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Single-cell sequencing technologies are fundamentally revolutionizing our
understanding of transplantation biology by providing high-resolution cellular
and molecular maps of graft rejection, immune tolerance, and injury. This review
systematically summarizes the application of technologies such as single-cell RNA
sequencing (scRNA-seq) and spatial transcriptomics in solid organ and islet
transplantation, aiming to elucidate the mechanisms that determine graft fate.
Single-cell analyses have revealed profound insights unattainable by traditional
methods, such as identifying key effector cell subpopulations—clonally expanded
CD8+ tissue-resident memory T cells (TRM) — in acute rejection, and discovering
new pathogenic pathways in chronic dysfunction, like antibody production driven
by innate-like B cells. In parallel, these atlases have also uncovered the complex
regulatory networks that mediate immune tolerance, composed of regulatory T
cells and specific macrophage subpopulations. Furthermore, this technology has
pioneered new clinical applications, including non-invasive monitoring through
urinary single-cell sequencing and pre-transplant quality assessment of donor
organs. By transitioning transplantation medicine from a morphology-based
diagnostic model to a new era of molecular endophenotyping based on precise
molecular signatures, single-cell technologies offer unprecedented opportunities
for developing personalized immunosuppressive regimens, finding new
therapeutic targets, and achieving non-invasive diagnostic monitoring. Although
clinical translation still faces challenges, it has the potential to become a key tool
for improving transplant outcomes in the future.
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1 Introduction: beyond the
microscope and bulk transcriptome

Solid organ transplantation is a revolutionary treatment for end-
stage organ failure, significantly extending patient survival and
improving quality of life (1, 2). However, despite substantial
progress in surgical techniques, immunosuppressive protocols, and
donor selection, long-term graft survival remains a challenge (3, 4).
This challenge stems from an interconnected triad: allograft rejection
(acute and chronic), lifelong systemic immunosuppression with its
associated toxicities (e.g., nephrotoxicity, malignancy, infection), and
eventual graft loss. Among these, graft rejection remains the most
common and critical post-transplant complication (5-7).

Currently, the gold standard for diagnosing rejection is the
pathological evaluation of graft biopsy tissue. However, this
standard has inherent limitations (8-10). Firstly, histological
assessment suffers from significant inter-observer variability,
which affects diagnostic precision and therapeutic decision-
making consistency (11). More importantly, while a pathological
slide can display morphological features of cellular infiltration and
tissue damage, it cannot deeply reveal the molecular and cellular
mechanisms driving these pathological processes (12, 13). It fails to
capture the immense heterogeneity within cell populations or to
delineate the dynamic evolution of the immune response (14).

At the molecular level, the advent of bulk RNA sequencing was
a significant advance, allowing researchers to quantify average gene
expression levels in a tissue sample (15-17). However, this
averaging of expression data is precisely its greatest drawback
(18-20). A tissue sample is a complex mixture of multiple cell
types, including parenchymal cells, endothelial cells, stromal cells,
and various infiltrating immune cells. Bulk transcriptomics mixes
the signals from these different cells, masking the contributions of
rare but functionally potent key cell subpopulations (such as specific
regulatory or effector immune cells) and failing to distinguish
transcriptional differences between different functional states of
the same cell type—differences that are critical in determining
graft fate (21, 22).

The emergence of the single-cell sequencing paradigm provides
an unprecedentedly powerful tool to address these limitations (23—
25). The suite of technologies represented by scRNA-seq can
measure the transcriptome of individual cells with unparalleled
resolution (26-28). This means researchers can unbiasedly identify
all cell types within a graft, precisely characterize their activation
states and functional profiles, discover rare cell populations that are
obscured in bulk analysis (29-31), and reconstruct the complex
intercellular communication networks that drive the alloimmune
response (32-35).

This technological advance is more than just an increase in
resolution; it is fundamentally changing the conceptual framework
of transplant immunology (36). Our perspective is shifting from a
cell-type-centric model to a cell-state-centric model. In the past, we
might have simply thought T cells cause rejection (37). Now, single-
cell studies reveal that under the broad category of T cells, there exist
multiple functionally distinct cell states, such as circulating memory T
cells, tissue-resident memory T cells (TRM), exhausted T cells, and
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proliferating T cells (38). Crucially, these states are not static; they
evolve dynamically with treatment and microenvironmental changes
(39). Therefore, what determines the graft’s outcome may not be the
presence or absence of a certain cell type, but rather the abundance,
spatial distribution, and interaction of specific cell states (40-43). This
shift redefines the core questions of transplant immunology and
points the way toward developing more precise therapeutic strategies,
from simply eliminating a class of cells to finely regulating specific cell
states (44).

This review will systematically survey the transformative
insights brought by single-cell technologies to the fields of solid
organ and islet transplantation. We will dissect the cellular and
molecular basis of rejection, tolerance, and injury in different organ
transplants, identify universal immunological principles across
organs, critically evaluate the current technical and translational
challenges, and chart a roadmap toward the future of precision
transplant medicine.

2 The high-resolution toolbox: from
single cells to spatial multi-omics

To better understand the content of the following sections, this
section provides a conceptual introduction to the key technologies
involved in this review. Together, these technologies form a
powerful toolbox that allows us to dissect the biological processes
of the graft from different dimensions and at different scales.

2.1 Foundational technology: ScCRNA-seq

ScRNA-seq is the foundation of the single-cell revolution, with its
core objective being to obtain the complete messenger RNA (mRNA)
information, i.e., the transcriptome, from a single cell. Its workflow
typically begins with dissociating a tissue sample into a single-cell
suspension. Subsequently, individual cells are physically isolated using
microfluidics (e.g., the droplet method) or microwell plates. In each
separate reaction unit, the cell is lysed, and its mRNA is captured by
oligonucleotides with a poly(dT) sequence (45). The key innovation
lies in two unique DNA barcodes on these capture sequences: a
cellular barcode to identify which cell the mRNA came from, and a
unique molecular identifier (UMI) to distinguish original mRNA
molecules from amplification copies, thus enabling precise
quantification of gene expression (46-48). The greatest advantage
of scRNA-seq is that it overcomes the limitation of averaging
expression values across cells, a characteristic of traditional
methods, thereby revealing unprecedented cellular heterogeneity.

2.2 Expanding the omics universe:
integrating multilayer biological
information

Although scRNA-seq is powerful, it only provides one layer of

biological information. To get a more complete picture, researchers
have developed various multi-modal technologies (CITE-seq, scTCR/
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BCR-seq, scATAC-seq (49, 50), and so on) to simultaneously
measure multiple omics data at the single-cell level.

CITE-seq (Cellular Indexing of Transcriptomes and Epitopes by
sequencing): This is a powerful multi-modal technique that
simultaneously measures mRNA (transcriptome) and cell surface
proteins (immunophenotype) in the same cell by using antibodies
conjugated to oligonucleotides. CITE-seq directly links a cell’s
functional state (defined by gene expression) with its identifiable
protein markers, providing richer and deeper cell identity
information than a single omics layer (51, 52).

Single-cell T/B cell receptor sequencing (scTCR/BCR-seq): This
technique, combined with scRNA-seq, allows for the simultaneous
acquisition of a T or B cell’s transcriptome information and its unique
antigen receptor (TCR or BCR) sequence. The sequences of TCRs
and BCRs determine the antigen specificity of lymphocytes. With this
technology, researchers can track the clonally expanding alloreactive
lymphocytes in a graft and precisely analyze the functional phenotype
and activation state of these specific clones (53, 54).

2.3 Spatially resolved transcriptomics:
restoring positional context

A common limitation of single-cell technologies based on tissue
dissociation is the loss of the cells’ spatial location information within
the original tissue. The advent of spatial transcriptomics technology is
aimed at providing this missing spatial information. Spatial
transcriptomics technologies measure gene expression directly in
situ on a tissue section and map this expression information back
to its precise tissue coordinates (55). This allows researchers to
visualize the organization of different cell types in the graft
microenvironment, for example, how they interact and organize in
focal areas of rejection rich in immune cells or in fibrotic niches (56).

2.4 The challenge of computational
biology: data integration and analysis

These high-resolution technologies generate massive, high-
dimensional, multi-modal datasets, and their effective analysis

TABLE 1 Overview of single-cell and spatial technologies in transplantation.

Biological layer
measured

Technology

Core principle

10.3389/fimmu.2025.1670683

requires advanced computational biology workflows. Key
analytical steps include cell type annotation using known marker
gene databases or supervised learning classifiers (57-59);
integration of data from different experiments, technology
platforms, or omics layers using complex algorithms (60-63); and
inference of cell-cell communication networks by analyzing the co-
expression patterns of ligand-receptor pairs (64-67). To help the
reader better understand these technologies, the following table
(Table 1) summarizes their core principles and applications in the
field of transplantation.

3 Deconstructing the allograft
response: organ-specific insights

This core section will systematically review the major findings
from single-cell research across various organ transplant fields,
highlighting the unique pathological features and immunological
principles revealed in different organs.

3.1 Kidney: mapping the rejection atlas and
pioneering non-invasive monitoring

Kidney transplantation is one of the most extensively studied
areas, where the application of single-cell technology has not only
greatly deepened the understanding of rejection heterogeneity but
has also brought transformative new directions for clinical practice.

ScRNA-seq has provided an unprecedented high-resolution
cellular map of kidney transplant rejection, with a level of detail
far exceeding traditional histological classifications (68). Studies
have been able to clearly distinguish different patterns of cellular
infiltration and activation states in antibody-mediated rejection
(ABMR), T-cell mediated rejection (TCMR), and chronic kidney
transplant rejection (CKTR) (69). For example, CKTR is
characterized by an increase in specific immune cell subsets (e.g.,
multiple subclasses of NKT cells, memory B cells) and the
emergence of a newly discovered, pro-fibrotic myofibroblast
population (70). ABMR, on the other hand, is closely associated
with inflammatory macrophages, activated fibroblasts, and the

Key question answered in
transplantation

Capturing poly(A)-tailed mRNA from barcoded single

scRNA-seq Transcriptome

cells for sequencing

What cell types are present in the graft? What are
they doing (functional state)?

