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Immune response after pig-to-human kidney 
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Massimo Mangiola, Robert A Montgomery

Summary
Background Cross-species immunological incompatibilities have hampered pig-to-human xenotransplantation, but 
porcine genome engineering recently enabled the first successful experiments. However, little is known about the 
immune response after the transplantation of pig kidneys to human recipients. We aimed to precisely characterise 
the early immune responses to the xenotransplantation using a multimodal deep phenotyping approach.

Methods We did a complete phenotyping of two pig kidney xenografts transplanted to decedent humans. We used a 
multimodal strategy combining morphological evaluation, immunophenotyping (IgM, IgG, C4d, CD68, CD15, 
NKp46, CD3, CD20, and von Willebrand factor), gene expression profiling, and whole-transcriptome digital spatial 
profiling and cell deconvolution. Xenografts before implantation, wild-type pig kidney autografts, as well as wild-type, 
non-transplanted pig kidneys with and without ischaemia-reperfusion were used as controls.

Findings The data collected from xenografts suggested early signs of antibody-mediated rejection, characterised by 
microvascular inflammation with immune deposits, endothelial cell activation, and positive xenoreactive 
crossmatches. Capillary inflammation was mainly composed of intravascular CD68+ and CD15+ innate immune cells, 
as well as NKp46+ cells. Both xenografts showed increased expression of genes biologically related to a humoral 
response, including monocyte and macrophage activation, natural killer cell burden, endothelial activation, 
complement activation, and T-cell development. Whole transcriptome digital spatial profiling showed that antibody-
mediated injury was mainly located in the glomeruli of the xenografts, with significant enrichment of transcripts 
associated with monocytes, macrophages, neutrophils, and natural killer cells. This phenotype was not observed in 
control pig kidney autografts or in ischaemia-reperfusion models.

Interpretation Despite favourable short-term outcomes and absence of hyperacute injuries, our findings suggest that 
antibody-mediated rejection in pig-to-human kidney xenografts might be occurring. Our results suggest specific 
therapeutic targets towards the humoral arm of rejection to improve xenotransplantation results.
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Introduction
Xenotransplantation has the potential to solve worldwide 
organ shortage by providing an unlimited and renewable 
source of organs.1,2 The use of genetically modified pigs 
has facilitated this research field by considerably reducing 
the risk of rejection from preformed xenoantibodies, 
thus enabling clinically acceptable xenograft survival in 
non-human primate models.3,4

On the basis of these encouraging results, a pig-to-
human kidney xenotransplantation into a heart-beating, 
brain-dead recipient was performed on Sept 25, 2021, 
followed by another one on Nov 22, 2021, to assess the 
safety and efficacy of genetically modified porcine kidneys 
in humans.5 The pigs were bred with a knockout 
of the alpha-1,3-galactosyltransferase gene to reduce 
the risk of antibody-mediated rejection secondary to 
naturally preformed xenoantibodies targeting galactose-
alpha-1,3-galactose carbohydrate epitopes,6–11 and with a 

subcapsular thymic autograft to mitigate the risk of de 
novo T-cell mediated immune activation.12 Both xenografts 
produced urine and remained functional during the 54 h 
study period, without delayed graft function nor evidence 
of hyperacute rejection.

This landmark and successful experience gave a 
considerable boost of hope for the clinical implementation 
of xenotransplantation. Following this study, the 
international Banff Foundation for Allograft Pathology, 
as well as the American Society of Transplantation, the 
European Society of Transplantation, The Transplantation 
Society, and the National Institutes of Health appealed to 
properly characterise xenograft phenotypes to refine 
next-generation pig models and increase their chance of 
success in future trials.13 We hypothesised that standard 
histology might not have captured the entire spectrum of 
immune injuries in these xenografts, and a more precise 
phenotyping could show rejection processes and tissue 
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damage not readily apparent.
To address this hypothesis, we performed a multimodal 

deep phenotyping—combining histological and immuno
logical assessments with bulk and spatial transcriptomics—
of these two cases of genetically modified pig kidney 
xenografts transplanted to human recipients. We aimed to 
precisely decipher and characterise a potential early 
xenoimmune response and to open avenues and research 
directions for further refinement of next-generation pig 
constructs and optimisation of immunosuppressive 
therapies.

