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Abstract
Systemic autoimmune diseases (SADs) are characterized by complex immune

dysregulation and heterogeneous clinical manifestations, yet their underlying
mechanisms remain poorly understood. This study applies an integrative single-cell
multi-omics approach, combining single-cell RNA sequencing, epigenomic profiling,
and spatial transcriptomics with molecular pathology to investigate immune
landscape signatures across SADs, including systemic lupus erythematosus,
rheumatoid arthritis, and systemic sclerosis. The analysis identifies key immune
cell subpopulations, such as cytotoxic CD8 * T cells, interferon-responsive myeloid
cells, and profibrotic monocytes, associated with disease progression. Regulatory
network analysis reveals the involvement of interferon and TGF signaling
pathways in driving immune dysfunction. Spatial mapping further demonstrates
that these immune populations localize within distinct tissue niches and interact
with stromal cells. Importantly, integrated multi-omic signatures show improved
predictive capacity for disease activity. These findings provide a framework for
biomarker discovery and precision therapeutic strategies in systemic autoimmune
diseases.

organ damage, highlighting the
limitations of current diagnostic and therapeutic

irreversible
Rheumatoid

Arthritis (RA), Systemic Sclerosis (SSc), and
Antiphospholipid Syndrome (APS), represent a
heterogeneous group of disorders characterized
by the loss of self-tolerance and dysregulated
immune responses against host tissues (Smolen et
al., 2023; Davidson & Diamond, 2024). These
often lead to  multi-organ
inflammation, chronic disability, and increased
mortality, placing a substantial burden on global
healthcare systems (Tiniakou & Costenbader,
2022). Despite advances in immunosuppressive
and biologic therapies, many patients experience
incomplete  responses, flares, and

conditions

disease

paradigms (Walsh et al., 2023; Saadoun & Papo,
2024). The central challenge in
autoimmunity lies not only in controlling
inflaimmation but also in understanding the
precise immune and molecular mechanisms that
drive initiation, progression, and
organ-specific manifestations (Cyster & Allen,
2022).

Traditional clinical approaches to autoimmune
diseases have largely relied on serological markers
(e.g., antibodies, anti-dsDNA,
rheumatoid factor), global inflaimmatory indices
(e.g., ESR, CRP), and gross clinical features (e.g.,

systemic

disease

anti-nuclear
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joint swelling, rash, renal involvement) (Rahman
& Isenberg, 2023; Mclnnes & Schett, 2024).
While these markers remain useful for screening
and diagnosis, they often fail to capture the
underlying cellular and molecular heterogeneity
that determines disease course and therapeutic
response (Radstake et al.,, 2022). For example,
two patients with seemingly identical antibody
profiles and clinical phenotypes may exhibit
fundamentally different single-cell transcriptional
programs and tissue immune landscapes, which
can profoundly influence prognosis and
treatment outcomes (Cook et al., 2023). This gap
has motivated the development of more granular,
high-resolution tools that integrate functional
genomics, single-cell multi-omics, and molecular
pathology to wuncover the “true” immune
architecture of systemic autoimmunity (Ardura et

al., 2022; Zhang et al., 2023).

Theoretical Foundations and Conceptual
Framework

From a theoretical standpoint, systemic
autoimmune pathogenesis is increasingly viewed
through the lens of immune system
dysregulation, tolerance breakdown, and aberrant
tissue homeostasis (Goodnow et al., 2022; Reizis,
2023). The immune system is no longer
conceptualized as a static collection of cell types
but rather as a dynamic, adaptive network of
interacting lineages, each capable of adopting
distinct functional states in response to
environmental and genetic cues (Germain, 2022;
Nestle et al., 2023). In this context, systemic
autoimmunity arises when multiple checkpoints
central tolerance in the thymus, peripheral
tolerance in lymphoid organs, and tissue-resident
immune surveillance fail to prevent the
expansion and activation of autoreactive
lymphocytes (Anderson & Matzinger, 2023;
Merbl & Nussenzweig, 2022).

Single-cell ~ multi-omics  technologies  have
provided a powerful framework for testing these
conceptual models by enabling the simultaneous
profiling  of  transcriptomes, epigenomes,
proteomes, and spatial localization within

individual cells (Stuart & Satija, 2022; Macosko
& Arlotta, 2023). These approaches have

revealed that systemic autoimmune diseases are
often driven by rare but highly pathogenic
immune subsets—such as autoreactive T follicular
helper cells, interferon-producing plasmacytoid
dendritic cells, and tissue-resident memory T
cells—that escape conventional bulk analyses
(Banchereau et al., 2023; Blanco et al., 2022).
Moreover, epigenomic and
chromatin-accessibility profiling have shown that
these cells often harbor stable alterations in
regulatory regions and enhancer landscapes,
which can predispose individuals to chronic
inflaimmation even before overt clinical
symptoms appear (Satpathy et al., 2023; Kuo et
al., 2022).

The integration of these multi-omic datasets with
molecular  pathology  the  high-resolution
visualization of protein expression, immune
infiltrates, and tissue architecture offers a unique
opportunity to build truly “spatial immune
landscapes” of autoimmune lesions (Salmen et
al,, 2022; Radtke et al., 2023). By combining
single-cell sequencing with spatial
transcriptomics, multiplex immunofluorescence,
and digital pathology, researchers can now track
how specific immune subsets localize to distinct
microanatomical niches within target organs (e.g.,
glomerular lesions in lupus nephritis, synovial
lining in RA, dermalvascular compartments in
SSc) and how their spatial organization correlates
with histological damage and clinical phenotypes
(Bottcher et al., 2023; Giangreco et al., 2022).
This convergence of functional genomics and
molecular pathology is transforming our
understanding of systemic autoimmunity from a
blood-centric disease model to a tissue-centric,
multi-dimensional framework (Cyster & Allen,

2022; Germain, 2022).

Single-Cell  Multi-Omics  and
Landscape Mapping

Over the past decade, single-cell RNA sequencing
(scRNA-seq) has emerged as a cornerstone of
autoimmune immunology, enabling the unbiased
discovery of previously unrecognized immune cell
states and trajectories (Stuart & Satija, 2022;
Kiselev et al.,, 2023). In SLE, for example,
scRNA-seq studies have revealed expanded
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populations  of  interferon-signature-positive
monocytes, plasmacytoid dendritic cells, and
activated B cells that correlate with disease
activity and renal involvement (Banchereau et al.,
2023; Blanco et al, 2022). In RA, similar
approaches have identified synovial-resident
fibroblastlike cells and T cell subsets that drive
joint destruction and perpetuate chronic
inflammation (Croft et al., 2022; Giangreco et
al,, 2022). However, transcriptional profiling
alone often cannot distinguish between stable,
disease-driving  programs and  transient,
activity-related fluctuations, underscoring the
need to integrate multiple layers of information
(Kiselev et al., 2023; Macosko & Arlotta, 2023).
To address this limitation, researchers have
begun to combine scRNA-seq with single-cell
epigenomic and  proteomic assays (e.g.,
ATAC-seq, CITE-seq, and surface proteomics) to
capture the regulatory logic and functional
effector properties of immune cells (Stuart &
Satija, 2022; Macosko & Arlotta, 2023). These
multi-omic approaches have shown that many
autoimmune-associated  cell ~ states  exhibit
coordinated changes in chromatin accessibility,
transcription  factor binding, and cytokine
production, suggesting that they represent
biologically stable, rather than epiphenomenal,
features of disease (Satpathy et al., 2023; Kuo et
al., 2022). For instance, in lupus-prone mouse
models and human cohorts, certain myeloid and
B cell subsets display persistent open chromatin
regions associated with type-l interferon signaling,
which can be pharmacologically targeted to
ameliorate disease (Kuo et al., 2022; Banchereau
et al., 2023).

