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Background: Kidney transplant recipients are currently treated with nonspecific
immunosuppressants that cause severe systemic side effects. Current
immunosuppressants were developed based on their effect on T-cell
activation rather than the underlying mechanisms driving alloimmune
responses. Thus, understanding the role of the intragraft microenvironment
will help us identify more directed therapies with lower side effects.

Methods: To understand the role of the alloimmune response and the intragraft
microenvironment in cellular rejection progression, we conducted a Single
nucleus RNA sequencing (snRNA-seq) on one human non-rejecting kidney
allograft sample, one borderline sample, and T-cell mediated rejection (TCMR)
sample (Banff lla). We studied the differential gene expression and enriched
pathways in different conditions, in addition to ligand-receptor (L-R) interactions.

Results: Pathway analysis of T-cells in borderline sample showed enrichment for
allograft rejection pathway, suggesting that the borderline sample reflects an
early rejection. Hence, this allows for studying the early stages of cellular
rejection. Moreover, we showed that focal adhesion (FA), IFNg pathways, and
endomucin (EMCN) were significantly upregulated in endothelial cell clusters
(ECs) of borderline compared to ECs TCMR. Furthermore, we found that
pericytes in TCMR seem to favor endothelial permeability compared to
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borderline. Similarly, T-cells interaction with ECs in borderline differs from TCMR
by involving DAMPS-TLRs interactions.

Conclusion: Our data revealed novel roles of T-cells, ECs, and pericytes in
cellular rejection progression, providing new clues on the pathophysiology of

allograft rejection.
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1 Introduction

Kidney transplantation is the treatment of choice for patients with
end-stage renal disease (ESRD). Transplant recipients are currently
treated with nonspecific pharmacologic immunosuppressants with
excellent short-term outcomes; however, chronic allograft rejection
continues to be a challenge for long-term graft survival. Current
immunosuppressive medications were developed based on their
effect on T-cell activation, the dominant contributor to early
rejection (1), rather than the underlying mechanisms driving
alloimmune responses. Thus, understanding the alloimmune
processes in the kidney microenvironment and the role of different
cell populations will help us identify broad molecular targets to design
more directed therapies with lower systemic side effects.

Single-cell RNA sequencing (scRNA-seq) techniques are
promising for understanding the molecular fingerprints of
individual cells within complex tissues and unraveling pathogenic
mechanisms that can be targeted by novel immunomodulatory
therapies. scRNA-seq has been successfully used in studying human
kidney specimens (2, 3). Single nucleus RNA sequencing (snRNA-
seq) differs from scRNA-seq in that the nuclei alone are isolated to
study gene expression rather than the entire cell (4). Although the
use of scRNA-seq offers more mRNA per cell to sequence, its use is
limited due to its incompatibility with frozen archival material.
Moreover, snRNA-seq was recently shown to be comparable gene
detection to scRNA-seq in the adult kidney (5).

Cellular allograft rejection is characterized by immune cells,
primary T-cells, and macrophage graft invasion with subsequent
inflammation and tissue destruction (6). Based on the Banft
classification of renal allograft rejection, T-cell mediated rejection
(TCMR) is characterized by significant immune cell interstitial
infiltration, tubulitis, and arteritis (7). Borderline rejection is
defined as a condition with less severe inflammation than TCMR
(7). Whether the borderline changes are an early rejection state that
can inform us on the earlier pathways involved in the rejection
process is still unclear (8). Apart from T-cells, the endothelial cells
(ECs) serve as a unique barrier between the blood and the tissues,
and are actively involved in cellular rejection through their early
role in the activation and migration of alloreactive CD4+ and CD8+
T-cells (9). Pericytes are multi-functional mural cells of the
microcirculation that wrap around the endothelial cells. Recently,
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pericytes were shown to play a role in T-cell modulation (10) and
constituting together with the endothelium and its basement
membrane a physical barrier to immune cells invasion (11, 12).

To characterize the complexity of the cellular rejection process
at the molecular level, we studied the transcriptional signatures of
T-cells, ECs, and pericytes in human non-rejection, borderline, and
TCMR specimens using snRNA-seq. We found that T-cells in the
borderline sample were enriched for allograft rejection signature,
suggesting that borderline is an early cellular rejection process;
however, ECs but not pericytes significantly differ between the
borderline and TCMR samples. In particular, we found significant
differences in the integrin signaling pathway (also known as focal
adhesion pathway), response to interferon-gamma (IFN-gamma),
and interactions with both T-cells and pericytes in ECs obtained
from borderline versus TCMR samples. Our data provide new
insights into the role of the endothelium, pericytes, and T-cells in
the different phases of the cellular rejection process.

2 Materials and methods

2.1 Tissue collection and single nucleus
dissociation, single-nucleus capture, library
preparation, and sequencing

We performed snRNA sequencing of three human kidney allograft
biopsies from non-rejection, borderline, and TCMR (IIa) patients. The
three recipients were males. Recipients with non-rejection and TCMR
received their grafts from living female donors aged 66 and 67. As for
native kidney disease, the patient with non-rejection had renal cell
carcinoma and hypertension, whereas patients with borderline and
TCMR were diagnosed with hypertension and diabetes mellitus type 1,
respectively (Supplementary Table 1). Frozen kidney biopsy specimens
were obtained from our patients after appropriate consent and in
accordance with MASS GENERAL BRIGHAM IRB and institutional
guidelines. After first removing the surrounding optimal cutting
temperature (OCT) embedding medium with PBS, a previously
published protocol using salt Tris-based buffers was used to isolate
single nuclei (13). 8,000 single nuclei were then loaded into each
channel of the Chromium single cell 3’ chip (v3; 10x Genomics,
Pleasanton, USA).
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Single nuclei were partitioned into gel bead-in-emulsions
(GEMs) and incubated to generate barcoded cDNA by reverse
transcription. Barcoded cDNA was then amplified by PCR prior to
library construction. Fragmentation, sample index, adaptor ligation,
and PCR were used to generate libraries of paired-end constructs
according to the manufacturer’s recommendations (10x Genomics,
Pleasanton, USA). Libraries were pooled and sequenced using the
Mumina HiSeq X system (San Diego, USA).

2.2 Single-nucleus RNA-seq data analysis

Demultiplexing and counting were performed using CellRanger
5.0. The generated raw, sparse matrices were subject to quality checks
followed by removal of empty cells using emptyDrops function from
‘DropletUtils’ R package version ‘1.4.3’. All cells with less than 450
UMIs were considered empty cells and were filtered out. We then
used Seurat version 3.2.2” for normalizing, scaling, clustering, and
annotation. First, genes expressed in more than three cells and cells
that expressed more than 100 genes were kept for downstream
analysis. Cells expressing more than 20% of mitochondrial counts
were excluded. Additionally, we kept cells that express less than 3500,
4000, and 6000 genes for non-rejection, TCMR, and borderline
rejection samples, respectively. Doublets/multiplets were removed
using ‘DoubletFinder’ R package version 2.0.3’. The remaining cells
used for integration were 773, 2790, and 6083 cells for non-rejection,
TCMR, and borderline rejection, respectively.

