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Abstract

Significant progress in life-supporting kidney xenograft survival in nonhuman primates (NHPs)
has been associated largely with the increasing availability of pigs with genetic modifications that
protect the pig tissues from the primate immune response and/or correct molecular
incompatibilities between pig and primate. Blockade of the CD40/CD154 costimulation pathway
with anti-CD154 mAb therapy has contributed to prolongation of kidney xenograft survival,
although this agent may not be clinically available. An anti-CD40 mAb-based regimen is proving
equally successful, but blockade of the CD28/B7 pathway is inadequate. Severe proteinuria were
uniformly documented in the early studies of pig kidney xenotransplantation, but whether this
resulted from immune injury or from physiological incompatibilities between the species, or both,
remained uncertain. Recent experiments suggest it was related to a continuing immune response.
Before 2014, the longest survival of a pig kidney graft in a NHP was 90 days, though graft
survival >30 days was unusual. Recently this has been extended to >125 days, without features of
a consumptive coagulopathy or a protein-losing nephropathy. In conclusion, overcoming the
immune, coagulation, and inflammatory responses by the development of precise genetic
modifications in donor pigs, along with effective immunosuppressive and anticoagulant/anti-
inflammatory therapy is advancing the field towards clinical trials.
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Introduction

Despite advances in medicine and technology, and increased awareness of organ donation
and transplantation, the gap between supply and demand continues to widen. There are
currently, 109,533 people waiting for kidney transplants in the U.S (as of June 5, 2015).
Although 17,106 kidney transplants took place in 2014, 4,589 patients died while waiting
for a kidney. Xenotransplantation offers the possibility of overcoming the chronic shortage
of deceased human donors.

History of kidney xenotransplantation

The first clinical organ xenotransplants were of pig and sheep kidneys to patients with renal
failure, but all failed rapidly (Tablel), resulting in no further reports. However, several
attempts were made to provide humans with organs from closely-related species [1]. In the
1960s, Reemtsma transplanted chimpanzee kidneys into 13 patients, with survival ranging
from 11 days to 2 months, except for one patient who survived for almost 9 months. The
majority of deaths were related to rejection or infection. During the same period, Starzl
performed six baboon kidney xenotransplants in patients with end-stage renal failure, with
survival ranging from 19 to 60 days.

Subsequently, efforts were directed to clinical allotransplantation, with more successful
results.

However, since human organs remained scarce because of increasing demand, researchers
turned again to the possibility of xenotransplantation. For a number of reasons, the pig has
been identified as the most likely potential source of organs for humans. The pig-to-
nonhuman primate (NHP) model was introduced into xenotransplantation research in the
1980s and has become the standard experimental model [2—4]. Since then, in studies of pig
kidney xenotransplantation in NHPs, graft survival has increased significantly [5,6] (Figures
1 and 2). This has been associated largely with the increasing availability of pigs with
genetic modifications that protect the pig tissues from the primate immune response and
correct molecular incompatibilities between pig and primate [7-9].

Recent progress in kidney xenotransplantation

Owing to the availability of genetically-engineered donor pigs, e.g., al,3-
galactosyltransferase gene-knockout (GTKO) pigs [7,10] expressing one or more human
complement-regulatory proteins (hCRPs), e.g., CD46, CD55 [hDAF], or CD59) [11-15], the
transplantation of pig organs into NHPs is now no longer limited by antibody-mediated
(hyperacute or acute vascular) rejection. In 1989, using wild-type (genetically-unmodified)
pig kidneys, the longest life-supporting kidney graft survival was 23 days [4,5] (Figure 1).
By 2004, CD55 kidney graft survival had been extended to 90 days [16]. With
cotransplantation of donor-specific thymic tissue, GTKO pig kidney graft survival reached
83 days in 2005 [10]. In 2015, two groups reported survival of GTKO/hCRP pig kidneys
longer than 125 days [17,18].
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With the Gal problem resolved, other issues became more prominent, in particular
dysregulated coagulation, such as the development of thrombotic microangiopathy in the
grafts [19] and/or systemic consumptive coagulopathy in the recipient [12,20], which can be
fatal once established, and appears to develop more rapidly when the kidney is transplanted
than the heart [15,21]. Although the cause of coagulation dysfunction is yet to be fully
understood, it is likely that several factors contribute to excessive coagulation.