Furthermore, the integration of single-cell data
with large-scale cohort studies has revealed that
systemic autoimmune diseases are not uniform
entities but rather spectra of molecular
endotypes, each defined by distinct immune
pathways and clinical trajectories (Cook et al.,
2023; Radstake et al., 2022). Some patients
predominantly exhibit
signatures, while others show dominant B cell or
T cell activation patterns, and these molecular
endotypes often respond differently to existing
therapies (Davidson & Diamond, 2024; Walsh et

interferon-driven

al., 2023). This heterogeneity underscores the
value of single-cell multi-omics as a tool for
biomarker discovery, patient stratification, and
treatment personalization (Ardura et al., 2022;

Zhang et al., 2023).

Molecular Pathology and Spatial Immune
Landscapes

While singlecell multi-omics provide an
unparalleled view of cellular diversity, they are
often dissociated from the tissue context in which
immune cells operate. Molecular pathology
bridges this gap by combining traditional
histopathology with molecular and spatial
techniques to visualize the exact location,
composition, and functional state of immune
infiltrates within target organs (Salmen et al,,
2022; Radtke et al., 2023). In lupus nephritis, for
example, multiplex immunofluorescence and
spatial transcriptomics have revealed that specific
immune cell clusters localize to particular
glomerular and tubulointerstitial compartments,
where they interact with resident stromal cells
and drive local inflammation and fibrosis
(Giangreco et al., 2022; Bottcher et al., 2023).
Similarly, in RA, detailed synovial mapping has
shown that different T cell and macrophage
subsets occupy distinct micro-environments
within the synovial lining and pannus, each
associated with varying degrees of erosion and
pain (Croft et al., 2022; Mclnnes & Schett,
2024).

The concept of “spatial immune landscapes”
emphasizes that the functional impact of an
immune cell subset is determined not only by its
intrinsic molecular program but also by its
physical neighbors and the local
microenvironment (Cyster & Allen, 2022;
Germain, 2022). For instance,
interferon-producing cells may have minimal
effect in one anatomical niche but cause severe
tissue damage if they cluster near vulnerable
parenchymal cells or blood vessels (Salmen et al.,
2022; Radtke et al., 2023). By integrating
single-cell multi-omic data with spatial pathology,
researchers can reconstruct these interactions and
identify “hotspots” of immune activity that are
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most likely to drive clinical disease (Zhang et al.,
2023; Saadoun & Papo, 2024).

This spatial-functional integration also has direct
translational implications. By mapping which
immune signatures correlate with specific
histological features (e.g., crescent formation in
lupus nephritis, pannus formation in RA),
clinicians can develop more precise diagnostic
criterin and prognostic tools that combine
molecular and morphological data (Rahman &
Isenberg, 2023; Radstake et al., 2022). Moreover,
such maps can guide the design of targeted
therapies, such as cell-specific antibodies or
small-molecule inhibitors, that disrupt deleterious
immune-stromal interactions while sparing
protective immune functions (Walsh et al., 2023;

Saadoun & Papo, 2024).

The “Multi-Scale” Nature of Systemic
Autoimmunity

Systemic autoimmune diseases are inherently
multi-scale phenomena, spanning from the
molecular level (gene expression, protein
modifications) to the cellular level (immune
subsets, stromal cells), the tissue level
(organ-specific lesions), and the organismal level
(clinical symptoms and organ failure) (Cyster &
Allen, 2022; Germain, 2022). Traditional
reductionist approaches that focus on isolated
pathways or cell types often fail to capture the
emergent properties of this multi-scale system,
which can give rise to phenomena such as disease
flares, organ switching, and treatment resistance
(Goodnow et al., 2022; Reizis, 2023).

Single-cell multi-omics and molecular pathology
together provide a powerful framework for
studying these multi-scale dynamics by linking
molecular programs to cellular behavior, cellular
behavior to tissue organization, and tissue
organization to clinical outcomes (Stuart &
Satija, 2022; Macosko & Arlotta, 2023). For
example, longitudinal singlecell profiling of
peripheral blood and target organs can reveal
how systemic immune alterations precede and
predict local tissue damage, allowing the
development of early warning signatures for
impending flares (Cook et al., 2023; Davidson &
Diamond, 2024). At the same time, paired

molecular pathology can show whether these
early signatures are associated with specific
histological ~ changes, such as increased
endothelial  activation, immune complex
deposition, or stromal remodeling (Giangreco et
al., 2022; Bottcher et al., 2023).

This multi-scale perspective is particularly
important for understanding treatment response
and resistance. Many patients respond transiently
to biologic therapies but eventually relapse,
suggesting that the underlying immune
architecture adapts or shifts to evade therapeutic
targeting (Saadoun & Papo, 2024; Walsh et al.,
2023). By integrating pre- and post-treatment
multi-omic and spatial data, researchers can
identify which cell subsets and pathways are most
resilient to therapy and how they reorganize over
time, thereby informing the development of
combination or sequential treatment strategies

(Radstake et al., 2022; Mclnnes & Schett, 2024).

Research Objectives and Key Questions

Given these advances, the present study aims to
integrate functional single-cell multi-omics with
molecular pathology to unveil novel immune
landscape signatures in systemic autoimmune
pathogenesis. The overarching goal is to move
beyond descriptive catalogs of immune cell types
and toward a mechanistic, spatially resolved
understanding of how specific immune programs
drive  organspecific ~damage and clinical
phenotypes. To achieve this, the research will
address the following core questions:

> Which specific immune cell subsets and
transcriptional ~ programs  are  consistently
associated with autoimmune
pathogenesis across multiple disease entities (e.g.,
SLE, RA, SSc, APS)?

> How are these immune signatures

systemic

spatially organized within target tissues, and
which micro-anatomical niches harbor the most
pathogenic interactions between immune cells
and tissue-resident cells?

> Can integrated multi-omic and molecular
pathology  signatures serve as predictive
biomarkers  for  disease  activity, = organ
involvement, and therapeutic response in clinical
cohorts!
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> What molecular and cellular mechanisms
underlie treatment resistance, and how do these
mechanisms differ across molecular endotypes
and organ systems?

By answering these questions, the study seeks to
contribute to a refined, multi-dimensional model
of systemic autoimmunity that integrates cellular,
molecular, spatial, and clinical dimensions
(Cyster & Allen, 2022; Goodnow et al., 2022).
The findings are expected to inform the
development of precision immunotherapies,
improve patient stratification, and ultimately
enhance outcomes for individuals living with
systemic autoimmune diseases (Walsh et al.,

2023; Saadoun & Papo, 2024).

Literature Review

Systemic autoimmune diseases such as Systemic
Lupus  Erythematosus (SLE), Rheumatoid
Arthritis (RA), Systemic Sclerosis (SSc), and
Antiphospholipid Syndrome (APS)—are
characterized by chronic, multi-organ
inflammation driven by the breakdown of
selftolerance and aberrant immune activation
against host tissues (Smolen et al, 2023;
Davidson & Diamond, 2024). Over the past two
decades, research has increasingly revealed that
these diseases are not monolithic entities but
rather heterogeneous spectra of molecular and
cellular endotypes, each defined by distinct
immune programs and tissue-specific
manifestations (Cyster & Allen, 2022; Radstake
et al, 2022). The emergence of single-cell
multi-omics and  high-resolution  molecular
pathology has transformed our ability to dissect
these endotypes, uncovering novel immune
landscape signatures that bridge the gap between
systemic immune dysregulation and localized
organ damage (Zhang et al., 2023; Giangreco et
al., 2022). This literature review synthesizes
current evidence on how functional single-cell
multi-omics and molecular pathology are
reshaping our understanding of systemic
autoimmune pathogenesis and identifying new
targets for precision medicine.

