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Abstract

Renal transplantation is the preferred treatment of ESKD, but the shortage of suitable donor kidneys from the
cadaver pool means that many patients with ESKD will not receive a kidney transplant. Xenotransplantation has
long represented a solution to the kidney shortage, but the occurrence of antibody-mediated rejection has
precluded its clinical development. Developments in somatic cell nuclear transfer in pigs and gene editing tools
have led to the creation of new donor pigs with greatly improved crossmatches to patients. In addition,
improvements in preclinical kidney xenotransplant survival using new anti-CD40/CD154-based immunosup-
pression have pushed xenotransplantation to the point where it is reasonable to consider initiating a clinical trial to

evaluate this potential therapy in patients.
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Introduction

Kidney transplantation improves both quality and du-
ration of life and is cost effective for patients with
ESKD, making it preferred for the treatment of kidney
failure. The shortage of donor kidneys for use in clin-
ical transplantation severely restricts the use of this
therapy in patients with ESKD. Xenotransplantation
could end this shortage by providing an unlimited
source of donor kidneys, and the development of
somatic cell nuclear transfer (cloning), gene scissors
CRISPR-Cas9, and CD40/CD40L costimulatory block-
ade drugs has positioned the use of pig kidneys to a
point where initiation of a clinical trial is reasonable to
consider.1* Movement to a clinical trial will be war-
ranted if consistent graft survival can be achieved in
preclinical models using clinically available immuno-
suppression without incurring unacceptable infectious
morbidity and mortality in recipients.

Pathobiology of Renal Xenografts: The Humoral
Barrier

Analogous to allotransplantation, there are two sets
of antigens (glycan and MHC) to which humans may
have preformed antibodies that can bind to the endo-
thelium and trigger complement activation and coagu-
lation resulting in hyperacute rejection. The initial bar-
rier was the presence of three significant glycan
xenoantigens on the surface of pig cells which have
been identified!: gal-al, 3-gal> N-glycolylneuraminic
acid, and? Sd, antigen.4'5 Serial deletion of the enzymes
that produce these antigens, a-1,3-galactosyltransferase
(GGTA1), cytidine monophospho-Nacetylneuraminic
acid hydroxylase (CMAH), and b1,4-N-acetyl galacto-
saminyltransferase (b4GalNt2), using CRISPR/Cas9

produces donor pigs that have a negative crossmatch
(IgM and IgG) to 30% of waitlisted patients and another
40% have a negative IgG crossmatch. This means that at
least 30% of the patients on the transplant waitlist would
not be expected to have early graft loss secondary to
antibody-mediated rejection (AMR) if they received a
GGTA1/CMAH/b4GalNt2 KO pig kidney transplant
(Figure 1).%7

MHC Barrier to Xenotransplantation

The development of anti-HLA antibodies is a sig-
nificant barrier for patients who need a kidney
transplant for finding a human donor with a suitable
crossmatch. The Swine Leukocyte Antigen (SLA) has
class I and class IT alleles that share significant sequence
homology with HLA so that some anti-HLA class I and
class IT antibodies cross react with SLA on the surface
of donor pig cells (Figure 2).612 This means that some
highly HLA-sensitized patients will not be suitable
candidates for transplantation with typical triple knock-
out (TKO) pig kidneys on the basis of a positive cross-
match. This question was answered definitively with the
development of SLA I KO pigs and the use of more
sophisticated tools to directly evaluate individual SLA
antigen binding.®!3-16 If an anti-HLA class I antibody
binds to SLA class I, it tends to bind to every class I SLA
molecule in the pig (SLA 1, 2, and 3) because the class I
alleles in the pig are very homologous. In SLA class II,
some patients with anti-HLA antibodies to HLA DR and
DQ do have antibodies that are cross reactive. The
binding of anti-HLA antibodies to SLA occurs when
the antibody binds to a cross-reactive group that is
shared between given HLA and SLA alleles. More re-
cently, it is clear that there are some patients who are not
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Figure 1. Analysis of human immunoglobulin binding to pig PBMC from genetically modified swine. PBMC were collected, incubated with
human serum, and analyzed for IgM (y axes) and 1gG (x axes) binding by flow cytometry. Dotted lines represent an MFI of 2000. (A) A single
representative patient is screened on wild type, GGTA1 KO, GGTAT/CMAH KO, and GGTAT/CMAH/b4GalNt2 KO swine PBMC. (B) Sera from
44 randomly selected patients with unknown sensitization were incubated with PBMC from all four glycan backgrounds.

