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Xenotransplantation of gene-edited pig kidneys offers apromising solution

to the shortage of kidneys for organ transplantation. We recently performed
agene-edited pig kidney transplantationinto aliving human recipient

with end-stage kidney disease. Here, using transcriptomics, proteomics,
metabolomics and multiplexed imaging, we conducted high-dimensional
immune profiling in this individual. Despite profound depletion of circulating
T cells, early T cell-mediated rejection occurred within 1 week after transplan-
tation, likely driven by subtherapeuticimmunosuppression and the presence
ofresidual CD8' T cells inlymph nodes. This T cell-mediated rejection event was
reversed by intensified immunosuppression. After treatment, adaptive immunity
remained suppressed, whereas innate immune activation, characterized by
sustained monocyte and macrophage activity along with elevated levels of
interleukin-1betaand granulocyte-macrophage colony-stimulating factor,
persisted. Comparative transcriptomic analysis showed that xenograft rejection
profilesresembled those typically observed in human allograft rejection, while
alsorevealing unique innate immune signatures. We did not detect antibody-
mediated rejection. Thelevels of circulating pig donor-derived cell-free DNA
rose during theinitial rejection episode and declined with treatment,
supporting the potential of cell-free DNA measurements as anoninvasive
biomarker of xenograft rejection. These findings define the distinctimmune
landscape of kidney xenotransplantation and highlight the need for regimens
targeting both innate and adaptive immunity to improve outcomes.

Chronickidney disease affects approximately 25 millionindividualsin  within an average of 5 years'—a prognosis worse than many cancers—

the USA, with many progressing to end-stage renal disease’. For these
patients, kidney transplantation remains the gold standard treat-
ment. However, the severe shortage of transplantable organs forces
most patients to rely on dialysis. While dialysis is essential for main-
taining fluid and electrolyte balance, it is associated with significant
morbidity and mortality risks®*. Alarmingly, more than half of the
patients on the transplant waiting list will succumb to the disease

or become tooill to undergo transplantation by the time a kidney
becomes available.

Xenotransplantation, the transplantation of organs from non-
human species into humans, offers a promising solution to the critical
organ shortage. If genetically engineered pig kidneys can demon-
strate sustained safety and functional superiority over dialysis, they
could provide a scalable and transformative alternative for the tens
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of thousands of patients awaiting life-saving transplants. Advances
in gene editing have enabled the development of pigs with enhanced
immunological compatibility with human recipients®. These donor
pigs, raised under stringent controlled conditions, provide kidneys
similar in size and function to human organs while harboring genetic
modifications designed to mitigate immune rejection.

On 16 March 2024, a historic milestone in transplantation was
achieved at Massachusetts General Hospital with the xenotransplan-
tation of a gene-edited pig kidney into a living human recipient’.
In this groundbreaking procedure, a Yucatan pig kidney containing
69 genetic modifications (EGEN-2784) was successfully transplanted
into a 62-year-old male patient. While nonhuman primate models
have shown promising xenograft survival with optimized immuno-
suppressive regimens across different swine donors**”®, the human
immune system presents greater immunological challenges, including
a high frequency of memory cells driven by prior vaccinations, diet
and infections. As rejection remains an important obstacle, compre-
hensive characterization of immune responses following xenotrans-
plantationis crucial for guiding future strategies.

The complexity of human immune responses is influenced by
diverse factors such as genetic variability, age, chronic infections
and environmental exposures. A comprehensive, multidimensional,
longitudinal systems immunology approach is essential to uncover
connections between biological pathways, the immunosuppression
regimen and clinical outcomes. Here we employed different layers
ofbiological information to systematically perform high-dimensional
profiling of the evolving immune landscape in this human kidney
xenotransplantation. By integrating longitudinal immune monitor-
ing with transcriptomic and proteomic analyses, we aimed to unravel
the complexities of human-xenograftinteraction, define theimmuno-
logical consequences, and identify key molecular pathways driving
rejection and their correlation with clinical parameters. The find-
ings provide critical insights into xenogeneicimmune responses and
have the potential to refine immunosuppressive strategies and
possibly future porcine genetic edits, ultimately improving clinical
outcomesin xenotransplantation.

Results
Temporal changes in the immune response following kidney
xenotransplantation
To comprehensively assess the immune response triggered by
kidney xenotransplantation, we characterized the recipient’simmune
profile using proteomics, metabolomics and clinical measurements
(Fig. 1a). Using an unbiased, longitudinal, multilayered integrative
approach, weidentified three distinctimmune clusters associated with
xenotransplantation (Extended Data Fig.1). Cluster analysis based on
silhouette scores confirmed that three clusters provided the optimal
separation (Supplementary Fig. 1): one cluster was defined by a pro-
gressive declinein analytes over time (Extended Data Fig.1a), another
showed anincrease post-transplantation (Extended Data Fig. 1b) and
the third displayed no clear temporal pattern (Extended Data Fig. 1c).
Focusingonthe cluster of analytes that declined over time (Fig. 1b
and Extended DataFig.1a), we hypothesized that the immunosuppres-
sive regimen was a key driver of these changes. The regimen included
rabbit antithymocyte globulin (ATG), rituximab (anti-CD20), high-
dose steroids and an anti-C5antibody (ravulizumab) as induction ther-
apy, followed by maintenance immunosuppression with Fc-modified
anti-CD154 monoclonal antibody (tegoprubart), tacrolimus, myco-
phenolic acid and prednisone (Extended Data Fig. 2). Network
analysis with those declining features demonstrated that this cluster
was enriched for pathways related to effector immune responses,
cytokine-mediated signaling and T cell proliferation and activation
(Fig. 1c). Notably, when investigating individual features, we found
that several downregulated proteins corresponded to specific effects
of immunosuppressive drugs, including CD19 (rituximab), CD8A and

CD4 (ATG), interleukin-2 RA (IL-2RA) (tacrolimus and mycophenolic
acid), GZMB and tumor necrosis factor (TNF) (steroids, tacrolimus and
mycophenolicacid), CD80 (mycophenolicacid), ITGAM and CXCL9/10
(tegoprubart) (Fig. 1d). CD19 was selected over CD20 as a marker of
B cell depletion because it is more broadly expressed across B cell
subsets and remains a stable and reliable surrogate following rituxi-
mab treatment, whereas CD20 expression can be variably affected by
antibody binding.

This immune modulation was associated with improved graft
function, reflected by declining creatinine and cystatin C levels.
Additional laboratory trends, including reductions in glucose and
magnesium and a fluctuating lactate dehydrogenase pattern, were
also observed (Fig. 1e), though these are influenced by multiple fac-
tors beyond allograft status. Several T cell-associated metabolites,
such as homocysteine', caproic acid" and oxoglutaric acid', also
showed substantial reductions following xenotransplantation (Fig. 1c).
In addition, we observed a decrease in indoxyl, a metabolite linked
to chronic kidney disease'>* and end-stage renal disease®, correla-
ting with improved kidney function observed in our xenotransplant
recipient’. Together, these findings demonstrate a striking shift
inthe circulatingimmune composition following xenotransplantation,
consistent with the selective targeting of adaptive immunity by the
immunosuppressive regimen.

Longitudinal single-cell RNA sequencing analysis of peripheral
blood mononuclear cells in xenotransplantation

We performed single-cell RNA sequencing (scRNA-seq) on peripheral
blood mononuclear cells (PBMCs) collected at six time pointsto gaina
high-resolution view of the systemic cellularimmune dynamics. After
quality filtering, approximately 36,000 high-quality cellswere analyzed.
Tobetteridentify theimmune subsets, we integrated the longitudinal
recipient samples with 22 external healthy control samples from public
PBMC datasets. Integrative analysis identified 17 unsupervised distinct
cell clusters based on their transcriptomic profiles (Fig. 2a). Using Lou-
vain clustering, we annotated PBMC subsets and mapped their dynamic
proportions over time (Fig. 2a and Extended Data Fig. 3). Integration
of longitudinal scRNA-seq data into a temporal UMAP embedding
revealed a progressive decline inadaptive immune cells, accompanied
by anincrease in innate immune cells observed at all post-transplant
time points relative to baseline (Fig. 2b). Specifically, CD4" and CD8*
Tcells, Bcellsand regulatory T (T,.,) cells exhibited a profound reduc-
tion compared to pretransplant (Fig. 2c). A xeno-crossmatch assay,
incubating the recipient’s serum with donor pig PBMCs, detected no
xenoantibodies (Extended DataFig. 4), consistent with B cell depletion
and ongoing blockade of CD40-CD40L costimulation.