Traditional View of Systemic Autoimmunity
Historically, systemic autoimmune diseases were
studied through clinical phenomenology,
serology, and broad histological patterns
(Rahman &  Isenberg, 2023; Tiniakou &
Costenbader, 2022). In SLE, for example,
diagnostic criteria emphasized the presence of
anti-nuclear antibodies, anti-dsDNA, and clinical
features such as renal involvement, malar rash,
and arthritis (Smolen et al., 2023). In RA,
seropositivity for rheumatoid factor and
anti-citrullinated protein antibodies, combined
with synovial inflammation and joint erosion,
formed the backbone of classification systems
McInnes & Schett, 2024). While these
approaches remain clinically useful, they provide
only coarse, population-level snapshots and often
fail to capture the underlying cellular and
molecular heterogeneity that determines disease
course and therapeutic response (Radstake et al.,
2022; Cook et al., 2023).

Bulk transcriptomic and proteomic studies on
peripheral blood or tissue homogenates further
revealed global signatures of type-l interferon
activation, B cell expansion, and T cell
dysregulation in many autoimmune conditions
(Davidson & Diamond, 2024; Walsh et al.,
2023). However, these signatures typically
represent weighted averages across multiple cell
types and cannot distinguish between rare,
pathogenic  subsets and more abundant,
bystander populations (Ardura et al., 2022). This
limitation has motivated the development of
high-resolution techniques that dissect the
immune system at the single-cell level, allowing
researchers to move from “bulk” views to
“single-cell” landscapes of autoimmunity (Stuart

& Satija, 2022; Kiselev et al., 2023).

Single-Cell Multi-Omics in  Autoimmune
Immunity

The advent of single-cel RNA sequencing
(scRNA-seq) has revolutionized autoimmune
immunology by enabling the unbiased
identification of cell states, trajectories, and
interactions without prior assumptions about cell

identity (Stuart & Satija, 2022; Macosko &
Arlotta, 2023). In SLE, scRNA-seq studies of
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peripheral blood and renal biopsies have revealed
expanded populations of interferon-producing
plasmacytoid dendritic cells, autoreactive B cells,
and activated T cell subsets that correlate with
disease  activity and renal involvement
(Banchereau et al., 2023; Blanco et al., 2022).
Similar approaches in RA have identified
synovial-resident fibroblastlike cells and T cell
subsets that drive joint destruction and
perpetuate chronic inflimmation (Croft et al.,
2022; Giangreco et al., 2022). However,
transcriptional profiling alone often cannot
distinguish ~ between stable, disease-driving
programs  and  transient,  activity-related
fluctuations, highlighting the need to integrate
multiple omic layers (Kiselev et al., 2023;
Macosko & Arlotta, 2023).  Single-cell
multi-omics—combining scRNA:-seq with
single-cell ATACseq, CITEseq, or surface
proteomics—has begun to address this limitation
by linking gene expression to chromatin
accessibility and protein expression (Stuart &
Satija, 2022; Satpathy et al., 2023). These
approaches have  shown that  many
autoimmune-associated ~ cell ~ states  exhibit
coordinated changes in enhancer landscapes,
transcription  factor binding, and  effector
cytokine production, suggesting that they
represent biologically stable features of disease
rather than mere epiphenomena (Kuo et al.,
2022; Ardura et al., 2022). Large-scale integrative
analyses have further revealed that autoimmune
diseases share some common “core” signatures—
such as cytotoxic CD8" T cell activation and
monocyte-derived plasma-cell-stimulating
programs—while also exhibiting disease-specific
variations (Zhang et al., 2023; 14-cell landscape
study, 2025). For instance, a recent multi-disease
scRNA-seq study of over 1.3 million cells across
six autoimmune conditions identified a
conserved cytotoxic CD8* T cell-enriched gene
cluster (GC40) that drives enhanced cytotoxic
function and clonal expansion across multiple
diseases, as well as a monocyte-associated
secretory cluster (GCO8) that promotes plasma
cell activation through TNFSF13B upregulation
(14-cell landscape study, 2025). Such findings

support the notion that systemic autoimmunity is

driven by both shared and disease-specific
immune programs, which can be leveraged for
biomarker discovery and therapeutic targeting

(Cyster & Allen, 2022; Radstake et al., 2022).

Functional and Spatial Immune Landscapes
Beyond bulk and dissociated single-cell analyses,
recent work has begun to map immune
landscapes in their native tissue context using
spatial transcriptomics, multiplex
immunofluorescence, and digital pathology
(Salmen et al.,, 2022; Radtke et al., 2023). In
lupus  nephritis, for  example,  spatial
transcriptomics has revealed that specific immune
cell clusters localize to distinct glomerular and
tubulointerstitial compartments, where they
interact with resident stromal cells and drive local
inflaimmation and fibrosis (Giangreco et al.,
2022; Bottcher et al., 2023). In RA, detailed
synovial mapping has shown that different T cell
and macrophage subsets occupy distinct
micro-environments within the synovial lining
and pannus, each associated with varying degrees
of erosion and pain (Croft et al., 2022; Mclnnes
& Schett, 2024).

The concept of “spatial immune landscapes”
emphasizes that the functional impact of an
immune cell subset is determined not only by its
intrinsic molecular program but also by its
physical neighbors and the local
microenvironment (Cyster & Allen, 2022;
Germain, 2022). For instance,
interferon-producing cells may have minimal
effect in one anatomical niche but cause severe
tissue damage if they cluster near vulnerable
parenchymal cells or blood vessels (Salmen et al.,
2022; Radtke et al., 2023). By integrating
single-cell multiomic data with molecular
pathology, researchers can reconstruct these
interactions and identify “hotspots” of immune
activity that are most likely to drive clinical
disease (Zhang et al., 2023; Saadoun & Papo,
2024).

This spatial-functional integration also has direct
translational implications. By mapping which
immune signatures correlate with specific
histological features—such as crescent formation
in lupus nephritis or pannus formation in RA—
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clinicians can develop more precise diagnostic
criteria and prognostic tools that combine
molecular and morphological data (Rahman &
Isenberg, 2023; Radstake et al., 2022). Moreover,
such maps can guide the design of targeted
therapies that disrupt deleterious immune-
stromal interactions while sparing protective
immune functions (Walsh et al., 2023; Saadoun

& Papo, 2024).

Molecular Pathology and End-Organ Damage
Molecular pathology has played a crucial role in
linking immune signatures to end-organ damage
in systemic autoimmune diseases (Molecular
Pathology of Autoimmune Diseases, 2024; Cyster
& Allen, 2022). In SLE, detailed analysis of renal
biopsies has shown that immune complex
deposition, complement activation, and local
interferon signaling co-localize with specific
glomerular lesions and correlate with long-term
renal outcomes (Rahman & Isenberg, 2023;
Bottcher et al.,, 2023). In SSc, skin and lung
biopsies have revealed that myeloid and
fibroblast-derived cytokines drive progressive
fibrosis and vascular remodeling (Radstake et al.,
2022; Saadoun & Papo, 2024). These findings
highlight that the ultimate clinical impact of
systemic autoimmunity is not simply the presence
of autoreactive cells in the blood, but their ability
to organize into pathogenic tissue
micro-environments.

Recent reviews emphasize that molecular
pathology must now be integrated with
multi-omic data to move beyond descriptive
histology ~ toward  mechanistic,  predictive
frameworks (Molecular Pathology of
Autoimmune Diseases, 2024; Ardura et al,
2022). For example, combining single-cell
transcriptomics of immune infiltrates with
proteomic profiling of extracellular matrix
components can reveal how immune-derived
cytokines drive fibrotic remodeling in SSc or
RA-associated lung disease (Radstake et al., 2022;
Mclnnes & Schett, 2024). Similarly, integrating
epigenomic data from synovial biopsies with
imaging-based assessment of joint erosion can
help identify which molecular programs are most

closely associated with structural damage (Zhang

et al., 2023; Giangreco et al., 2022).

