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Abstract

Plain language summary

Background Xenotransplantation (XTx) is a promising strategy to address the organ
shortage. Clinical application will likely require off-site procurement from designated
pathogen-free (DPF) facilities, introducing unavoidable cold ischemic time (CIT). The impact
of CIT and organ preservation method on graft function in XTx remains unclear.

Methods We evaluated eight cases of pig-to-baboon kidney xenotransplantation
performed after five hours of CIT, comparing static cold storage (SCS) to hypothermic
machine perfusion (HMP) preservation. Outcomes were assessed relative to six additional
pig-to-baboon transplants performed with minimal CIT.

Results All grafts preserved with SCS experience hyperacute rejection within 90 min of
reperfusion, even in recipients with low levels of preformed anti-pig antibodies. In contrast,
all HMP-preserved grafts reperfuse without clinical evidence of injury and maintain function
for more than 14 days. Grafts transplanted with minimal CIT show similarly favorable
outcomes.

Conclusions Porcine kidneys are highly sensitive to ischemia-reperfusion injury after cold
preservation across xenogeneic barriers. Routine SCS leads to early graft failure, while HMP
mitigates ischemic injury and may enable successful clinical XTx despite prolonged CIT.

Xenotransplantation, or transplanting pig
organs into primates or humans, could help
solve the shortage of donor organs. However,
future transplants will likely involve
transporting organs from designated
procurement facilities, leading to several
hours of organ preservation time during
transportation. This study tested how
different preservation methods affect pig
kidney function after transplant into baboons.
Kidneys stored using the standard method
(on ice) failed almost immediately, even in
recipients with low immune response. In
contrast, kidneys preserved with hypothermic
machine perfusion—a method that pumps
cold fluid through the organ—functioned well
for over two weeks. These results suggest
that pig kidneys are highly sensitive to cold-
related damage and that machine perfusion
may be a safer option for preserving organs in
future clinical xenotransplantation.

Xenotransplantation (XTx) is an increasingly realistic solution to the organ
shortage. Progress in XTx research in the pig-to-nonhuman primate (NHP)
model'”® using genetically modified source pigs has paved the way for early
studies in pig-to-human xenotransplantation’. Porcine xenograft procure-
ment occurred under variable conditions in each of these isolated clinical
cases; however, xenograft procurement in future clinical trials in xeno-
transplantation will be more closely regulated, which will have important

implications for procurement and xenograft ischemic time. Source pigs
must be maintained in “designated pathogen-free” (DPF) facilities from
conception to procurement to avoid the potential transmission of swine-
derived organisms to human patients’. This designation and the associated
strict control of infectious pathogens will likely limit where procurements
can occur. It is not feasible for each hospital offering solid organ transplants
to have their own DPF pig facility for clinical XTx; therefore, clinical XTx
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will likely require off-site procurement in centralized DPF pig facilities
followed by shipment of those porcine organs. While cold ischemic time
(CIT) is well-tolerated in conventional allogeneic kidney transplantation,
the impact of clinically relevant CIT on pig kidney grafts has not been
investigated in xenogeneic kidney transplantation. Indeed, few studies have
reported long-term xenograft survival with clinically relevant (>3 h) CIT,
and none have reported >1 year survival with >3 h CIT.

Successful xenotransplantation requires overcoming both innate and
adaptive immunological barriers’. Ischemia-reperfusion injury (IRI) is
known to potentiate both innate and adaptive immunity’, and may thus
raise the immunologic hurdles to effective xenotransplanation; while CIT is
well-tolerated in conventional allogeneic kidney transplantation, IRI across
xenogeneic barriers may lead to greater damage as species incompatibilities
between porcine and primate inflammatory and coagulation systems may
exacerbate underlying injury’.

Moreover, while static cold storage (SCS) remains the most commonly
used strategy for organ preservation in conventional allogeneic kidney
transplantation, additional preservation modalities may be needed to mini-
mize IRI across xenogeneic barriers. Hypothermic machine perfusion (HMP)
is becoming widely used in clinical settings'" with increasing evidence of
improved graft outcomes with prolonged CIT as compared to SCS'; while
the benefit of HMP was first demonstrated with reduced incidence of delayed
graft function (DGF) among higher risk kidneys", subsequent studies have
found reduced DGF all donor subgroups'*"”. The mechanisms responsible
for observed superior outcomes with HMP in conventional allogeneic
transplantation are incompletely understood'®, but mechanistic studies sug-
gest that HMP may mitigate ischemia-reperfusion injury through reduction
of hypoxia during preservation'”'* and decreased inflammatory cell death™” as
well as improved endothelial cell function™ after reperfusion.