2.3 Integrating samples and finding
differentially expressed genes for
endothelial cells in TCMR vs. borderline

The three analyzed samples were merged using the ‘merge’
function from Seurat package. Next, 2000 variable features were
identified using ‘SelectIntegrationFeatures’ after running
‘FindVariableFeatures’ on each sample. ‘FindIntegrationAnchors’
and ‘IntegrateData’ functions were used to integrate the three
samples. Non-linear dimensional reduction on scaled data was
applied, followed by clustering using dimensions 1:16 and a
resolution of 0.3. Differential expression analysis was performed
between endothelial clusters and T cells clusters belonging to
TCMR and borderline rejection using ‘FindMarkers’ function
from Seurat, with ‘min.pct=0.25" and ‘logfc.threshold=0". Using
‘VinPlot’ function, the expression of the integrin signaling
pathway, VEGF, angiogenesis, interferon-gamma response, and
antigen processing and presentation genes were plotted for all
three samples. Clusters were plotted by applying ‘DimPlot’
function, using ‘umap’ as a reduction method. Marker genes for
each cluster were identified using ‘FindAllMarkers’ function, with
Wilcoxon rank-sum as a statistical test, with the parameters
‘min.pct=0.25" and ‘logfc.threshold=0". The annotation of clusters
was made using marker genes based on literature search and
confirmed using enrichR (14).
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2.4 Gene sets enrichment analysis and
pathways analysis

Functional analysis was performed on the differential expressed
genes (DEG) between TCMR and borderline rejection endothelial
clusters via Gene Sets Enrichment Analysis (GSEA) (15), using the
Java GSEA implementation. We chose the hallmark gene sets that
contain 50 gene sets to run the analysis. We also used Enrichr (14),
an interactive and collaborative HTML5 gene list enrichment
analysis tool, to run pathways analysis using PANTHER (16)
database for the differentially expressed genes between the three
endothelial clusters from the three samples and for the differentially
expressed genes for T cells between borderline rejection and TCMR
using MsigDB (17) and Hallmarks (18). A volcano plot and bar
plots were generated using ‘ggplot2’ R package.

2.5 Ligand-receptor analysis

Ligand-Receptor (L-R) analysis was conducted between T cells,
pericytes, and EC, in TCMR and borderline rejection.
‘SingleCellSignalR’ (19), a Bioconductor R package, was used to
assess the interactions between the clusters. This package includes a
curated database of ligand-receptor interactions called ‘LRdb,’
containing 3251 ligand-receptor pairs compiled from many
databases. The top 40 interactions were shown between ligands
and receptors in a circos plot.

3 Results

3.1 snRNA-seq identifies major
renal populations

We conducted snRNA-seq on one non-rejecting kidney
allograft sample, one borderline change sample, and TCMR (IIa)
sample as classified by Banff criteria (7). Following data processing,
a total of 773, 6083, and 2790 nuclei passed quality filters in non-
rejecting, borderline, and TCMR samples, respectively (Methods).
We identified 14 clusters in normal, borderline, and TCMR samples
(Figures 1A-C). We annotated our clusters using anchor genes
previously described in the literature (2, 19-21) (Figure 1D;
Supplementary Tables 2, 3). Overall, we identified the major
kidney cell populations in addition to immune clusters. The
kidney cell populations included epithelial, stromal, and
endothelial clusters. In addition, we identified immune clusters,
including T-cell and lymphocyte clusters, in the three samples. The
lymphocyte cluster showed general markers of lymphocytes and did
not express clear markers for immune subpopulations. Stromal
nuclei were clustered as pericytes. Among the epithelial cells, we
found podocytes (PO), epithelial cells of the proximal tubule (PT),
ascending loop of Henle (AL) 1 and 2, descending loop of Henle
(DL), distal convoluted tubule (DCT). Collecting ducts included
intercalated cells A (IC-A) and B (IC-B), and transitory populations
expressing genes of different adjacent cell types, connecting tubules
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(A—C) Umaps of non-rejecting, borderline, and T-cell mediated rejection (TCMR) samples showing different clusters. (D) Umaps showing the
expression of certain canonical markers used for cluster annotation. PT (Proximal tubules), AL-1 (Ascending loop of Henle-1), AL-2 (Ascending loop
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(CNT), and the principal cells (PC) that we annotated as DCT-
CNT-PC and CNT-PC. These clusters are distributed across all
three samples, as shown in the UMAPs of Figure 1. Some anchor
genes used for annotation are shown in Figure 1D.

3.2 T-cell cluster in borderline sample
show enrichment for allograft rejection
and interferon-gamma and alpha
response pathways

Since T-cells, identified in both TCMR and borderline samples,

are the main effectors of cellular rejection, we focused our initial
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efforts on pathway analysis in these clusters. We noted an increase in
the percentage of T-cells in both borderline (4.4% of total cells) and
TCMR (2.5% of total cells) compared to non-rejection, where it was
0.39% (Supplementary Table 2). We identified differentially expressed
genes in borderline compared to TCMR (Figure 2A; Supplementary
Table 4), and we performed pathway analysis. Interestingly, T-cell
cluster in borderline sample showed enrichment for allograft
rejection, interferon-gamma (IFN-gamma) response, and
interferon-alpha (IFN-alpha) response pathways when using
Hallmark datasets (18) (Figure 2B). The allograft rejection pathway
includes a set of up-regulated genes identified in studies of solid organ
rejection (22-26). The IFN-gamma response pathway includes genes
up-regulated in response to IFN-gamma (27-30). IFN-gamma is a
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(A) Plot showing the differentially expressed genes between borderline (red) and TCMR (blue). (B) Pathway analysis of T-cell cluster in borderline
compared to TCMR samples using Hallmark database showed enrichment for interferon-gamma and alpha responses and allograft rejection pathways
(C) Violin plots showing the level expression of genes part of allograft rejection and interferon-gamma response pathways in three conditions.

proinflammatory cytokine that plays a significant role in the
polarization of thl (31) and activation of cytotoxic T-cells (32). In
allograft rejection, studies on IFN-gamma demonstrated two
contrasting functions: protective in the early course and destructive
late in disease progression (33). Hence, in borderline condition, T-
cells seem to be activating pathways implicated in allograft rejection
and responding to a high IFN-gamma and alpha milieu.

Then, we compared the level of expression of genes involved in
enriched pathways. Results showed that the borderline rejection
sample expresses more genes implicated in allograft rejection and
IFN-gamma response than TCMR (Figure 2C). T-cells in TCMR
downregulates B2M and HLA-A gene expression, which are
involved in antigen processing and presentation. Genes
implicated in the allograft rejection pathway appear uniformly
up-regulated in borderline change. Of these genes, we notice
PTPRC (CD45), LCK, and CD247 (CD3(), which are implicated
in T-cell receptor signaling (34, 35).

Thus, T-cells show a transcriptional profile of allograft rejection
in borderline with more broad gene expression, suggesting that the

borderline sample reflects an early rejection state.
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3.3 Integrin signaling pathway and
interferon-gamma response are specifically
downregulated in the endothelial cluster
of TCMR

The endothelial cells are the first cells exposed to the recipient’s
immune system and form an essential barrier for leukocyte
transmigration. The transmigration is an active process that
mandates the passage of immune cells from the vessel’s lumen to
the graft tissue passing through the endothelium and the peri-
endothelial structures (36).

