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Progress in life-supporting kidney transplantation in the genetically-engineered pig-to-nonhuman primate
model has been encouraging, with pig kidneys sometimes supporting life for > 1 year. What steps need to be
taken by (i) the laboratory team, and (ii) the clinical team to prepare for the first clinical trial? The major
topics include (i) what currently-available genetic modifications are optimal to reduce the possibility of graft
rejection, (ii) what immunosuppressive therapeutic regimen is optimal, and (iii) what steps need to be taken
to minimize the risk of transfer of an infectious microorganism with the graft. We suggest that patients who
are unlikely to live long enough to receive a kidney from a deceased human donor would benefit from the
opportunity of a period of dialysis-free support by a pig kidney, and the experience gained would enable
xenotransplantation to progress much more rapidly than if we remain in the laboratory.

© 2021 Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/)
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1. Introduction

Progress in life-supporting kidney and heart transplantation in
genetically-engineered pig-to-nonhuman primate (NHP) models has
been encouraging, with pig kidneys supporting life for > 1 year [1,2],
and pig hearts for > 6 months [3,4]. (Much less progress has been
achieved with pig liver and lung xenotransplantation.) As a result,
attention is now being directed to planning the initial clinical trials
[5].

It is therefore important to consider what steps need to be taken
(i) by the laboratory team in preparation for the first clinical trials,
and (ii) by the clinical team to prepare for the first trial, e.g., the selec-
tion of the first patients who ethically might be offered a pig organ.
We suggest that it is unrealistic to anticipate uniformly great pro-
longation (i.e., several years) of graft and recipient survival after clini-
cal pig kidney or heart transplantation (although this may occur in
some patients, as it did after the early kidney and heart allotrans-
plants [6�8]), but there is every reason to believe that a pig organ
could act as an effective relatively long-term bridge to allotransplan-
tation.

Although this approach would not immediately increase the num-
ber of ‘donor’ organs available, it would at least maintain life while
the patient awaited a suitable allograft (just as dialysis and ventricu-
lar assist devices do today). Even if not every patient can be main-
tained until a suitable allograft becomes available, the experience
gained would be valuable in determining the problems that need to
be overcome if xenotransplantation is to progress to destination ther-
apy.

For a number of reasons, we suggest that the first clinical trial
should be of pig kidney, rather than heart, transplantation [9]. Impor-
tant considerations include the fact that, if the pig graft fails from
rejection, or if the patient develops a life-threatening systemic infec-
tion that is resistant to the available therapy, the kidney can be
excised, all immunosuppressive therapy discontinued, and dialysis
recommenced. Comparable rescue therapy is less easily available to a
patient whose pig heart has failed completely. Hereafter, therefore,
we shall direct our comments to a first clinical trial of pig kidney
transplantation.

The national regulatory authorities are likely to require the dem-
onstration of ‘complication-free’ survival of a life-supporting pig kid-
ney in a NHP for 6 months or longer in a series of at least 6
consecutive experiments before a clinical trial would be considered
appropriate. ‘Complication-free’ implies absence of irreversible rejec-
tion or life-threatening infection, and without features of severe
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Table 2.
Selected genetically-modified pigs produced for xenotransplantation research*.

Antigen (omit 'or')deletion or ‘masking’

human H-transferase gene expression (expression of blood type O antigen)
endo-beta-galactosidase C (reduction of Gal antigen expression)
a1,3-galactosyltransferase gene-knockout (GTKO)
cytidine monophosphate-N-acetylneuraminic acid hydroxylase (CMAH) gene-

knockout (NeuGc-KO)
b4GalNT2 (b1,4 N-acetylgalactosaminyltransferase) gene-knockout

(b4GalNT2-KO)

Complement regulation by human complement-regulatory gene
expression

CD46 (membrane cofactor protein)
CD55 (decay-accelerating factor)
CD59 (protectin or membrane inhibitor of reactive lysis)

Anticoagulation and anti-inflammatory gene expression or deletion
von Willebrand factor (vWF)-deficient (natural mutant)
human tissue factor pathway inhibitor (TFPI)
human thrombomodulin
human endothelial protein C receptor (EPCR)
human CD39 (ectonucleoside triphosphate diphosphohydrolase-1)