We recently reported consistent survival of life-supporting kidney
xenografts in pig-to-baboon model with clinically relevant ischemic time
preserved with HMP as part of an IND-enabling study for the FDA’. Here we
provide scientific justification for a nuanced preservation strategy in xeno-
transplantation, as used in that study. In this study, we investigate the impact
of prolonged cold ischemic time on the outcomes of pig-to-baboon kidney
transplantation, we compare the efficacy of different preservation strategies
(SCS and HMP) on early graft function, and we explore the mechanistic
underpinnings of the xenograft response to IRI. To our knowledge, this study
is the first to examine the effects of SCS versus HMP on xenografts under
conditions of prolonged CIT. By addressing these objectives, we fill the
existing knowledge gaps and contribute to the development of more effective
organ preservation protocols for clinical xenotransplantation trials. In this
study, we find that SCS-preserved pig kidneys with 5h CIT undergo
hyperacute rejection, while HMP-preserved grafts maintain function for
over 14 days in pig-to-primate kidney xenotransplantation.

Methods

We performed 23 cases of large animal kidney transplantation (19 cases of
pig-to-baboon kidney xenotransplantation and 4 cases of pig-to-pig kidney
allogeneic transplantation) at Columbia University (New York, NY, USA),
Johns Hopkins University (Baltimore, MD, USA), and Kagoshima Uni-
versity (Kagoshima, Japan). All animal studies conducted for this experi-
ment are summarized in Fig. 1. Randomization and blinding were not used
in the allocation of animals or in outcome assessment. All animal work was
conducted in accordance with NIH and USDA guidelines and with approval
from the Institutional Animal Care and Use Committee (IACUC).

Animal husbandry

All animal care and housing procedures adhered to institutional standard
operating procedures and were approved by the relevant Institutional
Animal Care and Use Committees. Swine were kept in group housing
within individual pens lined with tenderfoot flooring, allowing for social
interaction with up to seven other pigs. Routine health surveillance was
performed, including screening for potential zoonotic pathogens. Baboons
were housed either individually or in pairs in stainless-steel enclosures with

automated water access. Environmental parameters, including temperature
(24-29 °C), humidity (30-70%), and a 12 h light/dark cycle, were main-
tained consistently. Animals received species-appropriate chow (LabDiet
5038 for baboons) supplemented daily with fresh produce for enrichment.
Water was provided ad libitum to all animals throughout the study period.

MHC-matched pigs

CLAWN-miniature swine, aged 9-12 months, were obtained from the
Kagoshima Miniature Swine Research Center (Isa, Japan). CLAWN-
miniature swine are genetically typed, MHC-inbred miniature swine. In this
study, fully MHC-matched pairs of swine were used as donors and reci-
pients. All donor swine were females. Swine were maintained, treated, and
euthanized according to guidelines established by the Animal Welfare Act
and in compliance with protocols approved by Kagoshima University
Institutional Animal Care and Use Committees.

Genetically modified source pigs

Pig donors were GalTKO Sachs Miniature Swine, bred at Columbia Uni-
versity’s swine breeding facility in Chazy, NY or GalTKO-hCD55 transgenic
swine produced at National Swine Resource and Research Center, Uni-
versity of Missouri (Columbia, MO, USA). All donors were porcine cyto-
megalovirus (PCMV) negative. Donor swine for preservation experiments
were females. Euthanasia was performed prior to organ procurement. Swine
were maintained, treated, and euthanized according to guidelines estab-
lished by the Animal Welfare Act and the NTH for the housing and care of
laboratory animals and in compliance with protocols approved by
Columbia University, Johns Hopkins University, and Kagoshima Uni-
versity Institutional Animal Care and Use Committees.

Baboons

Baboons (Papio spp.) were purchased as recipients of pig-to-baboon KXTx
from the Mannheimer Foundation (Papio hamadryas, Homestead, FL,
USA) or from the Michale E. Keeling Center for Comparative Medicine and
Research, MD Anderson Cancer Center (Papio anubis, Bastrop, TX, USA).
The baboons ranged from 2-4 years old and weighed between 8 to 12.5 kg.
All baboons were maintained, treated, and euthanized at the study endpoint
according to guidelines established by the Animal Welfare Act and the NTH
for the housing and care of laboratory animals and in compliance with
protocols approved by the Animal Care and Use Committee at Columbia
University and at Johns Hopkins University.

Pre-transplant screening

Pre-transplant screening was performed using complement-dependent
cytotoxicity (CDC) assays and flow cytometry-based measurement of IgM
and IgG binding, with peripheral blood mononuclear cells (PBMCs) derived
from GalTKO source pigs. Recipients’ immunologic risk was stratified based
on predefined CDC and IgG-binding thresholds established from previous
rejector cases. These criteria were derived from a screening protocol
developed by the Yamada Laboratory at Johns Hopkins University (Hisa-
dome, Transplantation, 2024). To evaluate the impact of graft preservation
on preformed natural antibodies (nAb), recipients with either low nAb or
high nAb were included in the study.