Since T-cells showed an active rejection phenotype in
borderline, which is usually seen in TCMR, we wanted to
investigate the properties of ECs in affecting the rejection process
by identifying differentially expressed genes and enriched pathways.
Differential gene expression analysis identified 283 and 77 genes up-
regulated in borderline and TCMR samples, respectively (Figure 3A
and Supplementary Table 5). The top 10 DEGs in borderline sample
were: MALATI1, XAFI1, IFI44L, EMCN, MEIS2, PBX1, SYNE2,
PDE4D, NEATI, and RBMS3. However, the top 10 DEGs in
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FIGURE 3

(A) Volcano plot showing the up-regulated genes in endothelial cell clusters (ECs) between borderline and TCMR. Blue and red dots and genes up-
regulated in borderline and TCMR, respectively; green dots are genes with log-fold change (logFC) between 1 and -1; gray dots are genes that did

not reach a significance level. (B) Scatter plots showing the top enriched pathways in non-rejection, borderline, and TCMR samples. (C) Violin plots
showing the level expression of genes part of integrin signaling, VEGF, angiogenesis, interferon-gamma response, and antigen processing pathways

in ECs clusters in the three conditions.

TCMR were: MTRNR2L12, XIST, PVT1, GGT5, MELK, POLQ,
IDH2-DT, MT-ATP6, IQGAP3, and S100A13.

We used Enrichr (14) to identify enriched pathways with links
to the identified up-regulated genes (Figure 3B). In ECs of
borderline and normal samples, integrin signaling pathway, also
known as focal adhesion (FA), angiogenesis, and VEGF signaling
pathways, were strongly enriched with a high odds ratio and
statistical significance (Figure 3B). In the TCMR ECs cluster, the
endothelin signaling pathway showed a higher significance, and the
integrin signaling pathway showed a lower odds ratio than
other samples.

Next, we compared the gene expression level of integrin
signaling, VEGF, and angiogenesis pathways between ECs clusters
in the three samples (Figure 3C). ECs in the borderline sample
express major genes implicated in the integrin signaling pathway.
Nevertheless, ECs in non-rejection and TCMR showed down-
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regulation of many of these genes. Membranous proteins, such as
ITGA1L, ITGA9, and FLT4, are expressed in ECs of the borderline
sample. KDR, known as VEGFR2, shows expression in non-
rejection and borderline samples but not in TCMR. Following the
interaction of integrins (ITGs) with extracellular matrix (ECM)
molecules such as fibronectin, subsequent signaling cascade leads to
cell motility, proliferation, or survival based on multiple
interactions of activated networks within the integrin signaling
pathway. The ITG-FAK-RAC network is part of the integrin
signaling pathway implicated in adhesion and motility (37-39).
Its genes include DOCKI, CRK, RACI, and ITGs, exclusively up-
regulated in ECs of the borderline sample (except for DOCKI,
which is also up-regulated in ECs of borderline and TCMR samples;
Figure 3C). Therefore, a specific network associated with
endothelial adhesion is up-regulated in the borderline sample that
is unseen in the TCMR sample.
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Moreover, we used GSEA to analyze DEGs between borderline
and TCMR. Hallmarks of IFN-alpha and -gamma response were
up-regulated in ECs of borderline and down-regulated in TCMR
and non-rejection (Supplementary Figure 1). Expression analysis of
IFN-gamma response genes reveals minimal expression in ECs of
non-rejection and TCMR samples compared to a broad expression
in the borderline sample (Figure 3C). Genes that showed high
expression in ECs of both TCMR and borderline were: B2M, XAFI,
RNF213, and NCOA3. Genes predominantly up-regulated in ECs
of the borderline sample were: IFNAR2, SAMDOL, STAT1, NLRC5,
SP110, and ESPTII. These genes are part of the signaling pathway of
IFN-gamma once it activates its receptor on the ECs. IFNGR1/2 did
not show expression in ECs of the three samples, possibly due to the
low mRNA level in the nucleus.

Since IFN-gamma is well known to stimulate the antigen
processing and presentation pathway in ECs, we hypothesized that
genes implicated in antigen processing and presentation are up-
regulated in ECs of the borderline sample compared to TCMR and
non-rejection samples. Indeed, ECs in the borderline sample up-
regulated essential antigen processing and presentation genes such as
CD74, CIITA, HLA-E, TAPBP, and HLA-B, where TCMR showed
only up-regulation of HLA-B, B2M, and TAPBP (Figure 3C).

Hence, we conclude that the response to IFN-gamma is
significantly suppressed in ECs in the TCMR sample, including
antigen processing and presentation.

3.4 Ligand-receptor analysis reveals
interactions of endothelial cells with T-
cells and pericytes in borderline and TCMR

Based on the difference in endothelial transcriptional profile
between borderline and TCMR, especially genes related to integrin
signaling and angiogenesis, we hypothesized that ECs in TCMR and
borderline samples receive different signals from surrounding cells
which translate to different transcriptional profiles. In the abluminal
side of the vessels, ECs are attached to the basement membrane
(BM) via integrin-mediated focal adhesion (40) and to pericytes via
N-cadherin interaction (41) (Figure 4A). After the transendothelial
migration, leukocytes stay in contact with the BM and pericytes in
the subendothelial spaces in a phenomenon known as abluminal
crawling. Then, leukocytes must breach the vessel wall to exit the
graft tissue fully (11). Although the mechanism by which leukocytes
breach the BM and reach the graft tissue is not fully characterized,
recent evidence from in vitro studies suggests a role for FA
(attachment of ECs to BM) and pericytes as a barrier for immune
invasion (42, 43). We used some common markers to identify
pericytes (Figure 4B).

We evaluated the (L-R) interaction of T-cells and pericytes with
ECs in both borderline and TCMR samples. We used the
SingleCellSignalR (44), which links ligands to their receptors in
cluster pairs. We did not find major gene difference between
borderline and TCMR when we performed DEG (Supplementary
Table 6). However, L-R analysis between pericytes and ECs reveals
different interactions when comparing borderline to TCMR
(Figures 4C, D) (Supplementary Tables 7, 8). In the borderline
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sample (Figure 4E), increase NOTCH4 response to different
pericyte ligands such as JAGI, PSENI1, HLA-C, and DLL. The
JAG1/NOTCH4 interaction has a role in endothelial maturation
(45). Also, NOTCH has a role in vessel stability (46). Moreover,
ANGPT1/2 from pericytes interacts with TIE1 in the borderline
sample. ANGPT interaction with Tiel is not well characterized, but
it increases vascular stability and angiogenesis (47). Hence, these
interactions suggest a possible role of pericytes in controlling ECs
stability in the borderline sample. On the other hand, in TCMR
(Figure 4F), pericytes interact with KDR on ECs, which is not
observed in the borderline rejection. The two primary receptors of
VEGF, VEGFRI(flt-1) and VEGFR2 (KDR), are receptors for
tyrosine kinases (RTKs). KDR is the VEGF activity’s essential
meditator, promoting angiogenesis, mitogenesis, and increased
permeability (48, 49). In the absence of stability signals and the
appearance of KDR, pericytes in the TCMR seem to favor
endothelial permeability.

