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Abstract

Purpose—Inter-species transplantation, xenotransplantation, is becoming a realistic strategy to
solve the organ shortage crisis. Here we focus on seminal publications that have driven research in
xenotransplantation, as well as recently published literature and future endeavors.

Recent Findings—Advances in gene editing technology have allowed for the efficient
production of multi-transgenic porcine donors leading improved xenograft survival in baboons, up
to 2-years following heterotopic heart xenotransplantation and from weeks to several months
following life-supporting Kidney xenotransplanation. As technology evolves, additional challenges
have arisen, including the development of proteinuria, early graft loss associated with porcine
CMV, disparities in organ growth between donors and recipients as well as high-dose continuous
immunosuppression requirements. To address these issues, our laboratory developed a tolerance-
inducing protocol which has allowed for >6 months survival of a life-supporting kidney with
further approaches currently underway to address the challenges mentioned above.

Summary—Our recent findings, reviewed in this article, led us to develop methods to overcome
obstacles, which, in conjunction with the work of others, are promising for future clinical
applications of xenotransplantation.

Introduction

Kidney transplantation is now a generally accepted management strategy for various end-
stage diseases due to hypertension, diabetes, autoimmune disorders, genetic disorders and
infectious etiologies. In 2016, despite over 19,000 kidney transplants performed in the
United States (1), and the number of patients that were added to the waitlist far exceeded the
number that ultimately went on to transplantation. As of February 23", 2017 there are over
98,000 patients listed for a kidney transplant in the United States, of which over 38,000
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patients were removed for a variety of clinical reasons, including 4,747 (12.35%) patients
removed for being too sick to transplant, and 4,270 (11.11%) patients being removed
because they died while awaiting a transplant (1). Given these discrepancies, alternative
clinical strategies must be developed to resolve this organ shortage crisis.

One potential option could be to regenerate organs or develop functional organs de novo.
Previous studies have shown that allogeneic hepatocytes and Islets of Langerhans developed
de novo can support the life of the recipients (2—4), and as a result there has been significant
interest in the generation of these tissues through advanced tissue engineering techniques.
However, the function of these engineered tissues has been limited (5, 6). Recently,
techniques for reprogramming adult tissues through gene manipulation that induce
pluriopotent stem cells (iPS) have spawned interest in organ regeneration (7-9). The group
at the Massachusetts General Hospital (MGH) has reported that when rat hearts were
decellularized with detergents and reseeded with cardiac or endothelial cells, investigators
were successful in producing an engineered heart with about 2% of function observed in an
adult heart (10). While such technologies are new and innovative, and may provide an
alternative source of allogeneic organs in the future, they have yet to yield fully functional
life-supporting solid organs in a large animal model.

Another option to increase the supply of organs is to introduce interspecies transplantation,
otherwise known as xenotransplantation. Recent improvements through the use of the
CRISPR/CAS9 technology have markedly improved the efficiency of multiple gene
manipulations in the donor (11, 12) and the use of these new multi-transgenic alpha-1,3-
galactosyltransferase knockout (GalT-KO) pigs has demonstrated marked prolongation of
porcine renal xenograft survival from days to greater than six months in a life-supporting
model (13), and for >2 years in a heterotopic non-life-supporting cardiac xenograft model
(14). Xenotransplantation is now becoming a more realistic strategy to solve the organ
shortage crisis and in this review we have focused on both the seminal publications that have
driven research in xenotransplantation, in addition to the most recently published work and
future endeavors.

I. The Use of GalT-KO Pigs Overcame Hyperacute Rejection

Swine have generally been considered the best match for potential human
xenotransplantation because of their size, their favorable breeding characteristics, and well-
established known genetic profile (15). However, until the development of a-1,3-
galactosyltransferase gene knockout pigs (GalT-KO) pigs in 2002 (16-18),
xenotransplantation was not feasible due to hyperacute rejection caused by a glycoprotein
antigen constitutively expressed on the surface of swine cells to which humans (and new
world monkeys) have preformed anti-pig natural antibodies (19-23). Using these newly
developed GalT-KO donors, in 2002 the author’s team performed the world’s first pig-to-
baboon renal xenotransplantation and demonstrated the successful prevention of hyperacute
rejection of xenogeneic renal grafts (23).
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ll. Strategies to Prevent T-cell Mediated Rejection

A. Xenogeneic T-cell Responses

Due to the intensity of antibody mediated hyperacute rejection across xenogeneic barriers,
researchers were initially unable to ascertain the degree of xenogeneic anti-donor T-cell
responses to vascularized donor organs. There was early speculation that the xenogeneic T-
cell response would be less severe than an allogeneic response, because of discordant
MHCs. Early investigations into T-cell responses exploited the human-anti-mouse model
(25). These studies revealed a defective human CD4 T-cell anti-murine major
histocompatibility complex (MHC) class Il molecule interaction, effectively eliminating T-
cell activation via the direct pathway (25). These results suggested that if humoral
mechanisms could be overcome, cell-mediated rejection would be a minor obstacle.