Transcriptome + Surface
CITE-
sed Proteins

TCR/BCR q i € Antigel
sC -se Transcr ptome +
ReCCPt(lr Clonotype

Using antibodies conjugated with DNA barcodes to
simultaneously measure RNA and cell surface proteins

Simultaneously sequencing the mRNA and the unique
TCR/BCR sequence of a single T/B cell

What is the protein phenotype of alloreactive T cells?
How do function and phenotype correlate?

Which T or B cell clones have expanded in the graft?

scATAC-seq Chromatin Accessibility

Spatially Resolved

Spatial Transcriptomics .
P P Transcriptome
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Using a transposase to cut open chromatin regions,
revealing active gene regulatory elements

Mapping gene expression information on a tissue
section back to its original spatial coordinates

03

Which gene regulatory networks are rewired to drive
rejection or tolerance?

Where are the immune cells causing rejection
located? Who are they interacting with?
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activation of the complement signaling pathway (69, 71). Recent
multi-omics integration (mRNA/miRNA plus scRNA-seq)
identified six microvascular inflammation-associated miRNAs:
miR-139-5p (downregulated) and miR-142-3p/150-5p/155-5p/
222-3p/223-3p (upregulated), whose expression correlates with
rejection severity and regulates cell-specific pathways—including
endothelial MHC responses (miR-139-5p) and tubular metabolic
dysfunction (miR-222-3p) (72).

A landmark discovery is that during rejection, the T cell
infiltrate is actually dominated by a limited number of clonally
expanded, alloreactive CD8+ T cell clones (CD8_EXP_) (39). This
indicates that rejection is not a generalized process initiated by a
large variety of T cells, but a highly specific attack driven by a few
dominant clones. Critically, these CD8_EXP_ clones can persist in
the graft for months even after successful anti-rejection therapy.
They alter their phenotype, often transitioning to a TRM cell state.
These persistent TRM cells form a potential pool of clonal
populations that could be the source of future chronic or
recurrent rejection (39). This finding fundamentally challenges
our traditional notion of fully resolving rejection. Clinically, it has
been observed that acute rejection, even when histologically
resolved, is a major risk factor for long-term chronic rejection
and graft loss (36). Single-cell research provides a powerful
mechanistic explanation for this clinical phenomenon: systemic
anti-rejection therapies (like steroids) may temporarily clear most
circulating inflammatory cells, resulting in an improved histological
appearance, but they fail to effectively eliminate the TRM cell pool
deeply embedded in the tissue. These surviving TRM clones
continuously release low levels of inflammatory signals, driving a
slow but irreversible process of chronic fibrosis that ultimately leads
to graft failure. This suggests that future therapeutic strategies must
move beyond systemic immunosuppression and toward developing
new therapies that can specifically target or modulate the function
of this tissue-resident clonal population (73).

For chronic allograft dysfunction, the leading cause of graft loss,
single-nucleus RNA sequencing (snRNA-seq) has revealed its
complex cellular and molecular underpinnings. A study of kidney
biopsies from patients with chronic allograft dysfunction identified
two distinct states of fibrosis: a low extracellular matrix (ECM) and
a high ECM state, each with unique kidney cell subclusters, immune
cell types, and transcriptional profiles (74). Proximal tubular cells
(PTCs) were identified as the main drivers of fibrosis, transitioning
to an injured mixed tubular (MT1) phenotype that expressed
markers of activated fibroblasts and myofibroblasts (74). These
MT1 cells produced provisional ECM and recruited inflammatory
cells, thus driving the fibrotic process. Interestingly, MT1 cells in the
high ECM state showed signs of replicative repair, with evidence of
dedifferentiation and nephrogenic transcriptional signatures,
whereas those in the low ECM state exhibited severe metabolic
dysfunction, limiting their repair potential (74). This finding shifts
the paradigm of chronic rejection from a purely immune-driven
process to one where the injured parenchymal cell is an active
participant and driver of the pathology.

A key technological breakthrough is the demonstration that
scRNA-seq of urinary sediment cells can effectively capture the
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immune landscape within a rejecting graft (75). During rejection, the
cellular composition of the urine (e.g., increased numbers of
macrophages and T cells) is highly consistent with that of the biopsy
tissue. More excitingly, the key alloreactive T cell clones found in the
tissue can also be detected in the urine (39). This provides a strong
proof-of-concept for developing a urine-based, non-invasive liquid
biopsy, which could potentially replace or supplement invasive kidney
biopsies for early and dynamic monitoring of rejection.

3.2 Liver: unveiling tissue residency and
immune privilege

Liver transplantation has attracted considerable attention due to
its unique phenomenon of immune privilege, meaning liver grafts
are relatively less prone to rejection and can even induce tolerance.
Single-cell technologies are uncovering the cellular and molecular
mechanisms behind this complex phenomenon.

Similar to the kidney, scRNA-seq studies in liver transplantation
have also revealed the central driving role of CD8+ TRMs in
rejection. Compared to functionally stable grafts, rejecting liver
grafts have a significantly increased number of CD8+ TRMs (76).
These cells exhibit a unique transcriptional signature, including high
expression of genes related to activation, cytotoxicity (GZMB, IFNG),
proliferation, and immune checkpoints (PD1, CTLA4) (76).

In studies of pediatric liver transplant rejection, single-cell
analysis has revealed key communication pathways between
immune cells. Specifically, the intercellular communication
between liver-resident macrophages, Kupffer cells and expanded
CD8+ T cells appears to promote T cell proliferation and
persistence within the graft, thereby exacerbating rejection (53).

The findings from liver research present an interesting paradox:
on one hand, the liver is considered an immune-privileged organ
capable of inducing tolerance; on the other hand, single-cell studies
show that when liver rejection does occur, its mechanism (driven by
aggressive CD8+ TRMs) is strikingly similar to that in non-
privileged organs like the kidney (76). This suggests that the
liver’s immune microenvironment is not simply suppressive, but
a site of highly dynamic interactions between pro- and anti-
inflammatory signals. The final outcome, whether it leans toward
tolerance or rejection, may depend on the balance between pro-
tolerance signals (e.g., from Kupfter cells in specific states) and pro-
inflammatory effector signals (e.g., from alloreactive TRMs).

3.3 Heart: spatially resolving the molecular
anatomy of rejection

Spatial transcriptomics has revolutionized heart transplant
research by systematically mapping rejection microenvironments,
revealing that traditional histology masks profound molecular
heterogeneity in acute cellular, antibody-mediated, and mixed-type
rejection—including distinct pre-treatment signatures predictive of
therapy response (77). Complementing this spatial atlas, scRNA-seq
deconstructed infiltrating cell heterogeneity in rejecting grafts:
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endothelial cells actively upregulate MHC class II to become antigen-
presenting cells that exacerbate immune attack (78), while specialized
macrophage subpopulations drive regional damage (78). Critically,
single-cell comparisons of tolerant versus rejecting grafts identified
HIF-20 in macrophages as a master regulator of transplant tolerance,
with pharmacological enhancement promoting graft acceptance in
mice (79), and cell-cell communication analysis revealed CXCR3
blockade as an effective strategy to suppress rejection by disrupting
chemokine-driven inflammatory circuits (80). This integrated spatial-
single cell approach uncovers both pathogenic mechanisms and
therapeutic opportunities with unprecedented resolution.

3.4 Lung: revealing immune dynamics in
acute and chronic rejection

Recent advances in single-cell technologies have revolutionized our
understanding of lung transplant rejection mechanisms. SCRNA-seq
has uncovered profound immune cell heterogeneity in chronic lung
allograft dysfunction (CLAD), particularly bronchiolitis obliterans
syndrome (BOS) (81). Studies reveal that innate-like B cells
differentiate into Mzbl-expressing plasma cells that locally produce
IgG antibodies, directly contributing to antibody-mediated rejection—a
finding validated in murine models where immunoglobulin depletion
alleviated BOS severity (81). Additionally, multi-omics approaches
(scRNA-seq plus scATAC-seq) demonstrate that mesenchymal cells
undergo stable pro-fibrotic reprogramming, driving persistent fibrosis
in rejecting lungs (82). In acute rejection, sScRNA-seq of human lung
biopsies shows dynamic immune shifts: cytotoxic CD8+ TRM, Yo T
cells, and exhausted CD8+ T cells expand during severe acute cellular
rejection, while regulatory T cells (Tregs) transiently increase in mild/
recovering phases (83). Concurrently, myeloid reprogramming occurs,
characterized by decreased classical monocytes/macrophages and
increased TREM2+ pro-fibrotic myeloid subsets (83). Critically, these
acute-phase cytotoxic T-cell expansions and myeloid reprogramming
(83) may drive persistent immune activation that subsequently
promotes B-cell/plasma-cell infiltration and mesenchymal fibrosis in
CLAD. This suggests that targeting acute-phase immune dynamics
could halt progression to chronic rejection—a clinically significant
implication for intervention strategies.

3.5 Islet transplantation: integrated
analysis, challenges and solutions

Islet transplantation for Type 1 Diabetes faces dual challenges:
inconsistent donor islet quality and post-transplant functional decline.
Single-cell technologies now enable comprehensive pre-transplant
evaluation through scRNA-seq, which precisely quantifies functional
B-cell proportions (via INS/IAPP expression) (84) and endocrine cell
composition (0i-cell GCG, d-cell SST markers) (85). Critically, scRNA-
seq reveals cellular stress responses (HSP90/FOS upregulation) and
functional maturity (MAFA/PDX1 expression) that predict graft
viability (86). Complementing this, snRNA-seq has emerged as a
transformative technology that enables analysis of cryopreserved
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samples while avoiding enzymatic dissociation artifacts. This
approach identifies novel cellular identifiers like ZNF385D for [-cells
and PTPRT for o-cells, while also resolving dynamic [-cell
subpopulations, from transcriptionally active INS-pre-mRNA-rich
cells to mature INS-mRNA-dominant clusters, with distinct
functional capacities (86).