ECs are in close contact with ECM, pericytes, and immune cells
during rejection. After describing ECs interaction with ECM and
pericytes, we describe EC-T-cell interaction in TCMR and
borderline samples using L-R analysis (Figures 4E, F)
(Supplementary Tables 7, 8). In both borderline and TCMR, T-
cells expressed IFN-gamma response and allograft rejection genes
(Figure 2A). However, the interaction between T-cells and ECs was
significantly different. In the borderline sample, the T-cells-ECs
interaction is characterized by T-cells’ damage-associated molecular
patterns (DAMPs), such as HMGB1 and HSP90B, interacting with
toll-like receptors 4 (TLR4) on ECs (Figure 4E). TLR4, like all TLRs,
is mainly expressed on immune cells membrane and is known to
induce pro-inflammatory cytokines secretion following DAMPS
sensing. However, recently it was demonstrated endothelial cells
express major TLRs (50). TLR4 is a receptor for HMGBI1 and heat
shock proteins (HSPs), which are released in response to cellular
stress and injury. The interaction between DAMPs and TLRs is
known to activate endothelial cells in an ischemia/reperfusion
model (51), but it has not been studied in the context of cellular
rejection. On the other hand, in TCMR, many ligands on the
immune cells interact with integrins (ITGA5, ITGA2, ITGB3,
ITGAS8) on ECs, but DAMPS-TLRs interaction was not seen
(Figure 4F). The latter observations suggest that rejecting T-cells
are activating ECs in borderline.

4 Discussion

To the best of our knowledge, this is the first study to investigate
a borderline change sample from a human kidney allograft at the
single-cell resolution. In 2018, Wu and colleagues (2) described the
first scRNA seq analysis of a mixed rejection human kidney
specimen, suggesting the feasibility of this technique in
investigating kidney allografts. Lake and colleagues (20), using
snRNA seq, identified human kidney tissue cell populations and
molecular diversity. Moreover, in the last years, the single-
transcriptome technique was implemented to extend the human
kidney atlas (3) and study different kidney diseases (52, 53).
Although gene expression of human kidney allografts has been
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FIGURE 4

(A) T-cells, endothelial cells (EC), and pericytes interactions. Focal adhesion represents the interaction between ECs and the surrounding basement
membrane (BM); adhesion plaque is the interaction between ECs and pericytes. (B) Violin plot showing canonical markers expressed by pericyte
clusters in borderline and TCMR. (C, D) Circos plot showing the ligand-receptor interactions between pericytes in yellow and endothelial cells in
orange in borderline and TCMR; the heads of arrows are toward the receptor side; the halo color around the arrow represents the strength of this
interaction as per L-R score. (E, F) Circos plot showing the ligand-receptor interactions between T-cells in yellow and endothelial cells in orange in
borderline and TCMR; the heads of arrows are toward the receptor side; the halo color around the arrow represents the strength of this interaction

as per L-R score.

studied extensively using bulk RNA sequencing, this approach has
significant limitations. As we and Wu et al (2) demonstrated, most
bulk RNA transcripts associated with endothelial cells in rejection
were not expressed by ECs. Hence, the bulk analysis could be
misleading in reflecting the molecular profile of different cell
populations in rejection.

In our case, the T-cell clusters in borderline showed enrichment
for allograft rejection and IFN-gamma response pathways
(Figure 2B); this indicates that T cells are actively involved in
rejection in borderline by a high IFN-gamma environment.
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Nevertheless, EC clusters showed down-regulation of the IFN-
gamma signaling pathway in non-rejection and TCMR compared
to borderline. IFN-gamma is secreted mainly by activated T-cells
(54), NK cells (55), and yd T cells (56) and is essential in T-cell
maturation and cytotoxicity (32). In contrast to expectations, it has
been shown that IFN-gamma has a protective role in the early
rejection of vascularized allografts (57, 58) but can aggravate
vascular injury later in the rejection process (59, 60). Halloran
and colleagues demonstrated the protective role of IFN-gamma in
heart and kidney rejection in mouse model (58). They showed that
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IFN-gamma protects against early microcirculation necrosis (58).
In our TCMR sample, the down-regulation of IFN-gamma response
in ECs possibly reflects negative feedback against excessive ongoing
immune invasion or a mechanism that facilitated it, or it could
indicate that peak expression of IFN-gamma-associated genes
was surpassed.

In the borderline sample, the top DEGs in ECs are not known
for their role in the rejection. MALATT1 is a long noncoding RNA
that showed a role in endothelial proliferation and migration (61),
but its role in rejection is not clear. XAF1, a tumor suppressor gene,
has shown an anti-angiogenic effect (62), suggesting the delicate
regulation of angiogenesis in the borderline sample. EMCN is a
mucin-like sialoglycoprotein that interferes with the assembly of
focal adhesion complexes and inhibits the interaction between cells
and the extracellular matrix (63). Whether the early up-regulation
of EMCN gene is responsible for the later down-regulation of FA
pathway in TCMR, and hence facilitating the immune invasion of
the graft, needs further investigation.

We found different enriched pathways in EC clusters in
different samples. Among the top pathways in ECs of borderline
and normal samples were the integrin signaling pathway (FA
pathway), VEGF signaling, and angiogenesis. In the case of
TCMR, other pathways, such as the endothelin signaling pathway,
ranked at the top, and gene-level expression showed that FA genes
were less expressed in ECs of the TCMR sample. FA corresponds to
the interaction between ITGs in the endothelial membrane with
ECM, such as fibronectin (Figure 4A). ECM interacts with the
endothelium on many levels. First, it represents physical support for
ECs on their BM. Second, data showed that ECM interaction with
ITGs on ECs controls EC migration, invasion, proliferation, and
survival (64-67). Moreover, in vitro experiments on T-cells and
neutrophils showed that FA forms an obstacle for leukocytes’
subendothelial crawling and breaching the BM (42, 43). Hence,
the downregulation of FA genes in our TCMR sample might be
facilitating the immune invasion into the graft tissue.

Pericytes, defined as cells in contact with the endothelium and
embedded in the vascular BM (67), play an essential role in
supporting and influencing ECs (41). In addition to EC-ECM
interaction, EC-pericytes constitute another obstacle for immune
cells migration through the vessel (36). In the borderline sample,
pericytes secrete mediators that interact with endothelial molecules
known to participate in endothelial angiogenesis and stabilization
(45-47) (Figure 4C).

The interaction between T-cell DAMPS and ECs’ TLR4
suggests a novel mechanism in cellular rejection. Blocking the
TLR4 signaling pathway in a mouse model protected from minor
allograft rejection of skin transplant and is associated with
reduction of dendritic cell numbers in draining lymph nodes (68).
In addition, transcripts of TLR4 and its ligands were found to be
upregulated early after transplantation of allogeneic islets (69).
HMGBI also contributes to early rejection failure, as seen in
syngeneic islet transplants (70). Herein, the suggested mechanism
by which TLRs contribute to the rejection is related to its expression
on mononuclear cells. Therefore, cell injury releases DAMPs that
activate mononuclear cells expressing TLR leading to cytokine
production and recruitment of alloimmune response (71).
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Nevertheless, the role of TLRs expressed on ECs in cellular
rejection is not known. The role of TLR4 expressed on ECs was
investigated in an ischemia/reperfusion (I/R) mouse model, where
authors demonstrated a novel role of TLR4 in inducing adhesion
molecules in ECs (51). In addition, they showed that TLR4 mRNA
abundance peaks at 4h following reperfusion and then down-trend
(51). Analyzing I/R scRNA-seq mice data set showed that TLR4
expression in ECs starts increasing at 4 h and peaks at 12 h, then
downtrend to normal (72), suggesting a role for TLR4 in the early
disease state. These observations in I/R models seem to also be valid
in our cellular rejection model. T-cells appear to secrete DAMPs
that interact with TLR4 on ECs during early rejection, as seen in the
borderline sample, but not in a more progressive rejection state
(TCMR). Whether this interaction, among other factors, is
responsible for the different endothelial phenotypes seen in
borderline and TCMR needs validation.