However, studies done in the early 1990’s at the authors’ laboratory (26, 27), and others
(28), demonstrated that the direct pathway of activation did exist in the pig-to-human model.
Our laboratory has demonstrated that human T-cells responded to xeno-MHC antigens as
they did to allo-MHC antigens in mixed lymphocyte reaction (MLR) assays. In addition,
human-anti-pig T-cell responses appeared to share similar antigen presenting cell (APC)
requirements for stimulators (direct pathway) or responders (indirect pathway); and the
majority of the primary human-anti-pig xeno-response was directed toward porcine MHC
class Il antigens and involved interactions with human CD4 accessory molecules (26). These
data indicated that the human-anti-porcine T-cell response was similar, and could be stronger
than allogeneic barriers, in strength. In addition, activation of CD4 T-cells provide T-cell
help to B-cells and NK-cells as well as CD8 T-cell killer progenitors (25). Therefore, anti-
pig specific strategies directed at inhibition of the direct pathway as well as the indirect
pathway must be included for successful xenotransplantation between pigs and primates.

B. The Importance of Inducing Tolerance for Successful Life-supporting Xenogeneic Renal
Transplantation

In initial studies in 2002, we achieved survival of up to 34-days for life-supporting GalT-KO
pig-to-baboon renal xenotransplantation using immunosuppressive regimens that included
anti-thymocyte globulin (ATG) and anti-CD154 mAb (24). Meanwhile, in 2005, Zhong et
al., reported maximum survival of only 16-days using GalT-KO kidneys. Even with the use
of heavy immunosuppression in these protocols, rejected GalT-KO grafts showed severe
cellular and humoral rejection (28). The glomeruli and peritubular capillaries of these
rejected xenografts stained brightly for 1gG, suggesting T-cell help allows class switching
from 1gM to 1gG with specificity for porcine antigens. Due to recipients developing cellular
rejection despite heavy chronic immunosuppression, these results suggest that small
numbers of T-cells can initiate both cellular and humoral responses. This data is consistent
with reports by Korsgren and colleagues which indicated that even very small numbers of T-
cells were sufficient to initiate rejection of porcine islets by macrophages in T-cell deficient
rodents (29). The level of immunosuppression needed to control these T-cell responses and
prolong xenograft survival has been associated with prohibitive morbidity and mortality.
Additionally, these regimens have not yielded survival that would merit transition to clinical
trials. These results do however provide compelling rationale to pursue a clinically
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applicable tolerance strategy that would potentially avoid the high level of
immunosuppression employed in current xenotransplantation protocols.

C. Strategies to Overcome Xenogeneic T-cell Responses: Vascularized Thymic
Transplantation

In an attempt to control the powerful T-cell response, many strategies, aimed at various
targets of the immune response, have been tested. Due to the fact that immunosuppression
alone is prohibitively morbid, the authors believe that a strategy for xenogeneic tolerance
induction is imperative for successful xenotransplantation. Transplantation tolerance, which
uses the body’s own immune system to reteach T-cells to suppress the anti-donor response,
was first attempted by the author using the simultaneous transplantation of a donor pig
thymus. Since T-cell education occurs in the thymus and because the thymus is known to
play an integral role in self-tolerance and in tolerance across allogeneic barriers, thymic
transplantation is thought to lead to tolerance via a central mechanism, much like the
education of T-cells in a normal developing child.

