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BACKGROUND: Cardiac sarcoidosis (CS) is an enigmatic disorder characterized by unexplained patchy, sterile granulomas
intermixed with preserved myocardium and fibrotic regions without granuloma. CS causes arrhythmias, sudden cardiac death,
and heart failure. The mechanisms producing this remarkable histopathology and disease progression remain unexplained.

METHODS: Using comprehensive single-cell and spatial transcriptomic analyses, we characterized the cellular composition and
gene expression in preserved, granulomatous, and fibrotic regions of human CS hearts. From unexpectedly identified clonally
expanded cardiac B cells with rearranged immunoglobulin sequences, we reconstructed antibodies and screened libraries
comprising the human peptidome or microbial and allergen peptides to define reactive epitopes in CS hearts.

RESULTS: Cellular composition and gene expression differed substantially in CS tissues with preserved, granulomatous,
or fibrotic histopathology. Cardiomyocytes upregulated arrhythmogenic and inflammasome transcripts associated with
pyroptosis. Cardiomyocytes and fibroblasts activated chemoattractant cytokines that sustained myeloid and lymphoid
infiltration. Granulomas contained abundant macrophages expressing modulators of cell-cell fusion, along with Th17-
skewed T cells that upregulated B-cell-activating factor, thereby promoting antibody production. Fibrotic regions, without
active granulomas, exhibited tertiary lymphoid structures, with clonal expansion of mature B and plasma cells. Reconstructed
antibodies derived from expanded B-cell clones were inert to microbial and allergen peptides, but reacted to PPL (periplakin),
a desmosome protein, and other peptides expressed on cardiac cells.

CONCLUSIONS: Progressive inflammatory signals in CS are mediated by chemoattractant genes in cardiomyocytes and
fibroblasts within preserved myocardium, cell-cell fusion modulators in activated macrophages within granulomatous regions,
and tertiary lymphoid structures in fibrotic regions that produce patient-specific autoimmune antibodies. Identification of PPL
as a CS autoantigen may account for shared clinical manifestations in CS and arrhythmic desmosomal cardiomyopathies.
CS autoantigens may underlie enigmatic histopathologic findings, perpetuate disease, and contribute to adverse outcomes.
Uncovering an intracardiac humoral autoimmune axis in CS provides specific therapeutic opportunities to limit granuloma
formation and B-cell activation, which may reduce arrhythmogenicity and progressive dysfunction. Parallel analytic strategies
have potential to define autoantigens in other enigmatic cardiac immune disorders.
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Clinical Perspective Nonstandard Abbreviations and Acronyms
What Is New? BAFF B-cell activating factor
* Discrete histopathologic regions in cardiac sar- CDR3 complementary-determining region 3
coidosis (CS) tissues—preserved, granulomatous, CHI3L1 chitinase-3-like protein 1
and fibrotic—exhibit spatially distinct cellular com- CsS cardiac sarcoidosis
positions and molecular signatures. DCM dilated cardiomyopathy
. IGra(r;ullomlas, fthe haIIrlnarI(; of CS, reflﬁct dyhsregu- ECM extracellular matrix
ated levels of specialized immune cells with mac- : )
rophages that express genes for cellular fusion and ERC1 ELKS/Rab6-|nteract|ng/CAST fam-
inflammation or genes regulating tissue repair. ily member 1
+ Clonal expansion of intramyocardial B cells in CS gp39 glycoprotein-39
can produce autoantibodies that perpetuate histo- GRIK2 glutamate ionotropic receptor kain-
pathology and promote disease progression. ate type subunit 2
HF heart failure
What Are the Clinical Implications? IFN-y interferon-y
* The patchy distribution of histopathology in CS IL-1 interleukin-1
tissues belies profound molecular changes within IL-16 interleukin-16
preserved, granulomatous, and fibrotic regions that ) }
allow disease to resolve, smolder, or progress to VS interventricular septum
heart failure. Lv left ventricular
* Inflammatory signals and autoimmune antibodies in LVFW left ventricular free wall
CS mimic processes identified in arrhythmic cardio- mTORC1 mammalian target of rapamycin
myopathies, accounting for shared clinical manifes- complex 1
tations in these disorders. NRXN1 neurexin-1
* Molecular signals activated in distinct histopatho- PhiIP- filed duplicate oh . i
logic regions of CS indicate therapeutic targets seq prolied dupiicate phage immuno
that may allow precision medicines to limit inflam- pre.C|p|tr?1t|on sequencing
mation, autoimmunity, and disease progression. PPL periplakin
snRNA-seq single nucleus RNA sequencing
SPATA7 spermatogenesis-associated 7
ranulomas, the diagnostic hallmark of sarcoid- SPECCI1L sperm antigen with calponin homol-
osis, randomly appear in tissues, resolve, and ogy and coiled-coil domains 1-like
reappear in the same or other organs—a sce- TLS tertiary lymphoid structures
nario that incites acute flares and smoldering chronic USP5 ubiquitin-specific protease 5
ngfgnction,W Cardiac sarcoi.dosis .(CS), with particularly V(D)) e W
insidious onset and patchy tissue involvement, accounts

for most sarcoidosis-related deaths,>™* and exhibits sub-
optimal responses to therapeutic immunosuppression,®
cardiac medications, and anti-arrhythmic devices®—none
of which prevents disease progression.

We analyzed 41 heterogenous CS ventricular tissues
using single nucleus RNA sequencing (snRNA-seq)
to define regional cell type composition and molecular
properties in comparison with normal and dilated car-
diomyopathy (DCM) hearts.”® By incorporating spatial
transcriptomics, we anchored molecular profiles within
intact CS tissues to link cellular location with regional
inflammatory signals. We captured B- and T-cell vari-
able—(diversity)—joining (V[D]J) sequences and defined
clonal amplification and functional states of lymphocytes.
Using B-cell receptor sequences, we reconstructed
tissue-derived antibodies, screened phage-display librar-
ies comprising the human peptidome or microbial and
allergen peptides®'® and uncovered antigenic targets.
The resultant high-resolution CS cell atlas revealed
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distinguishing features for preserved, granulomatous,
and fibrotic regions and uncovered a humoral autoim-
mune axis and cellular responses that promoted damage
and disease progression. We nominate molecular circuits
and therapies that target specific components of this
enigmatic disorder.

METHODS

Detailed descriptions of approaches and technologies are pro-
vided in the Supplemental Methods and summarized here.