The importance of this data is that it provides a snapshot of
what is happening in human allograft during rejection, including
all the complicated interactions and influences generated by
different cells of the intragraft microenvironment. This is
helpful in generating interesting observations and hypotheses
and gives insight into the protein expression level (73). The
limitations of this study include the following. First, the
generalization of the results is limited by the absence of
biological replicates. Therefore, the results we found could be
confounded by demographic, clinical, and biopsy time differences
between the three patients, as indicated in (Supplementary Table
1). Second, the L-R interaction analysis is considered an inference
on possible interaction and is limited by the number of cells
available in each cluster. Third, more validation is needed to verify
the upregulation of the FA pathway, EMNC, and TLR4 genes in
borderline rejection on the protein level, knowing that finding an
in vitro model that replicates the complexity of the intragraft
microenvironment is challenging and can mask important
observations found in our data.

SnRNA-seq is a novel tool for studying cellular transcriptional
profiles at a single-cell level, permitting the generation of novel
observations and hypotheses. This paper investigated the difference
between borderline change sample and TCMR in terms of DEGs,
enriched pathways, and interactions between different cell types.
We demonstrated that the borderline sample shows a rejection
profile at the immune cell level suggesting an early rejection state.
Moreover, in our case, ECs appeared to be actively involved in the
early rejection process by (a) increasing its response to IFN-gamma
stimulation, (b) upregulating the expression of the FA pathway, and
(c) expressing TLR4 that interacts with T-cell DAMPs. Hence, we
suggest that ECs are actively implicated in the early phases of
cellular rejection, and intervening at this level could prevent the
progression of the rejection.

Data availability statement

The data presented in the study are deposited in the NCBI GEO
repository, accession number GSE228300.

frontiersin.org


https://doi.org/10.3389/fimmu.2023.1139358
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Halawi et al.

Ethics statement

The studies involving human participants were reviewed and
approved by MASS GENERAL BRIGHAM IRB. The patients/
participants provided their written informed consent to
participate in this study.

Author contributions

AH performed most the scientific analysis and literature review.
AH and AE wrote the first draft of the manuscript. AH and AE
performed the biostatistical analysis under the supervision of PK,
AG, and JA. KV and ZS processed the samples. AS, NY, CD, MM,
JC and RE helped with some of the analysis and literature review.
AW, LR, SD, RA, and PC helped review and edit the manuscript. JA
and AG planned the study design. All authors contributed to the
article and approved the submitted version.

Funding

Funding received from NIH grants (R01AI134842). JC was
supported by the American Society of Transplantation — Basic

References

1. Cooper JE. Evaluation and treatment of acute rejection in kidney allografts. Clin J
Am Soc Nephrol (2020) 15(3):430-8. doi: 10.2215/CJN.11991019

2. Wu H, Malone AF, Donnelly EL, Kirita Y, Uchimura K, Ramakrishnan SM, et al.
Single-cell transcriptomics of a human kidney allograft biopsy specimen defines a
diverse inflammatory response. ] Am Soc Nephrol (2018) 29(8):2069-80. doi: 10.1681/
ASN.2018020125

3. Liao ], Yu Z, Chen Y, Bao M, Zou C, Zhang H, et al. Single-cell RNA sequencing
of human kidney. Sci Data (2020) 7(1):4. doi: 10.1038/s41597-019-0351-8

4. Ding J, Adiconis X, Simmons SK, Kowalczyk MS, Hession CC, Marjanovic ND,
et al. Systematic comparison of single-cell and single-nucleus RNA-sequencing
methods. Nat Biotechnol (2020) 38(6):737-46. doi: 10.1038/s41587-020-0465-8

5. Wu H, Kirita Y, Donnelly EL, Humphreys BD. Advantages of single-nucleus over
single-cell RNA sequencing of adult kidney: Rare cell types and novel cell states
revealed in fibrosis. | Am Soc Nephrol (2019) 30(1):23-32. doi: 10.1681/
ASN.2018090912

6. Nankivell BJ, Alexander SI. Rejection of the kidney allograft. New Engl | Med
(2010) 363(15):1451-62. doi: 10.1056/NEJMra0902927. Schwartz RS, ed.

7. Solez K, Colvin RB, Racusen LC, Haas M, Sis B, Mengel M, et al. Banff 07
classification of renal allograft pathology: Updates and future directions. Am |
Transplant (2008) 8(4):753-60. doi: 10.1111/j.1600-6143.2008.02159.x

8. Dahan K, Audard V, Roudot-Thoraval F, Desvaux D, Abtahi M, Mansour H, et al.
Renal allograft biopsies with borderline changes: Predictive factors of clinical outcome.
Am ] Transplant (2006) 6(7):1725-30. doi: 10.1111/j.1600-6143.2006.01348.x

9. Taflin C, Charron D, Glotz D, Mooney N. Regulation of the CD4+ T cell allo-
immune response by endothelial cells. Hum Immunol (2012) 73(12):1269-74.
doi: 10.1016/j.humimm.2012.07.009

10. Liu R, Merola J, Manes TD, Qin L, Tietjen GT, Lopez-Giraldez F, et al.
Interferon-y converts human microvascular pericytes into negative regulators of
alloimmunity through induction of indoleamine 2,3-dioxygenase 1. JCI Insight
(2018) 3(5):2018. doi: 10.1172/jci.insight.97881

11. Nourshargh S, Alon R. Leukocyte migration into inflamed tissues. Immunity
(2014) 41(5):694-707. doi: 10.1016/j.immuni.2014.10.008

12. Rowe RG, Weiss SJ. Breaching the basement membrane: Who, when and how?
Trends Cell Biol (2008) 18(11):560-74. doi: 10.1016/j.tcb.2008.08.007

Frontiers in Immunology

10

10.3389/fimmu.2023.1139358

Research Fellowship and the American Society of Nephrology -
John Merrill Grant in Transplantation.

Conflict of interest

KV is employed by Q32 Bio Inc.

The remaining authors declare that the research was conducted
in the absence of any commercial or financial relationships that
could be construed as a potential conflict of interest.