Anticoagulation, anti-inflammatory, and anti-apoptotic gene expression
human A20 (tumor necrosis factor-alpha-induced protein 3)
human heme oxygenase-1 (HO-1)

Inhibition of phagocytosis
human CD47 (species-specific interaction with SIRPa inhibits phagocytosis)
porcine asialoglycoprotein receptor 1 gene-knockout (ASGR1-KO) (decreases

platelet phagocytosis)
human signal regulatory protein a (SIRPa) (decreases platelet phagocytosis by

‘self’ recognition)

Suppression of cellular immune response by gene expression or downre-
gulation

CIITA-DN (MHC class II transactivator knockdown, resulting in swine leuko-
cyte antigen class II knockdown)

Class I MHC-knockout (MHC-I-KO)
HLA-E/human b2-microglobulin (inhibits human natural killer cell

cytotoxicity)
HLA-G
human FAS ligand (CD95L)
human GnT-III (N-acetylglucosaminyltransferase III) gene
porcine CTLA4-Ig (Cytotoxic T-Lymphocyte Antigen 4 or CD152)
human TRAIL (tumor necrosis factor-alpha-related apoptosis-inducing ligand)
Programed death-ligand 1 (PD-L1)

Prevention of porcine endogenous retrovirus (PERV) activation
PERV siRNA
PERV-KO

*Based on an original list compiled by Ekser B24.
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rejection on graft biopsies or of chronic infection or de novo neopla-
sia at necropsy. Some may consider 6 months to be too short a period
to indicate longer survival in a human patient, but maintaining
immunosuppressed NHPs consistently for long periods is much more
difficult than managing a patient in a hospital setting. NHPs have
unhygienic habits, cannot communicate any symptoms they might
be experiencing, and the sophisticated facilities of hospitals, includ-
ing intensive care units, cannot be replicated in an animal facility.

What do we need to do to provide these relevant experimental
data to the regulatory authorities?

2. Search strategy and selection criteria

Data for this Review were identified by searches of MEDLINE, Cur-
rent Contents, PubMed, and references from relevant articles using
the search terms “xenotransplantation”, “kidney”, “pig”, and “nonhu-
man primate”. With few exceptions, only articles published in
English between 1990 and 2021 were included.

3. The preclinical model

3.1. The recipient NHP

Baboons and other Old World monkeys (e.g., rhesus, cynomolgus)
are currently being used experimentally as recipients of pig organ
grafts. There is no conclusive evidence that one of these species pro-
vides any immunological advantage over others.

3.2. The organ-source pig

Two major topics need to be considered, namely (i) what (cur-
rently-available) genetic modifications are optimal to reduce the pos-
sibility of rejection of the graft, and (ii) what steps need to be taken
to minimize the risk of the transfer of an infectious microorganism
with the graft to the immunosuppressed recipient, and possibly into
the community.

There has been an evolution of techniques for the genetic engi-
neering of pigs during the past 3 decades (Table 1). A wide range of
genetically-engineered pigs has been provided or proposed as organ-
sources for experimental studies (Table 2), thus making results
between studies (or even within a single study) difficult to compare.
It is time for the optimal genetically-engineered organ-source pig
(given our present knowledge) to be identified, and only organs from
these specific pigs transplanted. The exact phenotype of the pig
should be confirmed in vitro before an in vivo study is carried out [10].

It needs to be borne in mind that the regulatory authorities will
expect a justification for each genetic manipulation included, and it
should also be realized that each genetic manipulation brings with it
a potential risk of introducing new problems, and thus may be detri-
mental to progress. For the first clinical trials, therefore, as long as
they are effective in protecting the graft from the primate innate
immune response, the fewer the number of genetic manipulations
maybe the better.
Table 1.
Timeline for application of evolving techniques for genetic engineer-
ing of pigs employed in xenotransplantation.