In contrast to adaptiveimmune cells, innate myeloid populations,
including CD14" and CD16" monocytes and conventional dendritic
cells, were proportionally increased over time relative to pretransplant
(Fig. 2c). A detailed characterization of monocyte subsets revealed
distinct gene expression profiles over time, using the pretransplant
time point as baseline. We identified three major gene expression pat-
terns:geneset1(red) included genes upregulated after transplantation;
geneset 2 (green) comprised genes that were downregulated; and gene
set 3 (purple) contained genes predominantly expressed by CD16*
monocytes (Extended DataFig.5). Most differentially expressed genes
were associated with the migration and differentiation of circulating
monocytes into peripheral tissues, including DDIT4', ILIR2", CIQB'*,
CX3CR1", DUSP5™ and EGRI*.

Flow cytometry validated the scRNA-seq findings, revealing a
pronounced decrease in CD4" and CD8" T cells, T, cells and B cells
(Fig. 2d and Supplementary Fig. 2), along with a relative expansion
of CD14" monocytes and conventional dendritic cells compared to
pretransplantlevels (Fig. 2d). These findings indicate a profound shift
inthe systemicimmune landscape, characterized by a suppression of
adaptiveimmunity and the emergence of aninnate immune signature.
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Fig.1|Immunosuppression suppresses the adaptiveimmune response
following xenotransplantation. a, Research protocol and sample collection
schedule. b, Integrative clustering of proteomics, metabolomics and clinical
parameters using Fuzzy C-Means clustering across all time points. ¢, Network
analysis integrating proteomics, metabolomics and clinical data, highlighting
modules associated withimmune-effector responses, cytokine-mediated
responses and T cell proliferation and activation. d, Longitudinal measurements
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of circulating protein levels impacted by theimmunosuppression regimen. The
blue line represents the normalized levels (z-score) of the indicated circulating
protein at different times. e, Longitudinal measurements of clinical biomarkers,
including creatinine, cystatin C, lactate dehydrogenase, glucose and magnesium.
The orange line represents the normalized levels (z-scored) of the indicated

clinical measurements at different times. Pre-Tx, pre-transplantation.

Persistent innate immune responses
post-xenotransplantation

The second immune cluster identified through multi-omics ana-
lysis consisted of analytes that increased following xenotransplan-
tation (Fig. 3a). This cluster was enriched for pathways associated
with innate immune activation, including the Toll-like receptor 4

cascade, IL-1signaling and Fc-receptor signaling (Fig. 3b). Key sig-
naling molecules within these pathways, such as BIRC2, MAPKS,
MAP2K3, IKBKB and IKBKG were upregulated (Fig. 3b). Moreover,
levels of inflammatory metabolites, including L-kynurenine* and
eicosenoic acid?, also increased following xenotransplantation
(Fig.3b).
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Fig. 2| Single-cell RNA sequencing analysis of peripheral immune cells
following xenotransplantation. a, UMAP plotillustrating the PBMC subsets
identified by scRNA-seq. Data obtained from longitudinal PBMC samples

from the recipient were integrated with data from 22 healthy control samples
from publicly available datasets (GSE165080 (ref. 39), GSE171555 (ref. 40) and
GSE192391 (ref. 41)). b, Proportions of innate and adaptive immune cells in PBMC
samples over time. ¢, The proportion (percentages) of PBMC subsets, derived
from single-cell RNA-seq, at the indicated time points. Dashed lines indicate

Days

the mean proportions of cells for each cell type in the external control group,
with the shaded areas indicating the 95% confidence interval around the mean.
Cellfractions were calculated excluding erythrocytes and megakaryocytes/
platelets. d, Circulating immune cell subsets, as quantified by flow cytometry
atthe indicated time points. Cell fractions represent percentages of viable
lymphocytes. See also Supplementary Fig. 2 for gating strategies related to the
flow cytometry analysis. cDC, conventional dendritic cell; pDC, plasmacytoid
dendritic cell.

To further investigate the functional implications of these
findings, we measured cytokine production in response to innate
immune stimulation (Fig. 3c). From analysis of 65 cytokines, we
detected increases in IL-1p3 (Fig. 3d), IL-6 (Fig. 3e), IL-8 (Fig. 3f) and
granulocyte-macrophage colony-stimulating factor (GM-CSF)
(Fig. 3g) following PBMC stimulation with toll-like receptor (TLR)
ligands. This cytokine surge paralleled the expansion of monocytes
and conventional dendritic cells, suggesting heightened TLR and
NF-kB signaling post-xenotransplantation. Furthermore, we iden-
tified an increase in type l interferon-related molecules, including
IRF5, TIRAP and ISG15, as well as the metabolite adenine* (Fig. 3b).
Taken together, these findings indicate that despite potent immuno-
suppression targeting adaptive immunity, innate immune activa-
tion persists and is augmented over time, highlighting the need
for tailored immunosuppressive regimens and/or additional gene
editing strategies that mitigate the innate immune responses in
xenotransplantation.

Tissue transcriptional signatures during xenograft rejection
Withinthe first week post-transplant, the recipient developed a Banff
grade 2A T cell-mediated rejection (TCMR), confirmed by a biopsy
onday 8. Thisrejection occurred despite amarked reductionin circu-
lating adaptive immune cells, shown by our longitudinal scRNA-seq and
flow cytometry analyses. Examination of T cell depletionin secondary
lymphoid organsrevealed that while T cells were effectively depleted
from circulation at the time of transplant, persistent CD8" T cells
were still detected on draining lymph nodes (Extended Data Fig. 6).
These findings suggest that circulating immune cell counts may not
fully reflect the extent of depletion or the risk of rejection. We reasoned
that the presence of activated T cell populations that were primed in
the secondary lymphoid organs and then migrated to the graft likely
contributed to the early rejection episode. However, this hypothesis
requires formal investigation.

Tomanage therejection, therecipient was treated with two pulses
of glucocorticoids, anti-IL-6R monoclonal antibody therapy onday 8,
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and T cell depletion with ATG on days 9 and 10, along withanincreased
dosage of tacrolimus and mycophenolicacid (Fig. 4a). Due to C3 depo-
sition observed in the biopsy sample®, the C3inhibitor pegcetacoplan
was administered from day 12 to day 28.

We performed bulk mRNA analysis using the NanoString nCoun-
ter platform to assess molecular immune changes associated with
rejection. Transcriptional profiles from the rejection biopsy (day 8)
were compared to those from astable, nonrejection (nonR) time point
(day 34) and the contralateral kidney of the donor pig (donor, day 0)
(Fig. 4b). Representative hematoxylin and eosin stains of the kidney
xenograft biopsies are shown in Fig. 4c. We compared these findings
with transcriptomic data from archival human kidney allograft biop-
sies described inref. 25, which included 15 samples from living donor
biopsies, 84 from stable time points post-transplant, 36 from TCMR
and 89 from chronic active antibody-mediated rejection (CAMR).
Compared to the day O biopsy, xenograft rejection was associated
with increased expression of both adaptive and innate immune tran-
scripts. Adaptive immunity markers included elevated CD4" (Fig. 4d)
and CD8" T cell signatures (Fig. 4e). Innate immune responses were
characterized by increased natural killer (NK) cells (Fig. 4f), M1
(Fig. 4g) and M2 macrophages (Fig. 4h) and TLR signaling (Fig. 4i).
Theseimmune signatures closely resembled those observed in human
kidney allograft TCMR and were partially resolved at the subsequent
nonR time point (day 34, Fig. 4d-i). In addition, the rejection biopsy
also showed transcriptomic evidence of activation of other pathways,

including adaptive immunity, IL-12 family signaling, cytokine signal-
ing, innate immune system, type l interferon signaling, MHC class I
antigen presentation, cytosolic DNA sensing, NOTCH signaling and
programmed cell death. The levels of these pathways were compa-
rable to or higher than those seen in human allograft TCMR samples
(Extended Data Fig. 7a-i). Our data demonstrate that xenograft
rejection shares key molecular features with human allograft rejec-
tion, including adaptive and innate immune activation within the
tissue microenvironment.