Publisher’'s note

All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated
organizations, or those of the publisher, the editors and the
reviewers. Any product that may be evaluated in this article, or
claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Supplementary material

The Supplementary Material for this article can be found online at:
https://www.frontiersin.org/articles/10.3389/fimmu.2023.1139358/
full#supplementary-material

13. Slyper M, Porter CBM, Ashenberg O, Waldman J, Drokhlyansky E, Wakiro I,
et al. A single-cell and single-nucleus RNA-seq toolbox for fresh and frozen human
tumors. Nat Med (2020) 26(5):792-802. doi: 10.1038/s41591-020-0844-1

14. Chen EY, Tan CM, Kou Y, Duan Q, Wang Z, Meirelles GV, et al. Enrichr:
interactive and collaborative HTML5 gene list enrichment analysis tool. BMC Bioinf
(2013) 14(1):128. doi: 10.1186/1471-2105-14-128

15. Subramanian A, Tamayo P, Mootha VK, Mukherjee S, Ebert BL, Gillette MA,
et al. Gene set enrichment analysis: A knowledge-based approach for interpreting
genome-wide expression profiles. Proc Natl Acad Sci (2005) 102(43):15545-50.
doi: 10.1073/pnas.0506580102

16. Mi H, Thomas P. PANTHER pathway: an ontology-based pathway database
coupled with data analysis tools. Methods Mol Biol (2009) 563:123-40. doi: 10.1007/
978-1-60761-175-2_7

17. Liberzon A, Subramanian A, Pinchback R, Thorvaldsdottir H, Tamayo P,
Mesirov JP. Molecular signatures database (MSigDB) 3.0. Bioinformatics (2011) 27
(12):1739-40. doi: 10.1093/bioinformatics/btr260

18. Liberzon A, Birger C, Thorvaldsdottir H, Ghandi M, Mesirov JP, Tamayo P. The
molecular signatures database hallmark gene set collection. Cell Syst (2015) 1(6):417-
25. doi: 10.1016/j.cels.2015.12.004

19. Stuart T, Butler A, Hoffman P, Hafemeister C, Papalexi E, Mauck WM, et al.
Comprehensive integration of single-cell data. Cell (2019) 177(7):1888-1902.e21.
doi: 10.1016/j.cell.2019.05.031

20. Lake BB, Chen S, Hoshi M, Plongthongkum N, Salamon D, Knoten A, et al. A
single-nucleus RNA-sequencing pipeline to decipher the molecular anatomy and
pathophysiology of human kidneys. Nat Commun (2019) 10(1):2832. doi: 10.1038/
541467-019-10861-2

21. Chen L, Lee JW, Chou CL, Nair AV, Battistone MA, Paunescu TG, et al.
Transcriptomes of major renal collecting duct cell types in mouse identified by single-
cell RNA-seq. Proc Natl Acad Sci (2017) 114(46):E9989-98. doi: 10.1073/
pnas.1710964114

22. Chen R, Sigdel TK, Li L, Kambham N, Dudley JT, Hsieh S-C, et al. Differentially
expressed RNA from public microarray data identifies serum protein biomarkers for
cross-organ transplant rejection and other conditions. PloS Comput Biol (2010) 6
(9):2010. doi: 10.1371/journal.pcbi. 1000940

frontiersin.org


https://www.frontiersin.org/articles/10.3389/fimmu.2023.1139358/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fimmu.2023.1139358/full#supplementary-material
https://doi.org/10.2215/CJN.11991019
https://doi.org/10.1681/ASN.2018020125
https://doi.org/10.1681/ASN.2018020125
https://doi.org/10.1038/s41597-019-0351-8
https://doi.org/10.1038/s41587-020-0465-8
https://doi.org/10.1681/ASN.2018090912
https://doi.org/10.1681/ASN.2018090912
https://doi.org/10.1056/NEJMra0902927
https://doi.org/10.1111/j.1600-6143.2008.02159.x
https://doi.org/10.1111/j.1600-6143.2006.01348.x
https://doi.org/10.1016/j.humimm.2012.07.009
https://doi.org/10.1172/jci.insight.97881
https://doi.org/10.1016/j.immuni.2014.10.008
https://doi.org/10.1016/j.tcb.2008.08.007
https://doi.org/10.1038/s41591-020-0844-1
https://doi.org/10.1186/1471-2105-14-128
https://doi.org/10.1073/pnas.0506580102
https://doi.org/10.1007/978-1-60761-175-2_7
https://doi.org/10.1007/978-1-60761-175-2_7
https://doi.org/10.1093/bioinformatics/btr260
https://doi.org/10.1016/j.cels.2015.12.004
https://doi.org/10.1016/j.cell.2019.05.031
https://doi.org/10.1038/s41467-019-10861-2
https://doi.org/10.1038/s41467-019-10861-2
https://doi.org/10.1073/pnas.1710964114
https://doi.org/10.1073/pnas.1710964114
https://doi.org/10.1371/journal.pcbi.1000940
https://doi.org/10.3389/fimmu.2023.1139358
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Halawi et al.

23. Flechner SM, Kurian SM, Head SR, Sharp SM, Whisenant TC, Zhang J, et al.
Kidney transplant rejection and tissue injury by gene profiling of biopsies and
peripheral blood lymphocytes. Am J Transplant (2004) 4(9):1475-89. doi: 10.1111/
j.1600-6143.2004.00526.x

24. Naesens M, Khatri P, Li L, Sigdel TK, Vitalone MJ, Chen R, et al. Progressive
histological damage in renal allografts is associated with expression of innate and
adaptive immunity genes. Kidney Int (2011) 80(12):1364-76. doi: 10.1038/ki.2011.245

25. Famulski KS, de Freitas DG, Kreepala C, Chang J, Sellares J, Sis B, et al.
Molecular phenotypes of acute kidney injury in kidney transplants. ] Am Soc Nephrol
(2012) 23(5):948-58. doi: 10.1681/ASN.2011090887

26. Lande JD, Dalheimer SL, Mueller DL, Hertz MI, King RA. Gene expression
profiling in murine obliterative airway disease. Am J Transplant (2005) 5(9):2170-84.
doi: 10.1111/j.1600-6143.2005.01026.x

27. Smith JA, Barnes MD, Hong D, DeLay ML, Inman RD, Colbert RA. Gene
expression analysis of macrophages derived from ankylosing spondylitis patients
reveals interferon-gamma dysregulation. Arthritis Rheumatol (2008) 58(6):1640-9.
doi: 10.1002/art.23512

28. Ma F, Li B, Liu S-y, Iyer SS, Yu Y, Wu A, et al. Positive feedback regulation of
type I IFN production by the IFN-inducible DNA sensor cGAS. ] Immunol (2015) 194
(4):1545-54. doi: 10.4049/jimmunol.1402066

29. Liu SY, Sanchez DJ, Aliyari R, Lu S, Cheng G. Systematic identification of type I
and type II interferon-induced antiviral factors. Proc Natl Acad Sci USA (2012) 109
(11):4239-44. doi: 10.1073/pnas.1114981109

30. Depke M, Breitbach K, Dinh Hoang Dang K, Brinkmann L, Salazar MG, Dhople
VM, et al. Bone marrow-derived macrophages from BALB/c and C57BL/6 mice
fundamentally differ in their respiratory chain complex proteins, lysosomal enzymes
and components of antioxidant stress systems. ] Proteom (2014) 103:72-86.
doi: 10.1016/j.jprot.2014.03.027

31. Bradley LM, Dalton DK, Croft M. A direct role for IFN-gamma in regulation of
Thl cell development. J Immunol (1996) 157(4):1350-8. doi: 10.4049/
jimmunol.157.4.1350

32. Bhat P, Leggatt G, Waterhouse N, Frazer IH. Interferon-y derived from cytotoxic
lymphocytes directly enhances their motility and cytotoxicity. Cell Death Dis (2017) 8
(6):€2836-6. doi: 10.1038/cddis.2017.67

33. Hidalgo LG, Halloran PF. Role of IFN-gamma in allograft rejection. Crit Rev
Immunol (2002) 22(4):317-49.

34. Huang W, August A. The TCR/ITK signaling pathway regulates the
counterbalance of effector and regulatory T cell development. J Immunol (2018) 200
(1 Supplement):116.14 LP-116.14. doi: 10.4049/jimmunol.200.Supp.116.14