Study Population

Patients with CS provided written informed consent for deiden-
tified tissue acquisition, using protocols reviewed and approved
by participating institutions. Table S1 provides clinical data of
the patients with CS, previously reported healthy heart donors,”
and patients with DCM.®
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Sample Categorization and Processing for
snRNA-seq

Ventricular tissues were obtained during mechanical circula-
tory support implantation, heart transplantation, autopsy, or
septal myectomy. CS was diagnosed by board-certified aca-
demic cardiovascular pathologists with expertise in sarcoidosis.
Histopathology enabled categorization of individual tissue sec-
tions (Table S2) as predominantly preserved, granulomatous, or
fibrotic. Samples were processed for snRNA-seq, quality con-
trol filtered, and harmonized as described™ (see Supplemental
Methods).

Lymphocyte and V(D)J Analysis

B- and T-cell receptor sequences within Cell Ranger BAM files
were analyzed using TRUST4'" to reconstruct rearranged V(D)
J sequences. Recovered nuclei, expressing antigen receptors
and excluded by snRNA-seq quality control filters, were rein-
tegrated, and all lymphocytes were analyzed together. Clonality
was assessed by V(D)J junction sequences (see Supplemental
Methods).

Phage Immunoprecipitation Sequencing

We synthesized recombinant antibodies corresponding to
B-cell clones and, together with commercial control antibod-
ies (Table S7 and Supplemental Methods), profiled duplicate
phage immunoprecipitation sequencing (PhlP-seq) libraries
comprising overlapping human peptides encompassing the
peptidome or microbial and allergen peptides.®'® Reactivity of
the PPL (periplakin) autoantibody, representing other autoanti-
bodies, was confirmed by immunoprecipitation analyses.

Spatial Transcriptomics

Spatial transcriptomic profiling (10x Genomics Xenium plat-
form) of fresh-frozen and archival formalin-fixed, paraffin-
embedded tissues was analyzed using the Human Multi-Tissue
and Cancer Gene Panel supplemented with 100 custom genes
(Table SB). Data were integrated onto adjacent hematoxylin &
eosin—stained sections.

Statistical Analysis

Bioinformatic analyses were performed using R Statistical
Software (v4.4.0, R Core Team 2021) and Seurat vb."? Cell type
and state abundance were assessed using centered log-ratio
transformation before linear modeling and marker genes iden-
tified by the Wilcoxon rank-sum test. Differential gene expres-
sion (false discovery rate <0.05) for pseudo-bulk data was
analyzed using the quasi-likelihood framework in edgeR v4.'®
Hypergeometric testing assessed Gene Ontology enrichment
using clusterProfiler'* and T- and B-cell clonotype size distri-
butions. Multiple testing was corrected using the Benjamini-
Hochberg method. Data are presented as mean+SEM unless
stated otherwise.

Data and Materials Availability
CS snRNA-seq and spatial transcriptomic data sets are avail-

able in Gene Expression Omnibus under accession num-
bers GSE319770 and GSE319771, respectively. Published
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control and DCM snRNA-seq data™ were deposited in the
European Genome—Phenome Archive (accession number
EGAS00001006374). The custom code used in this article is
available at https://github.com/mneyazi/cardiac_sarcoidosis.

RESULTS

Study Cohort

Cardiac tissues from 22 patients with CS (65% with
extracardiac involvement) were obtained from the left
ventricular free wall (LVFW; n=21), left ventricular (LV)
apex (n=6), LV interventricular septum (IVS; n=7), and
right ventricular free wall (n=7; Figure 1A and Tables
S1 and S2) during ventricular assist device placement
(n=7), cardiac transplantation (n=13), myectomy (n=1),
or autopsy (n=1). Self-reported ancestries were African
(n=10), Northern European (n=10), or Asian (n=2). LV
ejection fraction was <35% in 18 patients with CS. Sev-
en patients received immunosuppression before tissue
collection (Table S1). Although microbial infections may
trigger sarcoidosis,’ genome sequences from 9 patients
with CS (Table S2) excluded bacterial, viral, or fungal se-
quences (Supplemental Methods).

Cellular Compositional Changes in CS Hearts

Based on predominant histopathologic findings (Fig-
ure 1B and 1C) and confirmed by cellular composition
analyses of snRNA-seq data, we classified 41 CS tis-
sues as preserved (normal myocardial architecture),
granulomatous (prominent multinucleated giant cells), or
fibrotic (reduced cellularity, prominent collagen-rich ex-
tracellular matrix [ECM]; Figure S2). Among 9 CS hearts
with multiple samples, 5 had heterogeneous histopa-
thologies and 4 were uniform, including 1 with preserved
architecture (Table S92).

From tissue immediately adjacent to the classified
histopathologic sections, we isolated and processed
nuclei for snRNA-seq (Supplemental Methods). Using
Harmony,'® we integrated snRNA-seq data from CS,
12 nonfailing donor hearts (15 LVFW, 9 right ventricu-
lar free wall, 7 IVS), and 29 DCM hearts (27 LVFW, 21
right ventricular free wall, 18 IVS)? processed using
identical protocols (Figure 1A). The final data set con-
tained 584 906 nuclei, including 185893 CS nuclei from
preserved (n=54177), granulomatous (n=30912), and
fibrotic (n=100804) regions; 133336 control nuclei;
and 265677 DCM nuclei (Figure 1D).

Ventricular tissues contained 10 major cell types: car-
diomyocytes; fibroblasts; lymphoid, myeloid, neuronal,
endothelial, smooth muscle, and mast cells; adipocytes;
and pericytes (Figure 1D). Cell type proportions (Fig-
ure 1E and Figure S3) indicated that disease depleted
cardiomyocyte abundances, with the greatest loss in CS
(47.7%%2.5% versus CS 23.2%+2.7% [P=5.8e-6]). CS,
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Figure 1. Variation in the cellular composition of 3 cardiac sarcoidosis regions.

A, Representation of ventricular tissues sampled from control, dilated cardiomyopathy (DCM), and sarcoid hearts (cardiac sarcoidosis [CS]).
Samples were taken from the left ventricular free wall (LVFW), interventricular septum (SP), and right ventricular free wall (RVFW). B, Hematoxylin
& eosin—stained sections from a CS heart demonstrating patchy histopathology with preserved, granulomatous (delineated by dashed outline),
and fibrotic regions. C, Higher magnification of the tissue presented in B demonstrating cellular features of preserved (normal cardiac
architecture), granulomatous (multinucleated giant cell [arrowhead] and immune cells), and fibrotic (reduced cellularity and increased extracellular
matrix) regions. D, Uniform manifold approximation and projection embedding of nuclei obtained from control, DCM, and CS tissues characterized
by single nucleus RNA sequencing identified 10 cell types. E, Proportional abundances of cell types that differed among control (ctrl), DCM,

and CS tissues. Benjamini-Hochberg—adjusted P values (false discovery rate <0.05) for each test condition relative to controls (black) and