Methods
Study design and participants
We did a multimodal phenotyping study of two pig 
xenografts transplanted to decedent humans. The 
multimodal phenotyping was done at the Paris Institute 
for Transplantation and Organ Regeneration (Paris, 
France). The ethical foundations of the experimental 
xenograft transplantation in brain-dead human recipients 
are in appendixappendix 11 (p 2). The study protocol was approved 
by the New York University (NYU) Research on Decedents 
Oversight Committee (registration approval number 002) 
and written informed consent was obtained from the 
family of the two brain-dead decedents. The institutional 
review board of the NYU Grossman School of Medicine 
approved this study (registration number S19-00192). 

Xenotransplantation, xenografts, and control samples
Organ selection and procurement, flow cytometric and 
real-time complement-dependent cytotoxicity cross
matches, and xenotransplantation procedures have been 
previously described for the two xenografts analysed in 
this study5 and are summarised in appendix 1 (pp 3–5). 

Xenograft samples consisted of wedge biopsy 
specimens of the two genetically modified renal 

xenografts, sampled 54 h after reperfusion. A multimodal 
deep phenotyping strategy was applied to each sample, 
performing both histo-immunological assessment and 
transcriptomic analyses on the same formalin-fixed and 
paraffin-embedded tissue to allow a direct comparison 
between histo-immunological changes and transcrip
tomic signatures (figure 1figure 1). Controls were biopsies from 
the two genetically modified xenografts obtained before 
implantation, as well as wild-type, non-transplanted 
pig kidneys, pig kidney autografts, and non-
transplanted pig kidneys with ischaemia-reperfusion 
injury. Further details on the controls are shown in 
appendix 1 (pp 6–7, 18–19).

Histological analysis and multi-immunophenotyping
Biopsy specimens were stained with haematoxylin 
and eosin for histological analysis and by immuno
histochemistry for multi-immunophenotyping. C4d, IgM, 
IgG, monocytes and macrophages, neutrophils, natural 
killer cells, T cells, B cells, and von Willebrand factor 
(vWF, a marker of endothelial activation) were stained 
with anti-C4d, anti-IgM, anti-IgG, anti-CD68, anti-CD15, 
anti-NKp46, anti-CD3, anti-CD20, and anti-vWF 
antibodies, respectively. Cross-reactivity of the primary 
antibodies between species was evaluated with negative 
human controls (normal peritumoural kidney tissue). All 
biopsy specimens were assessed by three expert 
nephropathologists (PB, AS, and VG) who were masked 
to the clinical and transcriptomic data, and who screened 
for all lesions that can be observed in pig kidney 
xenografts,14 as well as immune deposits, immune cells, 
and factors involved in biological rejection processes.15 
Immune cell infiltrates were quantified on whole slide 
images with an end-to-end approach of the HALO AI 
image analysis software (Indica Labs, Albuquerque, NM, 
USA) by training built-in segmentation and classification 

Research in context

Evidence before this study
Porcine genome engineering has facilitated 
xenotransplantation by considerably reducing the risk of 
rejection. The first pig-to-human kidney xenotransplantations 
were recently performed in brain-dead human recipients. We 
searched PubMed and MEDLINE on April 18, 2023, using the 
terms (“kidney” AND “xenotransplantation” AND “pig” AND 
“human” AND “immune response”), without date or language 
restrictions. We found that, to date, no peer-reviewed study has 
investigated the immune response after pig-to-human kidney 
transplantation using cutting-edge technologies adapted for 
precision medicine.

Added value of this study
Our study provides the first evidence suggesting antibody-
mediated rejection in pig-to-human xenotransplants might be 
occurring and its underlying biological processes. Using a 
multimodal strategy combining histo-immunological 

phenotyping with bulk and digital spatial transcriptomic 
profiling, our findings show that xenografts transplanted to 
humans display antibody-mediated rejection characterised by 
microvascular inflammation, immune deposits, endothelial cell 
activation, positive xenoreactive crossmatches and a molecular 
signature of antibody-mediated injury. Moreover, we highlight 
that this molecular signature is mainly located in the glomeruli 
of xenografts, with substantial enrichment of transcripts 
associated with monocytes, macrophages, neutrophils, and 
natural killer cells.