Thymic tissue, as opposed to vascularized thymic grafts, was first demonstrated to induce
xenograft tolerance in a pig-to-mouse model by Sykes et al. through the transplantation of
fetal thymic tissue directly transplanted under the renal capsule in T-cell depleted,
thymectomized mice. These results demonstrated that murine recipients of porcine thymic
tissue developed donor-specific unresponsiveness in MLR assays and went on to
subsequently accept skin grafts from the porcine thymic donors (30-32). In an effort to
extend these exciting results to our pig-to-primate model, it was first necessary to
demonstrate that thymic transplantation was technically possible in a large animal model,
such as the pig. Our initial attempts to implant minced thymic tissue in a similar manner to
the mouse model failed, with evidence of graft rejection by days 15-30 (33). We
hypothesized that ischemic damage to the transplanted thymus during revascularization led
to an active immunologic response and we reasoned that thymic tissue needed to be
transplanted as a vascularized organ. Furthermore, we hypothesized that during the tenuous
period of revascularization, unless complete T-cell depletion was achieved, which is very
difficult in large animals, thymic tissue is rejected before it has the ability to induce
tolerance.

In an effort to eliminate the damage that occurs during the revascularization period after
allogeneic or xenogeneic transplantation, Yamada et al. have developed two methods for
vascularized thymic transplantation in miniature swine (34, 35); First is the preparation of a
composite "thymokidney" in which autologous thymic tissue is allowed to engraft for a
period of 1-2 months under the donor’s own kidney capsule before allogeneic
transplantation (Fig. 1 A). Second is the “Yamada VVTL procedure”, which is the
transplantation of an isolated vascularized thymic lobe (VTL) (Fig. 1 B). Using these two
novel techniques, we demonstrated that vascularized thymic tissue can successfully induce
tolerance and support thymopoiesis across fully allogeneic barriers in MGH miniature swine
(36). In follow-up studies when kidneys and non-vascularized thymic tissue from the same
donor were transplanted as separate grafts, recipients rejected the non-vascularized
allogeneic thymic grafts within four weeks and kidney grafts were rejected within the
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second post-operative month. In contrast, recipients of thymus with simultaneous kidneys
(thymokidney) or heart (heart plus VTL), or kidneys following vascularized thymus lobe
transplant, all survived long-term with stable graft function and in-vitro donor-specific
unresponsiveness (37-40).

Based on these encouraging results, the author’s laboratory has extended this vascularized
thymic transplant strategy to the pig-to-baboon model of renal xenotransplantation. Initial
studies in 2002, which utilized GalT-KO kidneys and thymic swine donors, led to
prolongation of graft survival up to 83-days while GalT-KO kidneys without vascularized
thymic grafts were rejected by 34-days (24).

lll. Persistent Proteinuria Despite T-cell Unresponsiveness

Our group has previously demonstrated that the co-transplantation of vascularized thymic
grafts with kidneys from the same GalT-KO donors had prolonged functional life-supporting
renal grafts in baboons. These baboons demonstrated in vitro evidence of donor-specific
tolerance with development of early baboon thymopoiesis in the vascularized pig thymic
grafts, suggesting that these recipients were on a path toward to tolerance. However, the
majority of these animals developed significant proteinuria as early as post-operative day
(POD) 2, despite relatively normal appearing glomeruli and normal renal function (41-43).
These data strongly suggested that development of proteinuria is not initiated by antibody-
mediated rejection.

We found that the histologic findings and clinical conditions observed were remarkably
similar to the clinical entity of Minimal Change Disease observed in children (42, 44). The
development of this nephrotic syndrome leads to significant edema and increases the risk of
renal damage, bacterial infections, and thrombosis. It deserves to be mentioned that although
thrombosis and infections are quite frequent complications in xenotransplantation (41), the
fact that these complications can result from nephrotic syndrome provides an additional
rationale to identify the etiologic mechanism(s) driving the nephrotic response (45).