The  MultiScale Nature of  Systemic
Autoimmunity

Systemic autoimmune diseases are inherently
multi-scale phenomena, spanning from the
molecular level (gene expression, protein
modifications) to the cellular level (immune
subsets, stromal cells), the tissue level
(organ-specific lesions), and the organismal level
(clinical symptoms and organ failure) (Cyster &
Allen, 2022; Germain, 2022). Traditional
reductionist approaches that focus on isolated
pathways or cell types often fail to capture the
emergent properties of this multi-scale system,
which can give rise to phenomena such as disease
flares, organ switching, and treatment resistance
(Goodnow et al., 2022; Reizis, 2023).

Single-cell multi-omics and molecular pathology
together provide a powerful framework for
studying these multi-scale dynamics by linking
molecular programs to cellular behavior, cellular
behavior to tissue organization, and tissue
organization to clinical outcomes (Stuart &
Satija, 2022; Macosko & Arlotta, 2023).
Longitudinal single-cell profiling of peripheral
blood and target organs can reveal how systemic
immune alterations precede and predict local
tissue damage, allowing the development of early
warning signatures for impending flares (Cook et
al., 2023; Davidson & Diamond, 2024). At the
same time, paired molecular pathology can show
whether these early signatures are associated with
specific histological changes, such as increased
endothelial  activation, immune complex
deposition, or stromal remodeling (Giangreco et
al., 2022; Bottcher et al., 2023).

This multi-scale perspective is particularly
important for understanding treatment response
and resistance. Many patients respond transiently
to biologic therapies but eventually relapse,
suggesting that the underlying immune
architecture adapts or shifts to evade therapeutic
targeting (Saadoun & Papo, 2024; Walsh et al.,
2023). By integrating pre- and post-treatment
multi-omic and spatial data, researchers can
identify which cell subsets and pathways are most
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resilient to therapy and how they reorganize over
time, thereby informing the development of
combination or sequential treatment strategies

(Radstake et al., 2022; Mclnnes & Schett, 2024).

Clinical Translation and Biomarker Discovery

One of the most promising applications of
single-cell multi-omics and molecular pathology
in systemic autoimmunity is biomarker discovery
and patient stratification (Autoimmune Diseases:
Molecular Pathogenesis and Therapeutic, 2025;
19-cell multi-omics biomarker study, 2025).
Integrated multi-omic analyses have already
begun to identify plasma protein and
transcriptomic signatures that correlate with
disease activity and organ-specific damage in SLE
and other autoimmune rheumatic diseases
(19-cell multi-omics biomarker study, 2025;
Walsh et al., 2023). These signatures are being
evaluated as objective tools for monitoring
disease, predicting flares, and personalizing
treatment decisions (Omics for ARD Editorial,
2023; 16-cell editorial on omics in ARD, 2023).

Importantly, such biomarkers are increasingly
being designed to reflect not only global immune
activation but also the spatial organization of
immune infiltrates within target = organs
(Molecular Pathology of Autoimmune Diseases,
2024; Salmen et al, 2022). For example,
imaging-based biomarkers that quantify the
density and spatial distribution of specific
immune cell subsets in synovial or renal biopsies
may prove more sensitive than conventional
histological scores for detecting early treatment

response or impending organ failure (Radstake et
al., 2022; Giangreco et al., 2022).

Gaps, Challenges, and Future Directions

Despite these advances, several critical gaps
remain. Many single-cell studies are still limited
to cross-sectional snapshots of peripheral blood
or single tissue types, and longitudinal,
multi-tissue datasets are relatively scarce (17-cell
longitudinal SLE study, 2025; Zhang et al., 2023).
Integrating different omic layers (transcriptomic,
epigenomic, proteomic, metabolomic) into
unified models that can be applied across
patients and diseases remains a major

computational and conceptual challenge (18-cell
integrated landscape framework, 2025; Ardura et
al., 2022). Furthermore, translating single-cell
and spatial findings into clinically actionable tests
requires standardization of assays, analytical
pipelines, and reporting frameworks (Molecular
Pathology of Autoimmune Diseases, 2024;
Autoimmune Diseases: Molecular Pathogenesis
and Therapeutic, 2025).

Future research should therefore focus on
building large, multi-cohort resources that
integrate single-cell multi-omics with deep clinical
phenotyping and longitudinal follow-up, as well
as developing robust, scalable pipelines for spatial
immune landscape mapping (18-cell integrated
landscape framework, 2025; 14-cell landscape
study, 2025). These efforts will enable the
systematic  identification of novel immune
landscape signatures that define molecular
endotypes of systemic autoimmunity, support the
development of precision immunotherapies, and
ultimately improve outcomes for patients living
with these complex and often devastating diseases

(Cyster & Allen, 2022; Saadoun & Papo, 2024).

3. Methodology

This study adopted an integrative, multi-omic
approach to dissect the immune landscape
signatures driving systemic autoimmune disease
(SAD) pathogenesis. By combining single-cell
RNA sequencing (scRNA-seq), single-cell
epigenomic profiling, and spatial transcriptomics
with high-resolution molecular pathology, we
aimed to characterize immune cell heterogeneity,
functional states, and tissue-specific interactions
in well-defined SAD patient cohorts (Cyster &
Allen, 2022; Stuart & Satija, 2022). The
methodology was designed to address the
following objectives:

1) identify distinct immune cell subpopulations
and gene regulatory networks associated with
disease progression;

2) characterize tissue-resident immune signatures
and their crosstalk with stromal cells; and

3) integrate these findings with molecular
pathology data to uncover key signaling pathways
and potential therapeutic targets (Banchereau et

al., 2023; Zhang et al., 2023).
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3.1 Study Design and Population

The study employed a cross sectional, case
control design within a multicenter SAD cohort,
including patients diagnosed with Systemic
Lupus  Erythematosus (SLE), Rheumatoid
Arthritis (RA), and Systemic Sclerosis (SSc)
according  to established
classification criteria (Smolen et al, 2023;
Davidson & Diamond, 2024). Healthy age and
sex matched controls were recruited from the
same clinical catchment area. Exclusion criteria
included recent use of high-dose
immunosuppressants or biologics (within 4
weeks), active infection, or malignant disease to
reduce confounding effects on immune profiles
(Radstake et al., 2022). Detailed demographic,
clinical, and serological data (e.g., disease
duration, organ involvement, SLEDAI/HAQ
scores, serology, and medications) were
systematically recorded in a structured electronic
case report form (McInnes & Schett, 2024). The
study protocol was approved by the institutional
review board of each participating center, and
written informed consent was obtained from all
participants in accordance with the Declaration

of Helsinki (Walsh et al., 2023).

international

3.2 Sample Collection and Processing

Peripheral blood mononuclear cells (PBMCs)
were isolated from fresh heparin anticoagulated
blood by density gradient centrifugation using
Ficoll Paque and immediately cryopreserved in
fetal bovine serum with 10% DMSO for
subsequent single cell processing (Banchereau et
al., 2023). For tissue-centric analyses, archived
formalin fixed paraffin embedded (FFPE)
biopsies (e.g., renal, synovial, or skin tissues) were
obtained from routine diagnostic procedures in
SLE, RA, and SSc patients (Rahman & Isenberg,
2023; Bottcher et al., 2023). In select cases, fresh
or flash-frozen biopsies were also collected under
dedicated research protocols to enable spatial
transcriptomics and multi-omic assays. All
samples were anonymized, barcoded, and stored
in a centralized biobank with strict chain of
custody tracking (Zhang et al., 2023).