Multiplexed imaging reveals the cellular landscape of
xenograft rejection

To complement transcriptomic profiling and provide spatial reso-
lution of the immune infiltration, we performed multiplexed tissue
immunofluorescence to characterize the cellular landscape of xeno-
graft rejection. Kidney tissues from day O (donor), day 8 (TCMR) and
day 34 (stable, nonR) post-transplantation were stained for glomerular
and tubular markers (podocin and j3-catenin), total leukocytes (CD45),
endothelial cells (CD31), Tlymphocytes (CD4 and CD8), macrophages
(CD68 and CD163) and NK cells (NKG2A). Compared to the day O biopsy,
rejection was marked by severe interstitial inflammation and mild glo-
merulitis (Fig. 5a). Theimmune infiltrate was characterized by increased
CD4"and CD8'T cells, M1(CD68") and M2 (CD163") macrophages, and
NK cells (Fig. 5a,b). CD4* T cellsand CD68" macrophages were the most
prominently upregulated subsets during rejection (Fig. 5a,b). Notably,
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Fig. 4| Tissue transcriptional profiling reveals upregulation of innate and
adaptive transcripts during xenograft rejection. a, Anillustration of the
immunosuppressive regimen used to treat the recipient who experienced
aTCMR, categorized as grade 2A according to Banff criteria, on day 8 post-
xenotransplantation. b, Research protocol and the schedule for kidney biopsy
collection. ¢, Hematoxylin and eosin staining of kidney xenograft biopsies at
theindicated time points. d-i, Kidney xenograft biopsies were analyzed using
the NanoString nCounter platform. Findings were compared to transcriptomic
profiles from archival human kidney allograft biopsies®, including 15 living

200 pm
donor samples, 84 stable post-transplant time points, 36 cases of TCMR and 89
cases of CAMR. We compared cell-type-specific and immune-signaling-specific
transcriptional signatures including CD4 T cells (d), CD8 T cells (e), NK cells (f),
M1 macrophages (g), M2 macrophages (h) and TLR signaling (i). Allo, allogeneic
donor, n=15samples; nonR, n =84 samples; TCMR, n =36 samples; CAMR,
n=89 samples. Ind-i, data are represented as box plots with the center line
representing the median, and the box limits are the minimum and maximum
quartiles. All data points are displayed. °C3 inhibitor.

while T cells, M1 macrophages and NK cells declined after rejection
treatment, M2 macrophages remained persistently elevated in the
xenograft microenvironment (Fig. 5b). Human-specific HLA class |
staining indicated that the majority of macrophages were of human
origin (Extended Data Fig. 8), reflecting heightened innate immune
activity. These spatial findings corroborate transcriptomic data, con-
firming that xenograft rejection is driven by coordinated infiltration
of T cells and macrophages, mirroring patterns observed in human
allograft rejection. Persistent M2 macrophage presence post-treatment
highlights potentially ongoing innate immune activity within the graft.

Peripheral transcriptional and proteomic profiles of
xenograft rejection

To determine whether immune events within the graft were reflected
systemically, we assessed correlations between tissue immune activa-
tionand circulating immune cell dynamics. Since PBMCs were unavail-
able on the day of rejection (Fig. 1a), we inferred immune cell subsets
from bulk RNA-seq datausing the CIBERSORT tool (Fig. 6a). Consistent
with thetissue findings, we observed increased proportions of CD4* T
effector memory (TEM) cells, CD16" monocytes and CD14" monocytes

onday 8 comparedto pretransplant (Fig. 6b). While CD4* TEM cells and
total monocytes declined following rejection treatment, the subset of
CD14" monocytes remained persistently elevated. This continuous
elevation may reflect ongoinginnateimmune activity associated with
tissue repair or subclinical inflammation, underscoring the need for
further studies to clarify their role in postrejection graft outcomes.

To investigate broader systemic immune changes, we compared
peripheral blood gene and protein expression profiles during rejection
(day 7) and at a stable, nonR time point (day 26). This analysis identi-
fied 207 differentially expressed genes and proteins, including 181
upregulated and 26 downregulated targets (Fig. 6¢). Upregulated sig-
natures were enriched in pathways related to myeloid cell signaling, IL-6
and IL-12 signaling, and effector T cell activation (Fig. 6¢). Key upreg-
ulated targets included CXCL10, STAT1, STAT3, CD163 and NLRP3
(Fig. 6d). Downregulated pathways were related to glycosylation
(Fig. 6¢), with reduced expression of B3GAT1, B4GAT1 and ST6GAL-
NAC4 (Fig. 6d). These findings indicate that xenograft rejection is
associated with coordinated transcriptional and proteomic changes
involving both adaptive and innate immune activation, detectable in
the peripheral blood.
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Fig. 5| Multiplexed immunofluorescencerevealsincreased T cells and CD68*
macrophages during xenograft rejection. a, Representative multiplexed
immunofluorescence images of kidney biopsies from the donor pig (day 0)

and xenograft tissues on post-transplant days 8 (TCMR) and 34 (nonR). Images
were acquired from equivalent regions on each slide using distinct channel
combinations. Podocin marks glomeruli (podocytes); B-catenin marks tubular

epithelium. Background staining of CD8 and NKG2A in tubular and glomerular
regionsisindicated by + (glomerulus) and * (tubule), respectively. Scale bars,
50 pm. b, Quantification ofimmune cell subsets (percentage of total cells)
across whole-slide sections from donor, TCMR and nonR xenotransplant biopsy
samples from a. Gating strategies are detailed in Methods. Quantification was
independently repeated twice with similar results.

Inadditiontoimmune celland transcriptomic profiling, we assessed
whether levels of porcine donor-derived cell-free DNA (dd-cfDNA), acir-
culating marker of tissue damage widely used in allotransplantation®,
correlated with graft injury in the xenotransplantation setting. We
tracked both porcine-derived cfDNA and recipient-derived human
cfDNA. At the time of rejection, porcine dd-cfDNA levels increased
markedly (-1,000-fold by day 9), indicating xenograft injury (Fig. 6e).
A modest, delayed rise (-10-fold) in human cfDNA was also observed,
potentially reflecting recipient immune cell turnover associated
with rejection and immunosuppressive treatment, including T cell
depletion. Following treatment, porcine dd-cfDNA levels declined
substantially, consistent with histological resolution of the immune
response and restoration of graft stability (Fig. 6e). These findings sug-
gest that species-specific cfDNA may serve as a dynamic noninvasive
biomarker for early detection and monitoring of xenograftinjury.

Lastly, we investigated whether the blood transcriptional pro-
file observed during xenograft rejection in kidney xenograft recipi-
ents resembled those observed in human kidney allograft rejection.
Using the publicly available dataset GSE120649 (ref. 27) from human
kidney transplantrecipients, we compared blood transcriptomics from
our xenograft recipient with a previously described transcriptional
rejection signature of human allograft rejection®. Distance correlation

analysis, which captures nonlinear relationships, revealed that the
xenograft rejection sample (day 7) clustered with human kidney allo-
graftrejection profiles, while the nonrejection sample (day 26) aligned
with human nonrejection states (Fig. 6f). These results demonstrate
significant molecular overlap between xenograft and allograft rejec-
tioninbothtissue and peripheral blood, suggesting conservedimmune
pathways that could guide future strategies for immune monitoring
and therapeuticinterventionin xenotransplantation.

