Medos, Stolberg, Germany) maintained
a partial O, pressure (pO,) of 100-150 mm Hg, a pCO, of 35-40 mm
Hg, and temperature at 36-37°C. Glucose (400 mg/h) and insulin
(0.2 1U/h) were added to reach glucose levels in the perfusion solution
between 1.2 and 1.4 mg/mL. Bicarbonate was given to keep the base
excess between +2 and -2 mEq/L.

FIGURE 2 Gating strategy for flow
cytometry: identification of natural killer
(NK) cells as part of lymphocytes (FS-A vs
SS-A), viable (7AAD), CD3-negative and
CD56-positive cell population

SSC

Ex vivo heart perfusion started with 15 minutes of reperfusion
in a non-working Langendorff preparation, followed by biventricular
working mode. After 3 hours of perfusion, the system was switched
back to the Langendorff mode for the final 5 hours, resulting in a
total perfusion time of 8 hours. Specimens were collected, and mea-
surements were taken at specific time points (T1-T12; Figure 1B).

Pressure was measured in the ascending aorta, pulmonary artery
trunk, and both atria. The catheter in the right atrium also enabled
measurement of key parameters in the venous coronary blood, such
as lactate, blood gases, and pH. Inline sensors measured the flow/
min from the aorta and pulmonary artery (Ultrasonic flow meter
UF&B; Cynergy Components Ltd., Dorset, England). The myocar-
dial perfusion index (MPI) was calculated as: (aortic blood flow [mL/
min] - pulmonary blood flow [mL/min])/heart weight [g]. The myo-
cardial oxygen (MVO,) consumption was measured as: MPI [mL/mg/
min] x arterio-venous difference of pO, content [mL]. Cardiac index
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FIGURE 3 A-C,Hemodynamic parameters of wild-type (wt, n = 6) and genetically modified (gm, n = 6) pig hearts during ex vivo
perfusion: heart rates were stable throughout the experiments (wt vs gm non-significant). At several time points during the working heart
perfusions (T2-T7), stroke volume index (SVI1) and cardiac indices (Cl) were significantly better in the gm group: SVI, T2: 0.055 = 0.033

vs 0.015 £0.011 mL/g, P <.001; T3: 0.057 = 0.022 vs 0.025 = 0.003 mL/g, P < .001; T4: 0.053 = 0.022 vs 0.028 = 0.009 mL/g, P = .006;
T5:0.056 £ 0.021 vs 0.026 £ 0.017 mL/g, all P = .001; CI, T2: 5.28 £ 3.46 vs 1.32 £ 1.04 mL/g/min, P < .001; T3: 6.12 £2.83 vs

2.24 = 0.47 mL/g/min, P < .001; T4: 6.07 = 2.76 vs 2.69 = 0.69 mL/g/min, P < .001; T5: 6.27 = 2.71 vs 2.45 = 1.35 mL/g/min, all P < .001.
D-F, Myocardial perfusion and metabolism. At the following time points, coronary artery blood flows were significantly higher in gm hearts:
T6,47=1.5vs2.1x1.3mL/min/g, P=.002;T7,45x1.9vs2.2x 14 mL/min/g,P=.005;T8,5.6x1.4vs2.2%1.1mL/min/g, P<.001;T9,
5.2%£15vs2.7= 1.4 mL/min/g, P=.003;T10,5.2+1.5vs2.7 = 1.4 mL/min/g, P=.003; T11,5.1 £ 1.8 vs 2.4 £ 1.4 mL/min/g, P = .002; T12,
5.1 %19 vs 2.1 =1.7 mL/min/g, P < .001; during the first 2 h consequently, gm hearts were able to consume more oxygen: T3, 16.22 = 7.81
vs4.32 =1.93 mL/min/g, P <.001; T4: 16.12 + 6.05 vs 5.31 = 1.79 mL/min/g; P < .001. Although the lactate concentrations were lower
during the whole observation time in gm hearts, these measurements were not significantly different between the two groups, with the Té
exception. All panels: bars represent means = SD, gm: n = é, wt: n = 6, *P-values < .05, **P = .01, ***P = .001
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FIGURE 4 A, H&E-stained samples of the left ventricular wall of wild-type (wt) and genetically modified (gm) porcine hearts after 8 h
ex vivo perfusion with human blood eosinophilic infiltration, extracellular edema, and extravasations of erythrocytes are more pronounced
in wt hearts. Scale bar = 100 um. B, Histological injury severity score (HISS) was higher in wt histology (6 = 1.1) compared to gm (3.5 = 0.5)
organs (P = .002); bars represent means = SD, gm: n =6, wt:n = 6,"P <.05, **P < .01, ***P £.001

(Cl) was calculated as: pulmonary blood flow [mL/min]/heart weight
[g], stroke volume index (SVI) as: CI [mL/min/g]/heart rate [1/min].

2.3 | Edema formation and histology

Porcine hearts were weighed before and after 8 hours of perfusion,
and weight gain recorded to quantify edema formation. Myocardial
biopsies were formalin-fixed and embedded in paraffin. Sections

(4 um) were cut and either processed immediately or stored at
room temperature until further analysis. Hematoxylin-eosin (H&E)-
stained sections were scored in a blinded manner for perivascular
edema, erythrocyte extravasation, thrombus formation, and eo-
sinophilic infiltration at a scale from O to 3 (O = absent, 1 = scarce,
2 = intermediate and 3 = major pathological changes). The histo-
logical injury severity score (HISS) was calculated by summation of
these points.
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FIGURE 5 A, Deposition of complement markers and immunoglobulins in myocardial tissues after 480 min xenoperfusion (sample from
one wild-type [wt] and one genetically modified [gm] heart). B, Genetically modified myocardial tissues showed lower levels of activated
complement components (C3b/c, 1.4 x 107 £ 6 x 10% vs 8.3 £ 4.4 x 10% C4b/c, 3.5 1.3 x 10° vs 2.3 x 10°£ 9.4 x 10°) and IgG (1.2 = 1 x 107
vs 8.8 = 2.9 x 10%) and IgM (4.4 = 3.7 x 10° vs 1.7 = 1.2 x 10°%). Bars represent means = SD,gm: n = 6, wt: n = 6, P < .05, **P < .01,

***P<.001, ****P <.0001

2.4 | Immunofluorescence staining

Myocardial tissue biopsies were embedded in Tissue-Tek (Sakura
Finetek, Zoeterwoude, The Netherlands) and stored frozen at
-80°C. For immunofluorescence staining, 5 pm-thick cryosections
were cut, air-dried for 30-60 minutes, and stored at -20°C until
further analysis. Cryosections were fixed with ice-cold acetone,
hydrated, and stained using either one-step direct or two-step in-
direct immunofluorescence techniques. The following antibodies
were used: rabbit anti-human C3b/c (Dako, Glostrup, Denmark),
rabbit anti-human C4b/c-FITC (Dako), goat anti-human IgG-FITC
(Sigma-Aldrich Corp., St. Louis MO, USA), goat anti-human IgM-
FITC (Sigma), sheep anti-human tissue factor (Affinity biological
Inc., Sandhill Drive, Ancaster, ON, Canada), rabbit anti-tPA (tissue-
type plasminogen inhibitor, Bioss Inc., Woburn, MA, USA), mouse
anti-PAl-1 (plasminogen activator inhibitor 1; Hycult Biotech, Uden,
The Netherlands), mouse anti-human NKp4é6 (R&D Systems Inc.,
Minneapolis, MN, USA), mouse anti-human CD46 (Hycult Biotech),
mouseanti-HLA-E (Biolegend, San Diego, CA, USA), and Bandeiraea
simplicifolia isolectin B, (BSI-B,)-FITC (Sigma). Secondary antibod-
ies were as follows: sheep anti-rabbit 1gG-Cy3 (Sigma), donkey
anti-sheep 1gG-Alexa 488 (ThermoFisher Scientific Inc., Waltham,
MA, USA), goat anti-mouse IgG,-Alexa 488 (ThermoFisher), and
goat anti-mouse-Cy3 (Jackson ImmunoResearch). Nuclei were

stained with 4'6-diamidino-2-phenylindole (DAPI; Boehringer,

Roche Diagnostics, Indianapolis, IN, USA). Slides were analyzed
using a fluorescence microscope (DM14000B; Leica, Wetzlar,
Germany), and fluorescence intensity was quantified using image
processing (ImageJ 1.50i, NIH, Bethesda, MD, USA) on unmanipu-
lated TIFF images. All images were collected under the same condi-
tions to allow direct quantification and comparison of fluorescence

intensities.

2.5 | Flow cytometry

Peripheral blood mononuclear cells (PBMCs) were isolated (Ficoll-
Paque Plus; GE Healthcare, Chicago, IL, USA) from blood of the
coronary sinus at time points T1 and T12. Samples were prepared
for freezing using 95% RPMI (Gibco by Life Technologies, Carlsbad,
CA, USA) + 5% HSA (Baxalta Deutschland GmbH, UnterschleiBheim,
Deutschland) and 80% HSA + 20% DMSO (Sigma-Aldrich Corp., St.
Louis, MO, USA) and stored at -80°C until analysis.

After thawing, cells were incubated for 30 minutes with
fluorescent-labeled antibodies against human CD3 (Biolegend,
Pacific Blue), CD16 (BD Bioscience, FITC), and CD56 (Beckman
Coulter). 7-AAD (BD Bioscience) was used to mark living cells.