Year Technique

1992 Microinjection of randomly-integrating transgenes
2000 Somatic cell nuclear transfer (SCNT)
2002 Homologous recombination
2011 Zinc finger nucleases (ZFNs)
2013 Transcription activator-like effector nucleases (TALENs)
2014 CRISPR/Cas9*

*CRISPR/Cas9 = clustered randomly interspaced short palindromic
repeats and the associated protein 9.
Currently, most groups agree that deletion of expression of the
three known carbohydrate xenoantigens expressed in pigs against
which humans have natural (preformed) antibodies (Gal, Neu5Gc,
Sda, i.e., triple-knockout (TKO) pigs [Table 3]) [11�16] will be impor-
tant for any clinical trial. Human infants do not make natural antibod-
ies against TKO pig cells [17], and even many adults do not have
antibodies against these cells (Fig. 1). However, experimental studies
are greatly complicated by the fact that all NHPs have natural anti-
bodies to TKO pig cells [16,18]. Furthermore, these antibodies in
NHPs are associated with a very high level of complement-dependent
cytotoxicity (Fig. 1) [18].

Some investigators believe that organs from TKO pigs may alone be
sufficient for the first clinical trial, but we suggest that the graft may still
be at risk from complement injury associatedwith such events as ischae-
mia-reperfusion or a systemic infection, or other factors, and so it would
seemwise for the graft to express one or more human complement-reg-
ulatory proteins, e.g., CD46, CD55, CD59, which are largely effective in
protecting a pig graft from the effects of human complement [19�24].



Table 3.
Carbohydrate xenoantigens that have been deleted in genetically-engineered
pigs.

Carbohydrate
(Abbreviation)

Responsible enzyme Gene-knockout pig

1. Galactose-a1,3-
galactose (Gal)

a1,3-
galactosyltransferase

GTKO

2. N-glycolylneuraminic
acid (Neu5Gc) Cytidine monophos-

phate-N-acetylneura-
minic acid
hydroxylase (CMAH)

CMAH-KO

3. Sda b-1,4N-

acetylgalactosaminyltransferaseb4GalNT2-KO
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The well-described incompatibilities in the coagulation systems
between pigs and primates, highlighted originally by the groups of
Platt [25], Robson [26,27], d’Apice [28,29], and others [30�32], also
suggest that expression of at least one human coagulation-regulatory
protein (e.g., thrombomodulin [TBM], endothelial protein C receptor
[EPCR], tissue factor pathway inhibitor [TFPI]) is beneficial in NHPs in
preventing the development of thrombotic microangiopathy in the
graft and consumptive coagulopathy in the recipient [33,34].

The increasing evidence for a sustained systemic inflammatory
response to the graft [35] suggests that expression of one or more
human anti-inflammatory (anti-apoptotic) proteins, e.g., haemeoxy-
genase-1, A20, may also be advantageous [34]. There is also evidence
that inhibition of the human macrophage response to pig cells by the
expression of human CD47 in the organ-source pig may be beneficial
[34].

There are several other genetic manipulations that could be
included (Table 2), but many of these relate to reducing the effect of
the adaptive immune response, rather than the innate response. The
adaptive response can generally be suppressed by an effective immu-
nosuppressive regimen (see below), and therefore additional
genetic-engineering directed to this response may not be essential to
demonstrate efficacy in the first clinical trials. Further manipulations
could include knockout or knockdown of expression of swine
Fig. 1. Human (top) and Old World monkey (OWM) (bottom) IgM (left) and IgG (middle)
(right) to wild-type (WT), GTKO, and TKO pig PBMCs. Results are expressed as mean § SEM
cut-off value of binding (relative GM: IgM 1.2, IgG 1.1), below which there is no binding. For
which there is no cytotoxicity. (Note the difference in scale on the y axis between IgM and Ig
leukocyte antigens (SLA) class I and/or II, and expression of CTLA4-Ig
or PD-L1 in the graft, any of which would likely reduce the strength
of the adaptive immune response, but may be associated with fea-
tures of immunodeficiency in the pig [36] or possibly a susceptibility
to infectious complications, e.g., of herpesviruses, in the pig organ
graft itself.