Implications of all the available evidence
Our findings suggest that there is a need to better control the 
humoral arm of rejection to improve xenotransplantation 
results, and open research directions to optimise 
immunosuppression strategies and pig constructs in next-
generation xenotransplantation clinical trials.

See Online for appendix 1
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tools based on convolutional neural networks. Further 
details are shown in appendix 1 (pp 9, 20–21, 29).

Bulk-tissue transcriptome profiling
Total RNA was isolated from biopsy sections and 
hybridised with the nCounter Banff Human Organ 
Transplant panel (NanoString Technologies, Seattle, WA, 
USA)16 adapted for porcine–human cross-species analysis. 
Raw gene count data were analysed using the nSolver nSolver 
Analysis SoftwareAnalysis Software (version 4.0.70). Quality control metrics17 
ensured the accuracy and reliability of the sequencing data 
and normalisation was performed using the remove 
unwanted variation approach.18 Differential expression 
analysis was conducted using a Wald test, and p values 
were adjusted for multiple comparisons using the 
Benjamini-Hochberg method. Genes with significant 
changes in expression levels were filtered according to a 
false discovery rate p value less than 0·05. Significant 
genes were annotated according to Uniprot19 and 
GeneCards20 databases. The molecular signatures were 
defined according to pathogenesis-based transcripts and 
the Banff Molecular report,15,16,23 defining and sharing 
common transcripts associated with rejection and immune 
response in solid organ transplantation. Further details are 
shown in appendix 1 (pp 10–13, 22–23) and appendix 2appendix 2. 

Whole-transcriptome digital spatial profiling
The samples from xenografts before and after 
implantation and from wild-type, non-transplanted pig 

kidney were prepared according to manufacturer’s 
instructions.21 Immunofluorescence antibodies were 
used to identify the renal morphology, including pan-
cytokeratin for epithelial cells, α-smooth muscle actin for 
fibrogenic cells, calbindin for renal tubules, and 
Syto 83 (Thermo Fischer Scientific, Waltham, MA, USA) 
for DNA stain. Two expert nephropathologists (PB and 
VG) identified eight regions of interest specific to 
glomeruli and four regions of interest specific to 
tubulointerstitial compartments in each biopsy.

Whole-transcriptome sequencing was performed using 
Illumina’s i5 × i7 dual-indexing system (Illumina, 
San Diego, CA, USA), following manufacturer’s 
instructions.22 Raw sequencing reads were processed for 
high quality and reads were aligned to analyse 
the barcode. Probes designed for human Whole 
Transcriptome Atlas (NanoString Technologies) were 
applied and tested against the porcine transcriptome to 
ensure that the genetic similarity between analogous 
genes between species was at least 85%.

Differential expression analysis was performed to 
examine variations between regions of interest selected 
within glomerular (n=8 per sample) and 
tubulointerstitial compartments (n=4 per sample). 
Similarly to bulk-tissue transcriptomic profiling, the 
annotations of molecular signatures were defined 
according to pathogenesis based transcripts and the 
Banff Molecular report.15,16,23 A cell deconvolution 
approach was performed to characterise the phenotypic 

Figure 1: Multimodal deep phenotyping of pig kidney xenografts
We performed a deep phenotyping of xenograft biopsies using a four-step strategy combining a morphological evaluation by histological analysis, 
immunophenotyping with multiple immunostainings, gene expression profiling with bulk transcriptomics, and whole-transcriptome digital spatial profiling and cell 
deconvolution. Parts of figure created with BioRender.com. 

Xenograft biopsy Tissue immunostainings Bulk transcriptomics Spatial transcriptomicsHistological analysis

For the nSolver Analysis 
Software see https://nanostring.
com/products/analysis-
solutions/ncounter-analysis-
solutions/nsolver-data-analysis- 
support/

See Online for appendix 2 
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heterogeneity and spatial distribution of cells involved 
in the xenografts’ injuries. Cell type relative abundances 
were estimated using a constrained log-normal 
regression (SpatialDeconSpatialDecon) and cell type specific 
signatures were derived from 75 available single-cell single-cell 
RNA-sequencingRNA-sequencing  datasets. Further details are shown in 
appendix 1 (pp 14–17, 24–25).

Role of the funding source
The funders of the study had no role in study design, 
data collection, data analysis, data interpretation, or 
writing of the report.