Measurements were made with a Gallios flow cytometer
(Beckman Coulter, Inc., Brea, CA, USA). Analysis was performed
using FlowJo 10.2 (FlowJo LLC, OR, USA). The gating strategy is

shown in Figure 2.
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Lactate concentrations in the perfusate increased less in gm
hearts (increase at T&: 24 1.7 vs +0.3=0.5 mmal/L. P = .03;
Figure 3F)L.

3.2 | Edema formation and histology

Creerall, cdema weass measured by incresse inergasn weight cver base-
linc. Atthe end of the pedfusions,control hearts incressed from 934 + 13
to 142+ 28 gln = 6, P < .01}, whilc the gm argans increased from 61 =8
to 76 £ 15 g (n =6, P <.01). In rclative values, gm crgans incroased by
25 = 10% and contrel hearts by 51 + 17'% (P = .01} Histological analysis
[wtand gm n = 6, Table S2) revealed an average erythrocyte extravasa-
ticn score of 1.7 = 0.4 in the gm hearts compared to 2.5 £ 0.5 (P < .01)
in the controls. Differences in myocardial edema (wt 2.3 =05 vs gm
0.28 =0.4: P = 24} eosinophilic infiltration (wt 0.3 £ 0.5vs tg 0.0 =0.0;
P =45). and thrombus formation infiltration fwt 0.3=05 vs gm
0.0 £ 0.0: P = 43 were not sighificant. The overall HISS was 3.5+ 0.5
and & = 1.1{gm hearts vs controls. P < .01} (Figure 4).

3.3 | Verlflcation of transgenic madlfication In
swine hearts

The cxpression of Gal cpitopes, human €D36, and HLA-E was
analyzed in tissuc ssmples from control (wt) and transgenic
groups iFigure 51). Gal cpitopes were not ohserved in transgenic myo-
cardial tissues, but were clearly cvident in wt organs. Transgene ox-

pressicon was detected enly in tissues from gm snimals.

3.4  Reducticn in complement deposition but not
flbrinolytic markers In perfused tg hearts

Sample biopsies were stained for complement. coagulation, and
fibrinolyTic markers (Figure 3) to evaluate other impaortant innate
imimune factars invalved in acute vascular rejection. Deposition of
camplement activation products (C3bfc and Cdbic and immuno-
globulins (IgG and 1M was less in the gm group, while fibrinolytic
[tPa. P&l-1) and coagulation (TF) markers were not sighificantly dif-

ferent hetween wt and gm hearts [Figuc 6).

3.5 | Reduced number of infiltrated NK cells

Natural killer cells were messured in PBNV C samples obtained frem the
perfusate before and sfter & hours perfusion. The percentsge of NK cells
present did not change significantly in the gm greup, wheress the wt
greup showed 5 significant docrease i(Figune 7). The prescnce of NK cells
wias also assessed in heart biopsies at the end of the perfusion. and the
gin group showed significantly lower infilcration a5 shown in Figure 8.

4 | DISCUSSION

Technical acvances are streamlining the production of gm pigs faster,
making available mare lines of patential xenadonar animals with novel
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FIGURE 7 A, natural killer [NK] cells frequency in perfusate
stthe beginning of ex vivo perfusicon [T1)and at the end of the
experiment (T12). Inthe wild-type (wt) hearts. the frequency
dropped significantly. The proportion (%) of NK cells amang blood
lympheeoytes was quantified a5 shown in Figure 2. B, MK cell count
calculsted as (abselute number of lymphocytes) * [Frequency of NK
<ells). Panels A and B (T1: genetically modified [gml: n=6, wt:n = &
T12:gm:n =3, wt: n=46]

genctypes. However, befere primate experiments can be conducted,
new lines need to be tested in functional models. Our ex vive perfusion
model allows newe gonctic modifications to be assessed in a working
heart situstion, similsr to models established for lung transplants-
tien.” " Uscful comparison with wet contrel organs, free of immediate
hyperacute rejection, is made possible by snticosgulstion with heparin

and the use of diluted bleed as a pedusate to slow tissue damage.

4.1 | Madel to test Immediate Immune response

Inour exvivo perfusion s',fstem.” heartswere perfusedatatempera-
ture of 3&-37°Cwith physialogical pre- and afterloads. After 15 min-
utes reperfusion in Langendorff mode, the system was switched to
the biventricular waorking heart mode to examine imyocardial func-
tion for a further 185 minutes. Following the experimental design of
Bongoni ct al,' developed for 12 hour limb perfusion, we extended
cur working heart protecel by 5 hours of perfusion in Langendorff

mode. In this way, myccandial perfusion pressure remained stable,
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FIGURE 8 A, All panels: NKp46 staining (red) in myocardial tissues (after 8 h xenoperfusion [samples of one wild-type [wt] and one
heart]). Overlay panels: DAPI (blue) was used to visualize the nuclear volume and shape of the tissue section. B, There were fewer NKp46-
positive cells in the genetically modified (gm) myocardial tissues: wt 1.3 = 1.4 x 10°/mm? vs gm 2.5 = 3.7 x 10%/mm?). Bars represent

means =SD, gm:n=6,wt:n=6,*"*P <.001

including hearts that would have failed during longer working heart
perfusion (Table S1).

During the working heart periods, the left ventricular stroke vol-
ume, cardiac indices, and myocardial perfusion of gm hearts were
found to be superior to wt organs. The largest differences in func-
tion, measured as SVI or MVO,, were observed 15 minutes after
starting the working heart phase. Laird et al similarly described the
greatest functional difference in porcine lungs with and without
HLA-E occurred during the first 30 minutes.’” This immediate effect
of suppressing the NK cell-mediated xeno reaction was unexpected
and indicated that a shorter experimental design might have been
possible.

The lower post-perfusion heart weights of the gm group indi-
cated less edematous changes, and indeed, histological examina-
tions revealed a lower HISS. Thrombotic lesions were not observed
in either group due to the high concentration of heparin in the per-
fusate. These findings are consistent with less antibody deposition
(due to GTKO) and less complement activation components (due to
hCD46 expression).

The xenoprotective value of HLA-E has been demonstrated
in several previous reports. Lilienfeld et al achieved partial pro-
tection from human NK cytotoxicity by expressing HLA-E in
transfected porcine endothelial cells.!® In vitro studies with
porcine endothelial cells and stable expression of the HLA-E/
hp2-microglobulin complex protected against human NK cell-
mediated lysis in 80-90% of cases, depending on whether CD94/

NKG2A inhibitory receptors were expressed on NK cells. Also,
surface HLA-E/hf2-microglobulin on transgenic porcine endo-
thelial cells inhibited secretion of interferon-y by co-cultured
human NK cells.’”

Bongoni et al showed that combined expression of hCD46/
HLA-E in transgenic pig forelimbs perfused ex vivo for 12 hours
with warm (32°C) human blood significantly reduced complement-

related changes compared to wt 18

Recently, co-authors of the
present study (G. Puga Yung and J.D. Seebach) reported in vitro
studies of HLA-E/hCD46 expression in the same ex vivo pig limb
xenoperfusion model. NK cytotoxicity against hCD46 single trans-
genic porcine endothelial cells was not different when compared to
wt cells.”® Similar to the results presented here, NK cell infiltration in
the HLA-E/hCD46 gm tissue was less than in wt controls at the end
of limb perfusion. Moreover, using an ex vivo pig lung xenoperfusion
model with human blood, Laird et al recently reported that trans-
genic expression of HLA-E limited endothelial damage by preventing
NK cell activation and cytotoxicity, resulting in improved pig lung
survival and function.?” That study used the same combination of
genetic modifications, GTKO/hCD46/HLA-E, but all positive effects
could be ascribed to HLA-E expression because GTKO/hCD46 pig
lungs were used as controls.

The lack of such control genotypes meant that we could not
quantify the contribution of separate genetic modifications.
Therefore, it remains uncertain if the observed differences in
myocardial NK cells can be attributed to HLA-E expression. After
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8 haurs perfusion. GTKO/hCD46,/HLA-EShf 2-microglobulin myo-
cardium shawed a significantly lower NKp46 signal than wt, con-
sistent with reduced recruitment ar activation of NK cells.* In
addition to their direct cytatoxic activity. NK cells activate and/
or regulste cther compenents of the cellular immune system by
sccrction of pro-inflammatery cytokines, such as TNF and inter-
feron gamma. ™ In their revicw, Richen and Scchach® described
detrimental links between NK cells snd the activated cemple-
ment system, and cemplement rocepters are present on NK cell
surfaces.”™%’

tective offects of hCD46 and HLA-E. Furthermore, while dircct

There may thus he synergy between the xencpro-

recognition of Gal cpitepes by MK cells independent of antibedics
is cantroversial. endothelial cells derived fram GTKO pigs do not
diminish direct NK cytotoxicity against porcine (and human) en-
dothelial cells. %

W aeda et al have also demonstrated that transgenic expression
of HLA-E also suppresses the macrophage-mediated cytotoxicity in
a xenomadel? this was not specifically anakyzed in aur study.

Regarding immunalogical similarity to humans, baboans are
genernally accepred as recipients in preclinical cardiac xenotrans-
plantstion experiments. However, it is difficult to draw conclusions
regarding the rele of HLA-E from such studics, due to the lsck of
tocls svailable to characterize nen-human primate MK cells, particu-
larly with respect to HLA-E binding.

The tested combination of gonctic medifications reduces dam-
age from acute human-anti-pig rejection reactions. Howeever, a large
number of different genctical medifications have been made to per-
cinc hearts, and further experiments are needed to identify the fa-

vorable cambination for preclinical experiments.

ACKNOWLEDGMENTS

This wark was funded by the German Research Foundation
(Deutsche Forschungsgemeinschaft. DFG) TRR127. vWe thank
the YWalter Brendel Centre for their support. JDS and GPY
were supported by the Swiss National Science Foundation
[#310030_159594.1).

