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Castleman disease (CD) represents a group of rare, heterogeneous and poorly understood disorders that share characteristic
histopathological features. Unicentric CD (UCD) typically involves a single enlarged lymph node whereas multicentric CD (MCD)
involves multiple lymph node stations. To understand the cellular basis of CD, we undertook a multi-platform analysis using
targeted RNA sequencing, RNA in-situ hybridization (ISH), and adaptive immune receptor rearrangements (AIRR) profiling of
archived tissue from 26 UCD, 14 MCD, and 31 non-CD reactive controls. UCD showed differential expression and upregulation of
follicular dendritic cell markers (CXCL13, clusterin), angiogenesis factors (LPL, DLL4), extracellular matrix remodeling factors (TGFβ,
SKIL, LOXL1, IL-1β, ADAM33, CLEC4A), complement components (C3, CR2) and germinal center activation markers (ZDHHC2 and
BLK) compared to controls. MCD showed upregulation of IL-6 (IL-6ST, OSMR and LIFR), IL-2, plasma cell differentiation (XBP1), FDC
marker (CXCL13, clusterin), fibroblastic reticular cell cytokine (CCL21), angiogenesis factor (VEGF), and mTORC1 pathway genes
compared to UCD and controls. ISH studies demonstrated that VEGF was increased in the follicular dendritic cell-predominant
atretic follicles and the interfollicular macrophages of MCD compared to UCD and controls. IL-6 expression was higher along
interfollicular vasculature-associated cells of MCD. Immune repertoire analysis revealed oligoclonal expansions of T-cell populations
in MCD cases (2/6) and UCD cases (1/9) that are consistent with antigen-driven T cell activation. The findings highlight the unique
genes, pathways and cell types involved in UCD and MCD. We identify potential novel targets in CD that may be harnessed for
therapeutics.
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INTRODUCTION
Castleman disease (CD) is broadly categorized into unicentric and
multicentric disease.1 Unicentric CD (UCD) has minimal systemic
symptoms, is restricted to a single lymph node station, and is
generally cured by excisional surgery.2–4 Multicentric CD (MCD) is
characterized by widespread lymphadenopathy, systemic inflam-
mation, and multi-system organ dysfunction and is treated by
immunotherapy and chemotherapy.5 MCD is further subclassified
based on etiologies and treatment approaches: human
herpesvirus-8 (HHV-8)-associated, Polyneuropathy, Organomegaly,
Endocrinopathy, Monoclonal protein and Skin changes (POEMS)-
associated MCD and HHV-8 negative idiopathic MCD (iMCD). iMCD
includes newly described variants such as Thrombocytopenia,
Anemia, Fever, Reticulin fibrosis and Organomegaly (iMCD-
TAFRO).6 The distinction between the various entities is difficult
on morphologic criteria alone and requires integration of clinical,
radiologic and pathologic findings.7

Characteristic histopathological features of CD range from a
hyaline vascular pattern to a plasmacytic pattern. UCD lymph
nodes often have FDC-enriched atretic follicles with shared mantle

zones, and prominent interfollicular vascularity with hyalinization
(hyaline vascular pattern). In contrast, MCD contain atretic or
hyperplastic follicles and increased interfollicular vascularity and/
or plasmacytosis that can be described as hyaline-vascular/
hypervascular, plasmacytic or mixed.8 The atretic follicles are
enriched in follicular dendritic cells while the mantle zones are
enriched in B cells. The interfollicular zones are variably enriched
in activated endothelial cells, plasma cells, fibroblasts, macro-
phages and lymphocytes. Though the morphological character-
istics of CD are well described, the key cellular and molecular
pathways underlying the pathogenesis of these features have not
been elucidated.
MCD is characterized by a systemic hypercytokinemia that

includes IL-6, VEGF, IL-2, TNFα, IL-10, and CXCL13.9,10 The source of
hypercytokinemia depends on type of MCD. In HHV-8-associated
MCD, hypercytokinemia is driven by the virus11,12 while in POEMS-
associated MCD, it is produced by monoclonal plasma cells. IL-6 is
critical to the pathogenesis of the iMCD. Targeting IL-6 with
monoclonal antibodies tocilizumab or siltuximab ameliorates
iMCD symptoms in one-third to one-half of patients.13,14 VEGF is
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another important cytokine that is markedly increased in serum of
iMCD and POEMS.8,15 Though the central role of hypercytokinemia
in mediating the symptoms of iMCD is known, the etiology is
unclear. IL-6 is primarily produced by T cells, macrophages and
VEGF is produced by macrophages, platelets, and granulocytes,
but both cytokines can be produced by a variety of other immune
and stromal cells. Clonal populations of stromal cells or plasma
cells are reported by some studies,16,17 but not others.9,18