First, the vascular endothelial cells of the graft are activated by antibody, complement, and
interaction with recipient immune cells and platelets, and consequently express tissue factor,
the primary physiological initiator of coagulation [22]. Second, it has been proposed that
recipient tissue factor is expressed on platelets and monocytes following their activation by
inflammation in the presence of xenograft endothelium [23]. Third, pig endothelial cells
express direct prothrombinase (fgl2) induced by proinflammatory cytokines that converts
human prothrombin to thrombin in a tissue factor-independent manner [24]. Fourth, the
regulatory mechanisms of the coagulation-anticoagulation system are compromised by
molecular incompatibilities between pig and primate [25,26]. Finally, endothelial cell
activation in the graft leads to the downregulation or shedding of anticoagulant molecules
[27-29].

Attempts are being made to overcome coagulation dysfunction by the introduction into
GTKO/hCRP pigs of human coagulation-regulatory genes, e.g., thrombomodulin [TBM],
endothelial protein C receptor [EPCRY], tissue factor pathway inhibitor [TFPI], CD39
[30,31]. Various combinations of genetically-engineered pigs are now available. Treatment
with anticoagulant and/or anti-platelet agents may provide further benefit [32].
Administration of recombinant human antithrombin was shown to be protective in the first
week after pig-to-baboon kidney xenotransplantation [33], but had no apparent long-term
benefit in the pig-to-macaque renal model [34], even when combined with human activated
protein C [35]. It would be reasonable to conclude that both genetic modification of the pig
and pharmacotherapy may be necessary to fully correct coagulation dysfunction in kidney
xenotransplantation.

Coagulation, inflammation, and the immune response have a complex inter-relationship that
needs further investigation [36]. Further genetic modifications may protect the graft from the
recipient’s inflammatory response (e.g., expression of human A20 and/or hemeoxygenase-1
[37,38]), or from the immune response (e.g., expression of a pig dominant-negative MHC
class Il transactivator [39,40]. There may also be a need for treatment with anti-
inflammatory agents, e.g., anti-cytokine agents (anti-TNF-a, anti-IL-6R) and/or statins
[41,42].

Improved immunosuppressive regimens have contributed to progress in pig kidney
transplantation in NHPs. Initially, induction therapy with cyclophosphamide (although this
agent is rarely used today) and a combination of conventional maintenance
immunosuppressive agents (e.g., cyclosporine, mycophenolate mofetil [MMF], and
corticosteroids) proved successful in prolonging kidney xenograft survival [43]. There has
been increasing interest in costimulation blockade, introduced into xenotransplantation by
Buhler et al [44], using agents that inhibit the CD28/B7 and/or CD40/CD154 pathways.
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Anti-CD154 monoclonal antibody (mAb) therapy contributed significantly to prolongation
of GTKO renal xenograft survival [10], but is unlikely to be available for clinical use
because of its thrombogenic properties [21,45]. Attention is now being directed toward
alternative costimulation blockade agents, such as anti-CTLA4-Ig and anti-CD40 mADb.
Recent studies suggest that an anti-CD40 mAb-based regimen is likely to be successful [46],
but blockade of the CD28/B7 pathway alone would appear to be inadequate [17,40].
Overall, the current experimental data suggest that costimulation blockade may be the
preferred immunosuppressive therapy.

Attention has now shifted from Gal to other carbohydrate potential targets that are expressed
on pig cells, particularly N-glycolylneuraminic acid (NeuGc) [47]. In 2013, the first
NeuGcKO pigs became available [48]. Although the expression of NeuGc on pig vascular
endothelial cells will play no part in rejection in NHP models (as Old World NHPs also
express NeuGc), it will be important in clinical xenotransplantation (as humans do not
express NeuGc and therefore produce anti-NeuGc antibodies).

Physiological barriers

Although pig kidneys are remarkably similar in structure and relative size to human kidneys,
there are physiological discrepancies between pig and primate that were also initially found

to be problematic [12,49,50], though whether these were secondary to immune activation in

the graft remains uncertain.

In humans, uric acid is produced as an end-product of purine metabolism, but in lower
mammals it is further oxidized by urate oxidase [51]. Although humans cannot oxidize uric
acid, pig kidneys can eliminate uric acid so hyperuricemia should not be a major problem
[52].

With regard to the renin-angiotensin-aldosterone system, pig renin has been shown to be
unable to cleave human angiotensinogen [50]. However, as NHPs with a well-functioning
pig kidney graft have maintained normal fluid balance and body weight for several months,
there is possibly an alternative regulatory mechanism that can maintain fluid balance despite
decreased renin activity.

Anemia was originally reported and was attributed to a molecular incompatibility of pig
erythropoietin with the primate Epo receptor [49]. However, in recent experience, it may
have been associated with drugs -induced myelosuppression (e.g., cyclophosphamide)
and/or frequent blood sampling. Furthermore, since erythropoietin is clinically beneficial, it
does not seem to be so problematic.