AUTHOR CONTRIBUTIONS

Jan-NMichacl Abicht, Tanja Mayr, and Andrcss Bauer designed the
study, conducted cxperiments, collected and analyzed dats, and
prepared the manuscript. Brune Reichart secured funding, analyzed
the dats, and revised the article. Riccardo Sfrise contributed his-
tological anakysis, immunafluarescence staining. and data analysis.
Robert Rieben contributed to the concept and data anahlysis of the
study. Katja Gahle and W atthias Lingin conducted experiments and
callected data. Gisella Puga Yung and ldrg D Seebach cantributed
o the analysis of data and revised the manuscript. David Ayares,
Eckhard YWaolf. Nikolai Khymiuk. and &ndrea Baehr genetically <on-
stnicted animal breeding. Alexander Kind critically revised the arti-
cle and approved the final draft.

DISCLOSURE

Dawvid Ayares, Chief Executive Officer. Revivicor, Inc.

ORCID

Jan-ivichael Abicht ) http://orcid.org/0000-0001-7361-1249

Riccardo Sfriso | http:/iercid.crg/0000-0002-3406-0736

Motthias Léngin © http: fiercid.crg/0000-0003-09946-3541
Gisella L. Puga Yung “= http:forcid.org/0000-0002-2283-77%8

* http:fiarcid.org/0000-0001-5748-4577

Jorg 0. Secbach {

Rabert Rieben 2 http:/icrcid.crg/0000-0003-4179-8891

REFERENCES
1

Mohiudd'n MM, Sngh AIK Carcaran PC, et a . Chimer'c 2C10R4 an-

ti-CD4C antihady therapy s crit'ca far ong-term sury™val of STIKC,

hC# 6HTEM  pig la prinate: canlidae xenoerall. Nal oo,

Z016:7:11138,

2. Phelps €. Kake € Manchl T el Al Prsloection al 6120
galactosy transferase-deficient p'gs, Science, 2003129 %.<11-£14,

B Kinsak " Ko Twernig YL, Dor FIME, L a . Hearl Lransplantation in ba
boars us'nge =100 gd dctosyliransforase gene koackonn pics 4s da
nors: init'a experence, Nat Maa, 2005:11:29-31,

£ Fanala K, Yasawa K, Shimisn Al al Markeed prolangal veal porc’ne:

rena xenograft survival in hakbaons through the use of alphal,3-

LA aclosyllranslivase geoe koackaun, danmrs arnl the: calransplanta

Licin af wasen arizcd Thymic Lssine, Wil Med. 200511252 34,

I<m D, Song WC, Membrane camp ement regulatary protens,

Clin fearrnannnd, 200:60;118:127 106,

6. Person RN NI Crorling A, Ayares [b et o, Current status of
xcnplransplantalion  aml prospecls  lor clnicas app icalian.
Kenoteansplantation, 200116:263-28C,

7. Cleser B, Czzelarab M. Hara 1 et al, Clnica xenctransplantation:
thiz nexh e va revalul oe? Faeesl, 2002079:672 6ikl.

&, Rieben R, Seebach JD. Xenagraft rejection: 1gG,. camp ement and

NK e bs leam ups Lo activali and dhesteay The conlothe i freeds

fmmunol, 2005,26:2-5,

o

W Sehons der MK Secbiach 100 Covrcol cel nlar oealeimmnme: bured s
it pig 1 pr male sennlransp anlal vn. Suee Coie COrgaey Teinspsae .
Z00813:171-177,

1. Puga Yone GL. Schoecider MEJL Secbiach 200 Th ra e af NK
cels in p'gto-human  xenatransp antaton. J Jmmunol  Res,
20072 FAGLTUBEAL

Ranlizl DH, Vanee: BE. MoMabian O Regu ation al Lhe nalural

ICler ce | receptor repertore, Aonu Rev Immunel, 2001:12:291-3350,

12, Gar'a 1) Lana M. de Hernnlia AB. el oal Hinnan T oo | orcceplor
med ated recognit'on of | ILA-C. Lur J Inmunol, 2C028521%54-944,

105 Sasmaki H, Xn XC, Moharakumar T. HLA F aml HLA G expressian
on parsne endotheial ce s inh'bit xenoreactive human NIC cels
through CD %4/NIKG2 - dependent and ndependent pathways, /
el 1999:14:5: 6301 BIUDS.

14, Matsunami 1€, Myagawa 30 MNalkai R, Yamada M, Shirakura
K. Muololavian of the leader poeplile scquema: of b HLA F
gene up-regu ates its expression and down-regu ates natural
kller vz mealiated swne codathelia cel hysis, Cransplaes ation.
2002701582 1589,

153, Lienfed B Crew MO Tarte B Daumnann DC, Seebach JC
Transgenic. exprissian ol HLA Fosnigle: chaing Irnner proteel s

"

125



AUICIHT AL

16,

17,

11,

1.

25,

21

porcine endothe ial <2 Is against human natura €1 2 ce Fmediated
eylolesicily. Xenotraesolantalive, 200714126 13537,

Ulbrecht M. Courtur’er Ac Martinozz” S, et al, Ce | surface expres-
san of | ILA-C: “nteraction with human betaz-m'crog abuin and al-
le: icalifferenies, For Dmmenol 199929537 S/7.

We'ss [l LTenfeld BG, Miller S0 et al. 1LA-Coharman p2-
weraglabmln Lrnsgenic ps: proleel ven agdins) xeoneencic hnman
ant™-pig natural Kkiler cel cvtotadcity, Transplantation, 2C0%S87:
55-43,

Honean® AK, Kicemair 1 Jenn” H, el dl Campemenn. depemilinl
eally immunolag'ca responses durng <x v xenotransplanta-
Liaer al hC/ BSHLA F dauts ¢ Lranseenic prie lare! mbs svilh burman
blaed, Xenotransplantation, 2014211 230-243,

Kilkenny C. Broswrn: WO, Cuthil 1€, Fmcrson M, Adian 16,
hnprowne binse o rescarch reportng: The ARRIVE cullilnes
forreport'ng an'mal research, PLoS Giol, ZC1CuSie 1000412,

L Abhil IM, Mayr TA, Janch 1. ¢l . Large: an‘mal bivesirion o woeking

he:xrt perfusion system with low prming voume-cimparisan between
it wivny aned ez v candiac tunetion. Jhevor: Carkusise: Sorg. 2004:00
071-0E2,

| Lavris 050 Quinn 1K, Trench B, et a. Meta-anawsis of the inde-
prenleol aned vinnmlal e cleels of mnllUpoe genetic mnd Ticatians
on p'g ung xenagraft peiformance durng ex vwo perfusian with
hngan b vacd. Xenoirnsplaetalioe, 2005:22:1102 111,

Laird CT. Burdarf L, Mrench DM, et a. Transgenic expresson of
human leuleacyte antigen-C attenuates Gall{C.hCD46 porcine lung
xennerAll njury, Xeeoleanspliniaiion, 2017:20:0:12297 .

Puga Yung 3. Dongan” AL Prader A, et al, Re ease of pig leulea-
vyles Aml realueel biman NK cel reernitment durne exovive por
fuson of |ILA-Cshuman CD46 doub e-transgen'c pig 'mbs with
hnran b ol Xenoirinsplactalie, 200725012357,

Campias C. Lapes N Pera A, el Al Fxpress'an of NKpc, NKpAs
and CNAM-1 activat'ng receptars on resting and IL-2 act™vated NIC
vz s Iram hea Lhy danars dceonling 1y CMVY scroslalis aml Age.
Giogerontology, 2015;145:471-4E3,

Sehosler 1%, Cauder! J0, Amlar’on Ck, Deel” Fapost” MA. *Nalural
regulators™ NIC cels as modulators of T ce “mimunty, Front
fmmanol, 20147235,

Kh:'n k. 1D Rena L Yelenal B Contribiul anal CRI. CITRCINIG la
ovtolysis by hurman NIC e ls, Mol immanol, 1%%C27:1343-1347,
Lavie. G, Waage JT. D'ssen b Sspiver €, Ryan JC, Raslad H.
Characterizat'on and melecu ar < an'ng of rat CIgRp. a receptar on
NI e Is, Lur J Immunel, 2000300 5355-3362,

ho
==

30,

a1,

2.

3,

suU

Xenotransplantatton gBY| [_E\I_Iﬂl

Baumann BC, Schneder MK Lijenfeld DG, et a. Cndothela
cizls alerwed from pics ackne Gao dlpha(1,0)Galk o valnel oo
af human leukeocvte adhes™on and natural ICer cell ovtotaxicty,
Transplantation, Z0C5771067-1072,

Batmann BC. Forli: 1% Hawe iy RJ. Richicn R, Schncinliey MK, Seetiach
IO Lacke of ga actase-alpha-L3-galactose expresson on parcine
crcdalhels el s prevenis complamenl nduceal lysis b ool d'nee,
xenagene’c NICovtotox oty J immcnol, 200417 2:446C-6£67,
Christiansen D. Moultouris T, MTand J Z'ngani Ac Santoni Ad
Samlrin MY, Rieoen Lian al s carbohydrale: xznmepilipe: by binnan
NICRPLA |CLHL41), Menotransplantation, Z0G6;13:4£0-444,
Shicikh S, Parhiar R, Ksvdasi A cla . & pha cal ‘mlepeodenl dual ree
agntion and actvation of xenagene'c endothel™a ce s and human
nAive talural k' er cells, feaesploniiion, 201702917 92135,

Hi: 7, Fhrnfe: 1 C. KiniAagai Bracsch ML Islain KB, Ha gersson ).
Aberrant express an of alpha-Gal on primary human endathelivim
dazs nal confer suscepl bilty e NK e D eylousicily ar inereascl
NI<zel adhes’on, Lur JImmunol, 2004;34:1185-11%5,

Horvath Arcilliaconn JA; Parier CM. B pam FT. Human NK o s
can yse parcine endathela cells ‘ndependent of the’r expression
af Gala phall3)-5a and IC1ing 's enhanced by activat'on of either
chizetor ar Largel cel s, Xeeoteaesplantifioe, 2006:103:008 (27,
Maeda A, IKawramura To Ueno T Usu™ N, Ceuchi | Myvagawa 5, The
suppress oo al inl ammalory macrophag: meliated cyloiosicily
and pro'nf amimatory cytalkine production by transgen’c expresson
Af HILA-CL Transpd immunol, 2013:22:74-81,

PPORTING INFORMATION

Additicnal Supperting Informaticn may be found cnline in the

supperting infermation tab for this article.