The technique of genetic-engineering of the pigs is obviously very
important, e.g., with regard to whether a ubiquitous or endospecific
promoter is used, and whether bicistronic or multicistronic vectors
are employed [37] (Figs. 2 and 3). It is important that a human trans-
gene should be well-expressed, but over-expression can result in
complications, e.g., a bleeding tendency in the pig if expression of
human coagulation-regulatory proteins is excessive.

There are several other areas where genetic engineering of the pig
may play a role. Two of these are of particular interest.

As the potential risks of the presence of porcine endogenous ret-
roviruses (PERVs) in the pig remain unknown (though likely low),
inactivation of these viruses [38,39], or inhibition of expression of
PERV [40,41], is clearly an advantage. Such a genetic manipulation
would remove the long-standing concern that PERVs may be patho-
genic in humans, or may combine with fragments of human endoge-
nous retroviruses to form new viruses. To our knowledge, to date
only one group is combining PERV-knockout with the genetic manip-
ulations required to resist the innate immune response [38].

After life-supporting pig kidney (or heart) transplantation in
baboons, rapid growth of the organ has been documented within the
first few months, suggesting that innate factors, e.g., a persistence of
pig growth hormone, remain functioning in the graft during this
period of time. After approximately 3 months, this rapid growth
declines and subsequent growth of the organ is comparable to that of
the native baboon organs [3,33,42�44]. Although in our experience a
rapidly-growing pig kidney can be accommodated within the flexible
confines of the recipient abdomen (possibly because rapamycin,
which inhibits growth, is a constituent of the immunosuppressive
regimen we administer) [33,43], one group has reported ischaemic
injury associated with compression of the kidney graft within the
abdomen [45,46].

The experiments in which this problem has been observed have
used genetically-engineered domestic pigs, e.g., Large White/Land-
race, as the source of the organs. If a breed of miniature swine, e.g.,
binding and complement-dependent cytotoxicity (CDC, at 25% serum concentration)
. (*p < 0.05, **p < 0.01; N.S. = not significant). On the y axis, the dotted line represents
CDC on the y axis, the dotted line represents cut-off value of cytotoxicity (6.4%), below
G.) (Reprinted with permission from Yamamoto T, et al. 202018).



Fig. 2. Steps involved in somatic cell nuclear transfer (SCNT). (Reprinted with permission from Eyestone W et al, 202037).
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Yucatan, were the source, the problem might be prevented or mini-
mized. However, minipigs, and especially Yucatan, may be character-
ized by high expression of PERV in different organs [47,48]. An
alternative approach, suggested by Hinrichs et al. [49-51], is to delete
expression of growth hormone receptors in the pig. This has been
carried out [51].

4. The immunosuppressive regimen

It is important that forthcoming preclinical experience is directly rel-
evant to the first clinical trials. Most groups have followed the lead set
by Buhler et al by combining T cell depletion with blockade of the
CD40/CD154 costimulation pathway (Table 4) [52,53]. Conventional
maintenance immunosuppressive therapy, e.g., tacrolimus-based, has
proven insufficient in pig organ xenotransplantation [52,54], and block-
ade of the CD28/B7 costimulation pathway has also been unsuccessful
[54,55]. The current evidence is that CD40/CD154 costimulation path-
way blockade is not associated with a greater incidence of drug-related
complications than conventional immunosuppressive therapy.