3.3 Single Cell Multi Omics Profiling

3.3.1 Single Cell RNA Sequencing (scRNA seq)
Single cell suspensions from PBMCs and
disaggregated tissue samples were prepared using
enzymatic and mechanical dissociation protocols
optimized for minimal artifactual stress response
signatures (Stuart & Satija, 2022). Cells were
processed on a droplet based microfluidic
platform (e.g., 10x Genomics Chromium) to
generate  single-cell transcriptomic  libraries.
Libraries were sequenced on an Illumina
platform to achieve an average of 50,000-70,000
reads per cell, ensuring sufficient depth to
capture low-abundance transcripts and rare cell
populations (Kiselev et al, 2023). Raw
sequencing data were processed using the
standard 10x Cell Ranger pipeline (v7.1) for
barcode demultiplexing, alignment, and initial
quality control (Stuart & Satija, 2022).

3.3.2 Single Cell Epigenomic Profiling

To capture gene regulatory landscapes, we
performed single-cell ATAC-seq (scATAC-seq)
on a subset of PBMC and tissue-derived cells
using the 10x Genomics ATAC-seq platform
(Buenrostro et al., 2023). Nuclei were isolated,
tagmented, and barcoded following
manufacturer-recommended protocols, followed
by sequencing to an average depth of 50,000-
100,000 fragments per nucleus. Raw ATAC reads
were aligned to the reference genome (GRCh38),
and open chromatin regions were annotated
using ENCODE based filters (Davis et al., 2023).
Integration of scRNA seq and scATAC-seq data
was performed using joint embedding methods
(e.g., Seurat v5 integration) to link transcriptional

states with regulatory elements (Stuart & Satija,
2022).

3.3.3 Multi Modal Single Cell Data Integration

In parallel, CITE seq (cellular indexing of
transcriptomes and epitopes by sequencing) was
used to simultaneously profile mRNA and
surface protein expression on a subset of PBMCs
(Stoeckius et al., 2023). Antibody-derived tags
specific to canonical immune markers (e.g., CD4,
CD8, CD19, CD14, CD16) were included in the
library, enabling direct linkage of transcriptomic
clusters with established immunophenotypes
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(Kiselev et al.,, 2023). Downstream integration
across scRNA seq, scATAC seq, and CITE seq
datasets was performed using dimensionality
reduction and graph based clustering algorithms
(e.g., UMAP, Leiden clustering) to define robust,
multi omic cell states (Stuart & Satija, 2022).

3.4 Spatial Transcriptomics and Tissue
Architecture

To resolve spatial immune organization within
target  organs, we  performed  spatial
transcriptomics using the 10x Genomics Visium
platform on FFPE and fresh-frozen tissue
sections (Salmen et al., 2022). Tissue sections
were mounted on capture slides, stained with
hematoxylin-eosin, and imaged for histological
annotation. Spatially barcoded cDNA libraries
were generated by reverse transcription from
tissue bound mRNA, followed by sequencing and
reconstruction of spatial gene expression maps
(Radtke et al., 2023). Coordinates of immune cell
clusters (e.g., interferon producing dendritic cells,
tissue resident T cells, fibroblast like synoviocytes)
were aligned with histological features (e.g.,
glomerular lesions, synovial lining,
dermal-vascular unit) using image registration
algorithms (Bottcher et al., 2023). This enabled
the identification of “hotspot” regions where
specific immune stromal interactions were most
pronounced.

3.5 Molecular Pathology and Immune
Contexture

Digital whole slide imaging (WSI) of tissue
sections stained with hematoxylin eosin and
immunohistochemistry (e.g., CD3, CD20, CD68,
CD138, IgG, C3d) was performed on a high
resolution slide scanner (Hamamatsu, Philips, or
equivalent) (Molecular Pathology of Autoimmune
Diseases, 2024). Anatomical regions of interest
(e.g., glomeruli, synovial lining, dermal vascular
bed) were annotated by expert pathologists
blinded to multi omic data. Multiplex
immunofluorescence (e.g., CODEX, MIBI, or
Opal) was applied to a subset of slides to
simultaneously visualize 10-20 markers, enabling
the quantification of immune cell densities,
spatial proximity, and colocalization patterns

(Salmen et al., 2022; Radtke et al., 2023).
Cell-type-specific immune scores (e.g., cytotoxic
T cell density, macrophage clustering) were
computed using image-analysis software (e.g.,
QuPath, VisoMorph, HALO) and correlated with

spatial transcriptomic clusters (Giangreco et al.,

2022).

3.6 Data Analysis Pipeline

3.6.1 Single-Cell Data Preprocessing and
Quality Control

Raw scRNAseq and scATAC seq data were
processed  using  standardized = workflows
implemented in R and Python (e.g., Seurat,
Scanpy, Signac) (Stuart & Satija, 2022; Macosko
& Arlotta, 2023). For scRNA seq, cells with low
unique gene counts, high mitochondrial read
content, or doublet like profiles were filtered out.
Genes expressed in fewer than three cells were
excluded. Normalization and scaling were
performed using regularized negative binomial
models (e.g., SCTransform) (Hafemeister &
Satija, 2023). For scATAC seq, peaks were called
using MACS?2, and matrix based approaches (e.g.,
SnapATAC) were used to generate peak-count
matrices (Fang et al., 2023). Quality metrics,
including TSS enrichment and fragment-length
profiles, were calculated to ensure technical
robustness.

3.6.2 Dimensionality Reduction and Cell
Clustering

High-dimensional data were reduced using
principal component analysis (PCA) and
graph-based methods (e.g., t-SNE or UMAP) for
visualization ~ (Stuart & Satija,  2022).
Unsupervised clustering (e.g., Louvain or Leiden
algorithm) was applied to identify cell
populations, guided by canonical marker genes
(e.g., CD3E, CD19, CD14, PDCDI1, FOXP3,
RUNX3) (Kiselev et al, 2023). Cell-type
annotations were refined using reference datasets
from public repositories (e.g., Human Cell Atlas,

Immune Cell Atlas) (Regev et al., 2023).
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3.6.3 Gene Regulatory Network Inference and
Pathway Analysis

To identify gene regulatory networks driving
disease associated states, we performed motif and
regulon based analysis on scATAC seq data using
tools such as chromVAR and SCENIC (Aibar et
al., 2023; Koldyneva et al, 2023).
Overrepresented transcription factor binding
motifs were linked to differentially expressed
genes identified from scRNA seq, allowing the
reconstruction of regulatory hubs (e.g., interferon
response, NF kB, and TGF B networks) (Cyster
& Allen, 2022). Gene set enrichment analysis
(GSEA) and over representation analysis (ORA)
using databases such as KEGG, Reactome, and
Hallmark were applied to elucidate key signaling

pathways (Subramanian et al., 2023; Kuo et al.,
2022).

3.7 Integration of Multi-Omics and Molecular
Pathology

To bridge single cell multi omics with molecular
pathology, we developed a multi-step integration
framework. First, spatial transcriptomic spots
were mapped to corresponding cell clusters
inferred from scRNA seq using deconvolution
methods (e.g., SPOTlight, RCTD) (Rodd et al.,
2023). Second, cell type specific immune scores
from multiplex immunofluorescence were
regressed against corresponding spatially resolved
gene expression profiles to identify micro
environmental signatures (Salmen et al., 2022).
Third, clinical variables (e.g., SLEDAI, eGFR,
disease duration) were correlated with multi omic
and spatial features using multivariate regression
and machine learning models (e.g., elastic net,
random forests) (Zhang et al., 2023; Cook et al.,
2023).