Results
The clinical evolution of the two xenografts was 
previously described.5 Briefly, both xenografts began to 
make urine within moments after perfusion. Over the 
54 h of the study, both xenografts continued to produce 
urine and remained functional, without delayed graft 
function. The results of crossmatches were also 
previously described.5 Briefly, recipient 1 had low levels of 
xenoreactive IgM and IgG antibodies, and a minimally 
positive crossmatch on the complement-dependent 
cytotoxic assay, which was probably due to IgM and not 
IgG. However, recipient 2 had moderate levels of 
xenoreactive IgM and IgG and a positive crossmatch on 
the complement-dependent cytotoxic assay, which 
became negative at a serum dilution of 1:64.

At 54 h after reperfusion, both xenografts showed 

microvascular inflammation with leukocytes within 
glomerular capillaries, evocative of ongoing antibody-
mediated rejection (figure 2figure 2A, sections C1 and D1). 
Intravascular leukocytes were also present in the 
peritubular capillaries of xenograft 1 (figure 2A, 
section C2), but not in xenograft 2 (figure 2A, section D2). 
Xenograft 1 showed foci of tubulitis, but xenograft 2 did 
not (figure 2A, sections C3 and D3). Mild tubular injury 
was observed in both xenografts, being most prominent 
in xenograft 1 (figure 2A, sections C3 and D3). Arteritis 
lesions or interstitial haemorrhage and thrombotic 
microangiopathy were not observed. We did not observe 
inflammation or tubular injury in wild-type, non-
transplanted pig kidneys and xenografts before 
implantation (figure 2A, sections A1–3 and B1–3).

At 54 h after reperfusion, xenograft 2 showed linear 
deposits of IgM along glomerular capillaries, but 
xenograft 1 did not (figure 2B, sections C1 and D1). In 
both xenografts, we observed linear deposits of IgG along 
peritubular capillaries (figure 2B, sections C1 and D1). 
Immunohistochemistry did not show detectable 
deposition of C4d in peritubular capillaries (figure 2B, 
sections C3 and D4). We confirmed the presence of 
glomerulitis, which was mostly composed of innate 
immune cells (CD68+ and CD15+ cells; figure 2B, 
sections C4–5 and D4–5) and rare adaptive immune cells 
(CD3+ and CD20+ cells; appendix 1 p 26). NKp46+ cells 
were also observed within the glomerular capillaries of 
xenograft 2, but not in xenograft 1 (figure 2B, 

a
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2

3

A B C D
Wild-type, non-transplanted
pig kidney

Xenograft before
implantation

Xenograft 1 at 54 h
after reperfusion

Xenograft 2 at 54 h
after reperfusion

Microvascular inflammation

Glomeruli

Peritubular
capillaries

Tubulointerstitial
compartment

50 µm 50 µm

100 µm

50 µm

100 µm

50 µm

100 µm

50 µm50 µm50 µm50 µm

100 µm

A

(Figure 2 continues on next page)

For SpatialDecon see https://
bioconductor.org/packages/

release/bioc/html/SpatialDecon.
html

For the single cell RNA-
sequencing datasets see 

https://github.com/Nanostring-
Biostats/CellProfileLibrary
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sections C7 and D7). Moreover, in xenograft 1 and to a 
lesser extent in xenograft 2, we observed CD68+ cells and 
rare CD15+ cells in the peritubular capillaries (figure 2B, 
sections C6 and D6). Details on the automated 
quantification of microvascular inflammation in 
xenografts are shown in appendix 1 (pp 27–28). Both 
xenografts showed intense vWF staining in glomerular 
and peritubular capillaries, indicative of endothelial cell 
activation (figure 2B, sections C8–9 and D8–9). In wild-
type, non-transplanted pig kidneys and xenografts before 
implantation, we confirmed the absence of immune 
deposits and cells (figure 2B, sections A1–7 and B1–7) 
and observed a weak and expected positive vWF staining 
in capillaries (figure 2B, sections A8–9 and B8–9).