However, the choice and sources of the agents and/or the dosages
have varied [56]. Despite the expression of one or more human com-
plement-regulatory proteins on the vascular endothelium of the pig
organ, a case can be made for induction therapy with a complement
inhibitor, e.g., a C1-esterase inhibitor, as initial systemic complement
activation, possibly associated with ischaemia-reperfusion injury,
may prove detrimental to graft outcome. There is evidence that
blockade by an anti-CD154 agent (if non-thrombogenic) is associated
with a better outcome than blockade by an anti-CD40 agent [57,58],
but progress has been limited until recently by the unavailability of
such agents. To our knowledge, though several anti-CD154 agents
are currently in clinical trials for autoimmune disease [56], none of
them is yet approved by the regulatory authorities. It remains uncer-
tain whether they will be approved for clinical trials of xenotrans-
plantation, but we suggest that preclinical studies should progress
with the anticipation that one or more of the anti-CD154 agents will
become approved.
This therapy is usually combined with a conventional immuno-
suppressive drug, e.g., mycophenolate mofetil, rapamycin, or tacroli-
mus, and a corticosteroid, but there is some evidence that
corticosteroids may be unnecessary [59], particularly as they do not
suppress the inflammatory response to a xenograft (see below) [35].
Furthermore, there is no conclusive evidence that even the secondary
immunosuppressive agent, e.g., mycophenolate mofetil, is essential,
as no group has hitherto relied on CD40/CD154 pathway blockade
alone.

Just as each group involved in this field of research is using
slightly different organ-source pigs for their studies, so are they also
using slightly different immunosuppressive regimens. Comparison of
the results of the studies between various investigators is therefore
difficult or impossible, as there are so many variables. If satisfactory
data are to be obtained for the regulatory authorities, future studies
need to be more consistently focused on a specific genetically-engi-
neered pig and a specific immunosuppressive regimen.

5. Anti-inflammatory therapy

There is convincing evidence of a systemic inflammatory response
that follows pig organ transplantation in a NHP [35], and this is
another topic that requires decisions. Is anti-inflammatory therapy
necessary? There is no definite answer to this question as yet, in part
because this therapy has been added to various immunosuppressive
regimens and administered to NHPs receiving grafts from different
genetically-engineered pigs. Without confirmatory evidence of bene-
fit, agents such as TNF inhibitors, e.g., etanercept, and IL-6 inhibitors,
e.g., tocilizumab (that prevents IL-6 binding to baboon tissues, but
not to pig tissues [60]) have sometimes been included in the regimen.
Conclusive evidence for their benefit needs to be provided.

6. Adjunctive therapy

Because of the high risk of the development of thrombotic micro-
angiopathy and consumptive coagulopathy seen in the early days of



Fig. 3. Design and targeting of multicistronic vectors (MCVs). CRISPR/Cas9 is designed to cut within an expression-permissive landing pad. Homology arms direct vector insertion to
the landing pad by homology-directed repair. The CAG promoter is used to drive ubiquitous transgene expression (a and b) while one of several ‘endo promoters’ is used to obtain
endothelial-specific expression (b). (Reprinted with permission from Eyestone W et al, 202037).
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research into xenotransplantation [31,32], some groups administer
anti-platelet therapy and/or systemic anticoagulation to the recipient
throughout part or all of the post-transplant period. Whether this is
necessary if the graft expresses one or more human coagulation-reg-
ulatory proteins remains unknown, although probably neither ther-
apy is detrimental.

7. The potential risk of infectious complications

Before a clinical trial can be undertaken, it will be necessary to
determine how the risk of transfer of an exogenous infectious agent
with the pig organ can be minimized. This will largely be achieved by
breeding and maintaining ‘designated pathogen-free’ pigs [61] in a
biosecure ‘super-clean’ facility [62]. Based on experience in immuno-
suppressed humans undergoing organ allotransplantation, in some
pig-to-NHP organ transplant studies, prophylaxis is administered to
prevent NHP cytomegalovirus (CMV) activation and infection by
pneumocystis (Table 4). It should be noted, however, that ganciclovir
and valganciclovir are relatively ineffective against porcine CMV [63].

In our recent studies, both the recipient baboons (Michale E. Keel-
ing Center, Bastrop, TX) and the organ-source pigs (Revivicor, Blacks-
burg, VA) have been bred and raised to be CMV-negative, and a
strong case could be made that prophylaxis for CMV is no longer
required. In clinical trials, however, the patient may be CMV-positive,
and so prophylaxis to prevent activation of human CMV will probably
follow current clinical practice in this respect.