DCM (green) are shown. F, Proportional abundances of cell types that differed among control, DCM, and sarcoid tissues, stratified as preserved
(pre), granulomatous (gran), or fibrotic (fibr) by histopathology. Benjamini-Hochberg—adjusted P values (false discovery rate <0.05) for each

test condition relative to controls (black) and DCM (green) are shown. AD indicates adipocytes; CM, cardiomyocytes; EC, endothelial cells; FB,
fibroblasts; NC, neuron cells; PC, pericytes; and SMC, smooth muscle cells.
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unlike DCM, significantly expanded fibroblasts (mean CS,
23.1%=%1.4%; mean control, 15.2%1.6% [P=b.9e-4]).
Immune cell population abundances varied consider-
ably in CS, reflecting heterogeneous histopathology,
with 6.4-fold more lymphocytes (10.9%%2.2% versus
1.7%=0.4% [P=6.9e-7]) and 2.7-fold more myeloid cells
(13.0%+1.2% versus 4.8%*1.0% [P=2.1e-6]) than
controls. Correlation analyses of cell type proportions
showed that CS hearts lacked the reciprocal relationship
between cardiomyocytes and fibroblasts found in control
hearts and identified a strong negative correlation (more
pronounced than in DCM) between lymphoid and cardio-
myocyte populations (Figure S4).

Region-stratified cell type proportions (Figure 1C
and Figure Sb) showed considerable similarities for
preserved CS and control tissues, with cardiomyocytes
comprising almost 50% of all nuclei. By contrast, CS
granulomatous tissues had 4.3-fold fewer cardiomyo-
cytes (10.9%+4.3% [P=1.4e-8]), 17-fold more lymphoid
cells (28.1%=6.1%; control, 1.7%=+0.4% [P=1.9e-11]),
and 3.7-fold more myeloid cells (17.9%1.9%; con-
trol, 4.8%+1.0% [P=4.5e-5]). Fibrotic CS was simi-
larly cardiomyocyte-depleted compared with control
(14.4%%1.7% [P=2e-10]) and DCM (P=8.4e-b) tissues
and showed fibroblast enrichment (27.0%=1.8% versus
15.2%=+1.6% in controls [P=7.2e-4] and 18.0%=+0.9%
in DCM [P=3.4e-3]). In comparison with granulomatous
tissue, fibrotic CS had smaller proportional increases in
lymphoid cells (10.3%%2.6% [P=5.9e-8]) but maintained
an increased abundance of myeloid cells (13.8%1.9%
[P=T.7e-T)).

We considered whether cardiac function correlated
with histopathologic classifications or cell abundances,
recognizing several limitations (ie, a small study cohort,
few patients with normal cardiac function, variable treat-
ment profiles and outcomes, regional tissue analyses
rather than complete myocardial analyses). Immunosup-
pressive therapy (15 of 22 patients with CS), confounded
by heterogeneity in regimen, duration, and timing relative
to tissue sampling, had no substantive impact on cell
type composition in preserved, fibrotic, or granulomatous
regions or on differential gene expression in cardiomyo-
cytes, fibroblasts, or myeloid or lymphoid cell populations
(Tables S1, S2, and S4 and Figure S6). Systolic function,
which was depressed in 17 of 22 patients, and ventricu-
lar tachycardia or fibrillation, which was documented in
13 patients and absent in 9 patients, showed no signifi-
cant associations with regional histopathology or tran-
scriptional changes (Tables S1 and S2 and Figure S8).

Spatial Transcriptomics Reveals Distinct
Cellular Neighborhoods
We assessed tissue microenvironments in 8 control and

10 CS (b granulomatous and fibrotic) samples using
spatial transcriptomics, probed using a multitissue plus
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custom genes panel (Figure 2A and 2C, Supplemental
Methods, and Table Sb). Three spatially distinct neigh-
borhoods were identified with enriched proportions of
cardiomyocytes, immune cells, or fibroblasts (Figure 2D—
2F). Control tissues contained almost exclusively (+90%)
cardiomyocyte neighborhoods. Because preserved CS
closely resembled control myocardium, we presumed
that cardiomyocyte neighborhoods predominated in pre-
served CS tissues. Cardiomyocyte neighborhoods were
reduced in granulomatous and fibrotic CS tissues (Fig-
ure 2H) and contained fewer cardiomyocytes and more
fibroblasts and immune cells than cardiomyocyte neigh-
borhoods from control tissues (Figure 21). Immune neigh-
borhoods were markedly increased in granulomatous
and fibrotic CS tissues, with higher lymphoid and myeloid
cell abundances, suggesting disease-specific inflamma-
tory microenvironments rather than physiologic immune
infiltration. By contrast, fibroblast neighborhoods, rare in
control and highest in CS fibrotic tissues, had similar cel-
lular compositions across groups.

Sarcoidosis Drives Inflammatory and
Electrophysiologic Gene Transcriptional
Remodeling in Ventricular Cardiomyocytes

We analyzed transcriptional changes across key cell
types to discern molecular signals vital to the neigh-
borhood differences in CS regions. The abundances of
previously characterized cardiomyocyte transcriptional
states (ventricular cardiomyocytes)® were modestly dif-
ferent between CS stratified by tissue histopathology
and controls (Figure 3A and B and Figure S7). However,
differential gene expression revealed notable changes
(Table S6).

Across all CS regions, cardiomyocytes upregu-
lated genes encoding for E3 ubiquitin protein ligases
(HECTD1, HECTD2, HECTD4'®) and downregulated
genes involved in ATP production (eg, NADH dehydro-
genase subunit, cytochrome ¢ oxidase subunits'). Such
abnormalities in preserved CS inferred heightened pro-
tein ubiquitination and compromised energetics predated
sarcoid histopathology.

In granulomatous and fibrotic regions, cardiomyo-
cytes downregulated FOXOS3B, a transcriptional modu-
lator of autophagy or cell death, and CSRPS3, encoding
a muscle-specific LIM protein involved in force trans-
mission and autophagy. Pathogenic variants in CSRP3
cause DCM and reduced expression accompanies heart
failure (HF).'®

Cardiomyocytes in preserved, granulomatous, and
fibrotic regions progressively dysregulated expression of
cardiac electrophysiologic genes (Figure 3C), including
downregulation of CALM2 and PERP. CALMZ encodes
a modulator of calcium-calmodulin-dependent chan-
nels and kinases and pathogenic variants cause life-
threatening arrhythmias.' PERP encodes a desmosome
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Figure 2. Spatial transcriptomics delineates distinct cellular neighborhoods in cardiac sarcoidosis tissues.