HLA sensitized that have anti-SLA antibodies, and both class
I and class II reactivity has been demonstrated.” Clearly,
careful and detailed histocompatibility testing will be critical
to ensure optimal patient survival and graft function, much
like that seen in clinical allotransplantation. The potential
importance of histocompatibility in xenotransplantation is
further elevated when one considers that unlike allotrans-
plantation, genome editing could be used to direct the cre-
ation of a new donor pig with an improved pretransplant
crossmatch for any given patient.!*

Species Incompatibilities in Complement and
Coagulation Regulation Systems

Before the development of the GGTA1 KO pig, attention
was directed toward potential complement regulatory pro-
tein incompatibilities that existed with pig C-reactive pro-
teins (CRPs) on the surface of the xenograft endothelium.
Attention was directed toward CD46, CD55, and CD59, and
transgenic pigs were created expressing these CRPs. While
kidneys transplanted from these pigs into non-human pri-
mates (NHPs) had improved survival compared with wild-
type, they still succumbed to AMR with resultant throm-
botic microangiopathy.!” Later work showed that the
function of CD46, CD55, and CD59 was not species re-
stricted, but rather the expression of human CRPs could
decrease complement-mediated injury because of increased
cell surface numbers. The work also showed that in the
absence of antibody binding, the impact of complement
transgenes would be minimized.!8-23

Analysis of rejected renal xenografts showed a heightened
susceptibility to intravascular thrombosis that was mainly
the result of AMR, but there are some subtle decreases in the
ability of the pig thromboregulatory system to keep the
human or NHP system from being activated and causing

graft thrombosis. There have been a number of transgenes
studied to minimize this problem in donor pigs.?* Pigs have
been produced that have tissue factor pathway inhibitor
(TFPI), CD39, thrombomodulin, and endothelial cell protein
receptor C (EPCR), each human transgenes to reduce throm-
botic microangiopathy.25-26

Current State of Preclinical Renal Xenotransplantation

Unlike the situation for clinical xenotransplantation where
there are significant numbers of patients with a negative
crossmatch to genome edited pigs, there is no pig that
has a negative crossmatch for rhesus macaques, cynomolgus
monkeys, or baboons. This means that all preclinical trans-
plants have been performed in the face of a positive CDC
crossmatch.?”28 The result of this imperfect crossmatch is that
tacrolimus-based immunosuppression has been ineffective in
prolonging survival in preclinical renal xenotransplantation.
Transplantation of GGTA1 KO pig kidneys into baboons
resulted in 6- to 16-day survival using an immunosuppres-
sion regimen with thymoglobulin, tacrolimus, mycophenolic
acid, and steroids. Rejection was the result of additional
preformed and elicited xenoreactive antibodies, and the
pathobiology showed complement activation and thrombotic
microangiopathy.* Transplantation of pig kidneys that were
GGTA1 KO/CD55 transgenic using tacrolimus-based immu-
nosuppression did not improve survival in rhesus monkeys
beyond the initial attempts nor did the use of GGTA1/
b4GalNt2 KO pig kidneys in recipients who were treated
with anti-C5 antibody in addition to T cell depletion, tacro-
limus, and steroids (Figure 3).3° In order for tacrolimus to be
effective in preclinical models, there would need to be a new
donor pig with an improved crossmatch for the nonhuman
primate. The development of such a donor pig is currently
underway in our laboratory.
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Figure 2. Tacrolimus-based immunosuppression fails to prolong renal xenograft survival. (A) Immunosuppression regimen including
tacrolimus and tesidolumab without CD154 monoclonal antibody therapy. (B) Kaplan-Meier curve analysis reveals that a tacrolimus-based
immunosuppression regimen fails to extend xenograft survival beyond 62 days despite the presence of C5 complement inhibition by tesi-
dolumab. (C) Biopsy taken from explanted kidney at day 62 shows parenchymal hemorrhage and thrombotic microangiopathy, prominent IgG,
IgM, C4d, and minimal C5b-9. (D) Creatinine and potassium levels rose above normal values days to weeks before rejection. Hemoglobin

values remained relatively normal.