35. Hwang JR, Byeon Y, Kim D, Park SG. Recent insights of T cell receptor-
mediated signaling pathways for T cell activation and development. Exp Mol Med
(2020) 52(5):750-61. doi: 10.1038/s12276-020-0435-8

36. Proebstl D, Voisin MB, Woodfin A, Whiteford J, D’Acquisto F, Jones GE, et al.
Pericytes support neutrophil subendothelial cell crawling and breaching of venular
walls in vivo. ] Exp Med (2012) 209(6):1219-34. doi: 10.1084/jem.20111622

37. Guan X, Guan X, Dong C, Jiao Z. Rho GTPases and related signaling complexes
in cell migration and invasion. Exp Cell Res (2020) 388(1):111824. doi: 10.1016/
j.yexcr.2020.111824

38. Lawson CD, Burridge K. The on-off relationship of rho and rac during integrin-
mediated adhesion and cell migration. Small GTPases (2014) 5(1):e27958. doi: 10.4161/
sgtp.27958

39. Huveneers S, Danen EH]J. Adhesion signaling — crosstalk between integrins, src
and rho. J Cell Sci (2009) 122(8):1059-69. doi: 10.1242/jcs.039446

40. Davis GE, Senger DR. Endothelial extracellular matrix. Circ Res (2005) 97
(11):1093-107. doi: 10.1161/01.RES.0000191547.64391.e3

41. Armulik A, Abramsson A, Betsholtz C. Endothelial/Pericyte interactions. Circ
Res (2005) 97(6):512-23. doi: 10.1161/01.RES.0000182903.16652.d7

42. Lee ], Song KH, Kim T, Doh J. Endothelial cell focal adhesion regulates
transendothelial migration and subendothelial crawling of T cells. Front Immunol
(2018) 9:48. doi: 10.3389/fimmu.2018.00048

43. Arts JJG, Mahlandt EK, Schimmel L, Grénloh MLB, van der Niet S, Klein BJAM,
et al. Endothelial focal adhesions are functional obstacles for leukocytes during
basolateral crawling. Front Immunol (2021) 12:667213. doi: 10.3389/
fimmu.2021.667213

44. Cabello-Aguilar S, Alame M, Kon-Sun-Tack F, Fau C, Lacroix M, Colinge J.
SingleCellSignalR: Inference of intercellular networks from single-cell transcriptomics.
Nucleic Acids Res (2020) 48(10):e55-5. doi: 10.1093/nar/gkaal83

45. Pedrosa A-R, Trindade A, Fernandes A-C, Carvalho C, Gigante J, Tavares AT,
et al. Endothelial Jaggedl antagonizes DII4 regulation of endothelial branching and
promotes vascular maturation downstream of DIl4/Notch1. Arterioscler Thromb Vasc
Biol (2015) 35(5):1134-46. doi: 10.1161/ATVBAHA.114.304741

46. Mack JJ, Iruela-Arispe ML. NOTCH regulation of the endothelial
cell phenotype. Curr Opin Hematol (2018) 25(3):212-8. doi: 10.1097/MOH.
0000000000000425

47. Korhonen EA, Lampinen A, Giri H, Anisimov A, Kim M, Allen B, et al. Tiel
controls angiopoietin function in vascular remodeling and inflammation. J Clin Invest
(2016) 126(9):3495-510. doi: 10.1172/JCI84923

Frontiers in Immunology

11

10.3389/fimmu.2023.1139358

48. Lohela M, Bry M, Tammela T, Alitalo K. VEGFs and receptors involved in
angiogenesis versus lymphangiogenesis. Curr Opin Cell Biol (2009) 21(2):154-65.
doi: 10.1016/j.ceb.2008.12.012

49. Claesson-Welsh L, Welsh M. VEGFA and tumour angiogenesis. J Intern Med
(2013) 273(2):114-27. doi: 10.1111/joim.12019

50. Fitzner N, Clauberg S, Essmann F, Liebmann J, Kolb-Bachofen V. Human skin
endothelial cells can express all 10 TLR genes and respond to respective ligands. Clin
Vaccine Immunol (2008) 15(1):138-46. doi: 10.1128/CV1.00257-07

51. Chen J, John R, Richardson JA, Shelton JM, Zhou XJ, Wang Y, et al. Toll-like
receptor 4 regulates early endothelial activation during ischemic acute kidney injury.
Kidney Int (2011) 79(3):288-99. doi: 10.1038/ki.2010.381

52. Wilson PC, Wu H, Kirita Y, Uchimura K, Ledru N, Rennke HG, et al. The
single-cell transcriptomic landscape of early human diabetic nephropathy. Proc Natl
Acad Sci (2019) 116(39):19619-25. doi: 10.1073/pnas. 1908706116

53. Young MD, Mitchell TJ, Vieira Braga FA, Tran MGB, Stewart BJ, Ferdinand JR,
et al. Single-cell transcriptomes from human kidneys reveal the cellular identity of renal
tumors. Science (2018) 361(6402):594-9. doi: 10.1126/science.aat1699

54. Mosmann TR, Cherwinski H, Bond MW, Giedlin MA, Coffman RL. Two types
of murine helper T cell clone. i. definition according to profiles of lymphokine activities
and secreted proteins. | Immunol (1986) 136(7):2348-57.

55. Keppel MP, Saucier N, Mah AY, Vogel TP, Cooper MA. Activation-specific
metabolic requirements for NK cell IFN-y production. ] Immunol (2015) 194(4):1954—
62. doi: 10.4049/jimmunol.1402099

56. Gao Y, Yang W, Pan M, Scully E, Girardi M, Augenlicht LH, et al. yd T cells
provide an early source of interferon y in tumor immunity. J Exp Med (2003) 198
(3):433-42. doi: 10.1084/jem.20030584

57. Halloran PF, Miller LW, Urmson J, Ramassar V, Zhu L-F, Kneteman NM, et al.
IFN-y alters the pathology of graft rejection: Protection from early necrosis. ] Immunol
(2001) 166(12):7072-81. doi: 10.4049/jimmunol.166.12.7072

58. Halloran PF, Afrouzian M, Ramassar V, Urmson J, Zhu L-F, Helms LMH, et al.
Interferon-y acts directly on rejecting renal allografts to prevent graft necrosis. Am |
Pathol (2001) 158(1):215-26. doi: 10.1016/S0002-9440(10)63960-0

59. Nagano H, Mitchell RN, Taylor MK, Hasegawa S, Tilney NL, Libby P.
Interferon-gamma deficiency prevents coronary arteriosclerosis but not myocardial
rejection in transplanted mouse hearts. J Clin Invest (1997) 100(3):550-7. doi: 10.1172/
JCI119564

60. Raisinen-Sokolowski A, Glysing-Jensen T, Koglin J, Russell ME. Reduced
transplant arteriosclerosis in murine cardiac allografts placed in interferon-gamma
knockout recipients. Am ] Pathol (1998) 152(2):359-65.