The genes with a significant p value (<0·05 adjusted 
for false-discovery rate) in the differential gene expression 
analysis comparing xenografts before and after 
transplantation are shown in appendix 1 (p 31). We 
observed increased expression of biologically relevant 
genes related to antibody-mediated injury (HLA-A, 
HLA-DRA, HLA-DRB1, CXCL9, HLA-DPA1, HLA-DRB3, 
HLA-DPB1, WARS, GBP1, and HLA-B), endothelial 
activation (FGD2), interferon-gamma (IFNγ) response 
(CXCL10, B2M, IFITM3, and GBP5), natural killer cell 
burden (HLA-E and FCGR3A/B), monocyte and 
macrophage activation (CD74, CD163, and CALHM6), 
complement activation (C1QB), T-cell development 
(CD81), and injury repair response in xenografts at 54 h 
after reperfusion (figure figure 3A). 

The top 30 ranked differentially expressed genes in 
xenografts compared with wild-type, non-transplanted 
pig kidneys are shown in appendix 1 (p 31). We observed 
increased expression of biologically relevant genes 
related to antibody-mediated injury (HLA-A, HLA-DRB3, 
HLA-DRA, HLA-DRB1, HLA-DPB1, HLA-DPA1, WARS, 
and HLA-B), IFNγ response (CXCL9, CXCL10, B2M, 

GBP1, IFITM3, IFI30, and STAT1), monocyte and 
macrophage activation (CD74, CALHM6, CD68, and 
CD163), natural killer cell burden (HLA-E and 
FCGR3A/B), complement activation (C1QB and C1QA), 
T-cell development (CD81), and injury repair response in 
xenografts (figure 3B).

In the differential gene expression analysis comparing 
xenografts with wild-type pig kidney autografts and non-
transplanted pig kidneys with ischaemia-reperfusion, the 

Figure 2: Histological and immunological changes occurring in xenografts 
after transplantation
(A) Haematoxylin and eosin-based evaluation in wild-type, non-transplanted 
kidney (sections A1–3), xenograft before implantation (sections B1–3), xenograft 
1 at 54 h after reperfusion (sections C1–3), and xenograft 2 at 54 h after 
reperfusion (sections D1–3). Fields representative of glomeruli (row 1), peritubular 
capillaries (row 2), and tubulointerstitial compartments (row 3) are shown. Black 
arrows show non-infiltrated peritubular capillaries (sections A2, B2, and D2), 
infiltrated glomerular capillaries (sections C1 and D1), and infiltrated peritubular 
capillaries (section C2). (B) Immunohistochemistry-based evaluation for wild-
type, non-transplanted kidney (sections A1–9), xenograft before implantation 
(sections B1–9), xenograft 1 at 54 h after reperfusion (sections C1–9), and 
xenograft 2 at 54 h after reperfusion (sections D1–9). Fields representative of IgM 
(row 1), IgG (row 2), C4d (row 3), CD15 (row 4), CD68 (rows 5–6), NKp46 (row 7), 
and vWF (rows 8–9) stainings are shown. Black arrowheads show linear IgM 
deposits along glomerular capillaries (section D1). Black arrows show the absence 
(sections A2 and B2) or presence (section C2 and D2) of linear IgG deposits along 
peritubular capillaries, the absence of C4d deposit along peritubular capillaries 
(row 3) and NKp46+ cells in glomerular capillaries (section D7). 
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top 30 ranked differentially expressed genes showed an 
increased expression of biologically relevant genes 
related to antibody-mediated and IFNγ response, 

macrophage activation, and injury repair response in the 
xenografts (figure 3C–D; appendix 1 p 31).

In the glomerular regions of interest of xenografts after 

Xenografts at 54 h after reperfusion versus xenografts 
before implantation

Xenografts at 54 h after reperfusion versus wild-type 
pig kidney autografts

Xenografts at 54 h after reperfusion versus wild-type, 
non-transplanted pig kidneys with ischaemia-reperfusion