Mechanistically, post-transplant failure involves coordinated
immune and cellular adaptation processes. Allogeneic rejection is
driven by cytotoxic CD8" T cells that upregulate granzyme B
(GZMB) and interferon-y (IFNG) (85), alongside proinflammatory
M1 macrophages secreting CXCL9/10 chemokines (87).
Simultaneously, islet cells undergo pathogenic adaptation
characterized by antigen-presenting-like transformation (MHC-1/
PSMB8 upregulation) (84) and P-cell dedifferentiation (loss of
MAFA, gain of SOX9) (86). Cell communication networks further
exacerbate rejection through CCL5-XCRI1 signaling between
proliferative T cells and CD8" T cells (85), and TNFSF12-mediated
mesenchymal-macrophage crosstalk (87). This will enable the future
development of multidimensional evaluation frameworks for
personalized transplantation protocols. Such frameworks could
combine the advantages of snRNA-seq, like cryo-compatibility,
with the comprehensive cytoplasmic transcript capture of
scRNA-seq.

4 Universal themes across
transplantation fields

By integrating the organ-specific findings above, we can identify
some universal principles that have been revealed by single-cell
analysis and run through the entire field of transplant immunology.

4.1 Cellular interactions in rejection:
patterns of convergence and divergence

A common theme in kidney, liver, and heart transplantation is
that clonally expanded, cytotoxic CD8+ T cells, particularly those
with a TRM phenotype, are the core drivers of acute cellular
rejection (73, 88). Myeloid cells (macrophages and dendritic cells)
consistently appear as key mediators, maintaining the inflammatory
response and T cell activation state through crosstalk with T cells
(89). In contrast, the drivers of chronic rejection appear to be more
organ-specific. Although T cells are still involved, scRNA-seq has
uniquely revealed that in chronic lung rejection (BOS), the B cell
lineage producing local antibodies plays a key role (81); whereas in
the fibrotic processes of the kidney (CKTR) and lung (CLAD), pro-
fibrotic mesenchymal cell subpopulations take center stage (82).

4.2 The signature of operational tolerance:
a network-level perspective

Operational tolerance transcends singular cellular mechanisms,
constituting a tripartite network of peripheral, graft-intrinsic, and
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metabolically coordinated immunoregulation. Single-cell
technologies are revealing the complex regulatory networks
behind it. While the important role of Tregs in maintaining
immune tolerance is well known (90), single-cell research reveals
a more complex picture. Operational tolerance is not dominated by
a single cell type but is the result of a multi-cellular, multi-pathway
synergistic regulatory network.

Recently, scRNA-seq analysis of peripheral blood mononuclear
cells has revealed the systemic immune features of operational
tolerance. A pioneering study of a kidney transplant recipient
who achieved operational tolerance found that their immune
landscape was drastically different from that of a stable-function
recipient on standard immunosuppression, and instead more
closely resembled that of healthy controls (91). Specifically, the
tolerant patient had higher proportions of TCL1A+ naive B cells
and LSGAL1+ Tregs (91). Ligand-receptor analysis further revealed
interactions between B cells and Tregs that may enhance the
proliferation and suppressive function of Tregs (91). Furthermore,
MSC therapy in a rat liver models dissects tolerance induction via
monocyte polarization, neutrophil education (PD-L1 positive), and
exhausted CD8+ T cell generation (92). This finding expands our
view from mechanisms within the graft to the systemic immune
system, suggesting that tolerance is an active state with systemic
signatures detectable in peripheral blood, offering the possibility of
identifying or tracking tolerant individuals non-invasively, a key
goal in transplantation.

4.3 Mapping the initial insult: ischemia-
reperfusion injury at cellular resolution

Ischemia-reperfusion injury (IRI) is the initial, unavoidable
injury that every allograft must endure. SCRNA-seq provides a
dynamic cellular map of this process. IRI is not a single event but a
dynamic process, and scRNA-seq reveals how different cell types are
affected over time—from the initial ischemic phase (mainly
affecting cell metabolism) to the reperfusion phase (triggering a
dramatic inflammatory response) (93). In studies of the kidney and
liver, single-cell technology has precisely pinpointed the cell types
most sensitive to IRI. In the kidney, PTCs are the main site of
damage (94).

More importantly, IRI is not just a transient injury; it can sow
the seeds for long-term chronic pathology. A study using snRNA-
seq in a mouse model of acute kidney injury (AKI) identified a
unique, pro-inflammatory and pro-fibrotic state of PTCs that fails
to repair, termed failed-repair proximal tubule cells (FR-PTCs) (95).
These FR-PTC cells emerge and persist after injury, express unique
genes including Veaml, and secrete a range of pro-inflammatory
and pro-fibrotic cytokines such as Ccl2 and Tgfb2 (95).
Pseudotemporal trajectory analysis showed that FR-PTCs
represent an alternative, pathological branch diverging from the
successful repair trajectory (95). This concept provides a direct
mechanistic link between the initial, universal IRI and the later
development of chronic fibrosis. The initial ischemic hit may induce
a subset of tubular cells into this persistent pathological state, and
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these FR-PTC cells then drive inflammation and fibrosis through
continuous signaling, ultimately leading to the chronic graft
dysfunction described by McDaniels et al. (74).

To systematically summarize these findings, the following table
(Table 2) integrates key single-cell research outcomes across
different organs and clinical contexts (39, 53, 70, 75-77, 79, 81,
82, 94, 96).

5 From lab to clinic: challenges and
future outlook

Despite the brilliant achievements of single-cell technologies in
basic research, a series of technical and bioinformatic hurdles must
be overcome to translate these powerful findings into routine
clinical tools.

5.1 Technical and bioinformatic barriers to
clinical application

5.1.1 Sample processing issues: from biopsy to
data: the artifact challenge

Dissociating solid tissue into a high-quality, viable single-cell
suspension without introducing artificial transcriptomic changes is
the first and a huge challenge of the entire workflow. Traditional
tissue dissociation methods often require incubation with proteases
(like collagenase) at 37°C, which induces transcriptional cell stress
that can alter data interpretation (97). Studies have shown that 37°C
collagenase digestion induces a conserved core gene set of 512
genes, including heat shock proteins and stress-response genes (like
FOS and JUN) (98). These experimentally induced expression
changes could be misinterpreted as true biological signals.

To address this challenge, using proteases that are active at low
temperatures (cold-active proteases) for tissue dissociation has
emerged as a promising solution. This method allows the entire
dissociation process to be carried out at 4-6°C, a temperature at
which mammalian transcriptional machinery is largely inactive,
thus effectively preserving the in vivo gene expression patterns (99).
Comparative studies have confirmed that the cold protease method
can dramatically reduce gene expression artifacts, providing data
that more accurately reflects the true in vivo biological state (99).
Furthermore, the advent of snRNA-seq is another major
advancement, as it can process frozen tissue, thereby bypassing
the need for enzymatic digestion of fresh tissue and reducing stress
artifacts (86).

5.1.2 The challenge of distinguishing donor
versus recipient cells

This is a fundamental challenge unique to the field of
transplantation: how to distinguish which cells in a graft biopsy
sample originate from the donor and which from the recipient.
Without this distinction, we cannot accurately interpret the true
state of immune infiltration. New bioinformatic tools to solve this
problem (like scTx) have emerged, attempting to deconvolute the
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TABLE 2 Key cellular and molecular findings from single-cell studies in solid organ and islet transplantation.

Clinical context . .
single-cell sequencing

Key cell roles identified by

Key molecular pathways/markers

Kidney Acute Celllar Rejection Clonally expanded CD8+ T cells, especially AdaPtive phenotype (dependent on immunosuppressant), (39)
TRM subtype persistent clonal reservoir
. o i i NKT cell subclasses, memory B cells, pro- Increased immune cell infiltration, extracellular matrix
Chronic Rejection/Fibrosis R X (70)
fibrotic myofibroblasts remodeling
M hages, T cells in uri 1 istent
Non-invasive Monitoring Aacm‘p ages, T cells in urine (clones consisten Urinary cell atlas can reflect intra-renal rejection status (39, 75)
with biopsy)
Ischemia-Reperfusion Inju Proximal tubule cells Ferroptosis pathway, (94)
- X
P jury PHYH upregulation
Activation, toxicity, proliferation, and i
Liver Acute Cellular Rejection CD8+ TRM cells ctva 1(?n cytotoxicity, proliferation, and mmune (76)
checkpoint (PD1, CTLA4) genes
Rejection Mechanism Interaction between Kupffer cells and CD8+ T CD%—CDE?S signaling pathway promotes T cell 53)
cells proliferation
Heart Acute Rejection (all types) Spatially heterogeneous cellular ‘neighborhoods IFNY/TNF(X, ‘IL6—]AK—STAT3 signaling pathway 77
(T cells, macrophages, endothelial cells) (associated with treatment response)
Operational Tolerance HIF-20-expressing macrophages HIF-20 pathway is crucial for inducing tolerance (79)
Innate-like B cells and their differentiated
Lung Chronic Rejection (BOS) nnate-tike 5 cels and their differentiate Local IgG production (Mzb1, Bhlhed1) @1)
plasma cells
Chronic Rejection (CLAD) Pro-fibrotic mesenchymal cells Stable, pro-fibrotic transcriptional and epigenetic changes | (82)
Islet Graft Quality Assessment Proportion and h.ealth status of B-cells, oi-cells, Gene-expression profiles related to cell stress and 96)
and other endocrine cells function
Interaction bet: i Ils and islet cells, leadi
Failure Mechanism T lymphocytes, myeloid cells nieraction be w.een fmmune cefls and istet cets, leading (80, 84, 87)
to graft destruction

cell’s origin directly from scRNA-seq data using genetic variant
information. However, due to issues like differing cell proportions,
doublet contamination, and ambient RNA contamination, this
remains a complex and yet-to-be-perfected area (100).