61. Michalik KM, You X, Manavski Y, Doddaballapur A, Zérnig M, Braun T, et al.
Long noncoding RNA MALAT]1 regulates endothelial cell function and vessel growth.
Circ Res (2014) 114(9):1389-97. doi: 10.1161/CIRCRESAHA.114.303265

62. Qiao L, GuQ, Dai Y, Shen Z, Liu X, Qi R, et al. XIAP-associated factor 1 (XAF1)
suppresses angiogenesis in mouse endothelial cells. Tumor Biol (2008) 29(2):122-9.
doi: 10.1159/000137831

63. Kinoshita M, Nakamura T, Thara M, Haraguchi T, Hiraoka Y, Tashiro K, et al.
Identification of human endomucin-1 and -2 as membrane-bound O-
sialoglycoproteins with anti-adhesive activity. FEBS Lett (2001) 499(1-2):121-6.
doi: 10.1016/s0014-5793(01)02520-0

64. Meredith JE, Schwartz MA. Integrins, adhesion and apoptosis. Trends Cell Biol
(1997) 7(4):146-50. doi: 10.1016/S0962-8924(97)01002-7

65. Giancotti FG, Ruoslahti E. Integrin signaling. Science (1999) 285(5430):1028-33.
doi: 10.1126/science.285.5430.1028

66. Wary KK, Mainiero F, Isakoff SJ, Marcantonio EE, Giancotti FG. The adaptor
protein shc couples a class of integrins to the control of cell cycle progression. Cell
(1996) 87(4):733-43. doi: 10.1016/S0092-8674(00)81392-6

67. Armulik A, Genové G, Betsholtz C. Pericytes: Developmental, physiological, and
pathological perspectives, problems, and promises. Dev Cell (2011) 21(2):193-215.
doi: 10.1016/j.devcel.2011.07.001

68. Goldstein DR, Tesar BM, Akira S, Lakkis FG. Critical role of the toll-like
receptor signal adaptor protein MyD88 in acute allograft rejection. J Clin Invest (2003)
111(10):1571-8. doi: 10.1172/JCI17573

69. Zhang N, Kriiger B, Lal G, Luan Y, Yadav A, Zang W, et al. Inhibition of TLR4
signaling prolongs treg-dependent murine islet allograft survival. Immunol Lett (2010)
127(2):119-25. doi: 10.1016/j.imlet.2009.10.004

70. Matsuoka N, Itoh T, Watarai H, Sekine-Kondo E, Nagata N, Okamoto K, et al.
High-mobility group box 1 is involved in the initial events of early loss of transplanted
islets in mice. J Clin Invest (2010) 120(3):735-43. doi: 10.1172/JCI41360

71. Leventhal JS, Schroppel B. Toll-like receptors in transplantation: sensing and
reacting to injury. Kidney Int (2012) 81(9):826-32. doi: 10.1038/ki.2011.498

72. Kirita Y, Wu H, Uchimura K, Wilson PC, Humphreys BD. Cell profiling of
mouse acute kidney injury reveals conserved cellular responses to injury. Proc Natl
Acad Sci (2020) 117(27):15874-83. doi: 10.1073/pnas.2005477117

73. Koussounadis A, Langdon SP, Um IH, Harrison DJ, Smith VA. Relationship

between differentially expressed mRNA and mRNA-protein correlations in a xenograft
model system. Sci Rep (2015) 5(1):10775. doi: 10.1038/srep10775

frontiersin.org


https://doi.org/10.1111/j.1600-6143.2004.00526.x
https://doi.org/10.1111/j.1600-6143.2004.00526.x
https://doi.org/10.1038/ki.2011.245
https://doi.org/10.1681/ASN.2011090887
https://doi.org/10.1111/j.1600-6143.2005.01026.x
https://doi.org/10.1002/art.23512
https://doi.org/10.4049/jimmunol.1402066
https://doi.org/10.1073/pnas.1114981109
https://doi.org/10.1016/j.jprot.2014.03.027
https://doi.org/10.4049/jimmunol.157.4.1350
https://doi.org/10.4049/jimmunol.157.4.1350
https://doi.org/10.1038/cddis.2017.67
https://doi.org/10.4049/jimmunol.200.Supp.116.14
https://doi.org/10.1038/s12276-020-0435-8
https://doi.org/10.1084/jem.20111622
https://doi.org/10.1016/j.yexcr.2020.111824
https://doi.org/10.1016/j.yexcr.2020.111824
https://doi.org/10.4161/sgtp.27958
https://doi.org/10.4161/sgtp.27958
https://doi.org/10.1242/jcs.039446
https://doi.org/10.1161/01.RES.0000191547.64391.e3
https://doi.org/10.1161/01.RES.0000182903.16652.d7
https://doi.org/10.3389/fimmu.2018.00048
https://doi.org/10.3389/fimmu.2021.667213
https://doi.org/10.3389/fimmu.2021.667213
https://doi.org/10.1093/nar/gkaa183
https://doi.org/10.1161/ATVBAHA.114.304741
https://doi.org/10.1097/MOH.0000000000000425
https://doi.org/10.1097/MOH.0000000000000425
https://doi.org/10.1172/JCI84923
https://doi.org/10.1016/j.ceb.2008.12.012
https://doi.org/10.1111/joim.12019
https://doi.org/10.1128/CVI.00257-07
https://doi.org/10.1038/ki.2010.381
https://doi.org/10.1073/pnas.1908706116
https://doi.org/10.1126/science.aat1699
https://doi.org/10.4049/jimmunol.1402099
https://doi.org/10.1084/jem.20030584
https://doi.org/10.4049/jimmunol.166.12.7072
https://doi.org/10.1016/S0002-9440(10)63960-0
https://doi.org/10.1172/JCI119564
https://doi.org/10.1172/JCI119564
https://doi.org/10.1161/CIRCRESAHA.114.303265
https://doi.org/10.1159/000137831
https://doi.org/10.1016/s0014-5793(01)02520-0
https://doi.org/10.1016/S0962-8924(97)01002-7
https://doi.org/10.1126/science.285.5430.1028
https://doi.org/10.1016/S0092-8674(00)81392-6
https://doi.org/10.1016/j.devcel.2011.07.001
https://doi.org/10.1172/JCI17573
https://doi.org/10.1016/j.imlet.2009.10.004
https://doi.org/10.1172/JCI41360
https://doi.org/10.1038/ki.2011.498
https://doi.org/10.1073/pnas.2005477117
https://doi.org/10.1038/srep10775
https://doi.org/10.3389/fimmu.2023.1139358
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

	Uncovering a novel role of focal adhesion and interferon-gamma in cellular rejection of kidney allografts at single cell resolution
	1 Introduction
	2 Materials and methods
	2.1 Tissue collection and single nucleus dissociation, single-nucleus capture, library preparation, and sequencing
	2.2 Single-nucleus RNA-seq data analysis
	2.3 Integrating samples and finding differentially expressed genes for endothelial cells in TCMR vs. borderline
	2.4 Gene sets enrichment analysis and pathways analysis
	2.5 Ligand-receptor analysis

	3 Results
	3.1 snRNA-seq identifies major renal populations
	3.2 T-cell cluster in borderline sample show enrichment for allograft rejection and interferon-gamma and alpha response pathways
	3.3 Integrin signaling pathway and interferon-gamma response are specifically downregulated in the endothelial cluster of TCMR
	3.4 Ligand-receptor analysis reveals interactions of endothelial cells with T-cells and pericytes in borderline and TCMR

	4 Discussion
	Data availability statement
	Ethics statement
	Author contributions
	Funding
	Supplementary material
	References