Pig-to-baboon xenogeneic kidney transplantation. We performed 19
cases of pig-to-baboon XKTx. 8 cases were performed with 5-hours cold
ischemic time (Xeno preservation group), which is consistent with likely
duration of coastal transportation time in the United States. The kidney
grafts were preserved for 5h with either (1) static cold storage (SCS)
(n =4) or (2) hypothermic machine perfusion (HMP) using the LifePort
Kidney Transporter (Organ Recovery Systems; Itasca, IL, USA) (n =4)
(detail described in the section “Kidney graft preservation procedures”).
All baboon recipients used in preservation studies were male based on
animal availability. The other cases (n = 11) were performed with mini-
mal CIT less than 20 min (Xeno control group) and included both male
and female recipients.
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Xenotransplantation (pig-to baboon)

Allotransplantation (pig-to-pig)

(n=19) (n=4)
Preservation
method?

5-hours CIT Minimal CIT (<10min) 5-hours CIT 5-hours CIT

SCS (n=4) vs HMP (n=4)* SCS (n=11) SCS (n=2) HMP (n=2)
Immunological

risk?
Low risk High risk Low risk High risk -
(SCS 3, HMP 3) (SCS 1, HMP 1) (n=10) (n=1) Donor-recipient MHC matched
Source pig? >
GalTKO+
GalTKO GalTKO+hCD55 GalTKO+hCD55 GalTKO GalTKO+ - .
(SCS2,HMP 2) || (SCS 1, HMP 1) (SCS 1, HMP 1) (n=5) h((;zog)s hCD55 CLAWN-miniature swine

Fig. 1 | Flowchart summarizing referenced animal experiments, organized by experimental condition. CIT cold ischemic time, HMP hypothermic machine perfusion,

SCS static cold storage.

Pig-to-pig allogeneic kidney transplantation. 4 cases of pig allo KTx
were performed with 5-hours CIT (Allo preservation group). Pig donor
and recipient were MHC-matched. 5-hours graft preservation was per-
formed in the same manner as in Xeno preservation group: 2 cases with
SCS and 2 cases with HMP.

Surgical procedures

A central venous catheter was placed in the recipient prior to Tx and used for
drug administration and blood sampling throughout experiment. All sur-
gical procedures including splenectomy, bilateral native nephrectomy,
porcine kidney and vascularized thymus co-transplantation were per-
formed as previously described to standardize comparison to historical
controls” ™, except kidney grafts were transplanted after five hours pre-
servation time with either static cold storage or hypothermic machine
perfusion.

Kidney graft preservation procedures

Kidney grafts were removed from live donor swine under anesthesia and
were immediately perfused with 50 ml of the University of Wisconsin (UW)
solution at 4 °C with less than one minute of warm ischemia. Following
removal of the kidneys, donor swine were euthanized with euthanasia
solution. For SCS arm, the grafts were immersed into 500 ml of UW solution
and stored at 4 °C for 5h. For the HMP arm, a disposable cannula was
attached to renal artery and machine perfusion was initiated using the
LifePort Kidney Transporter with an infusion pressure of 30 mmHg.
1000 ml of Kidney Perfusion Solution (KPS-1) (Organ Recovery Systems,
similar but identical to UW solution) was used for the perfusion circuit. The
grafts were continuously perfused at 2-8 °C for 5 h prior to Tx. In the Xeno
preservation group, one of the two kidneys from a donor pig was preserved
with SCS and the other with HMP. Both grafts were transplanted into the
same recipient baboon in order to compare differences between two pre-
servation strategies while minimizing differences in other experimental
conditions. After vascular anastomoses were completed, both kidneys were
reperfused simultaneously.

Immunosuppression

All baboons received induction therapy with rabbit anti-thymocyte globulin
(Thymoglobulin) and anti-CD20 monoclonal antibodies (Rituximab) prior
to Tx. Maintenance therapy included anti-CD40 or anti-CD40L mono-
clonal antibodies, mycophenolate mofetil (MMF), and cytotoxic T

lymphocyte-associated protein 4 immunoglobulin (CTLA4-Ig). Anti-C5
monoclonal antibody (Tesidolumab) was given concomitantly for the
recipient who received GalTKO-+hCD55 kidney.

All recipients in the pig-to-pig allogeneic kidney transplantation group
were treated with tacrolimus for 14 days, starting on the day of transplan-
tation, with blood levels maintained at 15 to 25 ng/mL.

Posttransplant outcomes

Kidney graft function was assessed by urine volume and laboratory tests
including serum creatinine (mg/dL) and blood urea nitrogen (BUN,
mg/dL). We defined graft dysfunction based on macroscopic and/or
microscopic/histologic findings of the kidney grafts, urine volume
(<0.5ml/kg/hr) or serum creatinine level (>8.0 mg/dL). The primary
endpoint was graft survival within 14 days post Tx.