Although most serum electrolytes (e.g., sodium, chloride, potassium) remained within the
normal range after pig kidney transplantation in NHPs, phosphate levels progressively
decreased during the period of stable xenograft function [49]. The cause of
hypophosphatemia was not established. Furthermore, hypoalbuminemia and moderate-to-
severe proteinuria was uniformly documented, necessitating frequent infusions of human
albumin [10,49], although whether this phenomenon was due to the immune response
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(activation or injury of glomerular and/or tubular cells) or to an inherent physiological
incompatibility between pigs and primates, or both, was uncertain.

Recently, two groups reported minimal proteinuria with no accompanying hypoalbuminemia
in NHPs with pig kidney grafts, probably because the immune response had been more fully
controlled by the genetic modification of the donor pig and/or pharmacological intervention
[17,18]. This was associated with graft survival for >125 days in both studies. In another
study of pig to NHP kidney transplantation, treatment with rituximab successfully delayed
the development of proteinuria, possibly due to prevention of pig podocyte disruption [53].

Higginbotham et al. exhibited prolonged kidney recipient survival following the
transplantation of GTKO/CD55 pig kidneys in rhesus monkeys selected for their low titers
of anti-pig antibodies [17]. The immunosuppressive regimen included T cell depletion
followed by maintenance therapy with anti-CD154 mAb, MMF, and corticosteroids. In two
monkeys, there was no evidence of rejection or other pathology on renal biopsies on day
100. This group also reported that a recipient with a high titer of anti-pig antibody rejected
the Kidney graft within the first week, and two low-titer monkeys treated with belatacept
rejected their grafts within three weeks.

A kidney graft from a GTKO/CD46/CD55/TBM/EPCR/CD39 pig (though TBM and CD39
were very poorly expressed in the kidney) in a baboon (with very high titers of anti-pig
antibodies) functioned for 136 days [18]. Immunosuppressive therapy included induction
with ATG, anti-CD20mAb, and cobra venom factor, and maintenance with anti CD40mAD,
rapamycin, and corticosteroids. In addition, anti-TNF-a and anti-1L-6R therapy was
administered. Serum creatinine was generally stable (0.6—1.6mg/dL) and there were no
features of a consumptive coagulopathy or a protein-losing nephropathy. Histology of a
biopsy on day 103 was normal, but by day 136 the kidney showed features of glomerular
enlargement, thrombi, and mesangial expansion. The combination of (i) a graft from a
specific genetically-engineered pig, (ii) an effective immunosuppressive regimen, and (iii)
anti-inflammatory therapy appeared to prevent immune injury and a protein-losing
nephropathy, and delayed coagulation dysfunction.

These outcomes provide encouragement for further studies and potential clinical translation.

The consistent demonstration of life-supporting renal function for at least 6 months in the
pig-to-NHP model, with a clinically-applicable immunosuppressive regimen, without
evidence of infectious or other complications would be sufficient to consider a clinical trial.
The most appropriate patients for an initial trial might include those highly allo-sensitized
with broadly reactive alloantibodies who are unlikely to receive a human kidney graft. In
vitro studies indicate that these patients would be at no greater risk of rejecting a pig kidney
graft than others [54-56]. In addition, patients who no longer have access sites to allow
dialysis might be considered. (Present evidence, though very limited, suggests that rejection
of a pig kidney would not increase the patient’s sensitization to a potential kidney allograft
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[54,57,58]. We suggest that the potential benefit to the patient, and the relatively low risk of
the procedure, would make such a limited trial ethical.

In summary, recent progress in the transplantation of kidneys from genetically-engineered
pigs into NHPs has indicated that clinical trials of pig kidney xenotransplantation may be
possible within the next few years. To date, no safety concerns that would definitively
prohibit such clinical trials have been identified.
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HIGHLIGHTS

« History of kidney xenotransplantation
»  Progress in pig-to-nonhuman primate kidney xenotransplantation
» Life-supporting pig kidney survival in nonhuman primates up to 136 days

« Development of transgenic pigs, immunosuppressive and anti-inflammatory

therapy

» Vision for future clinical kidney xenotransplantation trials
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Figure 1.

Maximum pig kidney graft survival in NHPs (worldwide data)
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Figure 2.

Mean pig kidney graft survival in NHPs (worldwide data)
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Table 1

Early clinical attempts to transplant kidneys from non-primate mammals

Surgeon  Year Donor species Patient survival (days)

Princeteau 1905  Rabbit (slices) 16
Jaboulay 1906 Pig / Goat 3
Neuhof 1923 Sheep 9
Kuss 1966 Pig 2
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