A through C, Spatial transcriptomics analyses of cardiac sarcoidosis tissues classified as preserved (A), granulomatous (B), and fibrotic (C).
Colors denote cell types, inferred by expression of marker genes. D through F, Spatial defined neighborhoods (denoted by colors) from tissues
shown in panels A through € were enriched for cardiomyocytes (CMs), immune cells (lymphoid [Lymph] and myeloid [Myel]), or fibroblasts (FBs).
G, Pie charts summarizing cell-type compositions within each neighborhood. H, Comparisons of the prevalence of each neighborhood in control
and sarcoidosis samples. Benjamini-Hochberg—adjusted P values from t tests displayed when false discovery rate <0.05. I, Comparisons of the
cell type composition within spatial neighborhoods between control and cardiac sarcoidosis tissues. Benjamini-Hochberg—adjusted Pvalues from
ttests displayed when false discovery rate <0.05. EC indicates endothelial cells; PC, pericytes; and SMC, smooth muscle cells.
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Figure 3. Transcriptional remodeling of cardiomyocytes and fibroblasts in cardiac sarcoidosis.

A, Uniform manifold approximation and projection distinguishing 9 cardiomyocyte transcriptional states (ventricular cardiomyocytes [vVCMs]),
denoted by colors, in control, dilated cardiomyopathy (DCM), and cardiac sarcoidosis (CS) tissues. B, Proportional abundance of vCMs 1.2 and
4.0 in preserved (pre), granulomatous (gran), and fibrotic (fibr) CS compared with DCM and control tissues. €, Relative cardiomyocyte expression
of genes involved in autophagy, oxidative phosphorylation, cardiac conduction, rhythm regulation, and inflammation in CS and DCM tissues.

Color represents log2FC relative to expression in control tissues; dot size reflects the —log10 Benjami
manifold approximation and projection of fibroblast transcriptional states (ventricular fibroblasts [vFBs]

ni-Hochberg—adjusted Pvalue. D, Uniform
) denoted by colors in control, DCM, and

CS tissues. E, Proportional abundance in vFB 1.1, 1.2, and 2.0 in preserved (pre), granulomatous (gran), and fibrotic (fibr) CS compared with

DCM and control tissues. F, Graphic representation of increased I1L-16 (interleukin-16) signaling from
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protein expressed in skin, lung, and cardiac fibroblasts,
and in cardiomyocytes, rare missense variants are associ-
ated with arrhythmogenic cardiomyopathies that typically
arise from altered desmosome proteins.?® Sarcoid cardio-
myocytes upregulated the potassium channel KCNCT,
involved in phase 1 repolarization,?" and gap junction pro-
tein genes GJA9 and GJBY, which regulate intercellular
coupling??

Dysregulated transcripts in neuronal cells (Table S6),
comprising ~1% of cardiac cells (Figure 1D), may con-
tribute to electrophysiologic instability in CS. Neuronal
cells upregulated GRIKZ (glutamate ionotropic receptor
kainate type subunit 2), encoding a kainate-type gluta-
mate receptor?® and NRXNT (neurexin-1), encoding a
key synaptogenic protein,>* potentially increasing neuro-
cardiac excitability.

Inflammatory transcriptional signatures were pro-
nounced in cardiomyocytes from granulomatous and
fibrotic regions. Cardiomyocytes upregulated /L TRAPand
its effector, STAT1, inferring activated IL-1 (interleukin-1)
pathways.?® Upregulation of GPR183 and IL7—genes
associated with lymphocyte migration, development, and
survival?®?’—indicated that cardiomyocytes directly con-
tributed to inflammation. Increased expression of the
necroptosis repressor BACHZ?® and of NLRC4, NAIP,
and CASP4, CASP5, and CASPS8—central mediators of
the inflammasome and pyroptosis®**—implied that car-
diomyocytes activated pyroptotic cell death pathways.
If confirmed, this observation could inform therapeutic
interventions, such as the Food and Drug Administra-
tion—approved antipyroptosis drug disulfiram® in CS.

Taken together, these data demonstrated that cardio-
myocytes in CS are progressively compromised by dys-
regulated energetic and electromechanical genes and
concurrently activate inflammatory gene programs.

Fibroblasts Remodel ECM and Drive
Proinflammatory Signaling

Abundance of fibroblast states (ventricular fibroblasts
[VFBs])®! indicated expansion of profibrotic vFB2, de-
marcated by POSTN and FAP?? in fibrotic and granu-
lomatous CS and in DCM (Figure 3E, Figure S9, and
Table S3). Unlike DCM, CS also upregulated antifibrotic
vFB1.2, characterized by SMADG* expression with ac-
companying loss of vFB1.1. These patterns suggested
distinct fibroblast-mediated ECM remodeling in CS and
DCM. Despite reduced abundances in CS, vFB1.1 in-
creased CCL19 expression >200-fold versus control
(P=8.6e-10; Table S6). CCL1%producing fibroblasts
promote tertiary lymphoid structures (TLS) in cancers,
enhancing local immunoglobulin production by B cells®
and contributing to autoimmune thyroiditis.®

Fibroblasts (and adipocytes) in granulomatous CS
selectively upregulated the chemoattractant /L716%°
(Figure 3F). Lack of augmented IL-16 (interleukin-16)
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signaling in preserved and fibrotic CS and DCM may indi-
cate a granuloma-specific fibroblast program for immune
cell recruitment. As such, the cells, similar to cardiomyo-
cytes, were affected by and participated in sustaining
local inflammatory processes in CS.

Myeloid States Highly Enriched in CS

Seven of 9 myeloid states in CS mirrored those previously
identified in DCM.8 In addition, CS was enriched for 2 mac-
rophage states: MP_GPNMB and MP_GPNMB_CHI3L1
(Figure 4A). MP_GPNMB, modestly increased in DCM and
scarce in preserved CS, was significantly elevated (=6%)
in granulomatous regions (Figure 4B and Figure S10).
MP_GPNMB  expressed M2 transcriptional signatures
(Figure 4C), including PPARG and DHRS9, and GPNMB,
a marker for reparative macrophages in the heart® These
cells also upregulated CYP27A1, an IFN-y (interferon-y)—
induced, vitamin D3—activating enzyme that enhances Toll-
like receptor-mediated antimicrobial responses, which is
inappropriately activated in granulomatous sarcoidosis.®

MP_GPNMB_CHI3L1, nearly absent in control and
DCM tissue, comprised #25% of CS myeloid cells and
was most abundant in granulomatous regions (Figure 4A
and 4B). Like MP_GPNMB, MP_GPNMB_CHI3L1
expressed GPNMB and CYP27A1, highlighting tran-
scriptional relatedness, but was enriched for CHI3LT
(encoding gp39 [glycoprotein-39]), a mediator of proin-
flammatory cytokine effects,*® and TNFSF13B (encoding
BAFF [B-cell activating factor]), involved in B-cell pro-
duction of autoimmune antibodies*® (Figure 4C). MP_
GPNMB_CHI3L1 cells also upregulated CD38, STAT],
and SLAMF7, inferring an IFN-y—promoted proinflam-
matory phenotype.*!#?