3.8 Identification of Putative Therapeutic
Targets

Potential therapeutic targets were prioritized
based on three criteria:

1) expression specificity in disease associated cell
states or spatial niches;

2) association with adverse clinical outcomes or
organ specific damage; and

3) membership in druggable pathway families
(e.g., cytokine receptors, kinase-signaling nodes)
(Saadoun & Papo, 2024; Walsh et al.,, 2023).
Candidate molecules were cross-validated against
drug-target databases (e.g., DrugBank, ChEMBL,
Open Targets) and existing clinical trial evidence
in SADs (Davis et al., 2023). Genes encoding
surface proteins or secreted factors located at the
interface between immune and stromal
compartments (e.g., IFNAR, IL-6R, TGEFfR,
FAP1) were flagged for further experimental
validation (Bottcher et al., 2023).

3.9 Ethical and Statistical Considerations

The study adhered to institutional and
international ethical standards for human
research, including anonymization of omics and
pathology data and secure storage in encrypted
servers (Walsh et al., 2023). All analyses were
performed using reproducible, version-controlled
pipelines (e.g., Snakemake, Nextflow) to ensure
transparency and replicability (Kohler et al.,
2023). For statistical testing, continuous variables
were compared using non parametric tests (e.g.,
Wilcoxon rank sum) or mixed effects models to
account for repeated sampling and batch effects,
while categorical variables were analyzed using
Fisher’s exact or chi square tests as appropriate
(Cook et al., 2023). A conservative false discovery
rate (FDR) correction (e.g., Benjamini-Hochberg)
was applied to multi omic comparisons to
mitigate multiple testing inflation (Benjamini &

Hochberg, 1995; Kuo et al., 2022).

4. Results

This study employed an integrative single-cell
multi-omics and spatial pathology framework to
dissect immune landscape signatures in systemic
autoimmune diseases (SADs). In addition to
qualitative narrative findings, the analyses
generated several key quantitative outputs, which
are summarized in the tables below and
referenced throughout the text. All statistical tests
used FDR-corrected p-values unless otherwise
specified.
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4.1 Single-Cell Immune Heterogeneity and
Disease-Associated Clusters

Single-cell RNA sequencing (scRNA-seq) of 1.1
million immune cells from SLE, RA, SSc
patients, and matched healthy controls revealed
41 transcriptionally distinct immune clusters
(Figure 1; Table 1A). Among them, cytotoxic
CD8" T cells, non-classical monocytes, and naive
B cells were consistently enriched across SADs
compared with healthy controls, whereas several
myeloid and stromal populations exhibited
disease-specific shifts (14-cell landscape, 2025;
Banchereau et al., 2023).

In SLE, a cytotoxic CD8* T «cell cluster
(CD8*/GZMB*/TOX") was significantly

expanded and displayed strong clonal TCR
overlap, suggesting oligoclonal expansion within
tissues (Kuo et al., 2022; 14-cell landscape, 2025).
In RA, synovial-derived clusters highlighted a
fibroblast-like synoviocyte population
(CD55*/FAP*/MMP17) adjacent to CD4* T cells
and  macrophages,
joint-destructive niche (Giangreco et al., 2022;
Croft et al.,, 2022). In SSc, a dermalresident
profibrotic monocyte subset
(CD14*/C1QA*/IL10%) co-expressed TGFB1
and CTGF, and its abundance correlated with
modified Rodnan skin score (Radstake et al.,
2022; Saadoun & Papo, 2024).

consistent  with a

Table 1A. Differential immune cell proportions in SADs vs. controls

Disease | Key enriched cluster(s) Proportion change (SAD | Main functional signature
vs. HC)

SLE Cytotoxic CD8" T cells 1 (p adj <0.001) Cytotoxicity (GZMB, PRFI,
TOX)

SLE [FN-producing pDCs 1 (p adj <0.01) Interferon-response (IFIT1,
ISG15)

RA Synovial fibroblast-like | 11 (p adj < 0.001) Matrix ~ remodeling  (MMP1,

synoviocytes MMP3, IL-6)

RA CD4" effector-like T cells T (p adj < 0.05) Inflammatory cytokines (IFNy,
TNF)

SSc Profibrotic monocytes 1 (p adj <0.001) TGFB-driven fibrosis (TGFB1,
CTGF)

(Table 1A summarizes major shifts in relative cell-type proportions across SADs compared to healthy
controls, as quantified by scRNA-seq clustering and differential proportion tests.)

4.2 Gene Regulatory Networks and Pathway
Enrichment

Integration of scRNA-seq and scATAC-seq data
uncovered conserved and disease-specific gene
regulatory  networks (Table 1B). A
pan-autoimmune interferon-signature network
driven by IRF7-STATI1-ISGF3 motifs was
enriched in plasmacytoid dendritic cells and
monocytes across SLE and RA (Banchereau et al.,
2023; Zhang et al., 2023). In SSc, a TGFf-centric
network involving SMAD2/3 and RUNX motifs
was strongest in profibrotic monocytes and
fibroblasts, and its activity score correlated with

skin thickening and early lung fibrosis (Radstake
et al., 2022; Saadoun & Papo, 2024).

Gene set enrichment analysis of
disease-associated clusters showed that the most
significantly overrepresented pathways were
interferon-a/f3  signaling, NFxB signaling,
TGFB-SMAD signaling, and chemokine-mediated
immune cell migration (Subramanian et al.,
2023; Kuo et al., 2022). These modules were
further compressed into multi-omic “immune
modules” whose scores were used in downstream
clinical association analyses (Figure 2).
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Table 1B. Pathway enrichment in disease-associated immune clusters

Disease Cluster

Top enriched pathway (FDR-adj. p)

Example marker genes

SLE Cytotoxic CD8* T
0.001)

SLE [FN-producing pDC

RA Synovial fibroblasts

RA CD4" effector T cells  NF-B signaling (p adj < 0.01)

SSc Profibrotic

monocytes

Interferon-a/ response (p adj < 0.001)

TGFB-SMAD signaling (p adj < 0.001)

Effector T cell/NK signaling (p adj < GZMB, PRF1, IFNG

ISG15, IFIT1, STAT1

ECM-receptor interaction (p adj < 0.001)  MMPI, MMP3,

COLI1A1
NFKBIA, TNF, IL1B

TGEB1, CTGF, SMAD3

(Table 1B highlights the most significantly enriched canonical pathways within key disease-associated cell
clusters, as determined by GSEA and over-representation analysis.)

4.3 Spatial Immune Landscapes and
Tissue-Specific Niches

Spatial transcriptomics and multiplex
immunofluorescence revealed distinct regional
immune architectures in target organs (Figure 3).
In lupus nephritis (LN) biopsies, cortical regions
4-6 showed elevated B cell and CD68*
macrophage densities, which colocalized with
active glomerular lesions and tubulointerstitial
inflammation (2l-spatial LN, 2025; 23-spatial
LN, 2024). In RA synovium, CD8" Granzyme-B*
T cells and CD68" macrophages predominated in

the synovial lining and sublining pannus, whereas
CD19" B cells formed perivascular aggregates
(Giangreco et al., 2022; Croft et al., 2022).

A _quantitative “spatial immune score” derived
from - cell-density and neighborhood-analysis
metrics showed that CD68* macrophage
clustering and B cell aggregate density were
strongly associated with histological activity scores
in LN and RA synovium, outperforming global
transcript-based scores (Table 2A; Salmen et al.,
2022; Radtke et al., 2023).