5.1.3 Platform-specific biases and data
integration

Different commercial scRNA-seq platforms (e.g., 10x Genomics
Chromium, BD Rhapsody) have their own technical biases (101). They
may differ in gene capture sensitivity, cell type capture efficiency,
doublet rates, etc., which makes direct comparison across studies
difficult. Although integrating data from scRNA-seq, scATAC-seq,
CITE-seq, and spatial transcriptomics can provide extremely rich
information, the computational demand is enormous (102).

5.1.4 Computational bottlenecks: a guide to
analysis platforms

Effective analysis of these massive, high-dimensional datasets
requires complex computational workflows, and the choice of
analysis platform is a key step. Currently, analysis tools can be
broadly categorized into two types: code-based ecosystems and
graphical user interface (GUI) programs.

Code-based Ecosystems: For researchers with programming
skills, the R-based Seurat package and Bioconductor project, and
the Python-based scverse ecosystem (with Scanpy at its core), offer
the greatest flexibility, scalability, and reproducibility. These tools
are the gold standard for academic research, supporting the full
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pipeline from data preprocessing to complex downstream analyses
(like trajectory inference and multi-omics integration).

Graphical User Interface (GUI) Programs: For clinicians or
experimental biologists lacking a programming background, a
range of user-friendly GUI programs (e.g., SciDAP (103), Partek
Flow, Loupe Browser, CELLxGENE, BBrowserX) increases
accessibility. These platforms typically offer graphical point-and-
click workflows for data visualization and standard analyses.
However, their convenience often comes at the cost of flexibility,
and they may not support the latest algorithms or highly customized
analyses. The choice of platform depends on the research question,
dataset size, and the user’s computational skills, a trade-off that needs
careful consideration at the start of a project.

5.2 The path to clinical utility: from data to
decisions

After overcoming the technical barriers, the ultimate goal is to
transform this massive amount of data into useful information that
can guide clinical decisions.

5.2.1 Developing validated non-invasive
biomarkers: urinary scRNA-seq vs. cell-free DNA
A key goal for clinical application is to move away from reliance
on invasive biopsies. The discovery that urine cell scRNA-seq can
monitor kidney rejection provides an important proof-of-concept for
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this (39, 75). In parallel, donor-derived cell-free DNA (dd-cfDNA)
has emerged as a promising non-invasive biomarker (104). These two
technologies are not in competition but are highly complementary,
each providing different but equally important information.

dd-cfDNA: dd-cfDNA consists of DNA fragments released into
the recipient’s blood upon the death of graft cells (105). An elevated
level of dd-cfDNA in the blood is a highly sensitive but non-specific
indicator of graft injury (106). It can act as a quantitative indicator,
indicating that the graft is undergoing damage, but it cannot specify
the cause of the damage (e.g., rejection, infection, or ischemia)
(106). dd-cfDNA has a short half-life (about 30 minutes to 2 hours),
making it a dynamic monitoring tool that can detect injury earlier
than traditional biomarkers (105). Commercial dd-cfDNA tests are
already available, making them more readily implementable in the
clinic (107).

Urinary scRNA-seq: Unlike dd-cfDNA, urinary scRNA-seq
provides qualitative, high-resolution information. It doesn’t just
measure whether there is damage, but reveals the underlying causes
and mechanisms. By analyzing the immune and kidney cells in the
urine, scRNA-seq can identify specific pathogenic cell types (like
clonally expanded T cells), their activation states, and the molecular
pathways driving rejection. It can provide a detailed mechanistic
profile of the injury rather than just a damage alert.

These two technologies can work in synergy to form a powerful
future clinical monitoring paradigm. One can envision a two-step
workflow: first, use the relatively low-cost, rapid-turnaround

10.3389/fimmu.2025.1670683

dd-cfDNA for routine, frequent screening. When dd-cfDNA
levels rise significantly, this would act as an alert, triggering the
second step, a more detailed and informative urinary scRNA-seq
analysis. This approach could pinpoint the root cause of the injury,
thereby guiding precise therapeutic interventions and potentially
avoiding invasive biopsies in many cases. Table 3 summarizes the
comparison of these two non-invasive monitoring modalities.

5.2.2 Personalized immunosuppression and
discovering new therapeutic targets

ScRNA-seq has revealed that rejection is not a single disease, but
a group of heterogeneous conditions driven by different molecular
endophenotypes (77). This opens the door to precision medicine. In
the future, treatment regimens could be personalized according to the
cellular and molecular pathways driving a specific patient’s rejection,
while attempting to reduce immunosuppressants in lower-risk
patients to minimize drug toxicity (36). Furthermore, by providing
an unbiased map of all active cells and pathways in a disease state,
single-cell analysis is a powerful engine for drug discovery. It can not
only identify entirely new therapeutic targets (such as HIF-2a,
CXCR3, the B-cell pathway in BOS) but can also predict which
drug targets are more likely to succeed in clinical trials by confirming
their specific expression in disease-relevant tissues and cell types (79).

Table 4 summarizes the main challenges and corresponding
solutions for the clinical application of single-cell sequencing
technologies (45, 68, 100-102).

TABLE 3 Comparison of non-invasive monitoring modalities: dd-cfDNA vs. urinary scRNA-seq.

Feature

Donor-derived cell-free DNA (dd-cfDNA)

Urinary scRNA-seq

Analyte DNA fragments in circulation

Information Provided

Quantitative: Overall level of graft injury

Specificity for Rejection Low (elevated by any cell death)

Intact cells in urine

Qualitative: Cell identity, cell state, activation pathways,
clonotype

High (can identify specific alloreactive cells)

Sensitivity for Early Injury Very High

High

Clinical Readiness Commercially available tests

Emerging, primarily research-based

Core Advantage Frequent, lower-cost screening tool

Proposed Clinical Use

Routine monitoring/screening as an alert for injury

Detailed, mechanistic diagnostic tool

Diagnostic follow-up to abnormal screens to guide therapy

TABLE 4 Challenges and solutions for the clinical translation of single-cell sequencing in transplantation.

Challenge Impact on clinical application

Emerging solutions/future directions

Reduces data reliability and reproducibility, affecting result

Standardized operating procedures; shifting to snRNA-

Tissue Dissociation Artifacts i K i (68)
interpretation seq for frozen tissues
Distinguishing Donor vs. Inability to accurately interpret immune infiltration, Development of deconvolution algorithms (e.g., scTx) (100)
Recipient Cells confounding cell origins that do not require extra genotyping
Devel, t of urine- and blood-based single-cell
Reliance on Invasive Biopsies Limits frequent monitoring, increases patient burden and risk K ev'e op'men N url.ne and blood-based single-ce (108)
liquid biopsy techniques
Applying Al/machine learning to di bi kers;
Data Complexity and Integration = Hinders the development of simple, actionable clinical metrics PP y'mg' mac 1ne' carning .0 1'scoyer 1omarkers (102)
establishing standardized analysis pipelines
Makes cross-study comparisons difficult, affecting the Systematic platform benchmarking; developin:;
Inter-Platform Differences uay part s ng Y P r & developing (109)

generalizability of results
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computational methods to correct for platform biases
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LOW-RESOLUTION VIEW

Masks Heterogeneity in Rejection,
Tolerance, and Injury
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HIGH-RESOLUTION MAP

Reveals Cellular Heterogeneity and Complexity in
Rejection (e.g., CD8+ TRM driving acute rejection),

Tolerance (e.g., Treg-macrophage networks),
and Injury (e.g., failed-repair proximal tubule cells in IRI)
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FIGURE 1

Single-cell technologies deconstruct the complex cellular landscape of transplanted organs.

6 Conclusion: toward a new era of
precision transplant medicine

Single-cell technologies have fundamentally changed our
understanding of transplantation biology. It has taken us from a
low-resolution, static perspective to a high-definition, dynamic map
of the allograft microenvironment, revealing unprecedented and
profound cellular heterogeneity and complexity in rejection,
tolerance, and injury (Figure 1). Currently, the field is moving
from simply identifying and classifying cell types to elucidating the
causal mechanisms that lead to graft failure. By integrating multi-
omics and spatial data, we are beginning to understand the gene
regulatory networks, protein interactions, and tissue structures that
determine graft fate (77).

The ultimate promise of these technologies lies in their clinical
translation (108). The future of transplant medicine will involve
combining single-cell data from non-invasive liquid biopsies with
clinical and histological information. This will usher in a new era of
precision medicine, characterized by (1) Predictive Diagnostics:
Identifying high-risk patients before clinical symptoms of rejection
appear; (2) Personalized Therapy: Tailoring immunosuppressive
regimens based on an individual’s unique molecular rejection
signature; (3) Innovative Therapeutics: Developing novel drugs that
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target the specific cell states and molecular pathways driving
graft injury.

Although significant challenges remain, the rapid development
of technology and computational methods gives us reason to believe
that within the next decade, single-cell analysis will become an
indispensable tool for the transplant clinician, leading us into a new
era of higher graft survival rates and better quality of life
for recipients.

Author contributions

LM: Conceptualization, Funding acquisition, Writing - original
draft. ZP: Conceptualization, Funding acquisition, Writing - review
& editing.

Funding

The author(s) declare financial support was received for the
research and/or publication of this article. This study was supported
in part by the Shenzhen Science and Technology Program
(GJHZ20240218114714027).

frontiersin.org


https://doi.org/10.3389/fimmu.2025.1670683
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Mou and Pu

Conflict of interest

The 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.

Generative Al statement

The author(s) declare that no Generative Al was used in the
creation of this manuscript.