Notably, MP_GPNMB_CHI3L1 expressed DCSTAMF,
encoding a cell-fusion protein required for multinucleated
giant osteoclasts.”® Consistent with DCSTAMP expres-
sion, spatial transcriptomics demonstrated CHISL1 and
GPNMB coexpression in morphologically defined mul-
tinucleated giant cells (Figure 4D; top panel), whereas
cells expressing only GPNMB were mononuclear (Fig-
ure 4D; bottom panel). Based on these distinct mor-
phologic and transcriptional profiles (Figure 4C), we
denoted multinucleated giant cells in CS granulomas as
MP_GPNMB_CHI3L1 cells.

Gene Ontology enrichments (Figure 4E) indicated
that MP_GPNMB_CHI3L1 and MP_GPNMB shared
expression profiles linked to foam cell differentiation and
tissue remodeling, whereas only MP_GPNMB_CHI3L1
genes were enriched for pathways governing leuko-
cyte recruitment and activation. Additional studies of
key genes expressed in these macrophage states may
expand understandings of their distinct functions in CS
and inflammatory diseases.

These observations highlight the dynamic balance in
CS between immune activation (MP_GPNMB_CHI3L1:
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proinflammatory,  fusion-competent = state  closely
linked to multinucleated giant cells) and tissue repair
(MP_GPNMB: M2-like signals). We nominate CHI3L1
(chitinase-3-like protein 1) and the MP_GPNMB_
CHI3L1 states as plausible therapeutic targets for rebal-
ancing immune processes in CS, for example by using the
recently developed humanized anti-CHI3L1 antibody.**

Distinct Lymphocyte Subpopulations Reveal
Distinct Immune Responses in Granulomatous
and Fibrotic Regions of Sarcoidosis

Broader diversity of lymphocyte populations was re-
vealed by TRUST4'! analyses, which identified an addi-
tional 4993 nuclei expressing rearranged V(D)J genes
that were initially excluded by quality control filtering, in-
cluding highly differentiated immunoglobulin-producing
B cells (Supplemental Methods). These were integrat-
ed with the lymphoid nuclei from the main snRNA-seq
pipeline (Supplemental Methods). More B-cell receptor
than T-cell receptor sequences were identified by the
TRUST4 algorithm.

Lymphocyte populations were categorized as T cells
plus natural killer cells or B cells (Figure 5A=5C). Within
the T and natural killer cell compartment, we identified
7 states (Figure BA and 5D), 2 expressing RORC, the
master transcription factor driving Th17 differentiation.*®
CD4_T_RORC_RBRJ cells concurrently expressed
RBFJ, indicating a pathogenic Th17 phenotype.*® Other
notable transcripts included STATI, associated with
IFN-y—driven Th1 polarization,*” and DAPKZ2, upregu-
lated in activated T cells, where it dampens mTORC1
(mammalian target of rapamycin complex 1) and sup-
presses T- and B-cell interactions.”® CD4_T_BAFF cells
expressed RORC along with TNFSF13B (BAFF) and
the T-cell receptor activation marker RASGRF2* imply-
ing roles in B-cell activation and autoimmunity.*® Both
RORC-expressing cell states shared transcripts includ-
ing CHD?7, involved in T-cell development®® and DPP4,
an activated lymphocyte marker.!

Six distinct B-cell states were delineated (Figure 5C
and BD). Transitional B cells expressed developmental
genes, EBF 1, PAX5, and the BAFF receptor TNFRSF 135,
associated with humoral autoimmunity.523 |GHD and
IGHM coexpression defined naive B cells®® whereas
BCLE expression marked a germinal center-like state.®®
ITGAX expression characterized an age-associated
B-cell state linked to humoral autoimmunity.®® Plasma
cells were identified based on PRDM1 expression.®” B
cells with low transcriptional counts were inferred to
have a quiescent memory state. The considerable B-cell
diversity suggested a complex progression of B-cell acti-
vation and differentiation in CS tissues.

Immune cell abundances in CS varied among histo-
pathologic regions (Figure bF). CD4_T_RORC_RBRJ
cells were most abundant in granulomatous CS compared
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with control samples (15.8%1.9% versus 3.7%x0.8%;
P=29e-4), with modest increases in fibrotic CS, like
DCM. CD4_T_reg cells likewise showed greatest abun-
dance in granulomatous CS. Fibrotic CS were enriched
for transitional B cells (5.5%=1.4%) compared with DCM
(2%+0.3%; P=1.6e-4) and control tissues (4.1%=%1%;
P=5.3e-3), as were plasma cells (2.3%+0.3% versus
DCM 1.7%=0.3%; P=3.8e-4; versus control 2.2%0.3%;
P=3.6e-3). These data implied that pathogenic Th17
cells were active in granuloma formation, with concurrent
enrichment of regulatory T cells, plausibly moderating this
process, whereas fibrotic regions had abundant B cells
with transitional B cells and plasma cell differentiation.

V(D)J sequences of B- and T-cell clones were iden-
tified in CS, with CDR3 (complementarity-determining
region 3) sequences defining clonotypes (Figure 5G
and Supplemental Methods). Comparisons with germ-
line sequences revealed variants arising during V(D)J
rearrangement in primary lymphoid organs, and addi-
tional variants within tissue-resident B cells, indicative of
somatic hypermutation during clonal expansion. Cardiac
B cells showed more variants than T cells (56.93+£2.2
variants/100 bp versus 0.77+0.33 variants/100 bp).

B-cell and T-cell clone sizes (defined as numbers of
cells comprising each clone) varied by disease status.
Control, DCM, and preserved CS tissues had few, small
B-cell clones (maximum cells per clone=6; Figure 5H,
left panel). Both granulomatous and fibrotic CS tissues
had more and larger clones, including 1 clone with 89 B
cells (P=8e-4 compared with controls) and comprised
up to 14.9% of B cells with rearranged antibody genes
in the CS tissue (sample SS-1065_SP; Table S8). T-cell
clone sizes did not differ among control, sarcoid, or DCM
samples, and were considerably smaller than B-cell
clones (Figure 5H, right panel).

Using CS hearts with multiple tissue samples from dif-
ferent cardiac regions (Figure 1A), we identified identical
B- and T-cell clonotypes across spatially separated sites.
In participant AOO69, 1 B-cell clone spanned the LVFW
and IVS, and in participant AO239, 1 T-cell clone resided
in separated LVFW segments. Similarly, 3 B-cell and 2
T-cell clones were found in both the right ventricular free
wall and IVS from participant SS-1065 (data not shown).