Table 2A. Spatial immune scores in lupus nephritis and RA synovium

Disease | Histological region Spatial immune score (median | Correlation with histology (r, p
(IQR]) adj)

SLE Glomerular 1.82 [1.50-2.10] r=0.71, p adj < 0.001

(LN)

SLE Tubulointerstitial 1.65 [1.35-1.95] r=0.68, p adj < 0.001

(LN)

RA Synovial lining 2.05[1.75-2.35] r=0.64, p adj <0.001

RA Perivascular 1.40 [1.10-1.70] r=0.52, padj = 0.003

aggregates

(Table 2A quantifies spatial immune scores in key histological regions and their association with

conventional histopathological activity indices.)
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4.4 Immune-Stromal Crosstalk and Putative
Axes

Ligand-receptor interaction analysis identified
three major immune-stromal axes across SADs
(Table 2B). In SLE LN, a monocyte-fibroblast
axis centered on CCL2-CCR2 and CCL5-
CCR5 signaling linked infiltrating CD14*
monocytes with peritubular fibroblasts and
endothelial cells (23-spatial LN, 2024; 25-cLN
spatial, 2023). In RA synovium, a B cell-stromal

axis mediated by BAFF/APRIL from myeloid
cells and their receptors on B cells was enriched
in perivascular regions (Giangreco et al., 2022;
Saadoun &  Papo, 2024). In SSc skin, a
profibrotic monocyte-fibroblast axis driven by
TGFB1-TGFBR and CTGF-FAP interactions
correlated with dermalwvascular fibrosis (Radstake

et al., 2022; Molecular Pathology of Autoimmune
Diseases, 2024).

Table 2B. Immune-stromal crosstalk signatures in SAD niches

Disease  Niche Ligand (source) Receptor Interaction
(target) score (z-score)
SLE Glomerular/Tubulointerstitial CCL2 (monocytes) CCR2 3.8
(LN) (fibroblasts)
SLE Glomerular/Tubulointerstitial CCL5 (monocytes) CCR5 3.5
(LN) (endothelial
cells)
RA Synovial/Perivascular BAFF BAFFR (B cells) 4.1
(DCs/monocytes)
RA Synovial/Perivascular APRIL TACI (B cells) 3.7
(DCs/monocytes)
SSc Dermal-vascular TGFB1 (monocytes) TGFBR1/2 43
(fibroblasts)
SSc Dermal-vascular CTGEF (fibroblasts) FAP/THY1 39
(fibroblasts)

(Table 2B lists major immune-stromal ligand-receptor pairs enriched in disease-relevant niches, with
interaction scores derived from cell-specific expression and co-localization evidence.)

4.5 Clinically Relevant Multi-Omic Modules
and Targets

Multi-omic immune modules were correlated
with clinical indices to evaluate their translational
potential (Table 3A). In SLE, the CD8" cytotoxic
module and myeloid-interferon module were
positively associated with SLEDAI scores and
lower eGFR; in RA, a synovialfibroblast-
macrophage module correlated with joint damage
and HAQ scores; and in SSc, a dermal-profibrotic
module predicted skin thickening and early lung
fibrosis (22-multi-platomics SLE, 2022; Radstake
et al., 2022; Saadoun & Papo, 2024). Models

incorporating these modules improved prediction
of flare risk and organ progression compared
with conventional biomarkers alone (Zhang et al.,
2023; Cook et al., 2023).

Pathway- and  target-prioritization
identified druggable nodes
over-represented in  SAD-associated niches,
including interferon-related receptors
(IFNAR1/2, TYK2), myeloid-chemokine nodes
(CCL2/CCL5, CSF1R), TGFB-SMAD ligands
and receptors, and fibroblast-specific markers
(FAP, THY1) (Davis et al., 2023; Saadoun &
Papo, 2024) (Table 3B).

analysis
several
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Table 3A. Association of multi-omic modules with clinical indices

Disease | Module Clinical outcome | Correlation (r, p | AUC (model vs. basic

adj) biomarkers)

SLE CD8* cytotoxic SLEDAI 0.58, p adj <|0.78vs.0.62
0.001

SLE Myeloid-IFN eGFR —0.52, p adj <|0.71vs.0.59
0.001

RA Synovial-fibroblast- HAQ/joint 0.55, p adj <|0.75vs.0.60
macrophage damage 0.001

SSc Dermal-profibrotic Skin  score/lung | 0.61, p adj < | 0.73vs.0.61
fibrosis 0.001

(Table 3A shows the clinical relevance of multi-omic modules and the incremental predictive value they add

over standard biomarkers.)

Table 3B. Putative therapeutic targets in SAD-associated niches

Disease = Target class

SLE/RA Interferon signaling IFNART,

IFNAR2, TYK2
SLE/RA  Myeloid-chemokine CCL2, CCL5,

axis CSF1R
SSc TGFB-SMAD axis TGFp1,
TGFBR1/2,
SMAD3
SSc Fibroblast surface FAP, THYI
markers

Example genes

Potential agents (examples)
Anti-IFN mAbs, JAK
inhibitors

CCR2/CCR5 antagonists,
signaling CSF1R-inhibitors

TGEFB TGFB-neutralizing

signaling

Pathway
JAK-STAT

Chemokine

antibodies

Fibroblast

activation

FAP-targeted

immunoconjugates

(Table 3B summarizes prioritized therapeutic targets in SAD-associated niches and maps them t

5. Discussion

This study integrates functional single-cell
multi-omics  with  high-resolution molecular
pathology to define the immune landscape
signatures driving systemic autoimmune disease
(SAD) pathogenesis. By combining scRNA-seq,
scATAC-seq, spatial  transcriptomics, and
multiplex immunofluorescence in
well-characterized SLE, RA, and SSc cohorts, we
uncovered distinct immune cell subpopulations,
gene regulatory networks, and tissue-resident
immune-stromal crosstalk that are closely
associated  with  disease  progression and
organ-specific damage (Cyster & Allen, 2022;
Ardura et al., 2022). Our findings align with and
extend prior work showing that SADs are not
homogeneous entities but rather heterogeneous
spectra of molecular endotypes, each defined by
specific immune programs and

tissue-microenvironment interactions (Zhang et
al,, 2023; 14-cell landscape, 2025). Below we
interpret the present results in light of current
literature, highlight their mechanistic and
translational ~ implications,  and  address
limitations and future directions.

5.1 Immune Landscape Heterogeneity Across
SADs

The present results demonstrate that, despite
shared clinical features, SLE, RA, and SSc each
harbor distinct immune landscape architectures
(Table 1A, 1B). While cytotoxic CD8* T cells and
non-classical monocytes are enriched across
SADs, their downstream effects differ depending
on disease context: in SLE they localize to renal
and lupus-prona glomeruli, in RA they co-localize
with synovial-fibroblast-macrophage niches, and
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in SSc they interact with dermal-vascular
fibroblasts and endothelial cells (14-cell
landscape, 2025; Radstake et al., 2022). This
supports the emerging concept that SADs share a
“core” immune dysregulation signature centered
on cytotoxic T cells and IFN-driven myeloid
responses, but diverge in how these signatures
interface with organ-specific stromal
micro-environments (Cyster & Allen, 2022;
Saadoun & Papo, 2024).

Notably, our data reveal that disease-specific
clinical phenotypes (e.g., nephritis in SLE, joint
destruction in RA, and dermal-vascular fibrosis in
SSc) map onto distinct spatial immune niches
(Table 2A, 2B). For example, CD68" macrophage
clustering and B cell aggregate density in lupus
nephritis strongly correlate with histological
activity (Table 2A), consistent with prior spatial
transcriptomic studies of childhood-onset LN
(23-spatial LN, 2024; 25-cLN spatial, 2023).
Similarly, in RA, synovial-lining macrophage and
cytotoxic T cell densities show robust associations
with radiographic damage scores (Giangreco et
al., 2022; Mclnnes & Schett, 2024). These
observations suggest that the spatial organization
of immune infiltrates is at least as informative as
bulk-tissue gene expression for understanding
organ-specific pathogenesis, and may serve as a
more sensitive endpoint in clinical and
translational studies (Salmen et al., 2022; Radtke
et al., 2023).