How to clte this article: Abicht J-V, Sfrise R, Reichart B, ct al.
Nultiple genetically modified GTKO/MCD46/HLA-EShE2-mg
parcine hearts are protected from camplement activation
and natural Killer cell infiltration during ex vivo perfusion
with human blood. Xenotransplantation. 2018:¢12390.
hetps:/fdoi.org/10.1111./ %en. 12320

126



Paper Vi

Consistent success in life supporting porcine cardiac xenotransplantation

Matthias L&ngin, Tanja Mayr, Bruno Reichart, Sebastian Michel, Stefan Buchholz,

Sonja Guethoff, Alexey Dashkevich, Andrea Baehr, Stefanie Egerer, Andreas Bauer,

Maks Mihalj, Alessandro Panelli, Lara Issl, Jiawei Ying, Ann Kathrin Fresch, Fabian Werner, Isabelle
Lutzmann, Stig Steen, Trygve Sjéberg, Audrius Paskevicius, Liao

Qiuming, Riccardo Sfriso, Robert Rieben, Maik Dahlhoff, Barbara Kessler, Elisabeth

Kemter, Katharina Klett, Rabea Hinkel, Christian Kupatt, Aimuth Falkenau, Simone Reu, Reinhard
Ellgass, Rudolf Herzog, Uli Binder, Gunter Wich, Arne Skerra, David Ayares, Alexander Kind, Uwe
Schénmann, Franz-Josef Kaup, Christian Hagl, Eckhard Wolf, Nikolai Klymiuk, Paolo Brenner, Jan-
Michael Abicht

Status: Accepted for publication in Nature

Contribution: Performed immunofluorescence and anti-nonGal antibody analysis

Figure: Complement deposition (C3b/c and C4b/c) on myocardial tissue. Group | (left) and Group llI
(right).

Background: Heart transplantation is the only cure for patients with terminal
cardiac failure, but the supply of allogeneic donor organs falls far short of the
clinical need. For the last 25 years, xenotransplantation of genetically modified pig
hearts has been discussed as a potential alternative, but consistent long-term life
supporting function of porcine cardiac xenografts in non-human primates has not

been achieved.
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Aim: To achieve long term survival (>90 days) of GTKO/hCD46/hTM transgenic
porcine heart transplanted orthotopically into baboons and bring

xenotransplantation closer to the clinical application.

Conclusion: Non-ischemic cold perfusion of the hearts combined with effective
counteraction of post-transplantation growth ensured long-term orthotopic
xenograft function in baboons, the most stringent preclinical xenotransplantation
model. Consistent life-supporting function of xeno-hearts for up to five months is a

milestone on the way to clinical cardiac xenotransplantation.
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Heart transplantation is the only cure for patients with terminal cardiac failure, but the
supply of allogeneic donor organs falls far short of the clinical need 3,
Xenotransplantation of genetically modified pig hearts has been discussed as a potential
alternative *. Genetically multi-modified pig hearts lacking aGal epitopes (GTKO) and
expressing human membrane cofactor protein (hCD46) and human thrombomodulin
(hTM) have survived for up to 945 days after heterotopic abdominal transplantation in
baboons °. This model demonstrated long-term acceptance of discordant xenografts with
safe immunosuppression but did not predict their life supporting function. In spite of 25
years of extensive research, the maximum survival of a baboon after heart replacement
with a porcine xenograft was only 57 days and this was achieved only once °. Here we
show that GTKO/hCD46/hTM pig hearts require specific perfusion preservation and
post-transplantation growth control to ensure long-term orthotopic xenograft function
in baboons, the most stringent preclinical xenotransplantation model. Consistent life-

supporting function of xeno-hearts for up to 195 days is a milestone on the way to

clinical cardiac xenotransplantation ’.

Xenotransplantation of genetically multi-modified pig hearts (GTKO/hCD46/hTM; blood
group 0) was performed using the clinically approved “Shumway’s” orthotopic technique 8,
Fourteen captive-bred baboons (Papio anubis, blood groups B and AB) served as recipients.
All recipients received basic immunosuppression, similar to that described by Mohiuddin °:
induction therapy included mycophenolate-mofetil (MMF), methylprednisolone (MP), anti-
CD20 Ab, anti-thymocyte-globulin, and the monkey-specific anti-CD40 mouse/rhesus
chimeric IgG4 mAb (clone 2C10R4) ° or our own humanized anti-CD40L PASylated Fab '°.

Maintenance therapy consisted of MMF and MP tapered down, and anti-CD40 mAb or anti-
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CDA40L PASylated Fab (Extended Data Table 1). Post-operative treatment of the recipients

has been described elsewhere '

In group I (n = 5), donor organs were preserved with two clinically approved crystalloid
solutions (4°C Custodiol HTK or Belzer's UW solution), each given once after cross-
clamping the ascending aorta and before excision of the porcine donor organ. The hearts were
kept in plastic bags filled with ice-cold solution and surrounded by ice cubes (static

preservation).

The results of group I were disappointing. Despite short ischemic preservation times (123 + 7
min), survival times were only one day (n = 3), 3 days and 30 days (Fig. 1a). The four short-
term survivors were successfully weaned from cardiopulmonary bypass (CPB), and three
extubated, but all were lost due to severe systolic left heart failure in spite of high dose
intravenous catecholamines (Extended Data Fig. 1). This so-called “perioperative cardiac
xenograft dysfunction (PCXD)” "2 has been observed in 40 to 60 % of the orthotopic cardiac
xenotransplantation experiments described in the literature 4. The only 30-day survivor
(cardiac preservation with Belzer’s UW-solution) gradually developed left ventricular (LV)
myocardial hypertrophy and stiffening, resulting in progressive diastolic LV failure associated
with increased serum levels of troponin T, an indicator of myocardial damage (Fig. 1b).
Increased serum bilirubin levels (Fig. 1c) and several other clinical-chemical parameters
(Table 1) indicated associated terminal liver disease. Upon necropsy, marked cardiac
hypertrophy (Fig. le) with thickened LV myocardium and a decreased LV cavity became

evident (Fig. 11).

To reduce the incidence of PCXD observed in group I, we explored new ways to improve
xenograft preservation. In group II (n = 4), the same IS regime as in group I was used, but the
pig hearts were preserved with an 8°C oxygenated albumin-containing hyperoncotic

cardioplegic solution containing nutrition, hormones and erythrocytes B, From explantation
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until transplantation, the organs were continuously perfused and oxygenated by a heart
perfusion system. During implantation surgery, the hearts were intermittently perfused every

15 minutes until the aortic clamp was opened at the end of transplantation .

After non-ischemic continuous organ perfusion (206 = 43 min), all four baboons in group II
could easily be weaned from CPB, showing graft function superior to group I, and required
less catecholamine support (Extended Data Fig. 1). No organ was lost due to PCXD. One
experiment had to be terminated on the fourth postoperative day due to a technical failure; the
other three animals lived for 18, 27 and 40 days (Fig. 1a). Echocardiography during the
experiments revealed increasing hypertrophy of the LV myocardium as measured by L'V mass
14,15 (Fig. 1d), LV stiffening and decreasing LV filling volumes (Extended Data Fig. 2a). Graft
function remained normal throughout the experiments, but diastolic relaxation gradually
deteriorated (Supplementary Video 1a). Troponin T levels were consistently above normal
range and increased markedly at the end of each experiment (Table 1; Fig. 1b);
simultaneously platelet counts decreased while LDH increased (Table 1; Extended Data Fig. 3
a, b), suggesting thrombotic microangiopathy as described for heterotopic abdominal cardiac
xenotransplantation >16 In addition, secondary liver failure developed: increasing serum
bilirubin concentrations (Fig. 1c) and decreased prothrombin-ratio and cholinesterase
indicated reduced liver function, while increased serum activities of alanine-aminotransferase
(ALT) and aspartate-aminotransferase (AST) pointed to liver damage (Table 1). At necropsy,
the weight of group II hearts had more than doubled (on average 259%) compared to the time
point of transplantation. Histology confirmed myocardial cell hypertrophy (Fig. 1j, k) and
revealed multifocal myocardial necrosis, thromboses, and immune cell infiltration (Fig. 1h
left); in the liver, multifocal cell necroses were observed (Fig. 1h right). Taken together, these
alterations are consistent with diastolic pump failure and subsequent congestive liver damage

resulting from massive cardiac overgrowth. Immunofluorescence analyses of the myocardium
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and plasma levels of non-Gal xenoreactive antibodies '’ did not indicate humoral graft

rejection (Fig. 2, Extended Data Fig. 4).