Discussion

Here we report the high-dimensional immune characterization of
a gene-edited pig kidney xenotransplantation in a living human.
Using longitudinal transcriptomic, proteomic analyses and spatial
analyses, we observed a profound shift in adaptive immunity, while
innate immune activation persisted despite immunosuppression.
The recipient experienced a TCMR episode within the first week
post-transplant, marked by the presence of T cells and macrophages
in the tissue, which improved following treatment. This study pro-
vides critical insights into xenogeneicimmune responses, highlighting
the need to optimize immunosuppressive strategies and potentially
guide future porcine donor gene editing toimprove clinical outcomes
in xenotransplantation.
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Fig. 6 | Peripheral proteomic and transcriptomic signatures, cfDNA dynamics
and comparison with human allograft rejection. a, Circulating immune cell
proportionsinferred from blood bulk transcriptomics data using CIBERSORT

at Pre-Tx, during TCMR (day 7) and at a stable, nonR time point (day 26).

b, Longitudinal changes in CD4 TEM cells, CD16* monocytes and CD14*
monocytes. ¢, Pathways enrichment analysis of transcriptomics and proteomics
datasets. Numbersin red indicate pathways enriched for upregulated genes and
proteins. Numbers in blue indicate pathways enriched for downregulated genes
and proteins. d, Overlap between differentially expressed genes and proteins

in peripheral blood at rejection (day 7) versus nonR (day 26) time points. Green
bars represent genes; purple bars represent proteins. Links indicate overlapping
features, with dashed lines highlighting shared genes. e, Longitudinal
concentrations of host-derived and pig-derived cfDNA; MPM, molecules of
host-derived or pig-derived cfDNA per pl of plasma. f, Expression of a peripheral
blood transcriptional signature associated with human allograft rejection across
xenograft and allograft samples (human allograft rejection, n =10; nonR, n=6;
datawere obtained from GSE120649). The dashed line highlights the separation
between rejection and nonR clusters.

We identified key differences inimmune dynamics between our
kidney xenograft patient, xenotransplantationin decedent recipients
and human allograft rejection, particularly regarding the type and
timing of rejection. Potential factors contributing to the observed
differences include variability in donor animals, patient selection
criteria, immunosuppressive regimens, baseline inflammation and
immune alterations associated with brain-dead donors. Our xeno
recipient developed TCMR within1week of transplant, whichisarare
occurrence in human allotransplantation when T cell depletion with
thymoglobulin is used. However, a reduced dose of ATG (1.5 mg kg™

versus standard 4.5 mg kg™) was administered in our case due to sig-
nificant lymphopeniaand hypersensitivity reaction after the first ATG
dose”. TCMR was absent in most reports using decedent models*,
except for one group that used a low-dose ATG induction therapy
(-2.5mgkg™) and reported a mixed TCMR and antibody-mediated
rejection®. Despite differences in timing, the xenograft biopsy pro-
file resembled human allograft rejection, with prominent T cells and
macrophages, and transcriptional upregulation of IFNy, IL-1and IL-6
signaling pathways®. The rejection episode was successfully treated
with standard immunosuppressants, indicating that xenograft TCMR
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responds to conventional rejection therapies. However, xenograft
rejection also showed distinct peripheral blood features, including
heightened innateimmune activationinvolving TLR signaling and type
linterferon pathways. These findings suggest that xenograft rejection
engages unique immune mechanisms that may require tailored thera-
peuticinterventions, and greater T cell depletion might be needed to
prevent TCMR.

Innonhuman primate (NHP) and human decedent xenotransplan-
tationmodels, circulating B cells were detected post-xenotransplant™
and antibody-mediated rejection (AMR) was typically the dominant
rejection mechanism rather than TCMR**°**, By contrast, our patient
showed no histological or serological evidence of AMR, likely due to
effective pretransplant B cell depletion and ongoing CD154 costimula-
tionblockade. Our observation of alack of AMR compared to preclini-
cal primate models may be explained by species-specific differences
inhumoral immunity and drug efficacy. Human IgM natural antibody
binding to 3KO pig cells is significantly lower than that observed in
0Old World monkeys®*, and human transgenes introduced in 3KO pigs
may function more effectively in humans than in NHPs. In addition,
the greater cross-reactivity of clinicalimmunosuppressive agents in
humans may contribute to improved control of AMR in our clinical
setting, despite the use of similarimmunosuppressive regimens. How-
ever, persistent CD8" T cellsinlymph nodes highlight residual cellular
immunity. Peripheral blood monitoring failed to detect early rejection,
whereas porcine dd-cfDNA levels correlated with graftinjury, suggest-
ing species-specific cfDNA as a promising noninvasive biomarker.
These findings emphasize the need for improved monitoring tools,
such as dd-cfDNA assays and advanced imaging, to detect rejection
before clinical dysfunction.

We observed persistent innate immune activation despite
effective suppression of the adaptive immune response. This was
characterized by a sustained increase in monocyte and macrophage
populations, upregulation of TLR/NF-kB signaling and type I inter-
feron responses, and elevated proinflammatory cytokine levels
following TLR stimulation. This is corroborated by observations
in decedent models showing human innate immune cells rapidly
infiltrate pig xenografts following transplantation®*"*, Similar sys-
temic inflammation has also been reported in NHP xenotransplan-
tation models*®, and it may have contributed to the early onset of
TCMR post-xenotransplantation in our patient. Potential drivers of
this innate immune response include xenograft-derived damage-
associated molecular patterns, which stimulate monocytes and mac-
rophages, and incomplete immune regulation by current immuno-
suppressive strategies. Existing therapies primarily target T and B
cellswhilelargely neglecting innate immune pathways. Although our
xenotransplant recipient developed afatal cardiac event onday 51, no
acute myocardial infarction was found on autopsy’. Rather, chronic
myocardial fibrosis, likely related to prior microvascular disease
from prolonged dialysis, was identified and may have predisposed
the patient to arrhythmia. Further studies are warranted to evaluate
the potential contribution of xenograft-associated systemic inflam-
mation to cardiovascular risk.

Notably, M2 macrophages remained elevated in the xenograft
microenvironment even after rejection treatment. This is consistent
with transcriptional signatures in circulating monocytes indicative
of migration and differentiation into peripheral tissues. Persistent
macrophage infiltration has been reported in human kidney trans-
plantation, where their presence is associated not only with the resolu-
tion of inflammation but also with progression to fibrosis and poorer
long-term graft survival, partly through pathways such as transforming
growth factor Blsignaling®®. This dual role highlights theimportance
of monitoring macrophage polarization in xenotransplantation, as
sustained M2 infiltration may signal a risk for chronic graft injury
and impaired outcomes. Clinically, these findings highlight that cur-
rent immunosuppressive regimens targeting adaptive immunity are

insufficient to control innate immune activation in xenotransplanta-
tion. Future xenograft recipients may benefit from therapies specifi-
callytargeting innateimmunity, such asIL-1or IL-6 blockade, toimprove
graft outcomes.

In addition to pharmacologic strategies, future engineering of
porcine donors could focus on reducing innate immune activation
by targeting key inflammatory pathways identified in this study.
Given the prominent upregulation of IL-1 signaling (also observed
by Kawai et al.%), graft-specific expression of human IL-1 receptor
antagonist could offer localized suppression of cytokine-driven
inflammation. Introducing immunoregulatory molecules such as
PD-L1may further help modulate residual T celland macrophage activ-
ity through checkpoint inhibition. These strategies, combined with
existing transgenes that address complement activation, coagula-
tion and macrophage phagocytosis, could provide a comprehensive
approach to reducing xenograft-induced innate immune activa-
tion. Collectively, such next-generation genetic modifications hold
promise for enhancing graft compatibility, reducing reliance on sys-
temic immunosuppression and improving long-term outcomes in
clinical xenotransplantation.