Cytogenetic abnormalities and monoclonality (by human andro-
gen receptor methylation assay) are noted occasionally in UCD.19

Targeted DNA sequencing studies show mutations of FAS,20 ETS1,
PTPN6, TGFBR2,21 MEFV,22 NCOA423, and PDGFRB24 mutations in
UCD and MCD. A transcriptome analysis of CD cases has not been
reported.
To better define the cells and molecules that contribute to

disease pathogenesis in CD, we utilized RNA in-situ hybridization,
RNA sequencing and immune repertoire profiling of archived
frozen and formalin fixed paraffin embedded (FFPE) tissue. We
analyzed these data to systematically compare the lymph node of
UCD and MCD. We reasoned this comparison of UCD, MCD and
reactive lymph nodes would provide novel and important findings
given the characteristic histomorphological changes in lymph
nodes that are essential for diagnosing CD. We identified several
differentially expressed genes and pathways in UCD and MCD that
could be harnessed for therapeutic purposes.

METHODS
Cases and controls
Cases of CD and non-CD lymph node controls were identified from the
pathology archives at the Children’s Hospital of Philadelphia and the
Hospital of the University of Pennsylvania. The study was approved by the
Institutional review boards and performed in accordance with the
Declaration of Helsinki. Unicentricity, lack of systemic symptoms and
histological features of attenuated follicles with shared concentric mantle
zones penetrated by hyalinized vessels were considered as diagnostic
features of UCD. Multicentricity, systemic symptoms, cytopenias, hyper-
gammaglobulinemia, serous effusions, atretic or hyperplastic follicles, and
interfollicular plasmacytosis or hypervascularity were considered as
diagnostic features of MCD. Subtypes of MCD were determined from
clinicopathologic data. Lymph nodes with reactive follicular hyperplasia,
Castleman-like changes, sinus histiocytosis and acute/chronic inflamma-
tion were identified as non-CD controls. Lymph nodes with castleman-like
changes such as attenuated germinal centers with expanded mantle zones
(without hyalinization or shared mantle zones) were appropriate controls
for morphological features of UCD. Reactive follicular hyperplasia, sinus
histiocytosis and plasmacytosis were controls for morphological features of
MCD. Clinical immunophenotypic analyses for neoplastic B cell or T cell
populations were negative in all the cases. Cases were reviewed and
assessed utilizing clinicopathologic criteria for MCD8 by hematopatholo-
gists. Information from pathology reports, histological review, radiological
studies, laboratory results and clinical course were integrated to determine
the final clinicopathologic diagnosis. RNAseq, RNAISH, AIRRseq were
performed based on tissue available in each case.

RNA sequencing
Targeted RNAseq analysis was successfully performed on limited and
archived FFPE tissues using the HTG EdgeSeq platform (HTG Molecular
Diagnostics, Arizona).25 This platform shows high correlation with other
RNAseq platforms and a low failure rate with FFPE.26,27 The Immune
Response Panel was used for the gene expression analysis of 2003
autoimmunity-related gene (Complete gene list in supplemental file 1) The
HTG EdgeSeq technology is based on the nuclease exclusion assay where
an excess of nuclease protection probes (NPP) complementary to each
mRNA hybridize to their targets. S1 nuclease removes unhybridized probes
and RNA, leaving only NPPs hybridized to their targets at a 1:1 ratio. FFPE
lymph node tissue from CD cases and controls were used to make 5 µm
thin sections. Tissue fragments were separated from the slides and
dissolved in lysis buffer by addition of proteinase K at 50 °C with shaking
for 3 h. 35 µl of processed tissue samples were transferred onto the HTG
EdgeSeq instrument for hybridization and S1 nuclease reaction. Molecular