To prevent diastolic heart failure, we investigated means of preventing cardiac hypertrophy.
The following modifications were made for group III (n = 5): recipients were weaned from
cortisone at an early stage and received antihypertensive treatment (pigs have a lower systolic
pressure than baboons, ~80 vs. ~120 mmHg) and additional temsirolimus medication to
counteract cardiac overgrowth. After heart perfusion times of 219 + 30 min, all five animals
were easily weaned from CPB, comparable to group II (Extended Data Fig. 1). None of the
recipients in group III showed PCXD, all reached a steady state with good heart function after
four weeks. One recipient (#10) developed recalcitrant pleural effusions due to occlusion of
the thoracic lymph duct and was thus euthanized after 51 days. Two recipients (#11, #12)
lived in good health for three months until euthanasia, according to the study protocol. In
these three recipients, echocardiography revealed no increase in LV mass (Fig. 1d); graft
function remained normal with no signs of diastolic dysfunction (Extended Data Fig. 2b;
Supplementary Video 1b). Biochemical parameters of heart and liver functions, as well as
LDH levels and platelet counts, were normal or only slightly altered throughout the
experiments (Table 1, Fig. 1b, c; Extended Data Fig. 3a,b), consistent with normal histology
(Fig. 1i). Histology of LV myocardium showed no signs of hypertrophy (Fig. 1j, k), and
Western blot analysis of myocardium revealed phosphorylation levels of mTOR lower than
non-transplanted age-matched control hearts (Fig. 11). Similar to group II, there were no signs

of humoral graft rejection in group III (Fig. 2, Extended Data Fig. 4).

The study protocol for group III was extended aiming at a graft survival of 6 months. The last
two recipients in this group (#13, #14) were allowed to survive in good general condition for
195 and 182 days, with no major changes of platelet counts, and serum LDH and bilirubin

levels (Fig. la; Extended Data Fig. 3a, b). Intravenous temsirolimus treatment was
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discontinued on day 175 and on day 161. Up to this point, systolic and diastolic heart function
was normal (Supplementary Video 1c). Thereafter, increased growth of the cardiac graft was
observed in both recipients (Fig. 1d), emphasising the importance of mTOR inhibition in the
orthotopic xenogeneic heart xenotransplantation model. Similar to the changes observed in
group II, the smaller recipient #13 developed signs of diastolic dysfunction associated with
elevated serum levels of troponin T and beginning congestive liver damage (increased serum
ALT and AST levels, decreased prothrombin-ratio and cholinesterase); platelet counts
remained within normal ranges (Table 1, Fig. 1b, c; Extended Data Fig. 3a, b). Histology
confirmed hepatic congestion and revealed multifocal myocardial necroses without immune
cell infiltrations or signs of thrombotic microangiopathy. In the larger recipient #14, who had
to be euthanized simultaneously with companion #13, the consequences of cardiac

overgrowth were minimal.

Consistent survival of life-supporting pig hearts in non-human primates for at least three
months meets for the first time preclinical efficacy requirements for the initiation of clinical
xenotransplantation trials as suggested by an advisory report of the International Society of

Heart and Lung Transplantation .
Two steps were key to success:

(1) Non-ischemic porcine heart preservation. Group I xeno-hearts that underwent ischemic
static myocardial preservation with crystalloid solutions (as used for clinical allogeneic
procedures) showed PCXD in four of five cases, necessitating large amounts of
catecholamines. This phenomenon is clearly similar to “cardiac stunning”, known since the
early days of cardiac surgery, and does not represent hyperacute rejection * In contrast, in
groups II and III (non-ischemic porcine heart preservation by perfusion) ', all nine recipients
came off CPB easily since their cardiac outputs remained unchanged compared to baseline.

The short-term results achieved in these groups were excellent even by clinical standards.
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(2) Prevention of detrimental xenograft overgrowth. Previous pig-to-baboon kidney and
lung transplantation experiments have suggested that growth of the graft depends more on
intrinsic factors than on stimuli from the recipient such as growth hormones '®. The massive
cardiac hypertrophy in our group II recipients indicates a more complex situation. Notably, a
transplanted heart in this group showed 62% greater weight gain than the non-transplanted

heart of a sibling in the same time span (Extended Data Fig. 2c).

In group III, cardiac overgrowth was successfully counteracted by a combination of
treatments: i) decreasing the baboon’s blood pressure to match the lower porcine levels; ii)
tapering cortisone at an early stage - it can cause hypertrophic cardiomyopathy in early life in

. and iii) using the sirolimus prodrug temsirolimus to mitigate myocardial

humans
hypertrophy. Sirolimus compounds are known to control the complex network of cell growth
by inhibiting both mTOR kinases 2% There is clinical evidence that sirolimus treatment can

21,22

attenuate myocardial hypertrophy, and improve diastolic pump function , and also

ameliorate rare genetic overgrowth syndromes in humans *. In addition to the effects of

>4 temsirolimus treatment may prevent the

human thrombomodulin expression in the graft
formation of thrombotic microangiopathic lesions even further by reducing collagen induced
platelet aggregation and by destabilizing platelet aggregates formed under shear stress

o, 25
conditions .

In summary, our study demonstrates that consistent long-term life-supporting orthotopic
xenogeneic heart transplantation in the most relevant preclinical model is feasible, paving the

way to clinical translation of xenogeneic heart transplantation.
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Tables

Group | Group Il Group Il
Experiment #3 #6 #8 #9 #10 #11 #12 #13 #14 Reference
Bilirubin (mg/dl) 1.2 0.9 2.7 4.5 0.3 0.2 0.2 0.2 0.2 <12
AST (UN1) 646 896 792 354 101 27 23 63 28 <49
PR (%) 30 6 6 6 101 96 117 26 99 70-130
CHE (kU/I) 1.6 1.6 1.4 1.1 2.1 9.4 14.4 7.3 7.2 46-11.5
Trop T (hs) (ng/ml) 0.233 0.660 1.460 1.470 0.218 0.037 0.018 0.556 0.140 <0.014
CK total (U/1) 654 636 1017 953 3053 143 66 461 96 <189
LDH (u/1) 3252 6853 2842 1627 436 311 511 962 497 <249
Platelets (G/L) 99 101 65 29 216 202 128 271 303 150 - 300
Survival (d) 30 18 27 40 51 90 90 195 182
scv
@D G hean ?nd heart and hean ?nd hean .and thrombosis, elec(ivev elec(ive. elective. elective.
liver failure | liver failure liver failure liver failure |thoracic duct euthanasia = euthanasia euthanasia euthanasia
occlusion

Table 1: Serum levels of liver and heart enzymes, platelet counts and prothrombin ratio

at the end of experiments that lasted longer than two weeks (right column: normal

reference values). Group I and II animals exhibited pathological biochemical findings

corresponding to heart and liver failure; platelet counts were low and LDH was elevated. By

contrast, most parameters remained close to, or within, normal ranges in animals of group III.

The baboon in experiment #10 had to be euthanized because of severe pleural effusions due to

superior caval vein (SCV) thrombosis and thoracic lymph duct occlusion. The animals in

experiments #11 and #12 were electively terminated after reaching the study endpoint of 90

days but showed no signs of cardiac or liver dysfunction. Experiments #13 and #14 were

electively terminated after six months; recipient #13 showed signs of beginning heart and

liver dysfunction.
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Figures

Figure 1: Laboratory parameters, survival, necropsy and histology after orthotopic
xenotransplantation. a, Kaplan-Meier curve of survival of groups I (black; n = 5 animals), II
(red; n =4 animals) and III (magenta; n = 5 animals); two-sided log-rank test, p = 0.0007. b -
¢, Serum concentrations of high sensitive cardiac troponin T (b) and bilirubin (c¢). d, LV
masses of xeno-hearts #9 (group II), #11 and #13 (both group III); note increased graft growth
after discontinuation of temsirolimus (arrow). e-g, Front view of #3 (group I, e) and transverse
cuts of the porcine donor (left) and the baboons’ own hearts (right) of #3 (f) and #11 (g). Note
extensive LV hypertrophy and reduction of LV cavity of the donor organ of #3 in contrast to
#11. h-i, HE stainings of donor LV myocardium (left) and recipient liver (right); scale bars =
100 pm. #9 (h) myocardium: multifocal cell necroses with hypereosinophilia, small vessel
thromboses, moderate interstitial infiltration of lymphocytes, neutrophils and macrophages;
liver: multifocal centrolobular cell vacuolisations and necroses, multifocal intralesional
haemorrhages. #11 (i) myocardium: sporadic infiltrations of lymphocytes, multifocal minor
interstitial oedema; liver: small vacuolar degeneration of hepatocytes (lipid type. j, WGA-
stained myocardial sections of a sham operated porcine heart (co, left), #9 (centre) and #11
(right); scale bar = 50 pm. e-j, n = 4, groups I/Il; n = 3, group II[; n = 1, control; one
representative biological sample for group I/II, group III and control (1) is shown. k,
Quantitative analysis of myocyte cross-sectional areas; mean=s.d., p values as indicated, one-
way ANOVA with Holm-Sidak’s multiple comparisons test (n = 3 biologically independent
samples with 5-8 measurements each). 1, Western blot analysis of myocardium from #11 and
#12: reduced mTOR phosphorylation compared with age-matched control samples. n = 2,

group III; n = 2, controls. For gel source data, see Supplementary Figure 1.
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Figure 2: Quantitative evaluation of antibodies, complement and fibrin in myocardial
tissue and serum levels of non-Gal xenoreactive antibodies. a-e, Quantitative evaluation of
fluorescence intensities (n = 9 biologically independent samples with 5-10 measurements per
experiment; for representative images see Extended Data Figure 3). IgM (a), IgG (b), C3b/c
(c), C4b/c (d), and fibrin (e). Colour code: group I (#3), black; group II (#6, #8, #9), red;
group III (#11-#14), magenta. C3b/c and C4b/c values are compared to those of controls (co)
measured in a healthy pig heart; bars indicate mean=s.d. j, k, Levels of xenoreactive non-Gal
IgM and IgG antibodies in baboon plasma; antibody binding to GTKO/hCD46/hTM porcine
aortic endothelial cells (PAEC) was analysed by FACS. Values are expressed as median
fluorescence intensity. #4, #6, #9, and #10 had received anti-CD40L PASylated Fab, the
others anti-CD40 mAb. Plasma from a baboon who rejected a heterotopically intrathoracic

transplanted pig heart served as positive control (co, grey).
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Methods