Approach to prevent development of proteinuria

A. Rituximab Prevents Pig Podocyte Disruption in an SMPDL-3b-Dependent
Manner and Delays the Development of Proteinuria Following Xenogeneic
Thymokidney Transplantation—\We have recently reported that rituximab, when
administered in the perioperative period, protects sphingomyelin phosphodiesterase acid like
3b (SMPDL-3b)/sphingomyelinase activity on porcine podocytes, which in turn delays the
development of proteinuria (43). Since podocytes are the primary cells within the
glomerulus that are responsible for preventing proteinuria, we initially studied the
mechanism of post-xenotransplantation proteinuria by developing a technique for the culture
of pig podocytes, as confirmed by staining with anti-nephrin and anti-podocin antibodies.
Using this porcine podocyte culture, we have found that (i) SMPDL-3b/sphingomyelinase
expression on porcine podocytes played an essential role in initiating proteinuria and (ii)
Rituximab (anti-CD20 antibody) binds to porcine SMPDL-3b in glomeruli of the kidney
grafts, and thereby prevents damage from baboon preformed anti-pig natural antibodies or
anti-porcine soluble factors. In an effort to test the effect of Rituximab /in7 vivo, six baboons
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received Rituximab in the peri-transplant period (treated group), versus eighteen baboons
that underwent GalT-KO thymokidney transplantation, but without Rituximab administration
in the peri-transplant period (control group). Animals in both groups received Rituximab 2-
weeks prior to transplantation to deplete CD20* B-cells. Peripheral B-cell counts during the
pre- and peri-transplant periods, as well as following transplantation were not significantly
different between the two groups. The onset of 2* post-transplant proteinuria was markedly
delayed in the treated group compared to the control group (p=0.004). Most of the baboons
in the control group developed >2+ proteinuria within 2 days following transplantation (1.39
+ 0.61 days), while in the treated group the average time of onset of 2+ proteinuria was
>12.50 £ 5.54 days. To our knowledge, this is the first time Rituximab has been shown to
prevent pig podocyte disruption in an SMPDL-3b-dependent manner and consequently
delayed the development of proteinuria following xenogeneic GalT-KO kidney
transplantation in non-human primates (NHP) (43). However, since this effect lasts only two
to three weeks, additional strategies are required for long lasting resolution.

B. Upregulation of CD80 Plays an Important Role and a Potential Therapy of
CTLA4-1g to Prevent Proteinuria—Podocytes, the primary cells within the glomerulus
that are responsible for preventing proteinuria, have recently been shown to have
characteristics of antigen-presenting dendritic cells (46). One of the antigens that podocytes
expresses following activation is CD80, which is a receptor normally expressed by dendritic
cells, that can act as a second signal for T-cell activation (47). Recently, urinary levels of
CD80 were reported to be extremely high in a patient who developed minimal change-like
nephrotic syndrome following allogeneic stem cell transplantation (48). Moreover, minimal
change disease in children is also associated with high levels of CD80 in the urine in
association with CD80 expression in glomerular podocytes in renal biopsies (49, 50).

In recent studies our group has also found that the nephrotic syndrome associated with
xenograft (‘“xenograft nephropathy’) is also associated with induction of CD80 expression in
podocytes. In particular, we found that the nephrotic syndrome in baboons with pig
xenografts have (i) increased urinary CD80 excretion that precedes the development of
proteinuria. The urinary CD80 appears to be of both baboon and porcine origan. (ii) CD80
was found to be expressed in glomeruli by immunostaining in biopsies of baboons with
nephrotic syndrome; and (iii) multiple doses of CTLA4-Ig therapy added on top of an anti-
CDA40L-based regimen resulted in a marked reduction in proteinuria with significantly
improved survival compared to baboons treated with the anti-CD40L-based regimen without
the CTLAA4-1g therapy (Yamada K and Johnson R, manuscript in preparation). By
minimizing proteinuria with this modified protocol, we have recently reported that stable
renal function was maintained over 6 months using a GalT-KO pig thymokidney without
additional gene modification in a baboon recipient (51). The 193-day life-supporting kidney
functional graft is, thus far, the longest survival of GalT-KO kidneys without additional gene
modification in baboons. More recently, our studies have been focusing on gene(s) that are
responsible for the development of proteinuria.

C. Recent Progress Using Multi-Transgenes—The Emory group has most recently
reported >133-days survival of GalTKO/hDAF kidneys in rhesus monkeys (n=2) that had
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low preformed natural antibodies without development of proteinuria (13). However, Pintore
et al. reported that proteinuria and presence of low molecular weight proteins were
consistently found in urine after kidney transplantation in a multitrangenic, including human
decay accerlating factor (hDAF), GalT-KO pig-to-cynomologus model (52). In addition, we
have a case of an hDAF/GalT-KO-to-cynomolgus monkey renal transplant using an anti-
CDA40L based regimen without vascularized thymic graft which developed proteinuria
following kidney transplantation similar to baboon recipients of GalT-KO kidneys (Yamada
et al., manuscript in preparation). Therefore, although it is not conclusive, recipient strains
might be involved in absence of proteinuria using GaT-KO with only an hDAF alone
transgenic pig donors in the rhesus macaque model (13).