Histopathological analysis

Graft kidney biopsies were obtained after procurement (after flushing with
preservation solution, prior to transplant) and at 2h after reperfusion.
Samples were either snap-frozen, or fixed in 10% neutral-buffered formalin
before being embedded in paraffin. Immunofluorescence staining was
performed on frozen sections to detect complement fragments C3c (F0201,
DAKO, Carpentaria, CA, USA; 50:1 dilution) and C5b9 (M0777, DAKO,
Carpentaria, CA, USA; 50:1 dilution) using FITC-labeled anti-mouse sec-
ondary antibody (A2723, Invitrogen, Waltham, MA, USA; 100:1 dilution).
Paraffin-embedded samples were sectioned and stained with hematoxylin
and eosin (H&E) and periodic acid-Schift (PAS), and reviewed by an
experienced pathologist. To assess immune cell infiltration, immunohisto-
chemical staining was performed using antibodies against CD56 (MA1-
19129, Thermo Fisher Scientificc Waltham, MA, USA; 500:1 dilution),
CD68 (5c20060, Santa Cruz Biotechnology, Dallas, TX, USA; 300:1 dilu-
tion), and myeloperoxidase (ab188211, Abcam, Cambridge, MA, USA;
1000:1 dilution).

GeoMx DSP data acquisition, processing and analysis

Published experimental methods for DSP** were followed using standar-
dized protocols on an in-house NanoString GeoMx instrument. 3 formalin-
fixed, paraffin-embedded sections were processed for DSP with the human
whole-transcriptome atlas (consisting of 18,676 UV-photocleavable bar-
code-conjugated RNA in situ hybridization probes and 139 negative control
probes). 2 morphology markers were used to outline renal morphology
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prior to ROI selection: 400 nanomolar SYTO 13 (Invitrogen, Waltham,
MA) and 1:100 anti-PanCK-Texas Red 594 (Clone: AE1/AE3; Novus Bio-
logicals, Centennial, CO). Spatially indexed barcodes were collected from a
total of 30 ROIs. Libraries were prepared according to manufacturer’s
instructions and subsequently sequenced using a NovaSeq 5000 system.
FASTQ files were converted to digital count conversion (DCC) files
using NanoString software (GeoMx NGS Pipeline). DCC files were uploa-
ded into R (version 4.4.0) and consolidated as a NanoStringGeoMxSet S4
object. Gene targets were removed from the object if they consistently fell
below the limit of quantitation (LOQ; defined by the background signal for
each ROI). The remaining dataset of 5577 genes was quantile-
normalized”>*’. Differential expression analysis was performed using the
DESeq2 R package” and pathway signatures were defined by the Banff
Human Organ Transplant Gene Panel’. Pathway enrichment scores were
obtained using single-sample gene set enrichment analysis (ssGSEA)™ from
the GSVA R package™, which were then scaled as z-scores. Reported Pvalues
were corrected for multiple testing using the Benjamini-Hochberg method.

Statistical analysis

Statistical analysis was performed using the Student’s t-test. All tests were 2-
sided, and P < 0.05 was considered significant. All statistical analyses were
performed using Prism 9 (GraphPad Software).

Results

Clinical impact of IRI across xenogeneic barriers

The outcomes of the xenotransplantation cases with and without 5 h of CIT
are summarized in Table 1. We performed 8 cases with 5 h of CIT: 4 cases
with SCS and 4 cases with HMP. All grafts preserved using SCS lost function
immediately after transplant. By visual inspection, these grafts looked
healthy immediately following reperfusion but subsequently exhibited
mottling that progressed to diffuse discoloration and anuria within 90 min
post-reperfusion (Fig. 2a). Nonfunctioning grafts preserved with SCS were
observed for a total of two hours after reperfusion and explanted prior to
abdominal closure. No arterial or venous thromboses were observed on
gross pathology. In contrast, all grafts preserved using HMP were reperfused
without clinically apparent changes (Fig. 2b) and survived for more than
14 days post-transplantation.

All cases that did not undergo the 5-hour CIT accepted the kidney graft
as expected, demonstrating similar outcomes to those preserved using
HMP. Notably, recipients of kidney grafts without CIT had lower serum
creatinine levels in the early postoperative period as compared to kidney
grafts with 5h CIT(Table 1).

The outcomes of allotransplantation cases with 5h of CIT preserved
using either HMP or SCS are detailed in Table 2. Unlike the xeno-
transplantation cases, no hyperacute graft loss was observed in allo-
transplantation cases preserved with SCS. These grafts did experience IRI
with creatinine levels increasing up to 4.7 mg/dL after Tx, while HMP-
preserved allografts maintained stable early graft function (Tables 1, 2), but
the differences were not statistically significant.