Animals: Experiments were carried out between February 2015 and August 2018. Fourteen
juvenile pigs of cross-bred genetic background (German Landrace and Large White, blood
group 0) served as donors for heart xenotransplantation. All organs were homozygous for
alpha 1,3-galactosyltransferase knockout (GTKO), and heterozygous transgenic for hCD46
and human thrombomodulin (hTM) ** (Revivicor, Blacksburg, VA, USA and Institute of
Molecular Animal Breeding and Biotechnology, LMU Munich, Munich, Germany).
Localisation and stability of hCD46/hTM expression were verified post-mortem by
immunohistochemistry (Extended Data Fig. 5). Donor heart function and absence of valvular
defects were evaluated 7 days prior to transplantation by echocardiography. Fourteen male
captive-bred baboons (Papio anubis, blood groups B and AB) were used as recipients

(German Primate Centre, Gottingen, Germany).

The study was approved by the local authorities and the Government of Upper Bavaria. All
animals were treated in compliance with the Guide for the Care and Use of Laboratory

Animals (US National Institutes of Health and German Legislation).

Anaesthesia and Analgesia: Baboons were premedicated by intramuscular injection of
ketamine hydrochloride 6-8 mg/kg (Ketavet® 100 mg/mL; Pfizer Deutschland GmbH, Berlin,
Germany) and 0.3-0.5 mg/kg midazolam (Midazolam-ratiopharm®; ratiopharm GmbH, Ulm,
Germany). General anaesthesia was induced with an intravenous bolus of 2.0-2.5 mg/kg
propofol (Propofol®-Lipuro 2%; B. Braun Melsungen AG, Melsungen, Germany) and 0.05
mg fentanyl (Fentanyl-Janssen 0.5 mg; Janssen-Cilag GmbH, Neuss, Germany), and
maintained with propofol (0.16+0.06 mg/kg/min) or sevoflurane (1-2 Vol% endexpiratory;
Sevorane, AbbVie Germany GmbH & Co. KG, Wiesbaden, Germany) and bolus
administrations of fentanyl (6-8 pg/kg, repeated every 45 min) as described elsewhere ''.

Continuous infusion of fentanyl, ketamine hydrochloride and metamizole (Novaminsulfon-
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410

ratiopharm® 1 g/2 mL; ratiopharm GmbH, Ulm, Germany) was applied post-operatively to

ensure analgesia.

Donor heart explantation and preservation: Pigs were premedicated by intramuscular injection

of ketamine hydrochloride 10-20 mg/kg, azaperone 10 mg/kg (Stresnil® 40 mg/ml; Lilly
Deutschland GmbH, Bad Homburg, Germany) and atropine sulphate (Atropinsulfat B. Braun
0.5 mg; B. Braun Melsungen AG, Melsungen, Germany). General anaesthesia was induced
with an intravenous bolus of 20 mg propofol and 0.05 mg fentanyl and maintained with
propofol (0.12 mg/kg/min) and bolus administrations of fentanyl (2.5 ng/kg, repeated every

30 min).

After median sternotomy and heparinisation (500 [U/kg), a small cannula was inserted into
the ascending aorta, which was then cross-clamped distal of the cannula. In group I, the heart
was cardiopleged with a single dose of 20 ml/kg crystalloid cardioplegic solution at 4°C:
experiments #2, #4 and #5 received Custodiol HTK solution (Dr. F. K&hler Chemie GmbH,
Bernsheim, Germany), experiments #1 and #3 Belzer’s UW solution (Preservation Solutions
Inc., Elkhorn, WI, USA). The appendices of the right and left atrium were opened for
decompression. The heart was then excised, submersed in cardioplegic solution and stored on

ice.

In groups II and III, hearts were preserved as described by Steen et al. B, using 3.5 L of an
oxygenated albumin-containing hyperoncotic cardioplegic nutrition solution with hormones
and erythrocytes at a temperature of 8°C in a portable extracorporeal heart preservation
system consisting of a pressure- and flow-controlled roller pump, an O,/CO, exchanger, a

leukocyte filter, an arterial filter and a cooler/heater unit.

After aortic cross-clamping, the heart was perfused with 600 ml preservation medium, then
excised and moved into the cardiac preservation system. A large cannula was introduced into
the ascending aorta and the mitral valve made temporarily incompetent to prevent left

16

144



411

412

413

414

415

416

417

418

419

420

421

422

423

424

425

426

427

428

429

430

431

432

433

434

435

ventricular dilation; the superior caval vein was ligated, inferior caval vein, pulmonary artery
and pulmonary veins were however left open for free outlet of perfusate. The heart was
submersed in a reservoir filled with cold perfusion medium and antegrade coronary perfusion
commenced via the already placed aortic cannula. The perfusion pressure was regulated at
precisely 20 mmHg. During implantation, the heart was intermittently perfused for 2 min

every 15 min.

Implantation technique: The recipient’s thorax was opened at the midline. Unfractionated

heparin (500 1U/kg; Heparin-Natrium-25000-ratiopharm, ratiopharm GmbH) was given and
the heart-lung machine connected, using both caval veins and the ascending aorta. CBP
commenced and the recipient cooled (30°C in group I, 34°C in groups II and III). After cross-
clamping the ascending aorta, the recipient’s heart was excised at the atrial levels, both large
vessels were cut. The porcine donor heart was transplanted applying Shumway’s and Lower’s

technique 5

A wireless telemetric transmitter (Data Sciences International, St. Paul, MN, USA) was
implanted in a subcutaneous pouch in the right medioclavicular line between the 5th and 6th
rib. Pressure probes were inserted into the ascending aorta and the apex of the left ventricle,

an ECG lead was placed in the right ventricular wall.

Immunosuppressive regimen, anti-inflammatory and additive therapy: Immunosuppression

was based on Mohiuddin’s regimen °, with CI esterase inhibitor instead of cobra venom
factor for complement inhibition (Extended Data Table 1). Induction consisted of anti-CD20
Ab (Mabthera; Roche Pharma AG, Grenzach-Wyhlen, Germany), ATG (Thymoglobuline,
Sanofi-Aventis Germany GmbH, Frankfurt, Germany), and either anti-CD40 mAb
(mouse/rhesus chimeric 1gG4 clone 2C10R4, NIH Non-human Primate Reagent Resource,
Mass Biologicals, Boston, MA, USA; courtesy of Keith Reimann; experiments #1-3, #5, #7,

#8, #11-14) or humanised anti-CD40L PASylated Fab (XL-protein GmbH, Freising, Germany
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and Wacker-Chemie, Miinchen, Germany; experiments #4, #6, #9, #10). Maintenance
immunosuppression consisted of MMF (CellCept, Roche, Basle, Switzerland; trough level 2-
3 pg/ml), either anti-CD40 mAb (experiments #1-3, #5, #7, #8, #11-14) or anti-CD40L
PASylated Fab (experiments #4, #6, #9, #10), and methylprednisolone (Urbasone soluble,
Sanofi-Aventis Germany GmbH, Frankfurt, Germany). Anti-inflammatory therapy included
IL6-receptor antagonist (RoActemra, Roche Pharma AG, Grenzach-Wyhlen, Germany), TNF-
alpha inhibitor (Enbrel, Pfizer Pharma GmbH, Berlin, Germany) and IL1-receptor antagonist
(Kineret, Swedish Orphan Biovitrum GmbH, Martinsried, Germany). Additive therapy:
acetylsalicylic acid (Aspirin, Bayer Vital GmbH, Leverkusen, Germany), unfractionated
heparin (Heparin-Natrium-25000-ratiopharm, ratiopharm GmbH, Ulm, Germany), C1 esterase
inhibitor (Berinert, CSL Behring GmbH, Hattersheim, Germany), ganciclovir (Cymevene,
Roche Pharma AG, Grenzach-Wyhlen, Germany), cefuroxime (Cefuroxim Hikma, Hikma
Pharma GmbH, Martinsried, Germany) and epoetin beta (NeoRecormon 5000IU, Roche

Pharma AG, Grenzach-Wyhlen, Germany).

Starting from 10 mg/kg/d, methylprednisolone was tapered down 1 mg/kg every 10 days in
group I and II; in group III, methylprednisolone was tapered down to 0.1 mg/kg within 19
days. Also in group III, temsirolimus (Torisel, Pfizer Pharma GmbH, Berlin, Germany) was
added to the maintenance immunosuppression, administered as daily i.v. short infusions
aiming at rapamycin trough levels of 5-10 ng/ml. Group III also received continuous i.v.
antihypertensive medication with enalapril (Enahexal, Hexal AG, Holzkirchen, Germany) and
metoprolol tartrate (Beloc i.v., AstraZeneca GmbH, Wedel, Germany), aiming at mean

arterial pressures of 80 mmHg and a heart rate of 100 bpm.