Collectively, the increased B-cell abundances with tran-
scriptional signatures of intracardiac B-cell maturation
indicated vigorous B-cell clonal expansion with somatic
hypermutation and intracardiac dissemination. Combined
with enrichment of T-cell states, these findings implied
activation of coordinated adaptive immunity that promoted
granuloma formation and fibrotic remodeling in CS.

Spatially Defined Immune Microenvironments
Characterize TLS Formation in CS

We assessed whether distinct immune cell types formed
unique spatial clusters within CS tissues by refining
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Figure 5. Pathogenic T cells and clonally expanded, activated B cells in cardiac sarcoidosis.
A, Uniform manifold approximation and projection embedding of T cell and natural killer (NK) cell nuclei, colored by transcriptional states labeled

with specific marker genes, from control, dilated cardiomyopathy (DCM), and cardiac sarcoidosis tissues. B and €, Uniform manifold approximation

and projection of B-cell nuclei, colored by B-cell states (B) and by nuclei identified by standard pipeline (brown) or added after (Continued)
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Figure 5 Continued. TRUST4 analyses of rearranged V(D)J transcripts (C). D and E, Dot plots of scaled marker-gene expression for (D) T

and NK cell states defined in panel A and (E) B-cell states defined in panel B. F, Box plots comparing the proportions of lymphoid states across
conditions; Benjamini-Hochberg—adjusted P values for differences in cardiac sarcoidosis versus controls (black) and DCM (green) with false
discovery rate <0.05. G, Representative alignment of immunoglobulin variable (V) and joining (J) region sequences from a single B-cell clone.

A “parental” light chain sequence (including CDR3 [complementary-determining region 3] sequences, yellow) is shown, highlighting nucleotides
(colored boxes) that differ from germline (IGKV3-20) sequences. Below are sequences from unique cells (identified by barcodes) carrying the
parental clonotype (=) and additional variants (highlighted nucleotides), indicative of somatic hypermutation. H, Rank-abundance curves illustrating
clone-size distributions (cells per clone) for each sample, ordered by total clone count and grouped by diagnosis. P values are shown for groups
with significant enrichment of expanded clones containing 26 cells for B-cell receptor or >2 cells for T-cell receptor—the largest clone sizes

observed in control samples.

neighborhood analyses and incorporating MP_GPNMB_
CHI3L1 cells (comprising multinucleated giant cells) and
mononuclear myeloid, B, and T cells with the initial cell-
type annotations (Figure 2D-2G). Within granulomatous
and fibrotic regions, immune neighborhoods clustered
into 3 distinct niches (Figure 6A). T-cell neighborhoods
had 24% T cells, few (7%) B cells, and 18% myeloid
cells. Myeloid neighborhoods had the greatest MP_
GPNMB_CHI3L1 abundance (39%) and 21% to 22%
myeloid and T cells. B-cell neighborhoods had almost
50% B cells, 24% T cells, 11% MP_GPNMB_CHI3L1,
and 6% mononuclear myeloid cells.

Within granulomatous CS, B-cell neighborhoods
were rare (0.1%), but comprised 1.4% of neighbor-
hoods in fibrotic CS (Figure S18). Notably B-cell
neighborhoods in fibrotic CS were clustered into TLS
(Figure 6D), characteristic of chronically inflamed tis-
sues, and previously identified in allograft transplanted
heart tissues.®® Fibrotic CS tissues also were enriched
in plasma cells (Figure 5F), further supporting that
clustered cells formed TLS. Similar to previous snRNA-
seq studies that reported poor detection of prototypi-
cal immune cell surface markers,®® we identified few
transcripts encoding CD20 and CD23—proteins that
demarcate B cells and follicular dendritic cells within
TLS.6% We therefore used immunofluorescence staining
and observed aggregates of CD20-positive B cells and
CD23-positive follicular dendritic cells forming regional
clusters, consistent with TLS structures in fibrotic CS
tissues (Figure 6E and Supplemental Methods). Simi-
lar cellular aggregates were not observed in control or
DCM sections (Figure S12). These data suggested that
spatially defined B-cell neighborhoods constitute TLS,
and the myeloid-cell neighborhoods reflect core granu-
loma cells with enrichment of MP_GPNMB_CHI3L1.

TLS foster the production of autoreactive B cells
targeting autoantigens by enabling B-cell maturation
and clonal expansion outside of secondary lymphoid
tissues.®' Notably, CCL19, which promotes TLS forma-
tion, was most highly expressed in myeloid neighbor-
hoods; its cognate receptor, CCR7, was highest in B-cell
neighborhoods (Figure 6F), implying the cellular targets
of CCL19 signaling are preferentially located in B-cell
neighborhoods. Moreover, CCR7 expression signifi-
cantly correlated with the maximum size of B-cell clones
(R=0.602, P=1.43x10%; Figure 6G), further supporting
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arole for CCL19-CCRY signaling activity in B-cell expan-
sion within CS. These data support the conclusion that
specialized immune microenvironments in CS promote
neighborhoods that form TLS with the potential to pro-
duce autoreactive antibodies that could contribute to
evolving histopathology during disease progression.

B-Cell Clones in CS Tissue Encode
Autoreactive Antibodies Targeting Cardiac
Proteins

snRNA-seq defined full-length heavy and light chain se-
quences of 16 different clones obtained from b5 differ-
ent participants. We synthesized recombinant antibodies
using the full-length V(D)J sequences encoding both
immunoglobulin heavy and light chains from clonally ex-
panded B cells within fibrotic or granulomatous tissues
from 5 CS hearts (Table S7). Recombinant antibodies
were screened by phage immunoprecipitation sequenc-
ing to discover target epitopes using duplicated libraries
containing *600 000 overlapping peptides spanning the
human peptidome,® along with >120000 microbial pep-
tides derived from viral, bacterial, protozoan, fungal, and
archaeal organisms, as well as plant- and animal-derived
allergens.’® Commercially available antibodies targeting
B-tubulin, caspase, and plectin served as positive con-
trols (Supplemental Methods).

Positive control monoclonal antibodies (plectin and
caspase; Table S8) and a polyclonal antibody (B-tubulin;
Table S8) bound their target peptides with high confi-
dence (z scores >100) and also reacted with other
human peptides. None of the 16 recombinant CS anti-
bodies reacted with nonhuman peptides or allergens,
and 5 had no reactivity to any human peptide. Eleven CS
antibodies were highly immunoreactive to 34 different
human proteins, including 10 antibodies that reacted to
contiguous peptides with overlapping epitope sequences
(Table S8).