Xenografts at 54 h after reperfusion versus wild-type, 
non-transplanted pig kidneys
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Figure 3: Molecular profiling of xenografts after transplantation
Volcano plots representing the differential gene expression analysis of xenografts at 54 h after reperfusion compared with controls. Dots represent individual genes. 
The association strength (y-axis) is compared with fold change (x-axis) defined by xenografts versus each contrast of interest: (A) xenografts before implantation, 
(B) wild-type, non-transplanted pig kidneys, (C) wild-type pig kidney autografts, and (D) wild-type, non-transplanted pig kidneys with ischaemia-reperfusion injury. 
Significant genes according to p value less than 0·05 are indicated as red dots (A and B) or green dots (C and D). 
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reperfusion, we identified an increased expression of key 
genes associated with humoral response (HLA-B), IFNγ 
response (IFI30, B2M, and C1QC), monocyte and 
macrophage activation (CD74), complement activation 
(C1QB), endothelial activation (POSTN and LDB2), natural 

killer cell burden (FCGR3A and HLA-E), innate immune 
system (CST3, PTPRB, and TXNIP), injury repair 
response, tissue damage, and cell processes, compared 
with the glomerular regions of interest of xenografts before 
implantation (figure 4figure 4A). By contrast, in the 

Figure 4: Transcriptional and immune landscape of genetically modified pig kidney xenografts
(A) Volcano plot of the differential gene expression analysis of glomerular regions of interest (eight per biopsy) of xenografts at 54 h after reperfusion compared with 
xenografts before implantation. Overexpressed genes according to log2 fold change are indicated in red and underexpressed genes are indicated in green. (B) Volcano 
plot of the differential gene expression analysis of tubulointerstitial regions of interest (four per biopsy) of xenografts at 54 h after reperfusion compared with 
xenografts before implantation. Overexpressed genes according to log2 fold change are indicated in red and underexpressed genes are indicated in green. (C) Volcano 
plot of the differential gene expression analysis of glomerular regions of interest (eight per biopsy) of xenografts at 54 h after reperfusion compared with wild-type, 
non-transplanted pig kidneys. Overexpressed genes according to log2 fold change are indicated in red and underexpressed genes are indicated in blue. (D) Volcano 
plot of the differential gene expression analysis of tubulointerstitial regions of interest (four per biopsy) of xenografts at 54 h after reperfusion compared with wild-
type, non-transplanted pig kidneys. Overexpressed genes according to log2 fold change are indicated in red and underexpressed genes are indicated in blue. In all 
panels, dots represent individual genes and the association strength (y-axis) is compared with fold change (x-axis). 
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tubulointerstitial regions of interest of the xenografts, we 
detected few genes related to macrophage activation 
(TMEM30A) and humoral response (HLA-B), and an 
increased expression of non-immune related genes 
associated with cell processes, signal transduction, and 
metabolism, compared with the tubulointerstitial regions 
of interest of xenografts before implantation (figure 4B).

A corresponding spatial molecular pattern was detected 
for the regions of interest of xenografts after reperfusion 
compared with the regions of interest of wild-type, non-

transplanted pig kidney, with a molecular signature of 
antibody-mediated rejection mainly located in the 
glomeruli (figure 4C–D). In the analysis of the 
heterogeneity of the xenografts’ molecular-derived 
immune-cell landscapes, both xenografts showed different 
immune-cell landscapes and cell populations between the 
histological compartments (figure 5figure 5A). Xenograft 1 
showed a heterogeneous cell pattern, with an enrichment 
of transcripts associated with classical and non-classical 
monocytes as well as natural killer cells in both glomerular 
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Figure 5: Cell-type spatial profiling of genetically modified pig kidney xenografts
(A) Cell deconvolution output estimating the proportion of each identified cell type in the eight glomerular regions of interest and four tubulointerstitial regions of interest selected for each sample of 
interest (wild-type, non-transplanted pig kidney; xenograft before implantation; xenograft 1 at 54 h after reperfusion; and xenograft 2 at 54 h after reperfusion). Histograms show the proportional 
cell abundance referring to the phenotypic heterogeneity and spatial distribution of cells. (B) Boxplots of the average cell abundance identified for the different regions of interest (eight glomerular 
regions of interest per biopsy and four tubulointerstitial regions of interest per biopsy) in the corresponding samples. Patterns of enrichment are shown as an increase in the average cell abundance, 
showing range and characteristics of each cell type involved in the immune response. 
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and tubulointerstitial regions of interest, neutrophils in 
glomerular regions of interest, and B cells in the 
tubulointerstitial regions of interest (figure 5B). 
Macrophage-associated transcripts were enriched in both 
regions, but were more pronounced in the tubulointerstitial 
regions of interest (figure 5B). Transcripts associated with 
dendritic cells and CD4+ cells were not detected in either 
of the regions (figure 5B). In xenograft 2, immune cells 
were mainly located in the glomerular regions of interest, 
with an enrichment of transcripts associated with classical 
and non-classical monocytes, macrophages, natural killer 
cells, and dendritic cells, as compared with the 
tubulointerstitial regions of interest. Finally, we observed 
an enrichment of transcripts related to B cells and CD4+ 
cells in the tubulointerstitial regions of interest, but no 
enrichment of transcripts associated with neutrophils in 
both regions (figure 5B).