This study is limited by its single patient design, necessitating
validation in larger xenotransplantation trials to confirm the gen-
eralizability of our findings. The short follow-up period also limits
our understanding of long-term immune adaptation and graft sur-
vival. Inaddition, the limited number of biopsies restricted the ability
to fully monitor tissue-based immune responses. Given the importance
of the tissue microenvironment in graft outcomes, future studies
shouldincorporate more frequent and systematic biopsy sampling to
comprehensively assess immune dynamics over time.

In summary, this study provides a detailed high-dimensional
immune characterization of pig-to-human kidney transplantation
into a living recipient. While demonstrating the feasibility of kidney
xenotransplantation, our findings reveal that targeting adaptive immu-
nity alone may be insufficient. Achieving durable graft survival and
favorable patient outcomes will require refined strategies to modulate
innate immune activation, prevent early T cell-mediated rejection,
and implement more sensitive and dynamic monitoring approaches.
Advancing xenotransplantation as a sustainable solution to organ
shortage will require next-generation immunosuppressive regimens
and real-time diagnostic tools.
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Methods

Kidney xenotransplantation and sample collection

An EGEN-2784 gene-edited pig kidney was transplanted into a
62-year-old male patient with end-stage kidney disease, recently
describedinref. 5. A Yucatan miniature pig was genetically engineered
with 69 genomic modifications. These included the deletion of three
major glycan antigens, the inactivation of porcine endogenous retro-
viruses and theinsertion of seven human transgenes (TNFAIP3, HMOX1,
CD47,CD46,CDSS, THBD and EPCR). The immunosuppressive protocol
included antithymocyte globulin (ATG, 1.5 mg kg ondays -2 and -1),
rituximab (anti-CD20, 1,000 mg on day -3), Fc-modified anti-CD154
monoclonal antibody (tegoprubart, 20 mg kg ondays-3,-2,-1,1,3,
7 and weekly thereafter) and anti-C5 antibody (ravulizumab, 3,330 mg
ondays-1,7and 28). This regimen was combined with standard main-
tenance immunosuppression consisting of tacrolimus, mycophe-
nolic acid (540 mg twice daily) and glucocorticoids starting on day
0. On post-transplant day 8, a biopsy revealed Banff grade 2A TCMR
without signs of thrombotic microangiopathy or antibody-mediated
rejection. Treatmentincluded a500-mg pulse of methylprednisolone
and anti-IL-6 receptor monoclonal antibody (tocilizumab, 8 mg kg™).
Additional 500-mg methylprednisolone pulses were given on days 9
and 10, along with ATG (1.5 mg kg™). Tacrolimus and mycophenolic
acid doses were increased. Due to C3 deposition seen in the biopsy,
pegcetacoplan, a targeted C3 and C3b inhibitor, was administered.
However, as there was no evidence of antibody-mediated rejection,
no further doses of tocilizumab were given.

Peripheral blood was collected for serum and plasma at pretrans-
plantation (day —-3), post-xenotransplantation (days 13, 20, 26, 33 and
51) and during suspected rejection (day 7 post-transplantation). Blood
was collected in heparinized tubes for PBMCs isolation at pretransplan-
tation (day -3) and post-xenotransplantation (days 13, 20, 26 and 33).
Blood was also collected in Paxgene tubes for RNA profiling (days -3
and 7) and post-xenotransplantation (day 26). The sample collection
schedule is shown in Fig. 1a. The patient provided written informed
consent, as approved by the MGH Human Research Committee (IRB
no:2023P003631).

Recipient PBMC and serum isolation

PBMCs were isolated using density gradient centrifugation using
Ficoll-Paque solution (GE HealthCare), counted and cryopreserved
in heat-inactivated Human AB serum (GeminiBio) with 10% dimethyI-
sulfoxide (Sigma-Aldrich) in liquid nitrogen. The serum was isolated
and stored at —80 °C until further analyses.

Single-cell transcriptomics

Cryopreserved PBMCs were thawed and washed two times with PBS x1.
Cells were then counted using a Countess Il Automated Cell Counter
and loaded for scRNA-seq using x10 Genomics Chromium Single Cell
30 Kit (v3.1 Chemistry). We preprocessed the reads with pyroe 0.9.0,
Salmon 1.10.3 and alevin 0.10.0 packages with the reference genome
GRCh38.p14 v46 from Gencode, and performed the downstream analy-
siswith Seurat5.1.0.

Longitudinal recipient samples were integrated with 22 external
healthy control samples from 3 publicly available PBMC datasets (GEO
accessions GSE165080, GSE171555 and GSE192391) using Harmony
1.2.0. The GSE165080 dataset consisted of 6 female samples and 5 male
samples with a mean age of 43.1 + 7.94 years®; the GSE171555 dataset
included 3 female and 2 male samples*’; and the GSE192391 dataset
consisted of 4 female and 2 male samples*. Age information was not
available for the GSE171555 and GSE192391 datasets.

Beforeintegration, each dataset underwentindependent quality
control filtering followed by normalization using the Seurat
SCTransform function. Based onanempirical evaluation of the distribu-
tions of the number of Unique Molecular Identifiers (UMIs) (nCount_
RNA), number of detected genes (nFeature_RNA), log-transformed

gene-to-UMIratio (logl0GenesPerUMI) and mitochondrial gene expres-
sionratio (mitoRatio), the following filters were applied: GSE165080:
nCount_RNA >1,800; nFeature_RNA =900 and <2,500; logl0Genes-
PerUMI = 0.84 and mitoRatio < 22%. GSE192391: nCount_RNA >1,800;
nFeature_RNA >1,000 and <2,500; logl0GenesPerUMI > 0.84 and
mitoRatio <10%. GSE171555: nCount_RNA >1,800; nFeature_RNA =900
and <2,500; logl0GenesPerUMI > 0.84 and mitoRatio < 8%. Recipi-
ent samples: nCount_RNA >350; nFeature_RNA > 300 and <2,500;
logl0GenesPerUMI = 0.84 and mitoRatio < 10%. An additional gene
filtering stepwasapplied to each dataset, retaining only genes expressed
(thatis, nonzero counts) in at least 10 cells.

After integration, marker genes for each cluster were identified
using the FindAlIMarkers function following PrepSCTFindMarkers.
Clusters were manually annotated into cell types based on the expres-
sion of the marker genes (Extended DataFig. 3). A first round of annota-
tionwas performed at clustering resolutions of 0.2 and 0.4, resulting in
13 annotated celltypes: CD4" T cells, CD8" T cells, erythrocytes, B cells,
CD16" monocytes, megakaryocytes/platelets, naive-like CD8' T cells,
plasmacytoid dendritic cells, conventional dendritic cells, two subsets
of CD14" monocytes and two subsets of NK cells. A second round of
annotation was performed after sub-clustering aggregated monocyte
and T cell subsets, followed by marker gene identification. This round
annotated a third subset of CD14" monocytes, naive-like CD4" T cells,
CD8"MAIT cellsand T, cells. Single cells expressing canonical marker
genes of at least two major cell types were assumed to be doublets and
excluded from the Seurat object.

Gene sets of interest across time were identified empirically by
calculating the average log, fold change at each time point relative
tothe pretransplant baseline. This analysis was performed separately
for CD14" monocyte subsets, CD16" monocytes and NK cell subsets.
Genes were then ranked based on the absolute average log, fold
change to prioritize those with the most pronounced temporal shifts
inexpression.