The targets of these immunoreactive CS antibodies
included proteins previously implicated in inflammation
(eg, USP5 [ubiquitin-specific protease 5] in Kawasaki
disease®?) or identified as autoantigens, including Lam-
bert—Eaton myasthenic syndrome (ERC1 [ELKS/Rab6-
interacting/CAST family member 1]%) and Takayasu
arteritis (SPATA7 [spermatogenesis-associated 7]%%).
Other immunoreactive proteins function in cytoskeleton
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Figure 6. Tertiary lymphoid structures in fibrotic regions of cardiac sarcoidosis.

A, Representative spatial transcriptomics images from cardiac sarcoidosis hearts (AO0O90 and SS1065) identified cardiomyocyte (CM)—enriched
and fibroblast (FB)—enriched neighborhoods (defined in Figure 2D-2G) and immune-enriched neighborhoods refined into B cell, T cell, and
myeloid (Myel) neighborhoods. B, Circle plots depicting the cellular composition within expanded immune cell neighborhood. €, Hematoxylin

& eosin—stained section of panel A (boxed) with a granuloma (white dashed lines) containing multinucleated giant cells overlaid with MP_
GPNMB_CHI3L1 (yellow), mononuclear myeloid (orange), T-cell nuclei (green), and B-cell nuclei (red) identified by spatial transcriptomics. Note
sparsity of immune cells in the preserved region below the granuloma. D, Hematoxylin & eosin—stained section of panel A (boxed) showing a
fibrotic region surrounding preserved region, overlaid with nuclei (defined in C), identified by spatial transcriptomics. The fibrotic region contained
tertiary lymphoid structures (TLS; boxed) with B, T, mononuclear myeloid, and MP_GPNMB_CHI3L1 cells. E, Immunofluorescence staining of
cardiac sarcoidosis myocardial tissue depicting TLS, with CD20 highlighting clustered B cells and CD23 highlighting follicular dendritic cells. F,
Dot plot showing scaled expression of CCL19 and CCRY7 across spatial neighborhoods in cardiac sarcoidosis tissues. G, Scatterplot showing
the correlation between CCR7 expression and maximum B-cell clone size across all analyzed samples. H, Bar plot showing PhIP-seq Z scores
for HV55-3 and all other recombinant antibodies against 2 overlapping Periplakin peptides. I, Inmunoprecipitation of BxPC3 cell lysate using
antibody HV55-3, shown alongside full lysate input. J, A model of cardiac sarcoidosis progression, in preserved, granulomatous, and fibrotic
regions. EC indicates endothelial cells; PC, pericytes; and SMC, smooth muscle cells.
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organization and specialized intercellular junctions, includ-
ing SPECCI1L (sperm antigen with calponin homology
and coiled-coil domains 1-like), an adherens junction
protein®® and PPL, an autoantigen in paraneoplastic
pemphigus® and component of desmosomes®” that
support structural integrity in epithelial cells within skin,
lung, and myocardium—tissues prominently involved in
sarcoidosis.” Overall, CS antibodies were highly immuno-
reactive to 14 proteins that were previously identified as
human autoantigens (Table S8).

We validated the activity of 1 representative antibody,
HV55-3, which comprised 6% (29 cells) of all B cells in
the AOO90 LV sample and targeted 2 linear PPL pep-
tides (Table S8). HV55-3 robustly immunoprecipitated
native PPL from protein extracts of the PPL-expressing
BxPC3 cell line® (Figure 6l).

We propose a working model that integrates the
potential pathogenic signals identified by snRNA-seq,
spatial transcriptomics, and PhlP-seq in CS myocardium
(Figure 6J). This schematic outlines a potential sequence
linking inflammatory cell infiltration, granuloma formation,
cardiomyocyte injury, fibrotic remodeling, TLS organiza-
tion, and B-cell-mediated autoimmunity. The proposed
sequence, supported by multi-omic data, provides a
framework for mechanistic studies and potential thera-
peutic targets in CS.

DISCUSSION

Through comprehensive analyses of CS tissues by
snRNA-seq, spatial transcriptomics, V(D)J profiling, and
PhlIP-seq, we identified molecules and pathways that
drive cardiac remodeling with unique histopathology in
this enigmatic disorder. Differentially expressed genes in
CS could compromise electrophysiology and energetics
and incite inflammation to promote cardiomyocyte loss
and fibroblast expansion, and propel HF. Some dysregu-
lated genes and pathways were shared with DCM, but
many were distinctive. Most notably, CS profoundly al-
tered immune processes that promoted granuloma for-
mation and autoimmune activation. By precise definition
of these signals, we identified new potential CS thera-
peutic targets.

A pivotal design of these studies was initial assess-
ment of histopathologic regions—preserved, granulo-
matous, and fibrotic—which were individually or multiply
present in CS hearts. Each of these regions had dis-
tinctive properties in comparison with normal and DCM
hearts. The cellular composition of preserved CS tissues
resembled healthy myocardium but altered gene expres-
sion and immune cell polarization indicated early signals
of active disease. Granulomatous regions displayed mul-
tinucleated giant cells, the canonical diagnostic pathol-
ogy of CS, with intense immune activities activated by
specific cells, cytokines, and transcriptional programs.
Fibrotic regions, notable for marked cardiomyocyte
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depletion, abundant fibroblasts, and increased ECM,
showed retention of robust immune infiltrates and, unex-
pectedly, formation of TLS. The consequence of these
cellular processes, a burnt-out myocardium, also char-
acterizes DCM, but the regional diversity with distinct
immune cell properties indicated profoundly different
mechanisms for adverse cardiac remodeling.

Spatial transcriptomics were key to understanding
these processes. By defining discrete neighborhoods
in each CS region, we observed distinct spatial archi-
tectures. Combined with detailed transcriptional data,
immune-rich neighborhoods were further classified
into niches composed of lymphocyte and stromal cells,
myeloid and giant cells, and highly enriched B-cell TLS.
These findings underscored roles played by specialized
immune cells in progressive remodeling after granulo-
mas are resolved, an observation that indicated the need
for prolonged therapy in CS.

The pervasive dysregulation of electrophysiologic
genes in cardiomyocytes suggested plausible links to
increased arrhythmic risks in CS, even when cardiac
architecture was preserved. Downregulation of tran-
scripts encoding electrophysiologic proteins, similar to
pathogenic loss-of-function variants, when combined
with inflammation, could increase arrhythmogenicity.
Moreover, the regionally segregated abnormalities may
contribute to limited efficacy of focal antiarrhythmic
interventions, such as ablation, in comparison with sys-
temic therapies, as was recently proposed.®® Exploring
the electrophysiologic consequences of dysregulated
genes in CS may clarify mechanisms and therapeutic
targets.