Discussion
This multimodal deep phenotyping of genetically 
modified pig kidney xenografts transplanted to brain-
dead human recipients showed a pattern of early 
antibody-mediated rejection with circulating 
xenoantibodies and immune deposits, confirmed by an 
increased expression of genes involved in interferon-
gamma response, monocyte and macrophage activation, 
natural killer burden, and endothelial activation. This 
phenotype occurred predominantly in the glomeruli of 
the xenografts, and was mainly associated with the 
involvement of monocytes, macrophages, neutrophils, 
and natural killer cells.

Our study confirms that the removal of galactose-
alpha-1,3-galactose carbohydrate epitopes protects 
porcine endothelial cells from hyperacute rejection and 
complement-induced lysis, addressing this previously 
known issue in xenoimmunity.7,9 However, it is important 
to note that despite this protection, our findings indicate 
that not all potential xenoimmune-related injuries are 
fully resolved. Both xenografts showed strong evidence 
of antibody-mediated rejection: evidence of intravascular 
leukocytes in glomerular and peritubular capillaries; 
evidence of current or recent antibody interaction with 
vascular endothelium, characterised by microvascular 
inflammation and increased expression of genes 
associated with antibody-mediated rejection; and 
serological evidence of circulating donor-specific 
antibodies in both recipients (ie, xenoantibodies 
targeting non-galactose-alpha-1,3-galactose antigens). 
These indolent forms (both xenografts produced urine 
and recovered renal function) did not show evidence of 
C4d deposition by immunohistochemistry, suggesting 
that they were driven by other biological pathways than 
an activation of the complement cascade.23 Previous 
studies in non-human primates have provided valuable 
insights into immune response after pig kidney 
xenotransplantation, but the inherent differences 
between primates and humans necessitated human 

studies.2 For instance, compared with non-human 
primates, humans exhibit different immune response, 
with the involvement of a wider range of immune cells 
and mediators.9 Humans could also display different 
impacts of porcine genome editing, especially for 
transgenes that encode human proteins, and have access 
to different therapeutic options (eg, plasmapheresis are 
not efficient in non-human primates).9

We observed that the effector immune cells of the early 
rejection process of the xenografts were mainly innate 
immune cells (macrophages, monocytes, neutrophils, 
and natural killer cells) and not adaptive T-immune and 
B-immune cells, in both histological and transcriptomic 
assessments. The molecular ambiance of the interferon-
gamma response, monocyte and macrophage activation, 
and natural killer burden suggested that these effector 
immune cells were activated and contributed to the 
endothelial cell activation highlighted in both xenografts 
by immunophenotyping and transcriptomic profiling. In 
human kidney transplants, it is now widely recognised 
that monocytes, macrophages, and natural killer cells are 
important mediators of antibody-mediated rejection,24,25 
and that intravascular macrophages without complement 
deposition primarily represent an indolent and 
subclinical form of antibody-mediated rejection with 
potential long-term detrimental consequences for the 
allograft.26 In the field of xenotransplantation, data from 
in vitro and preclinical pig-to-non-human primate 
models also suggest that monocytes, macrophages, and 
natural killer cells are important effectors of xenograft 
rejection.27–31 Interspecies incompatibilities between 
CD47 and SIRP-α contribute to the rejection of 
xenogeneic cells by macrophages,32 and antibody-
dependent cellular cytotoxicity or direct natural killer 
cytotoxicity could be implied in human natural killer 
cell–porcine endothelial cell interactions.33 Hence, the 
infiltration of monocytes, macrophages, and natural 
killer cells in the pig-to-human kidney xenografts might 
be multifactorial (antibody-dependent cellular cytotoxicity 
and lack of self-recognition markers).