Histopathological evaluation of the impact of IRl across xeno-
geneic barriers

On histologic examination of renal tissue obtained after xenotransplanta-
tion, SCS-preserved kidneys (hematoxylin and eosin (H&E) staining)
showed extensive hemorrhage and hemostasis one hour after reperfusion
(representative staining, Fig. 3a), whereas HMP-preserved kidneys did not
show significant pathological changes one hour after reperfusion (Fig. 3b).
There was a notable deposition of C3 in SCS-preserved kidneys, indicating
complement activation, which was not observed in HMP-preserved kidneys
(Fig. 4). SCS kidneys at two hours post-Tx had significantly higher infil-
tration of myeloperoxidase (MPO) positive cells compared with HMP-
preserved kidneys (Fig. 5). There was no significant difference in CD56-
positive cells (NK cells) and CD68-positive cells (macrophages) between
SCS- and HMP-preserved kidneys in biopsies obtained one hour after
transplantation (Fig. 5).

Table 1 | Clinical outcomes of xenotransplantation cases with/without 5 h of cold ischemic time (CIT)

Graft survival

POD 14 Creatinine

POD 7 Creatinine

Peak Creatinine

(mg/dl)

Preservation method

Sensitization CIT

Recipient sex

Source pig

Group

Hyperacute loss <90 min

SCS

5h

Low preformed nAb
CDC 25.9%

GalTKO

Xeno preservation

Low risk

>14 days

0.5

0.6

2.0

HMP
SCS

Hyperacute loss <90 min

5h

Low preformed nAb

CDC 14.7%

GalTKO

Xeno preservation

Low risk

>14 days

0.8

0.5

1.3

HMP
SCS

Hyperacute loss <90 min

5h

Low preformed nAb

CDC 22.0%

GalTKO

Xeno preservation

Low risk

>14 days

0.8

0.6

0.8

HMP
SCS

+hCD55 Tg

0.75+/— 0.60 >14 days

0.48 +/—-0.08

1.0+/-0.2

<10 min

Low preformed nAb
CDC <30%

5) GalTKO

Xeno control GalTKO (n

0.64 +/—0.26 >14 days

0.48+/—0.07

0.98+/-0.17

SCS

<10 min

Low preformed nAb
CDC <30%

GalTKO

Xeno control GalTKO

+hCD55 (n

+hCD55 Tg
GalTKO

5)
Xeno preservation

High risk

Hyperacute loss <60 min
Hyperacute loss <120 min

scs
HMP

5h

High preformed nAb

CDC 62.5%

+hCD55 Tg

Hyperacute loss <60 min

SCS

<10 min

High preformed nAb

CDC 46.7%

GalTKO

Xeno control
High risk

+hCD55 Tg

CDC complement-dependent cytotoxicity, CIT cold ischemic time, HMP hypothermic machine perfusion, nAb natural antibodies, POD postoperative day, SCS static cold storage.
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a. SCS-preserved kidney
(low risk)

b. HMP-preserved kidney
(low risk)

c. SCS-preserved kidney
(high risk)

d. HMP-preserved kidney
(high risk)

1 hour after reperfusion 1 hour after reperfusion

Fig. 2 | Gross differences in kidney reperfusion after five hours of cold ischemia
based on preservation strategy. Representative images of kidney xenografts with
5-hours CIT after reperfusion with low immunological risk (a and b) and high risk
(c and d). a SCS-preserved kidney with low risk looked healthy immediately fol-
lowing reperfusion but subsequently exhibited mottling that progressed to diffuse

=

g
2 hours after reperfusion

1 hour after reperfusion

discoloration in 1 h post-reperfusion b The graft preserved using HMP were
reperfused without clinically apparent changes. ¢ SCS-preserved graft with high risk
showed severe discoloration in 1 h post-reperfusion. d A graft preserved using HMP
looked healthy immediately following reperfusion but lost function in 2 h. HMP
hypothermic machine perfusion, SCS static cold storage.

Table 2 | Clinical outcomes of allotransplantation cases with 5 h of CIT

Group Recipient Sex Sensitization CIT Preservation method Peak Cre (mg/dl) POD7Cre POD14Cre Graft survival
Allo Preservation HMP (n=2) M (1); F (1) Pig MHC match 5h  HMP 3.6+/-1.6 16+/-02 13+/-02 >14 days

Allo Preservation SCS (n=2) M (1); F (1) Pig MHC match 5h  SCS 4.7+/-19 39+/-23 23+/-12 >14 days
Statistical differences between HMP and SCS groups P=0.098 p=0.312 p=0.002 N/A

CIT cold ischemic time, HMP hypothermic machine perfusion, MHC major histocompatibility complex, nAb natural antibodies, POD postoperative day, SCS static cold storage.