Any alternative text (alt text) provided alongside figures in this
article has been generated by Frontiers with the support of artificial

References

1. Storm K, Durand CM. Overcoming barriers and stigma: new frontiers in solid
organ transplantation for people with HIV. Clin Microbiol Rev. (2024) 37:e0011122.
doi: 10.1128/cmr.00111-22

2. Verleden GM, Gottlieb J. Lung transplantation for COPD/pulmonary
emphysema. Eur Respir Rev. (2023) 32:220116. doi: 10.1183/16000617.0116-2022

3. Vos R, Lindstedt S, Levine DJ, Shigemura N. Innovations in lung transplant
research and practice: the future is now. Transpl Int. (2025) 38:14336. doi: 10.3389/
.2025.14336

4. Chen Z, Han M, Dong Y, Zeng P, Liao Y, Wang T, et al. First affiliated hospital of
sun yat-sen university, guangzhou, people’s republic of China: 5-year experience at a
high-volume donor and recipient liver transplant center. Transplantation. (2023)
107:1855-9. doi: 10.1097/TP.0000000000004561

5. Callemeyn J, Lamarthée B, Koenig A, Koshy P, Thaunat O, Naesens M.
Allorecognition and the spectrum of kidney transplant rejection. Kidney Int. (2022)
101:692-710. doi: 10.1016/j.kint.2021.11.029

6. Scalzo RE, Sanoff SL, Rege AS, Kwun J, Knechtle SJ, Barisoni L, et al.
Daratumumab use prior to kidney transplant and T cell-mediated rejection: A case
report. Am J Kidney Dis. (2023) 81:616-20. doi: 10.1053/j.ajkd.2022.11.010

7. Debska-Zielkowska J, Moszkowska G, Zielinski M, Zielinska H, Dukat-Mazurek
A, Trzonkowski P, et al. KIR receptors as key regulators of NK cells activity in health
and disease. Cells. (2021) 10:1777. doi: 10.3390/cells10071777

8. Werbel WA, Boyarsky BJ, Ou MT, Massie AB, Tobian AAR, Garonzik-Wang JM, et al.
Safety and immunogenicity of a third dose of SARS-coV-2 vaccine in solid organ transplant
recipients: A case series. Ann Intern Med. (2021) 174:1330-2. doi: 10.7326/L21-0282

9. Kers J, Biilow RD, Klinkhammer BM, Breimer GE, Fontana F, Abiola AA, et al.
Deep learning-based classification of kidney transplant pathology: a retrospective,
multicentre, proof-of-concept study. Lancet Digital Health. (2022) 4:e18-26.
doi: 10.1016/52589-7500(21)00211-9

10. Peyster EG, Arabyarmohammadi S, Janowczyk A, Azarianpour-Esfahani S,
Sekulic M, Cassol C, et al. An automated computational image analysis pipeline for
histological grading of cardiac allograft rejection. Eur Heart J. (2021) 42:2356-69.
doi: 10.1093/eurheartj/ehab241

11. Scholand MB, Gupta S, Flaherty KR, Ignacio RV, Li Z, Adegunsoye A.
Demographic and clinical factors associated with diagnostic confidence in interstitial
lung disease. CHEST Pulmonary. (2024) 2:100084. doi: 10.1016/j.chpulm.2024.100084

12. Tilg H, Adolph TE, Moschen AR. Multiple parallel hits hypothesis in
nonalcoholic fatty liver disease: revisited after a decade. Hepatology. (2021) 73:833-
42. doi: 10.1002/hep.31518

13. Kadono K, Kageyama S, Nakamura K, Hirao H, Ito T, Kojima H, et al. Myeloid
Ikaros-SIRT1 signaling axis regulates hepatic inflammation and pyroptosis in
ischemia-stressed mouse and human liver. J Hepatol. (2022) 76:896-909.
doi: 10.1016/j.,jhep.2021.11.026

14. Hu C. A new “single” era of biomedicine and implications in disease research.
] Bio-X Res. (2023) 06:37-48. doi: 10.1097/JBR.0000000000000140

15. Griss J, Viteri G, Sidiropoulos K, Nguyen V, Fabregat A, Hermjakob H.
ReactomeGSA - efficient multi-omics comparative pathway analysis. Mol Cell
Proteomics. (2020) 19:2115-25. doi: 10.1074/mcp.TIR120.002155

16. Diez-Obrero V, Dampier CH, Moratalla-Navarro F, Devall M, Plummer SJ,
Diez-Villanueva A, et al. Genetic effects on transcriptome profiles in colon epithelium
provide functional insights for genetic risk loci. Cell Mol Gastroenterol Hepatol. (2021)
12:181-97. doi: 10.1016/j.jcmgh.2021.02.003

Frontiers in Immunology

10

10.3389/fimmu.2025.1670683

intelligence and reasonable efforts have been made to ensure
accuracy, including review by the authors wherever possible. If
you identify any issues, please contact us.

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.

17. Pique-Regi R, Romero R, Garcia-Flores V, Peyvandipour A, Tarca AL, Pusod E,
et al. A single-cell atlas of the myometrium in human parturition. JCI Insight. (2022) 7:
€153921. doi: 10.1172/jci.insight. 153921

18. Camiolo MJ, Zhou X, Oriss TB, Yan Q, Gorry M, Horne W, et al. High-
dimensional profiling clusters asthma severity by lymphoid and non-lymphoid status.
Cell Rep. (2021) 35:108974. doi: 10.1016/j.celrep.2021.108974

19. Zhang Y, Zuo C, Liu L, Hu Y, Yang B, Qiu S, et al. Single-cell RNA-sequencing
atlas reveals an MDK-dependent immunosuppressive environment in ErbB pathway-
mutated gallbladder cancer. J Hepatol. (2021) 75:1128-41. doi: 10.1016/j.jhep.
2021.06.023

20. Bolte AC, Shapiro DA, Dutta AB, Ma WF, Bruch KR, Kovacs MA, et al. The
meningeal transcriptional response to traumatic brain injury and aging. eLife. (2022)
12:e81154. doi: 10.7554/eLife.81154

21. OhJ-M, An M, Son D-S, Choi J, Cho YB, Yoo CE, et al. Comparison of cell type
distribution between single-cell and single-nucleus RNA sequencing: enrichment of
adherent cell types in single-nucleus RNA sequencing. Exp Mol Med. (2022) 54:2128-
34. doi: 10.1038/s12276-022-00892-z

22. Zheng D, Wondergem A, Kloet S, Willemsen I, Balog J, Tapscott SJ, et al.
snRNA-seq analysis in multinucleated myogenic FSHD cells identifies heterogeneous
FSHD transcriptome signatures associated with embryonic-like program activation and
oxidative stress-induced apoptosis. Hum Mol Genet. (2024) 33:284-98. doi: 10.1093/
hmg/ddad186

23. Xu K, Wang R, Xie H, Hu L, Wang C, Xu J, et al. Single-cell RNA sequencing
reveals cell heterogeneity and transcriptome profile of breast cancer lymph node
metastasis. Oncogenesis. (2021) 10:66. doi: 10.1038/s41389-021-00355-6

24. Lau X, Munusamy P, Ng M]J, Sangrithi M. Single-cell RNA sequencing of the
cynomolgus macaque testis reveals conserved transcriptional profiles during
mammalian spermatogenesis. Dev Cell. (2020) 54:548-566.e7. doi: 10.1016/
j.devcel.2020.07.018

25. Scalzo RE, Sanoff SL, Rege AS, Kwun J, Knechtle SJ, Barisoni L, et al. Single-cell
RNA sequencing profiling of mouse endothelial cells in response to pulmonary arterial
hypertension. Cardiovasc Res. (2022) 118:2519-34. doi: 10.1093/cvr/cvab296

26. Menon R, Otto EA, Sealfon R, Nair V, Wong AK, Theesfeld CL, et al. SARS-
CoV-2 receptor networks in diabetic and COVID-19-associated kidney disease. Kidney
Int. (2020) 98:1502-18. doi: 10.1016/j.kint.2020.09.015

27. Mariani LH, Eddy S, AlAkwaa FM, McCown PJ], Harder JL, Nair V, et al.
Precision nephrology identified tumor necrosis factor activation variability in minimal
change disease and focal segmental glomerulosclerosis. Kidney Int. (2023) 103:565-79.
doi: 10.1016/j.kint.2022.10.023

28. Wang Y, Hylemon PB, Zhou H. Long noncoding RNA H19: A key player in liver
diseases. Hepatology. (2021) 74:1652-9. doi: 10.1002/hep.31765

29. Fawkner-Corbett D, Antanaviciute A, Parikh K, Jagielowicz M, Geros AS, Gupta
T, et al. Spatiotemporal analysis of human intestinal development at single-cell
resolution. Cell. (2021) 184:810-826.e23. doi: 10.1016/j.cell.2020.12.016

30. Kumar V, Ramnarayanan K, Sundar R, Padmanabhan N, Srivastava S, Koiwa M,
et al. Single-cell atlas of lineage states, tumor microenvironment, and subtype-specific
expression programs in gastric cancer. Cancer Discov. (2022) 12:670-91. doi: 10.1158/
2159-8290.CD-21-0683

31. Petrany MJ, Swoboda CO, Sun C, ChEtal K, Chen X, Weirauch MT, et al. Single-
nucleus RNA-seq identifies transcriptional heterogeneity in multinucleated skeletal
myofibers. Nat Commun. (2020) 11:6374. doi: 10.1038/s41467-020-20063-w

frontiersin.org


https://doi.org/10.1128/cmr.00111-22
https://doi.org/10.1183/16000617.0116-2022
https://doi.org/10.3389/ti.2025.14336
https://doi.org/10.3389/ti.2025.14336
https://doi.org/10.1097/TP.0000000000004561
https://doi.org/10.1016/j.kint.2021.11.029
https://doi.org/10.1053/j.ajkd.2022.11.010
https://doi.org/10.3390/cells10071777
https://doi.org/10.7326/L21-0282
https://doi.org/10.1016/S2589-7500(21)00211-9
https://doi.org/10.1093/eurheartj/ehab241
https://doi.org/10.1016/j.chpulm.2024.100084
https://doi.org/10.1002/hep.31518
https://doi.org/10.1016/j.jhep.2021.11.026
https://doi.org/10.1097/JBR.0000000000000140
https://doi.org/10.1074/mcp.TIR120.002155
https://doi.org/10.1016/j.jcmgh.2021.02.003
https://doi.org/10.1172/jci.insight.153921
https://doi.org/10.1016/j.celrep.2021.108974
https://doi.org/10.1016/j.jhep.2021.06.023
https://doi.org/10.1016/j.jhep.2021.06.023
https://doi.org/10.7554/eLife.81154
https://doi.org/10.1038/s12276-022-00892-z
https://doi.org/10.1093/hmg/ddad186
https://doi.org/10.1093/hmg/ddad186
https://doi.org/10.1038/s41389-021-00355-6
https://doi.org/10.1016/j.devcel.2020.07.018
https://doi.org/10.1016/j.devcel.2020.07.018
https://doi.org/10.1093/cvr/cvab296
https://doi.org/10.1016/j.kint.2020.09.015
https://doi.org/10.1016/j.kint.2022.10.023
https://doi.org/10.1002/hep.31765
https://doi.org/10.1016/j.cell.2020.12.016
https://doi.org/10.1158/2159-8290.CD-21-0683
https://doi.org/10.1158/2159-8290.CD-21-0683
https://doi.org/10.1038/s41467-020-20063-w
https://doi.org/10.3389/fimmu.2025.1670683
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Mou and Pu