Efforts to achieve improved survival in the preclinical
model have used one of two approaches: (1) the use of
donor pigs with xenoantigen deletion and the inclusion of
human multiple transgenes to downregulate the immune
response and counteract thrombotic complications or (2) the
use of more directed genome editing with simple xenoan-
tigen deletion and heavy reliance on pretransplant cross-
match testing to select recipients with the most favorable

crossmatch. CD40/CD40L-based costimulation blockade as
baseline immunosuppression was used in both approaches.
The use of pig kidneys from donors with xenoantigen de-
letion and as many as six human transgenes (CD55, CD46,
CD59, TFPI, thrombomodulin, CD47, PDL1, and HLA-E) has
resulted in mixed results where some recipients reject their
kidneys early (<150 days) and others experience more pro-
longed survival (>180 days).2>3132 The immunosuppressive
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Figure 3. Analysis of grafts surviving to 557 days. (A) Kaplan-Meier curve analysis of recipients who received genetically engineered porcine
kidneys with or without tesidolumab included in the immunosuppression regimen. (B) H&E and confocal microscope analysis of rejected
xenografts. Confocal microscopy showing deposition of IgM and C4d in the control and tesidolumab-treated recipients. Tesidolumab-treated
recipients had minimal histological injury, while control kidneys had parenchymal hemorrhage and thrombotic microangiopathy. Deposition

of C5b-9 was reduced on xenografts in tesidolumab-treated recipients.

regimens used for these studies has used either anti-CD40 or
anti-CD154 as its baseline, and ATG, anti-CD20, cell cept, and
variably tacrolimus or rapamycin (either short term-2
months, or as part of baseline immunosuppression). Most
groups have had more success using anti-CD154 rather than
anti-CD40.33. The recipients have had significant issues with
infection and wound healing that were complications of the
immunosuppressive regimens.3%33 The studies that have
used multiple transgenes have not relied on pretransplant
crossmatching for recipient selection.

The use of kidneys from less engineered pigs relying on
either xenoantigen deletion alone (GGTA1 KO, with or with-
out b4GalNt2 KO) or xenoantigen deletion (GGTA1 KO) and
complement regulatory protein transgene CD55 transplanted
into recipients with the most favorable pretransplant cross-
matches has been studied extensively.?”****3° The immuno-
suppression in these studies was anti-CD4 T cell depletion,
anti-CD20, anti-CD154, cell cept, and steroids. Recipients
receiving GGTA1 KO/CD55 Tg kidneys had a median sur-
vival of 235 days with two of six recipients surviving for >400
days. Graftloss in all was due to AMR in all cases (Figure 4).35
When the simplest genome editing strategy, xenoantigen
deletion alone (GGTA1/b4GalNt2 KO), was used, recipients
experienced an early IgM-mediated AMR that resulted in
early graft loss in five of six recipients (<100 days), and
one recipient survived with good renal function for 435
days.?” Instituting temporary complement inhibition with
anti-C5 (weekly injections for 70 days) reduced early graft

loss secondary to AMR so that five of seven recipients did not
succumb to early AMR, with median survival of 308 days,
and all grafts were lost secondary to AMR (two early and five
late).%0 In this series, there was no graft loss or recipient death
because of infectious complications.

In each of these series it is clear that the kidney provides
life supporting function, normal electrolyte balance, recip-
ients maintain hemoglobin levels above 9 gm/dl without
the need for erythropoietin supplementation, and absence of
proteinuria.3* The fact that erythropoietin supplementation
was not needed suggests that pig erythropoietin supports
RBC production in the NHP. Proteinuria was evaluated as a
possible species incompatibility,3® but more recent data
suggest that proteinuria does not occur unless there is
AMR, much like a renal allograft. Recipients have hyper-
calcemia and hypophosphatemia much like that encoun-
tered after clinical renal allotransplantation.3*

Critical evaluation of the results of preclinical studies sug-
gests (1) that xenoantigen deletion is an effective strategy to
reduce the level of pretransplant donor specific antibody
(DSA) to avoid hyperacute rejection; (2) screening for the best
pretransplant crossmatches results in more consistent long-
term graft survival; (3) complement regulatory protein trans-
genes can decrease early graft loss, but the use of transgenes
has not improved longer-term survival compared with xen-
oantigen deletion alone; (4) temporary pharmacological com-
plement inhibition minimizes early graft loss due to AMR;
and (5) CD40/CD40L costimulation blockade-based