GeoMx digital spatial profiling (DSP) analysis

GeoMx whole-transcriptome DSP analysis provided comparative insights
between HMP and SCS preservation methods in the setting of xeno-
transplantation and standardized CIT in single-gene knockout (GalTKO)
genetically modified pigs. A representative slide was prepared from surgical
tissue biopsies obtained two hours after reperfusion in either preservation
condition (n = 1 for HMP and SCS). Regions of interest (ROls) were selected
to stratify renal architecture into glomerular (n = 6 for SCS, n = 3 for HMP)
and tubulointerstitial (n = 6 for SCS, and n = 3 for HMP) spatial compart-
ments distinguished by immunofluorescent markers Syto 13 (nuclei) and
pan-cytokeratin (epithelial cells).

First, Unsupervised clustering of ROIs identified 2 distinct local
communities that were primarily differentiated by renal compartment as
opposed to preservation strategy. However, sub-clustering by preservation
within each community is somewhat apparent, lending internal validity to
the GeoMx assay and ROI selection process. (Supplementary Fig. 1).

We then screened for differentially expressed genes across the HMP-
SCS axis using cutoffs for fold change (abs(log,FC) > 2) and adjusted P value
(Pagj < 0.01) (Fig. 6). Six genes were enriched in SCS ROIs, all of which were
found to have relevance to ischemia and IRI. Specifically, FOS and JUNB are
downstream effectors in non-canonical Wnt signaling pathways with
crosstalk between the TGF-f and NF-K pathways leading to inflammation
and apoptosis and have been implicated in renal IRT"'. EGRI is a tran-
scription factor regulated by many external cell stress signals and is involved
with inflammation and apoptosis signaling while NR4A1 and NR4A2 are

nuclear receptors also involved in apoptotic pathways and implicated in
IRT™**. Only ATF3 has been shown to have a protective effect in renal IRI in
an in-vitro model inducing oxidative stress™. On the other hand, HMP ROIs
were highly enriched for genes protective against oxidative stress and
hypoxia (MDHI, KCNJjI), wound healing (B2M), and mitochondrial as well
as cellular metabolism and homeostasis (UMOD, COX genes, ATP5 genes,
CS)* . Of these 17 genes, only one (CD74) has been suggested to correlate
with worse IRI-associated AKI*.

Using gene sets defined by the Banff Human Organ Transplant (B-
HOT) gene panel, we mapped DSP ROIs to phenotypic pathways specifi-
cally relevant to molecular studies in transplant immunology™. In general,
IRI-associated pathways were enriched in SCS ROIs, including pro-
inflammatory, cell death, and innate immune pathways such as cytokine
signaling, inflammasomes, MAPK, Th17-mediated biology, TNF family
signaling, and apoptosis & cell cycle regulation. On the other hand, HMP
ROIs were enriched for pathways related to cellular metabolism and
homeostasis, including cell-ECM interactions, Metabolism, and MHC Class
I presentation (Fig. 7, p values included Supplementary Table 2). Those
genes which were included in the panel were required to pass data quality
control measures prior to inclusion in the analysis and are specifically
detailed in Supplementary Table 3.

Discussion
To our knowledge, this study is the first to demonstrate that clinically
relevant CIT with routine SCS poses a risk for hyperacute graft loss in a pig-
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Fig. 3 | Histopathological findings of the kidney

xenografts with 5 h CIT. a SCS-preserved kidney
(low risk) showed extensive hemorrhage and
hemostasis one hour after reperfusion (hematoxylin
and eosin (H&E) staining). b HMP-preserved kid-
ney (H&E) did not show significant pathological
changes one hour after reperfusion. ¢, d In high-risk
cases, severe interstitial hemorrhages were observed

a. SCS-preserved
kidney (low risk)
in 1 hour after
reperfusion

b. HMP-preserved
kidney (low risk)
in 1 hour after
reperfusion

in both SCS- and HMP-preserved xenografts. Black

line corresponds to 200 um. HMP hypothermic

machine perfusion, SCS static cold storage.

c. SCS-preserved
kidney (high risk)
in 1 hour after
reperfusion

d. HMP-preserved
kidney (high risk)
in 2 hours after
reperfusion

to-NHP kidney xenotransplantation model. Clinically relevant CIT (5 h)
with SCS uniformly led to hyperacute graft loss after transplantation across
xenogeneic barriers; in contrast, kidney xenografts transplanted without
CIT in immunologically matched donor-recipient pairs did not result in
hyperacute graft loss, and porcine kidney allografts transplanted with
clinically relevant CIT and preserved with SCS did not result in hyperacute
graft loss.