32. Wagner J, Wickman E, DeRenzo C, Gottschalk S. CAR T cell therapy for solid
tumors: bright future or dark reality? Mol Ther. (2020) 28:2320-39. doi: 10.1016/
j.ymthe.2020.09.015

33. Barrow F, Khan S, Fredrickson G, Wang H, Dietsche K, Parthiban P, et al.
Microbiota-driven activation of intrahepatic B cells aggravates NASH through innate
and adaptive signaling. Hepatology. (2021) 74:704-22. doi: 10.1002/hep.31755

34, Gao Y, Cai C, Wullimann D, Niessl J, Rivera-Ballesteros O, Chen P, et al.
Immunodeficiency syndromes differentially impact the functional profile of SARS-
CoV-2-specific T cells elicited by mRNA vaccination. Immunity. (2022) 55:1732-
1746.e5. doi: 10.1016/j.immuni.2022.07.005

35. Goswami M, Gui G, Dillon LW, Lindblad KE, Thompson J, Valdez ], et al.
Pembrolizumab and decitabine for refractory or relapsed acute myeloid leukemia. J
Immunother Cancer. (2022) 10:¢003392. doi: 10.1136/jitc-2021-003392

36. Barbetta A, Rocque B, Sarode D, Bartlett JA, Emamaullee J. Revisiting transplant
immunology through the lens of single-cell technologies. Semin Immunopathol. (2023)
45:91-109. doi: 10.1007/s00281-022-00958-0

37. Mohammed MT, Cai S, Hanson BL, Zhang H, Clement RL, Daccache J, et al.
Follicular T cells mediate donor-specific antibody and rejection after solid organ
transplantation. Am J Transplant. (2021) 21:1893-901. doi: 10.1111/ajt.16484

38. Oliveira G, Wu CJ. Dynamics and specificities of T cells in cancer
immunotherapy. Nat Rev Cancer. (2023) 23:295-316. doi: 10.1038/s41568-023-
00560-y

39. Shi T, Burg AR, Caldwell JT, Roskin KM, Castro-Rojas CM, Chukwuma PC,
et al. Single-cell transcriptomic analysis of renal allograft rejection reveals insights into
intragraft TCR clonality. J Clin Invest. (2023) 133:¢170191. doi: 10.1172/JCI170191

40. Nguyen HD, Aljamaei HM, Stadnyk AW. The production and function of
endogenous interleukin-10 in intestinal epithelial cells and gut homeostasis. Cell Mol
Gastroenterol Hepatol. (2021) 12:1343-52. doi: 10.1016/j.jcmgh.2021.07.005

41. Kim W, Hennick K, Johnson J, Finnerty B, Choo S, Short SB, et al. Cancer-
associated POT1 mutations lead to telomere elongation without induction of a DNA
damage response. EMBO J. (2021) 40:¢107346. doi: 10.15252/embj.2020107346

42. Marjot T, Webb GJ, Barritt AS, Ginés P, Lohse AW, Moon AM, et al. SARS-
CoV-2 vaccination in patients with liver disease: responding to the next big question.
Lancet Gastroenterol Hepatol. (2021) 6:156-8. doi: 10.1016/52468-1253(21)00008-X

43. Mauri C. Novel frontiers in regulatory B cells. Immunol Rev. (2021) 299:5-9.
doi: 10.1111/imr.12964

44. Orentas RJ. A positive take on negative selection for CAR-T manufacturing. Mol
Ther - Methods Clin Dev. (2024) 32:101218. doi: 10.1016/j.omtm.2024.101218

45. Malone AF, Humphreys BD. Single-cell transcriptomics and solid organ
transplantation. Transplantation. (2019) 103:1776-82. doi: 10.1097/TP.0000000000002725

46. Chen A, Liao S, Cheng M, Ma K, Wu L, Lai Y, et al. Spatiotemporal
transcriptomic atlas of mouse organogenesis using DNA nanoball-patterned arrays.
Cell. (2022) 185:1777-1792.€21. doi: 10.1016/j.cell.2022.04.003

47. Deleersnijder D, Callemeyn J, Arijs I, Naesens M, Van Craenenbroeck AH,
Lambrechts D, et al. Current methodological challenges of single-cell and single-
nucleus RNA-sequencing in glomerular diseases. JASN. (2021) 32:1838-52.
doi: 10.1681/ASN.2021020157

48. Samanta P, Cooke SF, McNulty R, Hormoz S, Rosenthal A. ProBac-seq, a
bacterial single-cell RNA sequencing methodology using droplet microfluidics and
large oligonucleotide probe sets. Nat Protoc. (2024) 19:2939-66. doi: 10.1038/s41596-
024-01002-1

49. Cusanovich DA, Daza R, Adey A, Pliner HA, Christiansen L, Gunderson KL,
et al. Multiplex single-cell profiling of chromatin accessibility by combinatorial cellular
indexing. Science. (2015) 348:910-4. doi: 10.1126/science.aab1601

50. Buenrostro JD, Wu B, Litzenburger UM, Ruff D, Gonzales ML, Snyder MP, et al.
Single-cell chromatin accessibility reveals principles of regulatory variation. Nature.
(2015) 523:486-90. doi: 10.1038/nature14590

51. LiuY, DiStasio M, Su G, Asashima H, Enninful A, Qin X, et al. High-plex protein
and whole transcriptome co-mapping at cellular resolution with spatial CITE-seq. Nat
Biotechnol. (2023) 41:1405-9. doi: 10.1038/s41587-023-01676-0

52. Lakkis J, Schroeder A, Su K, Lee MYY, Bashore AC, Reilly MP, et al. A multi-use
deep learning method for CITE-seq and single-cell RNA-seq data integration with cell
surface protein prediction and imputation. Nat Mach Intell. (2022) 4:940-52.
doi: 10.1038/542256-022-00545-w

53. Peters AL, DePasquale EAK, Begum G, Roskin KM, Woodle ES, Hildeman DA.
Defining the T cell transcriptional landscape in pediatric liver transplant rejection at
single cell resolution. bioRxiv. (2024) 2024:2. doi: 10.1101/2024.02.26.582173

54. Shan Y, Qi D, Zhang L, Wu L, Li W, Liu H, et al. Single-cell RNA-seq revealing
the immune features of donor liver during liver transplantation. Front Immunol. (2023)
14:1096733. doi: 10.3389/fimmu.2023.1096733

55. Cross AR, Gartner L, Hester ], Issa F. Opportunities for high-plex spatial
transcriptomics in solid organ transplantation. Transplantation. (2023) 107:2464-72.
doi: 10.1097/TP.0000000000004587

56. Lim HJ, Wang Y, Buzdin A, Li X. A practical guide for choosing an optimal
spatial transcriptomics technology from seven major commercially available options.
BMC Genomics. (2025) 26:47. doi: 10.1186/s12864-025-11235-3

Frontiers in Immunology

11

10.3389/fimmu.2025.1670683

57. Ding W, Goldberg D, Zhou W. PyComplexHeatmap: A Python package to
visualize multimodal genomics data. iMeta. (2023) 2:e115. doi: 10.1002/imt2.115

58. Liu X, HuJ, Liao G, Liu D, Zhou S, Zhang J, et al. The role of regulatory T cells in
the pathogenesis of acute kidney injury. J Cell Mol Medi. (2023) 27:3202-12.
doi: 10.1111/jemm.17771

59. Rackham O, Cahan P, Mah N, Morris S, Ouyang JF, Plant AL, et al. Challenges
for computational stem cell biology: A discussion for the field. Stem Cell Rep. (2021)
16:3-9. doi: 10.1016/j.stemcr.2020.12.015

60. Helmy M, Smith D, Selvarajoo K. Systems biology approaches integrated with
artificial intelligence for optimized metabolic engineering. Metab Eng Commun. (2020)
11:¢00149. doi: 10.1016/j.mec.2020.e00149

61. Li Y, Ma L, Wu D, Chen G. Advances in bulk and single-cell multi-omics
approaches for systems biology and precision medicine. Briefings Bioinf. (2021) 22:
bbab024. doi: 10.1093/bib/bbab024

62. Stanojevic S, Li Y, Ristivojevic A, Garmire LX. Computational methods for
single-cell multi-omics integration and alignment. Genomics Proteomics Bioinf. (2022)
20:836-49. doi: 10.1016/j.gpb.2022.11.013

63. Raufaste-Cazavieille V, Santiago R, Droit A. Multi-omics analysis: Paving the
path toward achieving precision medicine in cancer treatment and immuno-oncology.
Front Mol Biosci. (2022) 9:962743. doi: 10.3389/fmolb.2022.962743

64. Hou R, Denisenko E, Ong HT, Ramilowski JA, Forrest ARR. Predicting cell-to-
cell communication networks using NATMI. Nat Commun. (2020) 11:5011.
doi: 10.1038/s41467-020-18873-z

65. Uenaka M, Yamashita E, Kikuta ], Morimoto A, Ao T, Mizuno H, et al.
Osteoblast-derived vesicles induce a switch from bone-formation to bone-resorption.
vivo. Nat Commun. (2022) 13:1066. doi: 10.1038/s41467-022-28673-2