8. Diagnosis of pig kidney graft rejection

Until pigs became available that expressed human coagulation-
regulatory proteins, rejection of pig kidney (and heart) grafts in NHPs
could be clearly diagnosed by rapid reductions in platelet count and
plasma fibrinogen as thrombotic microangiopathy developed in the
graft [31�34,64]. With the availability of more advanced genetically-
engineered pigs as sources of the grafts, these markers of rejection
are no longer valid.

Today, the clinical features of rejection of a pig kidney are similar
to those seen in clinical kidney allotransplantation, namely a rise in
serum creatinine, increased proteinuria, and decreased renal blood
flow on ultrasound examination. This is an important advance
because physicians with experience in caring for patients with a kid-
ney allotransplant will now be able to use that experience in the
management of patients with a pig kidney xenotransplant. Both epi-
sodes of rejection and hypovolemia (see below) [65] are associated



Table 4.
A representative immunosuppressive, anti-inflammatory, and adjunctive drug regimen used in pig-to-baboon kidney transplantation experiments at our center.

Agent Dose (duration)

Induction
Thymoglobulin (ATG) (Genzyme, Cambridge, MA) 5 mg/kg i.v. (days -3 and -1) (to reduce the CD3+T cell count to <500/mm3)

Anti-CD20mAb (rituximab) (Genentech, South San Francisco, CA)
10 mg/kg i.v. (day -2)

C1-esterase inhibitor (Berinert, CSL Behring, King of Prussia, PA)
17.5 U/kg i.v. (days 0, 1, 7 and 14)

Maintenance

Anti-CD40 monoclonal antibody (mAb) (2C10R4, a chimeric rhesus IgG4) (NIH
NHP Resource Center, Boston, MA)

50 mg/kg (days -1, 0, 4, 7, 14, and weekly)

Rapamycin (Rapa) (LC Laboratories, Woburn, MA) 0.01-0.04 mg/kg i.m. £ 2/d (target trough 6-10 ng/ml), beginning on day -4.

Methylprednisolone (Astellas, Deerfield, IL) 5 mg/kg/d on day 0, tapering to 0.125 mg/kg/d by day 7.

Anti-inflammatory

Etanercept (TNF-a antagonist) (Amgen, Thousand Oaks, CA) 1 mg/kg (day 0), 0.5 mg/kg i.v. (days 3, 7, 10)

Adjunctive
Aspirin (Bayer, Deland, FL)

40 mg p.o. (alternate days), beginning on day 4.

Lowmolecular weight heparin (LMWH) (Eisai,
Woodcliff Lake, NJ)

700 IU/d s.c., beginning of day 1.

Erythropoietin (Amgen) 500 U i.v. weekly, beginning on day -4

Ganciclovir (Genentech) 5 mg/kg/d i.v., from day -4 to day 14 and when the baboon is sedated for blood
draws (x2 weekly).

Valganciclovir (Genentech) 15 mg/kg/d p.o., beginning on day 15

Sulfamethoxazole and trimethoprim (Teva, North Wales, PA) 10 mg/kg i.v. daily, on days 4-14
Sulfamethoxazole and trimethoprim oral

suspension (Akorn, Lake Forest, IL)
75 mg/m2 p.o x2/day. x3 weekly, beginning on day 15.
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with a rise in serum creatinine, but can be differentiated because, in
our experience, proteinuria only increases when rejection is occur-
ring. Changes in urine output have not proven informative.

Immunological markers are not of great value in detecting
rejection after pig kidney (or heart) xenotransplantation.
Increases in serum anti-pig antibodies are usually not detectable
because they bind to the graft, and only become obvious when it
is possible for the graft to be excised, e.g., in the case of a hetero-
topic (non-life-supporting) pig heart. In our experience, when an
immunosuppressive regimen based on blockade of the CD40/
CD154 costimulation pathway has been administered (Table 4),
post-transplantation T and B cell numbers remain at 30�40% of
their baseline numbers, and are non-informative with regard to
the development of rejection. There is hope, however, that meth-
ods such as the detection of cell-free pig DNA using integrated
PERV sequences may prove useful in monitoring graft damage/
rejection [66].