Haemodynamic measurements: After induction of general anaesthesia, a central venous

catheter (Arrow International, Reading, PA, USA) was inserted in the left jugular vein and an

arterial catheter (Thermodilution Pulsiocath; Pulsion Medical Systems, Munich, Germany) in
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the right femoral artery. Cardiac output and stroke volume were assessed by transpulmonary
thermodilution and indexed to the body surface area of the recipient using the formula
0.083*kgpody Weighto‘“g. Measurements were taken after induction of anaesthesia and 60
minutes after termination of CPB in steady state and recorded with PICCOWin software
(Pulsion Medical Systems, Munich, Germany). All data were processed with Excel
(Microsoft, Redmond, Washington, USA) and analysed with GraphPad Prism 7.0 (GraphPad

Software Inc., San Diego, California, USA).

Quantification of LV mass, LV mass increase and FS: Transthoracic echocardiographic

examinations were carried out under analgosedation at regular intervals using an HP Sonos
7500 (HP Inc., Palo Alto, CA, USA) and a Siemens Acuson X300 (Siemens AG, Munich,
Germany); midpapillary short axis views were recorded. At end-diastole and end-systole, LV
diameters (LVEDD, LVESD), diastolic and systolic interventricular (IVSd, IVSs), posterior
wall thicknesses (PWd, PWs) were measured; the mean of three measurements was used for
further calculations and visualisation (Excel and PowerPoint, Microsoft, Redmond,

Washington, USA).

LV mass was calculated using formula 1, relative LV mass increase and LV FS using

formulas 2 and 3 '*"°.

(1) LV mass (g) = 0.8(1 .O4([LVEDD+IVSd+PWd]3—[LVEDD]3)) +0.6
(2) LV mass increase (%) = ([LV massend/LV masssart] — 1)100
(3) FS (%) = ([LVEDD - LVESD]/LVEDD)100

Necropsy and histology: Necropsies and histology were performed at the Institute of

Veterinary Pathology and the Institute of Pathology (LMU Munich). Specimen were fixed in

formalin, embedded in paraffin and plastic, sectioned and haematoxylin-eosin (HE) stained.
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Histochemical analysis: Cryosections (8 pm) were generated using standard histological

techniques. Myocyte size was quantified as cross-sectional area. 8 pm thick cardiac sections
of the left ventricle were stained with Alexafluor647-conjugated wheat germ agglutinin (Life
Technologies) and the nuclear dye 4°,6-diamidino-2-phenylindole (DAPI, Life Technologies).
Images were acquired with a 63x objective using a Leica TCS SP8 confocal microscope;
SMASH software (MATLAB, https://de.mathworks.com/products/matlab.html) was used to
determine the average cross-sectional area of cardiomyocytes in one section (200-300 cells

per section and 5-8 sections per heart).

Immunofluorescence staining: Myocardial tissue biopsies were embedded in Tissue-Tek
(Sakura Finetek, Zoeterwoude, The Netherlands) and stored frozen at -80°C. For
immunofluorescence staining, 5 pm cryosections were cut, air dried for 30 to 60 min and
stored at -20°C until further analysis. The cryosections were fixed with ice-cold acetone,
hydrated and stained using either one-step direct or two-step indirect immunofluorescence
techniques. The following antibodies were used: rabbit anti-human C3b/c (Dako, Glostrup,
Denmark), rabbit anti-human C4b/c-FITC (Dako), goat anti-pig IgM (AbD Serotec, Hercules
CA, USA), goat anti-human IgG-FITC (Sigma Aldrich, St.Louis, MO, USA), rabbit anti-
human fibrinogen-FITC (Dako). Secondary antibodies were donkey anti-goat IgG-Alexa 488
(Thermo Fischer Scientific, MA, USA), sheep anti-rabbit Cy3 (Sigma-Aldrich). Nuclear
staining was performed using DAPI (Boehringer, Roche Diagnostics, Indianapolis, IN, USA).
The slides were analysed using a fluorescence microscope (DM14000B; Leica, Wetzlar,
Germany). Five to ten immunofluorescence pictures per each marker were acquired randomly
and the fluorescence intensity was quantified using Image] software, version 1.50i
(https://imagej.nih.gov/ij/), on unmanipulated TIFF images. All pictures were taken under the

same conditions to allow correct quantification and comparison of fluorescence intensities.
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Assessment of anti-non-Gal antibody levels: Plasma levels of anti-non-Gal baboon IgM and

IgG antibodies were measured by flow cytometry following the consensus protocol published
by Azimzadeh et al. . Briefly, GTKO/hCD46/hTM porcine aortic endothelial cells (PAEC)
were harvested and suspended at 2x10° cells/ml in staining buffer (PBS+1%BSA). Plasma
samples were heat-inactivated at 56°C for 30 min and diluted 1/20 in staining buffer. PAEC
were incubated with diluted baboon plasma for 45 minutes at 4°C. Cells were then washed
with cold staining buffer and incubated with goat anti-human IgM-RPE (Southern Biotech,
Birmingham, USA) or goat anti-human IgG-FITC (Thermo Fischer) for 30 minutes at 4°C.
After rewashing with cold staining buffer, cells were resuspended in PBS, acquired on FACS
LSRII (BD Biosciences, New Jersey, USA) and analysed using FlowJo analysis software for
detection of mean fluorescence intensity (MFI) in the FITC channel or in the RPE channel.

Data were then plotted using Prism 7 (Graphpad software, Inc.).

Western blot analysis: For protein extraction, heart samples were homogenised in Laemmli

sample buffer, and protein content estimated using the bicinchoninic acid (BCA, Merck,
Darmstadt, Germany) protein assay. 20 pg total protein was separated by 10% SDS-PAGE
and transferred to PDVF membranes (Millipore, Billerica, USA) by electroblotting.
Membranes were washed in Tris-buffered saline solution with 0.1% Tween-20 (Merck) (TBS-
T) and blocked in 5% w/v fat-free milk powder (Roth, Karlsruhe, Germany) for 1 h at room
temperature. Membranes were then washed again in TBS-T and incubated in 5% w/v BSA
(Roth) of the appropriate primary antibody overnight at 4°C. The following antibodies were
used: rabbit anti-human pmTOR (#5536; Cell Signaling, Frankfurt, Germany), rabbit anti-
human mTOR (#2983; Cell Signaling), and rabbit anti-human GAPDH (#2118; Cell
Signaling). After washing, membranes were incubated in 5% w/v fat-free milk powder with a
horseradish peroxidase labelled secondary antibody (goat anti-rabbit IgG; #7074; Cell
Signaling) for 1 h at room temperature. Bound antibodies were detected using an enhanced

chemiluminescence detection reagent (ECL Advance Western Blotting Detection Kit, GE
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Healthcare, Munich, Germany) and appropriate X-ray films (GE Healthcare). After detection,
membranes were stripped (2% SDS, 62.5 mM Tris/HCI, pH 6.7, 100 mM B-mercaptoethanol)

for 30 min at 70°C and incubated with an appropriate second antibody.

Immunohistochemical staining: Myocardial tissue was fixed with 4% formalin overnight,

paraffin embedded and 3 pm sections were cut and dried. Heat-induced antigen retrieval was
performed in Target Retrieval solution (#S1699, Dako) in boiling water bath for 20 min for
hCD46 and in citrate buffer, pH 6.0, in a streamer for 45 min for hTM, respectively.
Immunohistochemistry was performed using the following primary antibodies: mouse anti-
human CD46 monoclonal antibody (#HM2103, Hycult Biotech, Plymouth Meeting, PA,
USA) and mouse anti-human thrombomodulin monoclonal antibody (sc-13164, Santa Cruz,
Dallas, Texas, USA). Secondary antibody was biotinylated AffiniPure goat anti-mouse IgG
(#115-065-146, Jackson ImmunoResearch, West Grove, PA, USA). Immunoreactivity was
visualized using 3,3-diaminobenzidine tetrahydrochloride dihydrate (DAB) (brown colour).

Nuclear counterstaining was done with haemalum (blue colour).

Statistical analysis: For survival data, Kaplan-Meier curves were plotted and the Mantel-Cox

log-rank test used to determine significant differences between groups. For haemodynamic
data, statistical significance was determined using unpaired and paired two-sided Student’s t-
test as indicated; data presented as single measurements with bars as group medians. For
histochemical analysis, one-way ANOVA with Holm-Sidak’s multiple comparisons was used
to determine statistical significance; data presented as meants.d.; p < 0.05 was considered

significant.

Data availability statement: The data that support the findings of this study are available from

the corresponding author upon reasonable request.
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Extended Data Tables

Extended Data Table 1: Immunosuppressive regimen, anti-inflammatory and additive
therapy with corresponding doses and timing intervals. Inmunosuppression was based on
Mohiuddin’s regimens, with C1 esterase inhibitor instead of cobra venom factor for
complement inhibition. Starting from 10 mg/kg/d, methylprednisolone was tapered down 1
mg/kg every 10 days in group I and II; in group III, methylprednisolone was tapered down to
0.1 mg/kg within 19 days. In group III, temsirolimus was added to the maintenance
immunosuppression, administered as daily infusions (rapamycin trough levels: 5-10 ng/ml).
Group III animals also received continuous antihypertensive medication (enalapril,
metoprolol tartrate). Ab, antibody; mAb, monoclonal Ab; ATG, anti-thymocyte globulin;
CMYV, Cytomegalovirus; Fab, fragment antigen binding; IgG4, immunoglobulin G4; IL,
interleukin; i.v., intravenous; MMF, mycophenolate mofetil; PASylated, conjugated with a
long structurally disordered Pro/Ala/Ser amino acid chain; s.c., subcutaneous; TNFa, tumour

necrosis factor o.