Peripheral blood bulk transcriptomics

Venous blood collected at different time points and stored in
PAXgene tubes at —80 °C were used for bulk RNA-seq. To process the
bulk RNA-seq, we used FastQC 0.12.0 with standard parameters to
evaluate the quality of the reads. We trimmed the adapters with Fastp
1.0.1and quantified the abundance of transcripts with Salmon 1.10.3.
We used the humanreference transcriptome and the annotation named
GRCh38.p14 v.46 from Gencode as the transcriptome reference. We
used tximport 1.32.0 to import the abundance files and DESeq2 was
used to harmonize samples. The same process was used for the public
dataset (GSE120649 (ref.27)). We used SRA tool 2.10.7 to download the
publicfastqfiles.

Proteomics

To perform proteomics analysis from serum samples, 11,000 markers
were measured using SomaScan analysis (SomaLogic). This analysis
was performed at the BIDMC Genomics, Proteomics, Bioinformatics
and Systems Biology Center using the SomaScan Assay Kit for human
serum, covering-11,000 proteins. The expression counts were stand-
ardized using the median of hybridization controls. The outliers were
flagged based on the limit of variation of 0.4-2.5 of the ratios.

Metabolomics

Untargeted metabolite analysis was performed using a Q Exactive
HF-X mass spectrometer equipped with aHESI Il probe and coupled to
aVanquish binary ultra-performance liquid chromatography system
(Thermo Fisher Scientific). Each sample underwent two chromato-
graphicseparations. Forboth methods, 5 pul of the sample was injected
into a BEH Z-HILIC column (100 x 2.1 mm, 1.7 um, Waters). The first
separation was conducted at pH 9, using 15 mM ammonium bicar-
bonate (Merck) in 90% water and 10% acetonitrile as mobile phase A,
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then 95% acetonitrile and 5% water as mobile phase B. The gradient was
applied ataflow rate of 0.225 ml per min, following amethod adapted
from*?, and the mass spectrometer operated in negative mode. The
second separation followed the method of Miilleder et al.**, with mobile
phases A and B buffered with 10 mM ammonium formate and 45 mM
formic acid (pH 2.7). Mobile phase A consisted of a 1:1 acetonitrile to
water mixture, while mobile phase B contained 95:5:5 acetonitrile to
water to methanol. Chromatography was conducted at 40 °C (column
oven) and 4 °C (autosampler), with a gradient flow rate of 0.4 ml per
min as follows: an initial hold at 95% B for 0.75 min, a linear decrease
to 30% B from 0.75 to 3.00 min, followed by a 1.00 min isocratic hold
at30%B. Mobile phase Bwas thenreturned to 95% over 0.50 min, with
re-equilibration underinitial conditions. Mass spectrometry was per-
formed in positive mode. Data acquisition was carried outin full-scan
mode, with the spray voltage set to 3 kV (negative mode) or 3.5 kV
(positive mode). The capillary temperature was maintained at 320 °C,
the HESI probe at 300 °C, the sheath gas at 40 U, the auxiliary gas at
8 Uand the sweep gas at 1 U. The resolving power was set t0 120,000.
An untargeted metabolite library was generated using top-15 DDA
acquisitions on a pooled study sample, with MS1and MS2 resolutions
of 60,000 and 30,000, respectively.

Raw data files (.raw) were processed using MZmine 4.5* and
emzed*®. Metabolite MS2 spectrawere compared against HMDB, GNPS,
MassBank and MoNA databases using spectral library matching (refto
DDA _library).Inaddition, retention times and m/zvalues from full-scan
acquisitions of a pooled study sample were cross-referenced with an
in-house database containing retention times of authenticated stand-
ards (Human Endogenous Metabolite Compound Library Plus L2501,
TargetMol). Internal standards were integrated via emzed, and raw
peak areas were normalized by dividing by sample biomass and the
meaninternal standard area.

Isolation of lymph node cells

Ontheday ofthe transplant, aniliaclymph node was harvested during
the surgery for cell isolation. Alymph node froma patient who did not
receive ATG was used asa control. The tissues were minced and digested
with 500 U mI™ collagenase D (Roche) for 30 min at 37 °C, followed
by incubation with 0.1 M EDTA in PBS, pH 7.2, buffer for 5 min before
afinal suspensionin5 mM EDTA (Gibco), 1% FBS (Gibco) in x 1PBS, pH
7.2 (Boston BioProducts). Isolated cells were then mechanically dis-
sociated through a 70-pum cell strainer (Corning) in a 50-ml tube, and
red blood cells were lysed using hypotonic ACK buffer (Gibco). Cells
were then counted and cryopreserved in heat-inactivated human AB
serum (GeminiBio) with 10% dimethylsulfoxide (Sigma-Aldrich) in
liquid nitrogen.

Flow cytometry

Monitoring of immune cells over time was performed using 100 pl of
whole blood. Cells were stained with surface antibodies for 30 min at
room temperature, followed by incubation with 1x BD FACS Lysing
Solution (BD Biosciences) for 10 min at room temperature for lys-
ing red blood cells. We also stained cells isolated from human lymph
nodes. Cells were thawed, washed twice and Fc-blocked (TruStain FcX,
combination of anti-human CD16 (clone 3G8), CD32 (clone FUN-2)
and CD64 (clone 10.1) antibodies, BioLegend, cat. no.: 422302) for
20 min before staining for surface markers for 30 min in FACS buffer
(2% FBS in PBS x 1) on ice. The information about the antibodies used
is shown in Supplementary Table 1. Stained cells were analyzed on an
LSR Fortessa X-20 flow cytometer (BD Biosciences) with FACSDiva
software (BD Biosciences) for all experiments. Data were analyzed
using FlowJo software (Tree Star) in all experiments. Viable cells were
selected based on the staining with LIVE/DEAD Fixable Blue Dead Cell
StainKit (1:1000, Thermo Fisher, cat. no.: L23105) before Fc-blocking.
Gating strategies for PBMC analysis were as previously described and
canbefoundinSupplementary Fig. 2.

Innate immunity functional assay

Recipient’s PBMCs from different time points were thawed and washed
twice with RPMI1640 (Gibco) containing 10% FBS (GeminiBio) and x1
pen/strep (Gibco) (complete RPMI), and then resuspendedin complete
RPMI.Ina96-well round-bottomed tissue culture plate at a volume of
100 pl, 4 x 105 cells per well were seeded. Cells were stimulated with
100 plof either complete RPMI (controls) or amixture of bacterial and
viral TLR ligands (0.025 pg mI' LPS, 10 pg ml™ Pam3CSK4, 4 pg ml™
R848,25 ng ml™ poly I:C—all from Invivogen). PBMCs from each sample
were stimulated in duplicates. After 24 hofincubation at 37 °Cand 5%
CO,, supernatants were obtained for Luminex analysis using the pre-
mixed ProcartaPlex Human Immune Monitoring Panel 65-plex (Thermo
Fisher), including APRIL, BAFF, CXCL13,CD30, CD40L, CXCL5, CCL11,
CCL24, CCL26, fibroblast growth factor-2 (FGF-2), CX3CL1, G-CSF,
GM-CSF, CXCL1, hepatocyte growth factor, IFNa, IFNy, IL-1e;, IL-1B, IL-10,
IL-12p70, IL-13,IL-15, IL-16, IL-17A, IL-18, IL-2, IL-20, IL-21, IL-22, IL-23, IL-27,
IL-2R, IL-3,IL-31, IL-4, IL-5, IL-6, IL-7, IL-8, IL-9, CXCL10, CXCL11, LIF, CCL2,
CCL7, CCLS8, lymphotoxin-alpha, macrophage colony-stimulating
factor, MDC, MIF, CXCL9, CCL3, CCL4, CCL20, MMP-1, nerve growth
factor beta (NGF-$3), SCF, SDF-1a, TNF, TNF-RII, TRAIL, TSLP, TWEAK
andvascularendothelial growth factor A (VEGF-A). Weread the assay in
aLuminex200 machine, and datawithabead count <20 were excluded.
Samples from the time points from one individual were measured on
the same plate to mitigate the effect of potential plate-based technical
variation on calculated fold changes between time points.