Recent improvements in gene manipulation, especially through the use of the CRISPR/
CAS9 technology have markedly improved the efficiency of multiple gene manipulations
(11, 12). Further, the use of these new multi-transgenic GalT-KO pigs has demonstrated
marked prolongation of porcine xenograft survival, especially with the use of CD46/human
thrombomodulin (nTBM) GalT-KO heterotopic hearts following pig-to-baboon
transplantation, where graft survival surpassed 2 years (14). Therefore, multiple transgenic
GalTKO pig donors may improve renal graft survivals by overcoming immunologic barriers
associated with species incompatibility. However, although the use of the CRISPR/CAS9
technology has made the development of new lines of GalT-KO swine far easier than
previously thought, the genes responsible for development of proteinuria has not been
address by others. Recent data have found that incompatibility of a porcine CD47-baboon
signal regulatory protein a (SIRP-a), which is an interspecies ligand-receptor interaction,
induces activation of macrophages and phagocytosis in xenogeneic combinations (52-56).
Immune activation of the porcine podocyte leads to expression of CD80 which potentially
downregulates SIRP-a and SMPDL-3b. We are currently investigating a role of hCD47 on
development of proteinuria in vitro as well as in vivo using transgenic hCD47-GalT-KO pigs
(57). Our preliminary results demonstrate that the addition of hCD47 and hDAF to GalT-KO
pigs almost eliminated proteinuria following thymokidney transplantation in baboons
(Yamada et al., manuscript in preparation).

V. Donor factors

A. The Need for pCMV Negative GalT-KO Donors

To our knowledge, our laboratory has the largest series of life-supporting renal xenografts
using GalT-KO swine in baboons. Of note, there was a three year period after 2008 in which
renal xenograft survival was decreased markedly (<3 weeks), even with thymic co-
transplantation (58). We investigated potential causes of this early loss and found a strong
association of porcine cytomegalovirus (pCMV) infection in GalT-KO porcine kidneys with
decreased graft survival (58, 59). We subsequently tested for pCMV in donor splenocytes
and/or in the explanted kidney grafts in 53 cases. In all instances with a pCMV™ donor
(n=20), early graft loss was observed (Fig. 2). Moreover, our study indicated that pPCMV
transmission could be avoided by cesarean delivery of offspring even in the presumed
presence of latent pPCMV infection in the pregnant sow. Notably, elimination of pPCMV
restored life-supporting renal xenografts and baboon survivals to an average of >60 days
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(Fig. 2). These results indicate that elimination of pCMV from the graft prevents xenograft
activation and thus a pCMV-free donor is essential for successful pig-to-primate renal
xenotransplantation (58, 59). More recently data from our colleagues investigating pig-to-
baboon liver xenotransplantation also demonstrated that recipients of porcine livers from
pCMV~ donors survived for 25-days while livers from pCMV+ pigs were lost much earlier
(60).

B. Donor Strain Should be Considered because of Potential Growth Discrepancies

Recent improvements in survival following pig-to-NHP transplantation suggest that solid
organ xenotransplantation may be feasible for clinical trials. However, growth of porcine
organs in NHP following transplantation is poorly understood. Previous reports by Soin et
al., in which survival to 48-days following pig-to-NHP xenotransplantation was achieved,
have demonstrated that porcine kidney xenografts in NHP grew in the first two weeks
following transplantation, at which point further growth ceased and growth plateaued in
three of six cases (61). In the remaining three pigs, graft size increased due to acute vascular
rejection, however, two animals in which graft size plateaued, acute cellular rejection was
also present. Therefore, the growth of organs from growth-curve mismatched combinations
remained unclear.

In order to address this issue more clearly, we have recently investigated whether kidneys
from donors that naturally grow faster than recipients grow following the donors’ growth
curve or the recipients’ growth curve (52). With long follow up periods, our data suggest that
intrinsic factors within the transplanted organ are largely involved in graft growth following
transplantation in both allogeneic and xenogeneic transplant models. We have recently
reported that (i) if the ratio of the pig kidney volume to the recipient animal's body weight
was greater than 25 cm3/kg there appeared to be a deleterious effect on renal function across
xenogeneic barrier between pig and baboons and (ii) allogeneic kidney graft size and
percentage increase of kidney volume/body weight from outbred Yorkshire swine in
miniature swine increased three times more than those of grafts from miniature swine to
miniature swine at 12 weeks post-transplant, and (iii) rapid growth of kidneys and lungs
across allogeneic and xenogeneic models caused compartment syndrome that resulted in
ischemic damage in solid organs (52). These results suggest that intrinsic factors are
responsible, at least in part, for the growth of donor organs and that this property should be
taken into consideration for growth-curve mismatched transplants, especially for life-
supporting organs transplanted into a limited recipient space. Although wild type pigs are
generally used for production of GalT-KO or multi-transgenic GalT-KO pigs because of its
productivity, these pigs grow much faster and can reach sizes >300kg. Miniature swine,
instead, are generally considered the best match for potential human xenotransplantation
partly because of their size, but also because of largely known genetic profile (17, 18, 24,
62).