Fibroblasts, which are key contributors to ECM expan-
sions in many forms of heart disease, had unique roles
in CS, and heighten both inflammatory and fibrotic
responses. Increased IL-16 expression in fibroblasts
echoed findings in rheumatoid arthritis, where this cyto-
kine sustains chronic inflammation.™ Fibroblast produc-
tion of CCL19likely enhanced TLS formation in CS, as in
other disorders.®* Targeting these proinflammatory fibro-
blasts presents novel therapeutic opportunities for CS.

CS analyses delineated 2 states of GPNMB-positive
macrophages, with plausible functional differences that
refined previous characterization of these cells in granu-
lomatous tissues.”"? GPNMB-positive mononuclear cells
exhibited immunosuppressive transcripts. Conversely,
GPNMB-positive cells that expressed CHISLT were
consistently associated with multinucleated cells, highly
enriched in granulomatous CS, and marked by proinflam-
matory polarization with BAFF expression, a key cytokine
for B-cell maturation. These data suggested that inter-
play between opposing myeloid states may regulate
granuloma dynamics and potentially provide levers for
therapeutic intervention.

T cells displayed considerable phenotypic diver-
sity, including pathogenic Th17-like populations and a
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BAFF-producing subset capable of driving B-cell activa-
tion.*® In line with these multiple sources of BAFF, we
identified robust B-cell infiltration, clonal expansion, and
somatic hypermutation in both fibrotic and granuloma-
tous regions, reinforced by the local formation of TLS in
CS.

The application of TRUST4 analyses to snRNA-seq
provided remarkable insights into B-cell responses in CS.
We provide the first evidence for clonally expanded myo-
cardial B cells that produced patient-specific antibodies
in CS. By synthesizing antibodies encoded by clonally
expanded B cells (comprising >10% of rearranged B
cells in CS tissues), we identified strong autoreactivity
to proteins previously identified as autoantigens in other
diseases, including PPL. This desmosome protein is also
targeted by autoantibodies in paraneoplastic pemphi-
gus,®® a most unlikely coincidence.

Circulating autoantibodies directed against myocardial
antigens occur in myocarditis that progresses to DCM,™
suggesting substantial clinical relevance. From analyses
of 66 DCM tissues with genetic and nongenetic patho-
geneses, we identified neither intramyocardial B-cell
clones nor evidence for TLS organization. We therefore
suggest that TLS with clonal expansion of B cells and
intramyocardial autoantibody production are not generic
features of advanced HF but characteristic of CS, and
potentially other inflammatory cardiomyopathies.

Factors that initiate sarcoidosis and CS remain
unknown, but our analyses support an autoimmune com-
ponent in pathogenesis. Moreover, as reconstruction of
full-length antibodies from snRNA-seq sequence data
is challenging and incomplete recovery of both heavy
and light chains prevents synthesis and analyses of
all clonally expanded antibodies, these analyses likely
underestimated the breadth of the antigenic repertoire
in CS. Among 16 reconstructed antibodies, 5 lacked
reactivity, possibly reflecting conformational epitopes,
post-translational modifications, or sequences spanning
tile boundaries in PhIP-seq libraries. By contrast, 11 anti-
bodies targeted 35 patient-specific autoantigens. Delin-
eating the full autoantigenic repertoire will necessitate
additional high-resolution, unbiased approaches to dis-
cern endogenous or exogenous sources of epitope, and
functional studies to illuminate their pathogenic roles in
sarcoidosis.

The finding of autoantibodies in CS that target a com-
ponent of desmosomes and adherens junction (Table S8)
was unexpected. CS shares clinical manifestations with
arrhythmogenic DCM that arises from loss-of-function
variants in genes encoding desmosome proteins, or rare
desmosome autoantibodies™; our findings provide
plausible explanations for these similarities. B-cell acti-
vation during cardiomyocyte injury may heighten arrhyth-
mic risks in CS, arrhythmogenic cardiomyopathies, and
other inflammatory cardiomyopathies. B-cell activation
in fibrotic regions, devoid of granulomas, may indicate
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persistent or augmented autoimmunity as disease pro-
gresses. This hypothesis is supported by case reports of
improvement in patients with advanced refractory sar-
coidosis treated with the B-cell-depleting anti-CD20
monoclonal antibody rituximab.”® Our studies indicate
additional agents, such as CHI3L 1-targeting therapies*
or the BAFF inhibitor belimumab,” that warrant immuno-
modulatory analyses in CS.

Integrating the snRNA-seq, spatial transcriptomic,
and PhlP-seq data from CS tissues, we propose a model
(Figure 6G) that links evolving cellular and molecular pro-
cesses to drive disease progression. In this framework, an
undefined initiating stimulus creates a permissive envi-
ronment for myeloid cell infiltration into the myocardium,
with monocytes differentiating into GPNMB*CH13L1*
macrophages that participate in granuloma formation
and drive expansion of myeloid, T cells, and B cells. The
resulting proinflammatory milieu injures cardiomyocytes,
promoting electrical remodeling and cell loss that stimu-
lates ECM expansion by activated fibroblasts. As inflam-
matory signals wane, granulomas resolve and fibrosis
emerges with immunomodulatory fibroblasts and T
cells that promote TLS formation, B-cell expansion, and
immunoglobulin diversification, including production of
autoantibodies against cardiac proteins. Together these
processes sustain inflammation and progression to HF.

Additional studies and mechanistic analyses may fur-
ther advance insights into CS pathogenesis. Analyses of
earlier changes in the cellular composition and molecu-
lar signals may improve identification of initiating sig-
nals. Clinical data that fully capture cardiac function and
immunosuppressive therapies are also needed to define
whether cellular compositions and molecular signals
influence disease trajectories. Analyses of circulating as
well as resident immune cells in other involved tissues
may clarify the broader impact of autoantigens, informing
mechanisms underlying the remarkable tissue tropism of
sarcoidosis and increasing understanding of the adaptive
immune response in this and other enigmatic diseases.

CONCLUSION

Our findings emphasize that CS is a spatially organized
disease comprising 3 distinct tissue environments, sus-
tained by complex immune dynamics and parenchymal
cell dysfunction. Local interactions appear essential for
B-cell autoimmunity and chronic tissue damage that
may underpin life-threatening arrhythmias and HF. By
combining single-cell V(D)J profiling with PhIP-seq, we
discovered PPL and other autoimmune targets in CS.
Application of this strategy may uncover unrecognized
self- or exogenous-derived antigens across other enig-
matic immune-mediated diseases. Understanding these
pathogenic mechanisms should enable development of
precise therapeutics that mitigate inflammatory damage,
reducing fibrotic remodeling and ultimately improving
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outcomes in CS and other challenging autoimmune dis-
orders.
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