Intragraft tissue bulk transcriptomics

Bulk mRNA analysis was performed from formalin-fixed paraffin-
embedded xenograft biopsies and a sample from the nontrans-
planted contralateral donor kidney, using the nCounter instrument
(Nanostring) combined with the BanffHuman Organ Transplant panel,
following the methods and data analysis previously documented for
human allograft biopsies®. The probe sequences were screened for
homology with pig and NHP transcripts by a specialist at the manu-
facturer company (NanoString). We used probes from the panel that
had >85% homology with porcine sequences for parenchymal cells or
endothelium (n =235 probes) and all probes for human leukocytes,
similar to those used previously in pig-to-human xenografts**°. Nor-
malization was performed using seven housekeeping probes with
>90% homology with the corresponding porcine transcripts. Path-
ways were manually curated from prior publications®***® and KEGG
Pathways (https:/www.kegg.jp/kegg/pathway.html), Gene Ontology
(geneontology.org) and Reactome (reactome.org) repositories. Cell
types from tissue bulk were assessed with marker genes*.

Xenograft histopathologic analysis

Biopsy tissue was processed using standard kidney biopsy methods for
light microscopy. hematoxylin and eosin samples were scored using
the current Banff criteria®",

Multiplex immunofluorescence

Frozenslides from the donor collateral kidney biopsy and xenografts
at days 8 and 34 were processed for multiplex imaging on the Orion
platform (RareCyte), following Lin et al.”>. An Orion multiplex antibody
panelwas used to profileimmune cell subsets (Supplementary Table 2).
In brief, slides were thawed at room temperature and then fixed in 4%
paraformaldehyde in PBS for 45 min. They were washed in Tris-buffered
saline, permeabilized in 0.5% Triton X-100 in Tris-buffered saline for
5 min at room temperature, washed once in Tris-buffered saline and
onceinPBS, and treated with 4.5% H,0,/24 mM NaOH in PBS (hydrogen
peroxide solution) to reduce autofluorescence. After asurfactant wash
and enhancer treatment, slides were incubated overnight at 4 °C with
ArgoFluor-conjugated antibodies and Hoechst 33342. The next day,
slides were washed extensively in PBS, mounted in ArgoFluor mounting
medium (RareCyte 42-1214-000), and imaged on an Orion microscope.
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Fluorophores were then quenched with hydrogen peroxide solution,
and asecond round of overnight 4 °C staining was performed with a dif-
ferent set of ArgoFluor-conjugated antibodies (Supplementary Table 2)
plus Hoechst 33342, followed by mounting and imaging.

Image stitching, segmentation and single-cell quantification were
carried out using the MCMICRO pipeline™. A Gaussian mixture model
implemented in MATLAB (MathWorks)** excluded cells exhibiting
excessive autofluorescence. Gating strategies were defined as fol-
lows: CD4 T cells: HLA-ABC'*, CD45" and CD4"; CDS8 T cells: HLA-ABC®,
CD45" and CD8*; M1 macrophages: HLA-ABC*, CD68" and CD163";
M2 macrophages: HLA-ABC' and CD163"; NK cells: HLA-ABC", CD45"
and NKG2A'. The HLA-ABC marker recognizes human MHC I, thereby
excluding from counts the few residual donor pig kidney-resident
M2 macrophages with which the CD163 antibody cross-reacts
(Extended DataFig. 7).

DSA quantification using IgG binding assay

After pig donor blood collection, PBMCs were isolated using
Lympholyte-Mammal Cell Separation Media (Cedarlane) according
to the manufacturer’s protocol. Using a V-bottom 96-well-plate, serum
was serially diluted in PBS x1as follows:1:4,1:8,1:16,1:32,1:64 and 1:128.
Serum from a healthy human control and a Baboon previously trans-
planted with a pig kidney were used as negative and positive controls,
respectively, along with different time points of the recipient serum.
To avoid nonspecific binding sites, pig PBMCs (5 x 105 cells per well)
were blocked with10% heat-inactivated goat serum (R&D Systems, cat.
no.: S13110H) for 20 mins at 4 °C. After two washes, pig PBMCs were
incubated with serially diluted serum for 1 h at 4 °C and washed three
times in cold PBS x 1. Next, pig PBMCs were incubated for 1 h at 4 °C
with anti-human IgG Fc-APC (clone M1310GO05, BioLegend). After two
washes, cells were resuspended in a staining buffer (PBS, 1% of bovine
serum albumin, 0.09% sodium azide). Stained cells were analyzed on
an LSR Fortessa X-20 flow cytometer (BD Biosciences) with FACSDiva
software (BD Biosciences) for all experiments. Data were analyzed
using FlowJo software (Tree Star) in all experiments.

Cell-free DNA quantification

Karius retrieved porcine and human cfDNA using a protocol similar
to that described by Blauwkamp et al.”>. Briefly, plasma samples were
initially processed by centrifugation to remove residual cells, after
which cfDNA was extracted using a modified Mag-Bind cfDNA kit in
automated liquid handling platforms. Sequencing libraries were pre-
pared with dual-indexed Ovation Ultralow System kits and sequenced
onllluminaNextSeqsequencers. The resulting reads underwent strin-
gent bioinformatics processing, including alignment against human,
porcine and microbial reference databases to distinguish human and
porcine cfDNA fragments accurately. The concentration of each spe-
cies’ cfDNA was quantitatively estimated by normalizing against syn-
theticinternal control molecules (WINC molecules), ensuring precise
measurement of cfDNA abundance in plasma samples

Functional data analysis

We normalized all the data series to z-score with scikit-learn 1.6.1°°. To
analyze the data in time, we used scikit-fda 0.9.1”. With this package,
we excluded outliers using the MS-Plot Outlier Detector method. We
then used Fuzzy C-Means with 12-distance to cluster. We defined the
optimal number of three clusters, calculating the silhouette score with
scikit-learn1.6.1. To plot the time series, we calculated the median with
NumPy2.2.0 and plotted the line and the violins with Matplotlib 3.8.0.

Network analysis

Forthe three clusters defined by functional data analysis, we used the
z-score normalized proteomics data to calculate the nearest neigh-
bors with scikit-fda 0.9.1, calculated the Louvain communities with
NetworkX 3.4.2°% based on the connectivity of the nearest neighbor’s

graph, followed by an enrichment analysis for each community with
GSEApy 1.1.7”°. After annotating the clusters based on GSEApy results,
we trained a k-neighbors classifier with scikit-fda 0.9.1 on proteomics
Louvain labels. We predicted the Louvain communities for z-score
normalized metabolomics data. To plot networks, we used Netgraph
4.13.1to annotate the nodes. We used the package adjustText 1.3.0
(https://github.com/Phlya/adjustText).

Cell population abundance—Cibersortx

After preprocessing the whole-blood bulk transcriptomic data, we
normalized the expression counts with DESeq2. Next, we used the R
package IOBR 0.99.8°° to estimate the population abundance onwhole
blood using the LM22 and LM6 matrices without tumor optimization.

Intersection of differentially expressed proteins and genes

We calculated the log, fold change between days 7 and 26 (log,[D7/
D26]) for both transcriptomics and proteomics. Since we have only one
sample, we selected the most relevant fold change by the first quartile
of negative fold changes and the third quartile of positive fold changes
todefine downregulated and upregulated molecules, respectively. We
found the intersection using Python native functions and performed
anenrichment analysis with GSEApy 1.1.7°°. To plot the Venn diagram,
we used the venn 0.1.3 package.

Chord diagram visualization

Achord diagramwas constructed using the circlize package 0.4.16% in
R 4.4.2 toillustrate relationships between differentially expressed
genes and proteins. Sectorsrepresenting upregulated and downregu-
lated genes and proteins were color coded, and interconnections were
drawnbased on shared elements between sets. Edge transparency and
arrow annotations were applied to improve interpretability.