V. Clinical application

Which should be the first organ transplanted across a xenogeneic barrier? Among the most
likely candidates are: 1) kidney; 2) heart; 3) liver; 4) lung; and 5) pancreas/islets. Each has
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its proponents and detractors. Short of extracorporeal membrane oxygenation, one cannot
live without a heart and/or lungs. Thus, an alternative source of hearts or lungs is an enticing
solution to end stage heart or lung disease. For this reason, some have suggested that
xenotransplantation could potentially be used as a “bridge” to allotransplantation, rather than
destination therapy. However, others argue that the use of a xenogeneic organ as a bridge
does not solve the problem of organ shortage, but rather increases the number of people on
the waiting list. Unlike end-stage kidney disease, end stage liver disease cannot be treated
with dialysis. Regarding xenotransplantation of the liver and lungs, some have argued that
the complex natural function of the liver (e.g. production of enzymes, coagulation factors,
complement components, etc.) makes it unlikely that a xenograft would function properly
across a species disparity. Despite this, we have recently made significant progress in heart
and kidneys, as well as livers, where survival up to 29-days has been achieved (Vagefi et al,
manuscript in preparation) and lungs where survival up to one week following pig-to-baboon
xenotransplantation (Yamada et al, manuscript in preparation).

In favor of the kidney being the first organ to be transplanted across a xenogeneic barrier is
the fact that failure of the transplant would not necessarily be fatal, as the patient could
presumably be put back on dialysis. The availability of living donor transplants and the fact
that renal failure is treatable by dialysis, argue against its adoption. However, numerous
patients on the waiting lists for kidneys are highly sensitized to potential donors (i.e. high
panel reactive antibody, or PRA)(63). We have previously reported that allosensitization
does not increase the risk of xenoreactivity to GalT-KO miniature swine in patients on the
transplantation waiting list. We have tested a panel of 88 human serum samples from
patients awaiting cadaveric renal allotransplantation for reactivity against human, standard
miniature swine and GalT-KO peripheral blood lymphocytes (PBL) and cultured endothelial
cells (64). We found no correlation between the degree of anti-human panel reactive
antibodies (PRA) and xenoreactivity against either standard or GalT-KO miniature swine.
These results suggest that highly allosensitized patients awaiting renal transplants do not
appear to be at an increased risk of xenosensitization over their non-sensitized cohorts, and
could therefore be candidates for xenotransplantation using GalT-KO swine donors (64).

Finally, it is important to note that a tolerance strategy approach that was described earlier in
this review is a reasonable approach to clinical renal xenotransplantation due to the ability to
use donor thymic cells (either as a vascularized composite allograft, or as a combined
“thymokidney” approach) (24, 34-40, 51) as well as bone marrow cells (57, 65, 66) from the
SLA identical donors using MGH inbred gene modified donors (17, 18. 24, 61) to help allow
for the induction of tolerance. The latter concept being critical if xenotransplantation is to
become a reality in humans because of the potential need for several different
immunosuppressive agents to allow for successful graft acceptance in humans.
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A transplanted GalTKO vascularized
thymic graft (VTL) in a baboon

(A) Preparation of thymokidney (TK) in a juvenile GalTKO pig and transplantation of a
GalTKO TK in a baboon. (B) A transplanted GalTKO vascularized thymic lobe graft (VTL)

in a baboon.
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pCMV status Average baboon survival of life-
supporting thymokidneys

Before 2008 (Samples were available for retrospective 48.3 days
tests and confirmed pCMV negative)

After 2008 (confirmed pCMV positive by retrospective 13.6 days
tests) n=20
After 2012 (confirmed pCMV negative with a pCMV > 60 days

elimination strategy)

Thymokidney

Thymic graft
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Figure 2.
PCMV induced the early loss of life-supporting kidneys.

(Left bottom) A life-supporting TK graft from a pCMV negative donor (>60 days). (Right
bottom) Rejected TKs from pCMV+ donors.
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