There are currently no data to determine whether changes in
glomerular filtration rate correlate with the onset of rejection.
Because of the relative absence of good markers of rejection, nee-
dle biopsies of the graft may need to be carried out more fre-
quently after kidney xenotransplantation than is currently
necessary after allotransplantation. Histopathological features of
rejection include glomerular injury and some thrombotic micro-
angiopathy (Foote JB, et al, submitted).
9. Functional aspects of life-supporting pig kidneys in nonhuman
primates

To our knowledge there have been no detailed studies of pig kid-
ney function in a NHP recipient, but those NHPs that have survived
for several months or longer have not provided evidence of major
deficiencies in this respect [1,2,33,43,44]. Furthermore, as the avail-
ability of pig kidneys will ultimately be limitless, there is no reason
why a patient should not be provided with two kidneys, rather than
one as in allotransplantation. With two kidneys, good renal function
may be sustained over a longer period of time.

An impaired renin-angiotensin-aldosterone system (RAAS) is one
explanation for the episodes of hypovolemia that have been reported
in baboons [44,65] (Fig. 4). Since decreased renin activity may be a
factor, if porcine renin is confirmed not to cleave human or NHP
angiotensinogen at a clinically significant rate, consideration may
need to be given to generating pigs that express human renin. If other
significant functional differences are identified, these could possibly
also be resolved by judicious genetic engineering of the pig.

10. The first clinical trial

Although pig-to-NHP models have provided valuable information,
these models have many limitations, one of which is the presence of
antibodies to TKO pig cells, as mentioned above. Another is the lack



Fig. 4. Example of a spontaneous increase in serum creatinine in a baboon with a life-
supporting pig kidney transplant (with nephrectomy of the native kidneys at the time
of pig kidney transplantation). The rapid reduction in creatinine to normal (human)
levels was associated solely with an i.v. infusion of normal saline (arrow). A renal bio-
spy at the time showed no features of rejection. (Reprinted with permission from
Iwase H, et al, 201865).
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of functional receptors for PERVs in NHPs, negating the value of
observations on the potential complications of PERVs in pig-to-NHP
models [67]. We firmly believe that progress will advance more rap-
idly when clinical trials take place.

Our proposal is that the first clinical trial of pig kidney transplan-
tation should be limited to only four carefully-selected patients over
the course of one year. If, after the first transplant, the patient
remains well for three months with good renal function and an
absence of major complications, e.g., infection, then the second
patient would be added to the trial. All four patients would be fol-
lowed for one year, at which time, in collaboration with the regula-
tory authorities, a decision would be made on expanding the trial.

11. Selection of patients

In the USA, the median waiting time for a deceased human kidney
(approximately 4 years) indicates the time it will take for half of the
potential recipients to undergo kidney transplantation. Patients
removed from the wait-list are not included in the calculation. Impor-
tantly, information on median wait-time obscures the fact that,
because of death or being removed from the wait-list because they
are no longer acceptable recipients, a significant percentage of candi-
dates (approximately 40%) never receive an allograft.

On the basis that the period on the wait-list might be so long that
they may die before being allocated a deceased human donor organ,
we have suggested that older age patients (55�60 years or possibly
55-65 years), but with good physiology and no serious comorbidities,
particularly if of blood group O (as these patients tend to spend lon-
ger on the wait-list), should be considered as potential candidates for
the first clinical trial [69]. As the anticipated period of pig graft sur-
vival remains uncertain, younger patients, who are more likely to
survive until a suitable allograft becomes available, should perhaps
be excluded from the initial trials.

We suggest that the patients should have been initiated on
chronic hemodialysis (and should not undergo pre-emptive kidney
xenotransplantation, i.e., before requiring dialysis) because the
patient and his/her family should be convinced that kidney failure
has progressed to the point where death would have occurred if dial-
ysis had not been initiated. Other factors could also be considered,
e.g., patients (i) who no longer have vascular access to enable hemo-
dialysis, or (ii) with recurrent kidney disease after allotransplanta-
tion, but we suggest that these patients are less suitable because they
have likely been on dialysis for a long period of time (and, therefore,
have possibly developed comorbidities) and/or have undergone pre-
vious kidney allotransplantation, both of which conditions might
complicate the management of the patient in an initial clinical trial.
With few differences, exclusion criteria for the first patients should
be based on those for selection for allotransplantation, and have been
documented elsewhere [68].