Comparative analysis of xenograft and allograft rejection
profiles

To maintain consistency, we reprocessed the public dataset GSE120649
(ref. 27) from whole-blood human kidney transplant recipients using
the same pipeline used for the xenotransplant samples. We used a previ-
ously described transcriptional profile of human allograft rejection®
to compare allo and xenotransplantation gene expression. To detect
nonlinear correlation, we clustered the samples using the complete
linkage method on the distance correlation metric with SciPy 1.11.4°,
We used seaborn 0.13.2°° to plot the cluster heatmap.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

Quantification matrices for the resulting datasets (including PBMC
scRNA-seq, bulk RNA-seq, proteomics and metabolomics) are avail-
able on Harvard Dataverse (https://doi.org/10.7910/DVN/KGQITG)®*.

Code availability
Custom codes and scripts are deposited on Harvard Dataverse (https://
doi.org/10.7910/DVN/HMKPXS)%.
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Extended Data Fig. 1| Summarizing violin plots of clinical, metabolomics,
and proteomics z-scores for each sample collection day. Three distinct analyte
clusters were identified based on their temporal dynamics: one characterized

by a progressive decline over time, which included 3433 features (a), another by
aposttransplantation increase with 2599 features (b), and a third that exhibited

Z-score

Z-score

Z-score

Cluster 1
Pre- Xeno D7 D13 D20 D26 D33
Tx  Tx

Cluster 2
Pre- Xeno D7 D13 D20 D26 D33
Tx  Tx

Cluster 3
Pre- Xeno D7 D13 D20 D26 D33
Tx Tx

no consistent temporal pattern, including 2792 features (c). The lines connect

D51

D51

D51

the median of features for each day for the three functional data analysis (FDA)
clusters to highlight the different directions of each cluster. The clusters were
defined by the semi-supervised clustering, which is based on FuzzyCMeans with
pairwise L2 distance. The silhouette score optimized the number of clusters.
More details about algorithms are in the methods section of the paper.
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Extended Data Fig. 2| Planned immunosuppressive regimen. ATG, antithymocyte globulin (1.5 mg/kg); a-CD20 (rituximab, 100 mg); Tegoprubart (Fc-modified
o-CD154, 20 mg/kg); Ravulizumab (3330 mg); Mycophenolic acid (540 mg twice a day).
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Extended Data Fig. 3 | Expression profiles of key marker genes used to identify major cell types. Bubble plots showing the expression levels and percentage of cells
expressing marker genes used for cell type annotation of the 17 clusters observed in the scRNA-seq data. Related to Fig. 2a-c.
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Extended Data Fig. 4| Absence of donor-specific anti-porcine IgG antibodies.
Donor porcine peripheral blood mononuclear cells (PBMCs) were incubated
with serial dilutions (1:4,1:8,1:16,1:32,1:64, 1:128) of recipient serum collected
at pre-transplantand days 7,12, 21, and 26 posttransplant. Controls samples
included serum from a healthy humanindividual and serum from ababoon

previously transplanted with a porcine kidney (sensitized). Fluorescently labeled
anti-human IgG antibody was used to quantify donor-specific antibody (DSA)
levels by flow cytometry. The graph represents total IgG binding to porcine
donor PBMCs, measured by geometric mean fluorescence intensity (gMFI). Data
expressed as mean + SD. Experiments were performed in triplicate.

Nature Medicine


http://www.nature.com/naturemedicine

Article

https://doi.org/10.1038/s41591-025-04053-3

CD14+ Mono1 CD14+ Mono2 CD14+ Mono 3 CD16+ Mono

15
1.0+
0.5 1

0.0 1

v11ad

0 -

cdl

|

1.54
1.0+
0.5 1

0.0 1

Gene set

HOEXD

== Gene set 1

== Gene set 2
== Gene set 3

RSDE!

% Expressing cells

Average expression

e 0
® 25
® 50

€do3

® s

Noey L
Nt L

@ 100

SdsSna

BRRad
T PP

1S[0)20)

EEdE

T T T T T T T T

T &-\.I T T «.‘. T T «-\.
< U < VPSS < N

I Days
Extended Data Fig. 5| Temporal gene expression dynamics of monocyte
subsets following xenotransplantation. Gene expression profiles were
analyzed in CD14* and CD16* monocyte subsets using the pre-transplant time
point as baseline. Genes were ranked by the absolute average log, fold-change
across all time points to prioritize those with the most pronounced temporal

50 ATe e 6o
VIS (@ TSI

T T T T T

shifts. Three major gene expression patterns were identified: gene set1(red)
comprised genes upregulated after transplantation; gene set 2 (green) included
genes that were downregulated; and gene set 3 (purple) contained genes
predominantly expressed by CD16* monocytes. Related to Fig. 2a-c.

Nature Medicine


http://www.nature.com/naturemedicine

Article

https://doi.org/10.1038/s41591-025-04053-3

Cleaning

i
ymphocytes

FSCH ————>

250K

200K 1

150K

100K 1

50K

0

ii:
Single cells

0 50K 100K 150K 200K 250K
FSCA —— >

T T T T T
0 50K 100K 150K 200K 250K

FSCA —— >

e
-
©
=
s
C
o
V)

Xeno Pt LN

B cells: 10°]  CD8" T cells:
57.9% . 119.4%
I 10* 3 v
> 1o3j D4* T cells:
73.4%
(B |
0 E|
. 0, D—IO3 9
Tcells: 36.6% | O
—103 0 103 1()4 105 0 103 104 1()5
cb —mM8M8m > ch4 — »
B cells: 10°3  CD8' T cells:
3.7% 58%
CD4* T cells:
/ , 2.5%
J}; ) Yoo v
. . T ce]ls: 30.5%
—103 0 103 1()4 105 103 104 105

cb3 ——mM8M8M8 >

Ch4 ——m>

CCRT —— > CCR7T —— > SSCH ——>

250K jii 250K o
Single cells v:
200K g 200K 4 Viable
150K 150K
100K 100K
50K ¢ 50k
[72]
0 T T T T T LL 0 T ™7 T T T T
0 50K 100K 150K 200K 250K o 103 0t 10°
ssC-W—— Viability —— >
10°4 TCM: Naive:
15.8% 22.8%
0.5%
1054 TCM: Naive:
16.3% 44.7%
10"j
103'7
° ey
134% TEMRA: 15.1%
10° 0 100 10t 10°
CD45RA —M >
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Extended Data Fig. 7 | Biopsy cell-type- and immune signaling-specific
transcriptional signatures. (a) adaptive immune system, (b) IL-12 family
signaling, (c) cytokine signaling, (d) innate immune system, (e) type linterferon
signaling, (f) MHC class | antigen presentation, (g) cytosolic DNA sensing,

(h) NOTCH signaling, and (i) programmed cell death. Allogeneic (allo) donor

(n=15samples), allo non-rejection (nonR, n=84), allo T cell-mediated rejection
(TCMR, n=36), and allo chronic active antibody-mediated rejection (CAMR,
n=389).Dataare represented as box plots with the center line representing the
median, and the box limits are the minimum and maximum quartiles. All data
points are displayed.
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Extended Data Fig. 8| Spatial localization and temporal quantification of
porcine-derived CD163* macrophages in kidney xenograft biopsies.

(a) Representative images of CD163, human HLA-ABC, and -catenin staining
inkidney biopsies of xenograft tissue on post-transplant day 8. Images were
captured at the same location on the slide for each marker. HLA-ABC labels
human MHC class I; CD163 labels M2 macrophages; 3-catenin labels tubular

o

100 =Human
&H 3 80 =Pig
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epithelium. Tissue-resident pig macrophages (CD163* HLA-ABC"™) are indicated
by an asterisk (*). Scale bar: 50 um; (b) Quantification of the percentage of
human (HLA-ABC") and porcine (HLA-ABC") cellsamong CD163" macrophages
onwhole-slide sections in kidney biopsies from donor, day 8 (TCMR), and day 34
(non-rejection, nonR) post-xenotransplant (see Methods for gating strategies).
Quantification was independently repeated twice with similar results.
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