It is possible that brain death had an influence on the 
nature of these immune cell infiltrates, as the peripheral 
cytokines IL-6 and MCP-1 and circulating neutrophils are 
higher in brain-dead donors than living humans.34 
However, in the decedent recipients of this study, these 
cytokines were initially elevated, but decreased after 
transplantation,5 making it unlikely that cytokines 
influenced the immune response against the xenografts. 
Moreover, although the proportion of circulating 
neutrophils was elevated5 and might have led to an 
increase in intragraft CD15+ cells, the study by Carpenter 
and colleagues34 showed no significant differences in 
tissue-resident immune cells between brain-dead donors 
and controls (particularly in tissues such as the kidney), 
indicating that the results we observed are probably a 
reflection of primary immune responses to the xenograft 
and not an artefact of brain death.
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These findings regarding the mechanisms of immune 
response after pig-to-human kidney xenotransplantation 
pave the way to optimise next-generation pig constructs 
in further clinical trials. The thymokidneys trans
planted in our model harboured only the alpha-1, 
3-galactosyltransferase gene knockout and included a 
subcapsular thymic autograft. Studies have shown that 
genetic engineering of human CD47 and HLA-E 
(encoding a ligand of the inhibitory receptor CD94/
NKG2A) transgenes in pig organs could protect these 
organs from macrophage-mediated and natural killer 
cell-mediated damage.35,36 Moreover, the thymic autograft 
could provide protection from adaptive human immune 
responses to pig neoantigens and the subsequent 
interactions with innate immune cells; however, the 
follow-up period of our study was not sufficient to assess 
this hypothesis.

The findings of this study also show that biological 
rejection processes were heterogeneous but mainly 
located in the glomeruli. Both xenografts showed a 
microvascular inflammation characteristic of antibody-
mediated rejection. In addition, whole-transcriptome 
spatial profiling showed an increased expression of genes 
related to immune cells in the glomeruli. Several 
hypotheses can explain these findings (eg, larger 
antigenic target for xenoantibody deposition in 
glomerular capillaries or lack of regulatory membrane 
proteins), but further investigation is required.37 
Interestingly, recipient 2, who had higher levels of 
xenoantibodies than recipient 1, had more pronounced 
immunomolecular signs of antibody-mediated injury in 
the glomeruli.

Combined evidence from our study and previous 
research also suggests that the xenografts’ injuries were 
mainly associated with an antibody-mediated rejection 
process rather than ischaemia-reperfusion: (1) the clear 
molecular signature of antibody-mediated injury 
compared with pig kidney autografts;16 (2) the high levels 
of circulating xeno-antibodies;9 (3) the presence of 
intravascular leukocytes and endothelial cell activation in 
peritubular capillaries;26 (4) the short duration of cold 
ischaemia (similar to a living-donor kidney transplantation 
procedure);38 and (5) the absence of delayed graft 
function.39

Finally, we acknowledge that our study only involves 
two xenografts. However, these pig-to-human xenografts 
are unique. Only one other pig kidney xenograft, with 
different gene modifications, was transplanted to a brain-
dead human recipient, yet did not recover renal function 
and showed thrombotic microangiopathy.40 Moreover, the 
study follow-up period was not sufficient to assess 
memory T-cell and B-cell responses or de novo 
xenoimmune activation (regarding pig neoantigens).9 
Although we assessed the circulating T cells in the 
decedent recipients, we did not characterise the 
circulating innate immune cells (except neutrophils),5 so 
we cannot compare the profiles of circulating and 

infiltrative innate immune cells. However, it has been 
previously shown that there is no difference in the levels 
of circulating innate immune cells between brain-dead 
donors and living humans, with the exception of 
neutrophils.34

In conclusion, using a combination of multidimensional 
spatial molecular assessment, extensive phenotyping of 
xenograft biopsies, and characterisation of circulating 
xenoantibodies, we provide evidence of active antibody-
mediated rejection in genetically modified pig kidney 
xenografts transplanted to human recipients. This pattern 
was predominantly in the glomeruli of the xenografts, 
and primarily associated with monocyte and macrophage 
activation, natural killer cell burden, IFNγ response, and 
endothelial activation. These results open avenues and 
research directions to refine next-generation pig gene 
editing and optimise the control of the humoral harm of 
rejection in xenotransplantation clinical trials.
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