282 KIDNEY360

Tesidolumab Control
— 2 =5 2
) )
% 131, f ’ % 1 ' at .
E 4 E 4
@ J o L\[\
c c
£ £
® ®
o 1 e 1
[SEEPS (SIS
- T T T T T T T T T T T T T -r—r—r-rr-rrrTrT T T T T T T T T T T T T T
A 0 100 200 300 400 500 600 0 100 200 300 400 500 600
Days Post-transplant Days Post-transplant
1 1
s s
° °
g I g
E E
: +
¥ X
T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T
B 0 100 200 300 400 500 600 0 100 200 300 400 500 600
Days Post-transplant Days Post-transplant
2 2
a a
=] =]
T -
|---|'--|'--|-'-|--v|--v|" — T T T T
0 100 200 300 400 500 600 0 100 200 300 400 500 600
C Days Post-transplant Days Post-transplant

Figure 4. Anti-C5 plus anti-CD40 prolongs renal xenograft survival. (A) Creatinine is shown to be well controlled until acutely rising at time of
graft failure. (B) Serum potassium was well controlled throughout, except during late graft failure because of rejection. (C) Early graft failure
recipients encounter anemia as shown by decreased hemoglobin levels. Tesidolumab-treated recipients maintained hemoglobin levels at or
above normal levels more frequently than control animals for the duration of graft survival.

immunosuppression is effective in preventing T cell-mediated
and B cell-mediated xenograft rejection and required for long-
term graft survival.

Use of the Recently Deceased as a Preclinical Model
The use of recently deceased humans with an intact
circulation as recipients of renal xenografts has been per-
formed by two groups. The work in decedents followed
published guidelines established by the Consensus Panel on
Research with the Recently Dead.?” The two published
reports show that it is going to be feasible to evaluate pig
kidney xenotransplantation in this human preclinical in vivo
model but that there are a number of significant variables
that will need to be worked out before it is clear what can be
evaluated in this model.3¥3 The initial report described a
decedent whose cause of death was irreversible brain injury
secondary to a trauma and had mild-to-moderate AKI and
required vasopressor support to maintain normal hemody-
namics. Two 10-GE (TKO (GGTA1/CMAH/b4GalNt2 KO)
plus GKRKO with 6 human transgenes (CD46, CD55, TBM,
EPCR, CD47, and HO1) and pig kidneys were transplanted
into the nephrectomized decedent. The patient had a pre-
transplant crossmatch that evaluated IgG, but not IgM,
which is significant because preclinical models suggest that
IgM is at least as important in early xenotransplantation.
Postreperfusion, the kidneys initially made urine but
failed to clear any creatinine as levels rose from 2 to
6 mg/dl It is unclear whether this was the result of early
AMR or brain death physiology in the decedent who had
significant trauma and failure of several organ systems.
While hyperacute rejection did not occur, which is reassur-
ing, it is unclear if early AMR occurred because there was
early thrombotic microangiopathy. The urine the kidneys

did produce appeared to look much like that seen in cases of
significant acute tubular necrosis and delayed graft loss in
clinical allotransplantation.

The second report from NYU described two cases of a
GGTA1 KO thymokidney transplanted into a decedent whose
cause of death was secondary to an intracranial bleed.3® The
kidneys in these two decedents were not hyperacutely rejec-
ted, and while the kidneys were not life supporting, they did
increase the eGFR of the decedents significantly. The pathol-
ogy of the two thymokidneys was also encouraging showing
that at very early stages hyperacute rejection is averted.
Hence, the initial reports provide confirmation of data from
preclinical models that hyperacute rejection does not occur
using genetically engineered pig kidneys, but there are still
many unanswered questions regarding kidney function.