Existing data in transplantation across xenogeneic barriers indicate
that mode of preservation may play a key role: Langin et al. demonstrated
that non-ischemic preservation with continuous perfusion was essential for
successful orthotopic cardiac xenotransplantation*’. Additionally, recent
multi-omic data from two pig-to-human decedent cardiac xeno-
transplantation at New York University revealed evidence of ischemia
reperfusion injury in one of two xenografts”. However, no studies to date
have investigated the impact of HMP on graft outcomes in kidney
xenotransplantation'’.

Importantly, we observed significant differences in the outcomes of
kidney xenotransplantation based on the preservation method employed
during CIT. All kidneys preserved using SCS were lost hyperacutely within
90 min, with clinically apparent vasoconstriction visible minutes after
reperfusion and histologic evidence of severe endothelial injury on biopsies
obtained one hour after reperfusion. Conversely, all kidneys preserved using
HMP reperfused uneventfully with minimal histologic changes on one-hour
biopsies and, after an initial elevation in creatinine corresponding to IRI
associated with CIT, functioned for more than 14 days.

While the underlying mechanisms for the observed differences
between SCS and HMP remain unclear, spatial transcriptomic analyses
suggest that HMP may confer benefit through modulation of initial
ischemic injury as well as mitigation of reperfusion injury and subsequent
inflammation. As far as we are aware, this study presents the first report of
transcriptomic analyses with spatial resolution in an in vivo model of
ischemia-reperfusion in kidney xenotransplantation.

It is important to acknowledge limitations of this analysis. First and
foremost, there is no spatially resolved, species-specific transcriptomic
technology widely available for porcine xenotransplant in an NHP back-
ground. However, GeoMx DSP probes were cross-referenced with the
porcine genome and genetic similarity was found to be at least 85% across
species. Furthermore, the GeoMx DSP analysis was limited by the statistical
approach for hypothesis testing; Given the small sample size, it is difficult to
account for the nested hierarchical nature of the experimental observations
(the ROIs). Future, larger cohorts are required to confirm findings. Despite
these limitations, transcriptomic analyses of two representative samples
revealed that HMP-preserved kidney tissue was highly enriched for genes
and pathways protective against oxidative stress and hypoxia, as well as

genes/pathways promoting normal cellular and mitochondrial metabolism.
The SCS tissue was enriched for genes and pathways associated with
inflammation, cell death, and innate immunity. Altogether, molecular
analysis substantiates clinical and histologic evidence in this study sug-
gesting that HMP may minimize the initial hypoxic injury associated with
CIT. A similar pattern has also been observed with HMP in conventional
allogeneic transplantation, where studies have demonstrated reduced
expression of hypoxia-related genes in HMP-stored donor organs®.

Perhaps more importantly, the inflammatory response corresponding
to this initial ischemic injury appears markedly different between SCS- and
HMP-preserved kidney tissue. SCS-preserved kidneys were found to have
significant increases in MPO-positive neutrophil infiltration on immuno-
histochemistry as-well-as enrichment of genes associated with innate
immune activation and inflammation on transcriptomic analyses. While the
trend is similar to preservation studies in conventional allogeneic
transplantation®, differences between SCS and HMP preservation strategies
appear more pronounced in xenotransplantation compared with conven-
tional allogeneic transplantation. Indeed, innate immune activation may
progress more rapidly across xenogeneic barriers, where species incom-
patibilities impair normal anti-inflammatory and anti-coagulant regulatory
processes. For example, immunofluorescence of SCS-preserved kidneys
demonstrated diffuse complement deposition which was not observed in
the HMP-preserved kidneys despite identical levels of preformed antibodies
(same recipient); once innate immunity is activated across xenogeneic
barriers, it is likely more challenging to turn off without normal species-
congruent inhibitory proteins.

Targeted genetic modification of source pigs may minimize IRI-
induced inflammation associated with species incompatibilities’’. We
recently demonstrated consistent and durable survival of life-supporting
kidney xenografts in consecutive cases of pig-to-baboon transplantation
using 10GE source pigs with transgenic expression of human anti-
inflammatory (HO1), anti-coagulant (TBM, EPCR), and complement
regulatory proteins (CD46, CD55)". These xenografts incurred similar CIT
to those in this study and were preserved with HMP, avoiding hyperacute
graft loss. Still, IRT impacted each animal’s postoperative course and may
have contributed to ultimate xenograft failure and preterminal euthanasia.