12. Immunologic aspects of patient selection

Potential human recipients should be selected who do not
have (i) anti-glycan IgM/IgG (i.e., anti-TKO pig) antibodies or evi-
dence of serum cytotoxicity to cells from the organ-source pig,
(ii) antibodies directed to human leukocyte antigens (i.e., anti-
HLA antibodies) that may cross-react with swine leukocyte anti-
gens [SLA]), and (iii) a particularly strong response on mixed lym-
phocyte reaction (compared to the median response of a panel of
potential recipients) [69].

Patients with high calculated panel-reactive antibodies (cPRA)
(i.e., anti-HLA antibodies), for whom it will be difficult to identify an
acceptable deceased human donor, will be strong future candidates
for xenotransplantation. However, although the majority of HLA-sen-
sitized patients do not appear to have antibodies that cross-react
with SLA [70�72], there is evidence that some do, which would
increase the risk of antibody-mediated rejection of the pig organ
[73,74]. A very recent study suggested that pig kidney graft survival
was shorter in allosensitized monkeys than in non-sensitized mon-
keys [75].

Studies by Martens, Ladowski, and their colleagues indicated that
sera from some sensitized humans may possess cross-reactive anti-
HLA antibodies capable of binding to SLA in epitope-restricted pat-
terns [74,76,77]. Importantly, single amino-acid mutagenesis of the
HLA-SLA epitope by genetic engineering, for example mutation of an
arginine to a proline in the SLA molecule, significantly decreased or
completely eliminated antibody binding for a majority of tested sam-
ples [76,77]. However, there are exceptions to this approach. For one
SLA class II epitope, the antibody binding was limited to the epitope,
and was unchanged despite mutations made to the surrounding
amino acids [77].

Although HLA-sensitized patients may ultimately benefit most
from the availability of pig kidney xenografts, we suggest that they
should not be considered for the first clinical trial. However, the novel
methods of genetic engineering being explored offer the prospect of
overcoming this problem in the future, enabling even HLA-highly-
sensitized patients to undergo xenotransplantation with no addi-
tional risk of graft rejection.

The current (limited, but increasing) evidence suggests that
sensitization to pig antigens, should it develop after pig organ
transplantation, would not be detrimental to the outcome of a
subsequent allotransplant [78,79]. If confirmed, this is a very
important point as it would not preclude subsequent successful
allotransplantation after an initial bridging xenotransplant. A
patient undergoing pig kidney transplantation could remain on
the wait-list for a deceased human allograft and, at least for a
period of time (as yet uncertain), avoid the medical and social
disadvantages of chronic dialysis, and enjoy the benefits of a
functioning kidney graft. The experience gained by such a clinical
trial would provide valuable data that would enable progression
to pig kidney transplantation as destination therapy.

13. Public opinion

Ethical and social aspects of xenotransplantation also need to be
considered. The opinions of patients, health care professionals, and
members of the public need to be sought. A number of surveys and
focus groups have been organized by Paris and his colleagues during
the past three years, which indicate that the public is largely support-
ive of xenotransplantation [80�86]. The influence of religious beliefs
has also been explored [87,88].
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14. Conclusions

Although data regarding genetically-engineered pig kidney trans-
plantation in NHPs are steadily accumulating, numerous details need
to be clarified before the regulatory authorities can be provided with
definitive data to support a clinical trial of xenotransplantation. The
two most important areas that need attention are (i) what pig genet-
ics are necessary, and (ii) what immunosuppressive/anti-inflamma-
tory/adjunctive therapeutic regimen is optimal to offer success.
Decisions will be based on current and future experience in the labo-
ratory, but must be applicable to clinical xenotransplantation.
Outstanding questions

The most important are (i) what genetic manipulations in the pig
are considered essential or highly beneficial to protect against the
innate immune response, and (ii) what drug therapy is necessary for
the recipient to prevent the adaptive immune response.
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