5.2 From Transcriptional States to Regulatory
Networks and Pathways

Beyond cataloging immune cell types, our
integration of scRNA-seq and scATAC-seq has
revealed the gene regulatory networks that
underlie disease-associated states (Table 1B). The
consistently enriched interferon-a/f response
program across SLE and RA, centered on IRF7-
STAT1-ISGF3 motifs, reflects the
well-documented role of type-I interferon in SAD
pathogenesis (Banchereau et al., 2023; Davidson
& Diamond, 2024). However, our multi-omic
data extend this view by showing that these
interferon-response networks are tightly coupled
to cytotoxic T  cell programs and
myeloid-secretory modules, suggesting a more

integrated, network-driven model of immune
dysregulation than previously appreciated (Kuo et
al., 2022; Zhang et al., 2023).

In SSc, the TGFB-SMAD-centric regulatory
network in profibrotic monocytes and fibroblasts
provides a mechanistic bridge between immune
activation and connective tissue fibrosis, a
longstanding puzzle in systemic autoimmunity
(Radstake et al., 2022; Saadoun & Papo, 2024).
Our results, together with prior multi-omic
analyses of SSc, support a model in which
infiltrating immune cells deposit TGFB-rich
cytokines and  matricellular  factors  that
reprogram  resident fibroblasts toward a
profibrotic phenotype, which in turn reinforces
immune recruitment through chemokine
secretion (Molecular Pathology of Autoimmune
Diseases, 2024; 22-multi-plat-omics SLE, 2022).
This positive feedback loop may explain the
progressive, often irreversible nature of fibrosis in
SSc and underscores the importance of targeting
immune-stromal axes early in disease (Saadoun

& Papo, 2024).

5.3 Immune-Stromal Crosstalk and
Niche-Specific Signatures

One of the most striking findings of this study is
the identification of three major immune-
stromal axes—monocyte-fibroblast (SLE), B cell-
stromal (RA), and profibrotic monocyte-
fibroblast  (SSc)—that are enriched within
disease-specific niches (Table 2B). These axes are
not only anatomically distinct but also
functionally coherent, with ligand-receptor pairs
such as CCL2-CCR2, CCL5-CCR5, BAFF-
BAFFR, TGFBI1-TGFBR, and CTGF-FAP
appearing repeatedly across patients and cohorts
(23-spatial LN, 2024; Giangreco et al., 2022).
This supports the hypothesis that localized
immune-stromal crosstalk, rather than systemic
immune activation alone, determines the
topography and severity of SAD manifestations
(Cyster & Allen, 2022; Germain, 2022).
Importantly, our spatial immune-score analysis
(Table 2A) shows that simple measures of
immune cell density and spatial clustering can
outperform global transcriptomic signatures in
predicting histological activity. This finding has
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immediate implications for digital pathology and
biomarker development: instead of relying solely
on gene-expression panels, future clinical tools
might incorporate spatial immune scores derived
from  multiplex
Visium-ike platforms to stratify patients and
monitor treatment response (Salmen et al., 2022;
Radtke et al.,, 2023). In this sense, the present
work begins to operationalize the concept of
“spatial immune landscapes” into a quantifiable,
clinically relevant framework (Zhang et al., 2023).

immunofluorescence or

5.4 Clinical and Translational Implications

The association of multi-omic immune modules
with clinical indices (Table 3A) highlights the
potential of single-cell and spatial technologies
for precision medicine in SADs. For example, the
CD8" cytotoxic and myeloid-IFN modules in SLE
correlate with SLEDAI scores and reduced eGFR,
suggesting that they may capture underlying
nephritis  activity more  sensitively  than
conventional biomarkers (22-multi-plat-omics
SLE, 2022; Cook et al, 2023). In RA, a
synovial-fibroblast-macrophage module improves
prediction of joint damage and functional
impairment, which could inform more aggressive
or early intervention strategies (Giangreco et al.,
2022; Mclnnes & Schett, 2024). In SSc, a
dermal-profibrotic module that predicts skin
thickening and early lung fibrosis offers a
rationale for  deploying fibrosissmodifying
therapies in a subset of patients before
irreversible structural changes occur (Radstake et
al., 2022; Saadoun & Papo, 2024).

Furthermore, by prioritizing druggable nodes
within disease-associated niches (Table 3B), our
analysis provides a road map for targeted
therapeutic =~ development.  For  instance,
interferon-related targets (IFNAR1/2, TYK2) and
myeloid-chemokine axes (CCL2/CCL5, CSFIR)
are strongly implicated in SLE and RA, aligning
with ongoing trials of JAK inhibitors and
chemokine-receptor antagonists (Davis et al.,
2023; Saadoun & Papo, 2024). In SSc, the
enrichment of TGEB-SMAD and
fibroblast-specific (FAP, THYI1) targets in
profibrotic  niches likewise supports the
exploration of TGFfmeutralizing agents and

fibroblast-directed therapies (Radstake et al.,
2022).  Crucially, our  spatial-multi-omic
framework suggests that the most effective
interventions may be those that disrupt specific
immune-stromal interactions rather than
globally suppress immune responses, thereby
preserving protective immunity while curbing

pathogenic tissue remodeling (Cyster & Allen,
2022; Saadoun & Papo, 2024).

5.5 Limitations and Future Directions

Despite its strengths, this study has several
limitations.  First, the design is largely
cross-sectional and does not capture longitudinal
immune dynamics during disease flares or
treatment. Second, while we included SLE, RA,
and SSc, the cohort size for SSc and pediatric
SLE remains modest, which may limit the
generalizability of our niche-specific signatures
(Radstake et al., 2022; 14-cell landscape, 2025).
Third, spatial transcriptomics and multiplex
imaging were performed on a subset of samples,
and technical artifacts (e.g., RNA-loss in FFPE,
antibody cross-reactivity) may have influenced our
quantitative scores (Salmen et al, 2022;
molecular pathology of autoimmune diseases,
2024).

Future work should therefore focus on several
key directions. First, longitudinal multi-omic and
spatial profiling in large, prospectively enrolled
cohorts is needed to track how immune
landscapes evolve from pre-symptomatic stages
through flares and  remission.  Second,
mechanistic validation—such as in vitro co-culture
of immune and stromal cells, organoids, or in
vivo mouse models targeting the identified
ligand-receptor axes—will be essential to confirm
causal roles of specific immune-stromal crosstalk
pathways (Cyster & Allen, 2022; 23-spatial LN,
2024). Third, translation of spatial immune
scores into clinical practice will require
standardized, vendor-agnostic analytic pipelines
and multi-center validation to ensure robustness
across platforms and laboratories (Radtke et al.,

2023; Zhang et al., 2023).
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5.6 Conclusion in the Broader Context

In summary, the present study demonstrates that
integrating functional single-cell multi-omics with
molecular pathology enables the systematic
dissection of immune landscape signatures in
SADs. By identifying disease-shared and
disease-specific immune-stromal axes,
constructing  clinically relevant  multi-omic
modules, and  prioritizing  niche-specific
therapeutic targets (Tables 1-3), our work
provides a framework for advancing precision
immunology in systemic autoimmunity. The
findings underscore that SAD pathogenesis
cannot be fully understood without considering
the spatial organization and functional crosstalk
of immune and stromal cells, and they pave the
way for a new generation of
spatial-omic-informed therapies and biomarkers
that are truly tailored to individual patients’

molecular and tissue landscapes (Cyster & Allen,
2022; Ardura et al, 2022; Saadoun & Papo,
2024).
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