One consideration that merits further study is the independent role of
the perfusate composition in the observed outcomes. This study used UW
solution for SCS preserved kidneys and Kidney Perfusion Solution (KPS-1)
for HMP according to the manufacturer’s guidance (Organ Recovery Sys-
tems). These solutions are similar but not identical: KPS-1 includes altered
sodium and potassium balances as well as gluconate and mannitol instead of
lactobionate and raffinose as found in standard UW solutions. These
alterations, particularly the differences in sodium and potassium
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Fig. 4 | Complement (C3) deposition on immu-
nofluorescence staining. a SCS-preserved kidney prior to reperfusion
prior to reperfusion with no complement activation.
Notable deposition of C3, indicating complement
activation, was observed in SCS-preserved kidneys
after reperfusion (b) but not in HMP-preserved
kidneys (c). White line corresponds to 50 pm. HMP
hypothermic machine perfusion, SCS static cold

C3

storage.

a. SCS-preserved kidney

c. HMP-preserved kidney
90 min after reperfusion

b. SCS-preserved kidney
90 min after reperfusion
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Fig. 5 | Cell infiltration immunohistochemistry in the kidney xenografts with

5 h CIT. a Representative immunohistochemical staining for CD56, CD68, and
myeloperoxidase (MPO) at 2 h post-reperfusion. Upper panels show SCS-preserved
kidneys; lower panels show HMP-preserved kidneys. Black line corresponds to

50 pm. b SCS-preserved kidneys in 2 h post-reperfusion had significantly higher
infiltration of MPO positive neutrophils compared with HMP-preserved kidneys.

There was no significant difference in CD56-positive cells (NK cells) and CD68-
positive cells (macrophages) between SCS- and HMP-preserved kidneys in 1 h after
transplantation. For each marker and preservation condition, five fields were ana-
lyzed per sample. Error bars indicate the standard error of the mean. HMP hypo-
thermic machine perfusion, MPO myeloperoxidase, SCS static cold storage.

concentrations are intended to mimic an extracellular environment for
HMP rather than an intracellular environment for SCS*. Future mechan-
istic experiments will specifically evaluate the role of the perfusate in the
observed outcomes, comparing HMP to SCS using the same perfusate.
Furthermore, newer hypothermic machine preservation strategies include
the use of oxygenated perfusate. The role of oxygenated hypothermic
machine perfusion merits additional study in xenotransplantation.
Notably, porcine kidneys used in both decedent and clinical pig-to-
human cases were preserved with SCS, incurred similar CIT, and did not
undergo hyperacute graft loss. This may be a function of xenograft size — our
experiments used small (<80 grams) recipient size-matched porcine kidneys
from juvenile pigs (<20 kg), while the cases at NYU used larger kidneys from
adult pigs. Juvenile pig kidneys may be more sensitive to acute injury™,
which may be related to immature renal structures”. Similarly, kidneys from
deceased pediatric donors less than five years old have a higher rate of
vascular complications* in the early postoperative period. This may also be
a function of the known immunologic’ and physiologic differences in

xenograft recipients (NHPs in our study versus humans). Although we were
not able to salvage xenografts preserved with SCS in our transplantation
studies, we did observe relative transient clinical improvement with
increased blood pressure. While systolic blood pressures of >130 mmHg are
supraphysiologic in our pediatric NHP recipients, these pressures are nor-
mal in adult patients. Larger kidneys and larger recipients may result in
better outcomes after CIT in xenotransplantation regardless of preservation
modality. Still, available data indicates that xenograft function after SCS
preservation in long-term pig-to-human decedent and clinical kidney
xenotransplantation cases has not been normal. Early antibody mediated
rejection was recently reported in the 61-day decedent™. While there was no
DGF reported in this case, IRI is known to amplify the humoral response to
heterologous antigens*’, and may have contributed to early and unexpected
ABMR in this case. Our findings suggest that SCS preservation may increase
the risk of IRI and acute graft loss after transplantation across xenogeneic
barriers. Given these outcomes, HMP may be a safer preservation strategy
for early clinical trials in xenotransplantation.
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Fig. 6 | Transcriptional landscape of reperfused
kidney xenografts by preservation strategy. Dif-

60
ferential expression (x-axis) and significance (y-
axis) of DSP genes between HMP (right) and SCS
(left) regions of interest. P values were computed
using the Wald test from the DESeq2 standard
workflow and adjusted for multiple testing with the
Benjamini-Hochberg approach.
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Fig. 7 | Spatially resolved B-HOT gene set enrichment of reperfused kidney
xenografts by preservation strategy. Scaled single sample gene set enrichment
scores for nine pathways defined by the Banff 2019 Meeting Report. Comparisons
between HMP and SCS preservation are shown for combined (pooled), glomerular,

and tubulointerstitial regions of interest for each pathway. P values were computed
using the two-sided Wilcoxon rank-sum (Mann-Whitney U) test and adjusted for
multiple testing with the Benjamini-Hochberg approach (***P < 0.001; **P < 0.01;
*P < 0.05; not significant, n.s.); exact p values are included in Supplementary Table 2.
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Data availability

All data supporting this study are available within the article and its related
supplementary information files. The source data for Fig. 5 is in Supple-
mentary Table 4. Histological images and GeoMx transcriptomic data are
available upon request from the corresponding author.
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