Extended Data Figures

Extended Data Figure 1: Haemodynamic data, measured by transpulmonary
thermodilution and post-operative catecholamine support. Measurements were taken after
induction of anaesthesia (before CPB) and 60 minutes after termination of CPB (after CPB).
Donor hearts of group 1 (black) received crystalloid cardioplegia, donor hearts of groups II
(red) and III (magenta) were preserved with continuous cold hyperoncotic perfusion; data
presented as scatter plots with mean+s.d.; n = 14 animals, two-sided paired and unpaired t-
tests, p-values as indicated. a, stroke volume index and b, cardiac index before and after CPB.
Both parameters decreased in group I and were lower in group I after CPB than in group II

and III. ¢, Dosages of catecholamines 60 minutes after termination of CPB and d, durations of
23
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post-operative vasopressive and inotropic support. Animals in group I required more
noradrenaline and epinephrine than those in group II and IIl. Animals in group I required

inotropic support with epinephrine for a longer time.

Extended Data Figure 2: Graphics of LV sizes during diastole (left) and systole (right),
derived from transthoracic echocardiography. a, Experiment #9 (group II, survival 40
days): LV mass had increased by 303% on day 38, LV function was severely impaired due to
myocardial hypertrophy and decreased LV filling volume. LV FS were 32% and 14% on day
1 and 38. b, Experiment #11 (group III, survival 90 days): in contrast to experiment #9, LV
mass had increased by only 22% on day 82, LV function was preserved. LV FS were 27% and
34% on day 1 and 82. ¢, Pig 5157 (control, donor sibling of experiment #9): LV mass had
increased by 187% on day 33, LV Function was preserved. LV FS were 32% and 41% on day
1 and 33. Compared to experiment #9 (a), the LV had grown less in size, and showed no

hypertrophy.

Extended Data Figure 3: Additional laboratory parameters. a - b, Serum concentrations
of lactate dehydrogenase (a) and platelet counts (b) in animals of groups I (black), II (red) and
IIT (magenta). At the end of experiments in groups I and II, platelet counts decreased while

LDH increased. Group III animals did not show these alterations.

Extended Data Figure 4: Immunofluorescent staining of myocardial tissue. a-d,
Immunofluorescent stainings of myocardial sections from group I (#3; left row), group II (#9;
middle row), and group III (#11, right row) for IgM (a), IgG (b), C3b/c (c; red), C4b/c (c;

green), and fibrin (d); nuclei stained with DAPI (blue); scale bars =25 pm.n =1, group ; n =

24
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3, group II; n = 5, group III; one representative biological sample per group is shown.

Extended Data Figure 5: Immunohistochemistry of post-mortem myocardial specimen
(experiments #1-14). a-b, Expression of human membrane cofactor protein (hCD46) (a) and
human thrombomodulin (hTM) (b) was consistent in all donor organs; scale bar = 50pm. n =
14, GTKO/hCD46/hTM pigs; n = 1, wild-type pig (control). Biological samples from all

animals are shown.

Supplementary Information

Supplementary Video 1: Transthoracic echocardiographic midpapillary short axis views
of porcine grafts after cardiac xenotransplantation. a, Experiment #9 (group II, day 30):
increased LV wall thickness and reduced LV filling volume indicating myocardial
hypertrophy. LV function was impaired. b, Experiment #11 (group III, day 57): normal LV
wall thickness and normal LV filling volume. LV function was preserved. ¢, Experiment #14
(group 111, day 180): increased LV wall thickness, but normal LV filling volume. LV function
was preserved. a-c, n =4, groups I/I[; n = 5, group III; one representative video from groups
I/Il and two representative videos from animals of group III at different time points are

shown.

Supplementary Figure 1: Gel Source data
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Extended Data Table 1

Agent Dose Timing

Induction

anti-CD20 Ab 19 mg kg™, i.v. short infusion days -7, 0,7 and 14
ATG 5 mg kg™, continuously i.v. days -2 and -1
anti-CD40 mAb or 50 mg kg™ or 20 mg kg'; days <1 and 0

anti-CD40L PASylated Fab*

i.v. short infusion

Maintenance

MMF

anti-CD40 mAb or
anti-CD40L PASylated Fab*

methylprednisolone

40 mg kg™, continuously i.v.

50 mg kg™’ or 20 mg kg™’
i.v. short infusion

10 mg kg™, bolus i.v.

daily, started on day -2
days 3, 7, 10, 14, 19, then weekly

daily, tapered down

Anti-inflammatory therapy

IL6-receptor antagonist 8 mg kg, short infusion i.v. monthly
TNF o inhibitor 0.7 mg kg™, bolus s.c. weekly
IL1-receptor antagonist 1.3 mg kg™, bolus s.c. ori.v. daily
Additive therapy

acetylsalicylic acid 2 mg kg™, bolus i.v. daily

unfractionated heparin
C1 esterase inhibitor
ganciclovir

cefuroxim

epoetin beta

20-40 U kg'h™", continuously i.v.
17.5U kg™, i.v. short infusion

5 mg kg, continuously i.v.

50 mg kg™', continuously i.v.
2,000 U, bolus s.c. ori.v.

daily, started on day 5

days 0, 1,7 and 14

daily

daily, prophylaxis from day 0 to 5
days -7, 0 and if necessary

*anti-CD40 mAb: #1-3, #5, #7-8, #11-14; anti-CD40L PASylated Fab: #4, #6, #9, #10
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Extended Data Figure 1
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Extended Data Figure 2
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Extended Data Figure 3
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Extended Data Figure 4

#3

IgM

1gG

C3b/c & C4b/c

fibrin

160



Extended Data Figure 5
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Overall discussion and outlook

Pig-to-human xenotransplantation may provide a solution to the shortage of organ
donors. However, molecular incompatibilities and immunological mechanisms
responsible for xenograft rejection need to be understood and overcome in order to
pave the way for clinical application. Genetic manipulations of the organ donor
together with a clinically compatible immunosuppressive regimen are leading to
considerable advancements in the prolongation of graft survival in pre-clinical pig to
non-human primate models. However, endothelial cell activation followed by graft
intravascular thrombosis, thrombocytopenia and consumptive coagulopathy in the
recipient are typical outcomes of acute vascular rejection which currently represents

a major obstacle.

In vitro models which allow to mimic (xenogeneic) activation of EC as well as to study
their natural anti-inflammatory and anticoagulant properties are fundamental not only
in xenotransplantation research but also in other clinical conditions.

Culturing porcine EC on the surface of microcarrier beads (Paper I) permitted to
increase the surface-to-volume ratio allowing to exploit the physiological properties
of EC when incubated with non-anticoagulated human blood. Furthermore, a novel
in vitro microfluidic model (Paper Il) was established. EC were cultured in round
section microchannels and exposed to physiological flow and shear stress in a closed
recirculating system. A time- and volume-dependent increase of EC activation (E-
selectin) and complement deposition (C3b/c) was observed. Complement inhibitors
such as C1 INH, APT070, and DXS showed to prevent activation of complement and

EC in a xenotransplantation setting.

Other studies (Paper IV and Paper V) showed that combined overexpression of
hCD46 and HLA-E guaranteed protective effects when pig limbs or porcine hearts
were ex vivo perfused with heparinized, whole human blood. No hyperacute rejection
was observed in both studies. Furthermore, inhibition of the terminal pathway of
complement by blocking the central complement proteins C3b and C4b and a greater
protection against NK cells binding to xenogeneic tissue was demonstrated. The

model allowed to assess NK cell migration after 8 hours of perfusion and it might be
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a helpful tool to further assess the role of other transgenes in preventing delayed

cellular rejection.

In collaboration with Munich, pre-clinical orthotopic pig-to-baboon cardiac
xenotransplantation experiments were performed using GTKO/hCD46/hTM
transgenic pigs (Paper VI). Increase of plasma anti-nonGal antibody levels due to
rejection was not observed. The complement and coagulation activation were
efficiently controlled by the genetic modification of donor pigs. This, combined with
the optimized non-ischemic organ preservation techniques, the immunosuppressive
regimen and the anti-inflammatory treatments contributed to the prolonged survival

of the transplanted porcine organs beyond 180 days.

The extremely rapid development of genetically engineered pigs will probably bring
clinical xenotransplantation closer to reality in the near future. However, it is hard to
estimate the exact number and combination of genetic modifications necessary for a
successful xenotransplantation. In this view, we propose to use our in vitro
microfluidic model for testing of genetically modified EC and to provide fundamental
data which can help to identify the best, organ-specific combination of transgenes to

be used in the future pre-clinical pig-to-baboon experiments.

Besides that, the study of the endothelial glycocalyx and the interactions with
important plasma proteins — such as C1 inhibitor, superoxide dismutase, antithrombin
lll, fibroblast growth factor, vascular endothelial growth factor — might reveal
interesting molecular insights into the compatibility or incompatibility between
porcine endothelial cell glycocalyx and human plasma proteins allowing for a better
understanding of its role in acute vascular rejection. Preliminary results showed that
in our in vitro microfluidic system normal humans serum induces strong shedding of
the endothelial glycocalyx® and as a consequence the anti-coagulant and anti-
inflammatory properties of the EC are lost. Prevention of glycocalyx shedding in
xenotransplantation will certainly help to prevent endothelial cell activation and the
consequent inflammation and coagulation activation which are typical hallmarks of

the acute vascular rejection.
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