66. Porgbska N, Pozniak M, Matynia A, Zukowska D, Zakrzewska M, Otlewski J, et al.
Galectins as modulators of receptor tyrosine kinases signaling in health and disease. Cytokine
Growth Factor Rev. (2021) 60:89-106. doi: 10.1016/j.cytogfr.2021.03.004

67. Wang M, Tan G, Jiang H, Liu A, Wu R, Li J, et al. Molecular crosstalk between
articular cartilage, meniscus, synovium, and subchondral bone in osteoarthritis. Bone
Joint Res. (2022) 11:862-72. doi: 10.1302/2046-3758.1112.BJR-2022-0215.R1

68. Wang Y, WangJ-Y, Schnieke A, Fischer K, Wang Y, Wang J-Y, et al. Advances in
single-cell sequencing: insights from organ transplantation. Military Med Res. (2021)
8:45. doi: 10.1186/540779-021-00336-1

69. Wen N, WuJ, Li H, Liao ], Lan L, Yang X, et al. Immune landscape in rejection of
renal transplantation revealed by high-throughput single-cell RNA sequencing. Front
Cell Dev Biol. (2023) 11:1208566. doi: 10.3389/fcell.2023.1208566

70. Liu Y, Hu J, Liu D, Zhou S, Liao J, Liao G, et al. Single-cell analysis reveals
immune landscape in kidneys of patients with chronic transplant rejection.
Theranostics. (2020) 10:8851-62. doi: 10.7150/thno.48201

71. Pang Q, Chen L, An C, Zhou J, Xiao H. Single-cell and bulk RNA sequencing
highlights the role of M1-like infiltrating macrophages in antibody-mediated rejection after
kidney transplantation. Heliyon. (2024) 10:¢27865. doi: 10.1016/j.heliyon.2024.e27865

72. Tinel C, Lamarthée B, Callemeyn ], Van Loon E, Sauvaget V, Morin L, et al.
Integrative omics analysis unravels microvascular inflammation-related pathways in kidney
allograft biopsies. Front Immunol. (2021) 12:738795. doi: 10.3389/fimmu.2021.738795

73. Stiive P, Hehlgans T, Feuerer M. Alloreactive tissue-resident memory T cells in
solid organ transplantation: do they light the fire? Transplantation. (2022) 106:1890-1.
doi: 10.1097/TP.0000000000004216

74. McDaniels JM, Shetty AC, Kuscu C, Kuscu C, Bardhi E, Rousselle T, et al. Single
nuclei transcriptomics delineates complex immune and kidney cell interactions
contributing to kidney allograft fibrosis. Kidney Int. (2023) 103:1077-92.
doi: 10.1016/j.kint.2023.02.018

75. Muthukumar T, Yang H, Belkadi A, Thareja G, Li C, Snopkowski C, et al. Single
cell rna-sequencing of urinary cells and defining the immune landscape of rejection in
human kidney allografts. Am J Transplant. (2021) 21(suppl 3):305.

76. Li X, Li S, Wang Y, Zhou X, Wang F, Muhammad I, et al. Single cell RNA-
sequencing delineates CD8" tissue resident memory T cells maintaining rejection in
liver transplantation. Theranostics. (2024) 14:4844-60. doi: 10.7150/thno.96928

77. Amancherla K, Taravella Oill AM, Bledsoe X, Williams AL, Chow N, Zhao S,
et al. Dynamic responses to rejection in the transplanted human heart revealed through
spatial transcriptomics. bioRxiv. (2025) 2025:2. doi: 10.1101/2025.02.28.640852

78. Tang Y, WangJ, Zhang Y, Li ], Chen M, Gao Y, et al. Single-cell RNA sequencing
identifies intra-graft population heterogeneity in acute heart allograft rejection in
mouse. Front Immunol. (2022) 13:832573. doi: 10.3389/fimmu.2022.832573

79. DeBerge M, Schroth S, Du F, Yeap XY, Wang J-J, Zhang ZJ, et al. Hypoxia
inducible factor 20t promotes tolerogenic macrophage development during cardiac
transplantation through transcriptional regulation of colony stimulating factor 1
receptor. ATVB. (2024) 121:€2319623121. doi: 10.1073/pnas.2319623121

80. Chen Z, Xu H, Li Y, Zhang X, Cui J, Zou Y, et al. Single-Cell RNA sequencing
reveals immune cell dynamics and local intercellular communication in acute murine
cardiac allograft rejection. Theranostics. (2022) 12:6242-57. doi: 10.7150/thno.75543

81. Smirnova NF, Riemondy K, Bueno M, Collins S, Suresh P, Wang X, et al. Single-cell
transcriptome mapping identifies a local, innate B cell population driving chronic rejection
after lung transplantation. JCI Insight. (2022) 7:¢156648. doi: 10.1172/jciinsight.156648

frontiersin.org


https://doi.org/10.1016/j.ymthe.2020.09.015
https://doi.org/10.1016/j.ymthe.2020.09.015
https://doi.org/10.1002/hep.31755
https://doi.org/10.1016/j.immuni.2022.07.005
https://doi.org/10.1136/jitc-2021-003392
https://doi.org/10.1007/s00281-022-00958-0
https://doi.org/10.1111/ajt.16484
https://doi.org/10.1038/s41568-023-00560-y
https://doi.org/10.1038/s41568-023-00560-y
https://doi.org/10.1172/JCI170191
https://doi.org/10.1016/j.jcmgh.2021.07.005
https://doi.org/10.15252/embj.2020107346
https://doi.org/10.1016/S2468-1253(21)00008-X
https://doi.org/10.1111/imr.12964
https://doi.org/10.1016/j.omtm.2024.101218
https://doi.org/10.1097/TP.0000000000002725
https://doi.org/10.1016/j.cell.2022.04.003
https://doi.org/10.1681/ASN.2021020157
https://doi.org/10.1038/s41596-024-01002-1
https://doi.org/10.1038/s41596-024-01002-1
https://doi.org/10.1126/science.aab1601
https://doi.org/10.1038/nature14590
https://doi.org/10.1038/s41587-023-01676-0
https://doi.org/10.1038/s42256-022-00545-w
https://doi.org/10.1101/2024.02.26.582173
https://doi.org/10.3389/fimmu.2023.1096733
https://doi.org/10.1097/TP.0000000000004587
https://doi.org/10.1186/s12864-025-11235-3
https://doi.org/10.1002/imt2.115
https://doi.org/10.1111/jcmm.17771
https://doi.org/10.1016/j.stemcr.2020.12.015
https://doi.org/10.1016/j.mec.2020.e00149
https://doi.org/10.1093/bib/bbab024
https://doi.org/10.1016/j.gpb.2022.11.013
https://doi.org/10.3389/fmolb.2022.962743
https://doi.org/10.1038/s41467-020-18873-z
https://doi.org/10.1038/s41467-022-28673-2
https://doi.org/10.1016/j.cytogfr.2021.03.004
https://doi.org/10.1302/2046-3758.1112.BJR-2022-0215.R1
https://doi.org/10.1186/s40779-021-00336-1
https://doi.org/10.3389/fcell.2023.1208566
https://doi.org/10.7150/thno.48201
https://doi.org/10.1016/j.heliyon.2024.e27865
https://doi.org/10.3389/fimmu.2021.738795
https://doi.org/10.1097/TP.0000000000004216
https://doi.org/10.1016/j.kint.2023.02.018
https://doi.org/10.7150/thno.96928
https://doi.org/10.1101/2025.02.28.640852
https://doi.org/10.3389/fimmu.2022.832573
https://doi.org/10.1073/pnas.2319623121
https://doi.org/10.7150/thno.75543
https://doi.org/10.1172/jci.insight.156648
https://doi.org/10.3389/fimmu.2025.1670683
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Mou and Pu

82. Lu L, McLinden AP, Walker NM, Vittal R, Wang Y, Russell ST, et al. Single-cell
multi-omic analysis of mesenchymal cells reveals molecular signatures and putative
regulators of lung allograft fibrosis. bioRxiv. (2025) 2024:11. doi: 10.1101/
2024.11.27.625698

83. Potter A, Wikenheiser-Brokamp KA, Hildeman D, Sharma NS, Gu M, Patel K,
et al. Immune playbook: single-cell analysis reveals a shift from defensive macrophage
and NK to offensive memory and cytotoxic T cells in lung allograft acute cellular
rejection. In: B74. BREATHING NEW LIFE: LUNG TRANSPLANT PATHOGENESIS
AND MECHANISMS (2024). p. A4398-8. American Thoracic Society International
Conference Abstracts. New York: American Thoracic Society. doi: 10.1164/ajrccm-
conference.2024.209.1_MeetingAbstracts.A4398

84. Chen P, Yao F, Lu'Y, Peng Y, Zhu S, Deng J, et al. Single-cell landscape of mouse
islet allograft and syngeneic graft. Front Immunol. (2022) 13:853349. doi: 10.3389/
fimmu.2022.853349

85. Zhou H, Pu Z, Lu Y, Zheng P, Yu H, Mou L. Elucidating T cell dynamics and
molecular mechanisms in syngeneic and allogeneic islet transplantation through single-
cell RNA sequencing. Front Immunol. (2024) 15:1429205. doi: 10.3389/
fimmu.2024.1429205

86. Kang RB, Li Y, Rosselot C, Zhang T, Siddiq M, Rajbhandari P, et al. Single-
nucleus RNA sequencing of human pancreatic islets identifies novel gene sets and
distinguishes B-cell subpopulations with dynamic transcriptome profiles. Genome Med.
(2023) 15:30. doi: 10.1186/s13073-023-01179-2

87. PuZ, Chen S, Lu Y, Wu Z, Cai Z, Mou L. Exploring the molecular mechanisms
of macrophages in islet transplantation using single-cell analysis. Front Immunol.
(2024) 15:1407118. doi: 10.3389/fimmu.2024.1407118