This report also highlights several other important con-
siderations if the recent decedent kidney xenograft model is
going to make important contributions to the understanding
of the clinical course and problems encountered in clinical
xenotransplantation. Not all decedents with an intact circu-
lation are equivalent, and the choice in this initial case
highlights the difficulties in choosing a decedent that suc-
cumbs to significant trauma. There were significant diffi-
culties in deciphering whether physiological performance of
the kidney and the resultant pathology were reflective
of immunological reactions to the xenograft or indicative
of physiology of brain death and impending multiple organ
dysfunction syndrome. In future attempts, it may be very
important to select decedents with a more stable hemody-
namic course and with less likelihood of developing mul-
tisystem organ dysfunction and hematological failure which
will make the interpretation of findings difficult to evaluate
from the perspective of what is rejection versus donor
physiology. Perhaps the use of decedents with intracranial
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hemorrhage as a cause of death will make this distinction
less likely. The question of whether the use of the decedent
model can answer other questions regarding clinical renal
xenotransplantation is unclear. Three factors that may limit
the model significantly are (1) family and ethical consider-
ations regarding extended duration of invasive monitoring
of the decedent; (2) duration that the circulation of a de-
cedent can be kept intact to evaluate events that will impact
whether a pig kidney will function in a patient for a longer
period; and (3) cost of keeping a decedent’s circulation intact
for potentially months to evaluate longer-term issues. The
decedent model is interesting and could be valuable in the
future once some of these issues are worked out. Given that
the recent clinical cardiac xenotransplant performed by the
University of Maryland survived 2 months, it is likely that
the decedent model would need to go out that long to add to
any immunosuppression or rejection issues that could be
evaluated for moving xenotransplantation to the clinic.

Moving Renal Xenotransplantation to a Clinical Trial

The critical question for moving renal xenotransplantation
forward is what are the steps necessary to enter a clinical trial?
Recently, the University of Maryland transplanted a 10GE pig
heart into a patient with end-stage cardiac failure who was
deemed ineligible for cardiac allotransplantation. This patient
survived for 2 months post-transplant before dying. The cause
of death in this patient will almost certainly be described in
forthcoming manuscripts, but likely sources of failure are faulty
patient selection choosing someone who was too debilitated
receive benefit from a transplant, infection secondary to im-
munosuppression, or rejection of the cardiac xenograft. This
case while exciting and a valiant effort to save a man’s life was
not successful, and xenotransplantation will not have many
more opportunities to demonstrate that it can be used to save
patient’s lives before it experiences the same long winter that
clinical allotransplantation faced before it was finally offered to
patients with any degree of regularity. This transplant was
performed under an emergency investigational new drug ap-
plication from the US Food and Drug Administration. This
mechanism is operative for a single patient and while helpful
for that patient will not lead to a clinical trial and widespread
expansion of xenotransplantation. Moving forward, it will be
critical to use a formal IND to develop renal xenotransplanta-
tion as a therapy that can be used for all patients with ESKD.
There are a few components that must be in place to initiate a
clinical trial to ensure that this therapy delivers on its promise
for the many patients who are desperate to receive a kidney
transplant. These components are as follows:

1. Development of a pig that is healthy and whose kidneys
have a favorable crossmatch for patients who are on the
transplant waitlist. This pig exists because many groups
have adopted the TKO pig which has the negative
crossmatch of many waitlisted patients.”

2. Detailed histocompatibility testing to identify which pa-
tients have a chance to benefit from participating in a
clinical trial from an immune risk point of view. Renal
allotransplantation was severely hampered by early graft
loss from AMR until it was understood what antigens were
important, and methods were devised to screen potential
recipients to determine which donor antigens to avoid.

Current Status of Renal Xenotransplantation, Tector et al. 283

Because some HLA antibodies cross react with SLA and
some patients with no HLA sensitization have anti-SLA
antibodies, any group proposing to initiate a clinical trial
should have very robust histocompatibility testing to
minimize the risk of preventable failure for any patients
entering into the trial. This is an area that will require
intense investigation before clinical implementation to
ensure that the initial patients chosen for clinical trials will
benefit from renal xenotransplantation.

3. Consistent extended survival in a preclinical model using an
immunosuppressive regimen with drugs that are either US
Food and Drug Administration approved or have good safety
and toxicity profiles in humans from clinical trials. The reg-
imen should prolong survival with an acceptable infectious
profile in recipients. The classes of drugs for use in such a
regimen exist and have provided consistent (65% >1-year
survival) in the rhesus kidney transplant model.3¢

The development of renal xenotransplantation has been long
and difficult, but there is reason for great optimism with the
development of genetic engineering tools and new anti-CD40/
CD40L costimulatory blockade reagents. While there are sen-
timents that moving ahead with laboratory-based preclinical
models is simply too hard, it is important to remember that
developing xenotransplantation for clinical use was always
going to be difficult.3340 The preclinical models are not perfect,
but adherence to principles gleaned from their data has moved
transplantation forward for more than 60 years.*' If we con-
tinue to adhere to disciplined data-driven evaluation of each
barrier encountered, then the quality of life for patients with
ESKD will be immeasurably improved sooner rather than later.
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