88. Li XC. Allograft rejection: Be aware of tissue-resident T cells. Am J Transplant.
(2022) 22:1733. doi: 10.1111/ajt.16664

89. Saha I, Chawla AS, Oliveira APBN, Elfers EE, Warrick K, Meibers HE, et al.
Alloreactive memory CD4 T cells promote transplant rejection by engaging DCs to
induce innate inflammation and CD8 T cell priming. Proc Natl Acad Sci USA. (2024)
121:€2401658121. doi: 10.1073/pnas.2401658121

90. Baroja-Mazo A, Revilla-Nuin B, Parrilla P, Martinez-Alarcon L, Ramirez P, Pons
JA. Tolerance in liver transplantation: Biomarkers and clinical relevance. WJG. (2016)
22:7676. doi: 10.3748/wjg.v22.i34.7676

91. Azim S, Zubair H, Rousselle T, McDaniels JM, Shetty AC, Kuscu C, et al. Single-
cell RNA sequencing reveals peripheral blood mononuclear immune cell landscape
associated with operational tolerance in a kidney transplant recipient. Am J Transplant.
(2023) 23:1434-45. doi: 10.1016/j.ajt.2023.04.035

92. Li H, Yu S, Liu H, Chen L, Liu H, Liu X, et al. Immunologic barriers in liver
transplantation: a single-cell analysis of the role of mesenchymal stem cells. Front
Immunol. (2023) 14:1274982. doi: 10.3389/fimmu.2023.1274982

93. Wang L, Li J, He S, Liu Y, Chen H, He S, et al. Resolving the graft ischemia-
reperfusion injury during liver transplantation at the single cell resolution. Cell Death
Dis. (2021) 12:589. doi: 10.1038/s41419-021-03878-3

94. Xu R, Jiang W, Liu Y, Hu J, Liu D, Zhou S, et al. Single cell sequencing coupled
with bioinformatics reveals PHYH as a potential biomarker in kidney ischemia
reperfusion injury. Biochem Biophys Res Commun. (2022) 602:156-62. doi: 10.1016/
j.bbrc.2022.02.095

Frontiers in Immunology

12

10.3389/fimmu.2025.1670683

95. 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 USA. (2020) 117:15874-83. doi: 10.1073/pnas.2005477117

96. Mou L, Wang TB, Chen Y, Luo Z, Wang X, Pu Z. Single-cell genomics and
spatial transcriptomics in islet transplantation for diabetes treatment: advancing
towards personalized therapies. Front Immunol. (2025) 16:1554876. doi: 10.3389/
fimmu.2025.1554876

97. Subramanian A, Nayak P, Schilling T. A cold-active protease tissue dissociation
protocol for the preservation of the tendon fibroblast transcriptome. BIO-PROTOCOL.
(2025) 15:5293. doi: 10.21769/BioProtoc.5293

98. O’Flanagan CH, Campbell KR, Zhang AW, Kabeer F, Lim JLP, Biele J, et al.
Dissociation of solid tumor tissues with cold active protease for single-cell RNA-seq
minimizes conserved collagenase-associated stress responses. Genome Biol. (2019)
20:210. doi: 10.1186/s13059-019-1830-0

99. Adam M, Potter AS, Potter SS. Psychrophilic proteases dramatically reduce
single cell RNA-seq artifacts: A molecular atlas of kidney development. Development.
(2017) 144:3625-32. doi: 10.1242/dev.151142

100. Wilson GW, Duong A, Moshkelgosha S, Bader G, Keshavjee S, Martinu T, et al.
Robust segregation of donor and recipient cells from single-cell RNA-sequencing of
transplant samples. Front Transplant. (2023) 2:1161146. doi: 10.3389/frtra.2023.1161146

101. Ashton JM, Rehrauer H, Myers J, Myers J, Zanche M, Balys M, et al.
Comparative analysis of single-cell RNA sequencing platforms and methods. |
Biomol Tech. (2021) 32:3fc1f5fe:3eccea0l. doi: 10.7171/3fc1{5fe.3ecceall

102. Cheng C, Chen W, Jin H, Chen X. A review of single-cell RNA-seq annotation,
integration, and cell-cell communication. Cells. (2023) 12:1970. doi: 10.3390/
cells12151970

103. Kotliar M, Kartashov A, Barski A. Accelerating single-cell sequencing data
analysis with sciDAP: A user-friendly approach. Methods Mol Biol. (2025) 2880:255-
92. doi: 10.1007/978-1-0716-4276-4_13

104. Zhang W, Liu B, Jia D, Wang R, Cao H, Wu H, et al. Application of graft-
derived cell-free DNA for solid organ transplantation. Front Immunol. (2024)
15:1461480. doi: 10.3389/fimmu.2024.1461480

105. Oellerich M, Budde K, Osmanodja B, Bornemann-Kolatzki K, Beck J, Schiitz E,
et al. Donor-derived cell-free DNA as a diagnostic tool in transplantation. Front Genet.
(2022) 13:1031894. doi: 10.3389/fgene.2022.1031894

106. Kataria A, Kumar D, Gupta G. Donor-derived cell-free DNA in solid-organ
transplant diagnostics: indications, limitations, and future directions. Transplantation.
(2021) 105:1203-11. doi: 10.1097/TP.0000000000003651

107. Kumar N, Rana R, Rana DS, Gupta A, Sachdeva MP. Donor-derived cell-free
DNA to diagnose graft rejection post-transplant: past, present and future.
Transplantology. (2021) 2:348-61. doi: 10.3390/transplantology2030034

108. Abedini-Nassab R, Taheri F, Emamgholizadeh A, Naderi-Manesh H. Single-
cell RNA sequencing in organ and cell transplantation. Biosensors. (2024) 14:189.
doi: 10.3390/bios14040189

109. De Simone M, Hoover J, Lau J, Bennett HM, Wu B, Chen C, et al. A comprehensive
analysis framework for evaluating commercial single-cell RNA sequencing technologies.
Nucleic Acids Res. (2025) 53:gkae1186. doi: 10.1093/nar/gkael186

frontiersin.org


https://doi.org/10.1101/2024.11.27.625698
https://doi.org/10.1101/2024.11.27.625698
https://doi.org/10.1164/ajrccm-conference.2024.209.1_MeetingAbstracts.A4398
https://doi.org/10.1164/ajrccm-conference.2024.209.1_MeetingAbstracts.A4398
https://doi.org/10.3389/fimmu.2022.853349
https://doi.org/10.3389/fimmu.2022.853349
https://doi.org/10.3389/fimmu.2024.1429205
https://doi.org/10.3389/fimmu.2024.1429205
https://doi.org/10.1186/s13073-023-01179-2
https://doi.org/10.3389/fimmu.2024.1407118
https://doi.org/10.1111/ajt.16664
https://doi.org/10.1073/pnas.2401658121
https://doi.org/10.3748/wjg.v22.i34.7676
https://doi.org/10.1016/j.ajt.2023.04.035
https://doi.org/10.3389/fimmu.2023.1274982
https://doi.org/10.1038/s41419-021-03878-3
https://doi.org/10.1016/j.bbrc.2022.02.095
https://doi.org/10.1016/j.bbrc.2022.02.095
https://doi.org/10.1073/pnas.2005477117
https://doi.org/10.3389/fimmu.2025.1554876
https://doi.org/10.3389/fimmu.2025.1554876
https://doi.org/10.21769/BioProtoc.5293
https://doi.org/10.1186/s13059-019-1830-0
https://doi.org/10.1242/dev.151142
https://doi.org/10.3389/frtra.2023.1161146
https://doi.org/10.7171/3fc1f5fe.3eccea01
https://doi.org/10.3390/cells12151970
https://doi.org/10.3390/cells12151970
https://doi.org/10.1007/978-1-0716-4276-4_13
https://doi.org/10.3389/fimmu.2024.1461480
https://doi.org/10.3389/fgene.2022.1031894
https://doi.org/10.1097/TP.0000000000003651
https://doi.org/10.3390/transplantology2030034
https://doi.org/10.3390/bios14040189
https://doi.org/10.1093/nar/gkae1186
https://doi.org/10.3389/fimmu.2025.1670683
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

	The single-cell revolution in transplantation: high-resolution mapping of graft rejection, tolerance, and injury
	1 Introduction: beyond the microscope and bulk transcriptome
	2 The high-resolution toolbox: from single cells to spatial multi-omics
	2.1 Foundational technology: ScRNA-seq
	2.2 Expanding the omics universe: integrating multilayer biological information
	2.3 Spatially resolved transcriptomics: restoring positional context
	2.4 The challenge of computational biology: data integration and analysis

	3 Deconstructing the allograft response: organ-specific insights
	3.1 Kidney: mapping the rejection atlas and pioneering non-invasive monitoring
	3.2 Liver: unveiling tissue residency and immune privilege
	3.3 Heart: spatially resolving the molecular anatomy of rejection
	3.4 Lung: revealing immune dynamics in acute and chronic rejection
	3.5 Islet transplantation: integrated analysis, challenges and solutions

	4 Universal themes across transplantation fields
	4.1 Cellular interactions in rejection: patterns of convergence and divergence
	4.2 The signature of operational tolerance: a network-level perspective
	4.3 Mapping the initial insult: ischemia-reperfusion injury at cellular resolution

	5 From lab to clinic: challenges and future outlook
	5.1 Technical and bioinformatic barriers to clinical application
	5.1.1 Sample processing issues: from biopsy to data: the artifact challenge
	5.1.2 The challenge of distinguishing donor versus recipient cells
	5.1.3 Platform-specific biases and data integration
	5.1.4 Computational bottlenecks: a guide to analysis platforms

	5.2 The path to clinical utility: from data to decisions
	5.2.1 Developing validated non-invasive biomarkers: urinary scRNA-seq vs. cell-free DNA
	5.2.2 Personalized immunosuppression and discovering new therapeutic targets


	6 Conclusion: toward a new era of precision transplant medicine
	Author contributions
	Funding
	Conflict of interest
	Generative AI statement
	Publisher’s note
	References