bar codes and adapters were added, and the material was amplified using
a thermocycler. Libraries were purified with AMPure XP magnetic beads
(Beckman Coulter, USA) and quantified using KAPA BioSystems qPCR kit
(Roche, USA). Samples were sequenced using high output Next-Seq 500/
550 (single end, 75 bp, read length) (Illumina USA) according to the
manufacturers protocol. FASTQ files were parsed on HTG EdgeSeq parser
constructing a gene expression count matrix for each gene and each
sample. They were merged to form a single output file containing all genes
and all counts. Downstream analysis of RNA data was performed using
HTG Edgeseq Reveal, a web-based data analysis software. Gene counts
were normalized using quantile normalization (QN) based on best practice
guidelines previously applied with the HTG EdgeSeq targeted immuno-
oncology panel.28 Quality control of RNA sequencing data was performed
in line with recommendations from HTG, to satisfy cut-offs for sample
quality, sufficient read depth and minimal expression variability across
probes. Differential expression was assessed using DESeq2 package
(Python, within Reveal software, 2020 version). Additional data analysis
was performed in R.

Identification of differentially expressed genes in R
Read counts were filtered to include only genes with a read count of at
least 5 in greater than 10% of the samples. Patients were grouped by UCD,
MCD, and control categories. Differential expression analysis was
performed using Limma-Voom.29 Log fold change 0.5 and false discovery
rate of 20% were used. Formally, the contrast matrix included the following
comparisons: UCD–MCD, UCD–Controls, MCD–Controls and the design
matrix specified the following model for expected log-counts per million
(ygi) for gene G and RNA-seq sample i: EðygiÞ ¼ μgi ¼� 0þ disease

Pathway enrichment analysis
Pathway enrichment analysis for differentially expressed (DE) genes was
performed using Metascape, a web-based tool that combines functional
enrichment, interactome analysis, gene annotation, and membership
search of 40 independent knowledge databases.30 It uses the hypergeo-
metric test with Benjamini-Hochberg p-value correction and clustering of
similar enriched terms in core gene sets: pathway (Reactome Gene Sets,
Canonical Pathways, BioCarta Gene Sets, GO Biological Processes, Hallmark
Gene Sets, and KEGG Pathway), functional set (GO Molecular Functions),
structural complex (GO Cellular Components, KEGG Structural Complex,
and CORUM Protein Complex), and signature module (immunologic
signatures, oncogenic signatures, and chemical and genetic perturbations).
Terms with a P-value of < 0.01, a minimum count of 3 and an enrichment
factor of >1.5 (the enrichment factor is the ratio of the observed count
to the count expected by chance) were collected and grouped into clusters
based on their membership similarities. Kappa scores were used
as the similarity metric when performing hierarchical clustering of the
enriched terms; sub-trees with a similarity of > 0.3 were considered a
cluster. Representative terms within a cluster was selected as the ones
representing the cluster. Gene Set Enrichment Analysis was also
performed31 and showed similar results as Metascape.

Protein–protein interaction (PPI) network
PPI networks of intersection DEGs were analyzed with the threshold
(combined_score > 0.4) using the STRING tool, which can provide
interactions across matched proteins.32 Subsequently, molecular complex
detection (MCODE) was applied to extract sub-networks in PPI networks
with default algorithms (degree cut-off of 2, node score cut-off of 0.2,
K-Core of 2, and max. depth of 100).33

Immunohistochemistry and RNA in situ hybridization
FFPE tissue were utilized for immunohistochemistry (IHC) and RNAscope
analysis. IHC for CD138 (Dako MI15 clone, 1:200 dilution), CD163 (Leica
106D, 1:800), CD123 (BD Pharmingen 9F5, 1:110), CD20 (Dako LS26,
1:1000), CD31 (Dako JC70A, 1:200), and vimentin (Dako V9, 1:50) were
performed. Staining was performed on a Bond Max automated staining
system (Leica Biosystems, Germany) using the Bond Refine polymer
staining kit (Leica Biosystems, Germany) according to manufacturer
protocol. RNA in situ hybridization (ISH) was performed using RNAscope®

2.5 HD Duplex Assay (ACDBio) according to the manufacturer’s instructions
with probes for VEGF, IL-6, IL-6R, IL-1β, IL-2, IL-8, IL-10, and TNFα obtained
from ACDBio. A dual ISH-IHC protocol was validated to simultaneously
stain selected FFPE tissue slides with immunohistochemistry antibodies
and RNAscope® probes. Stained slides were digitally scanned at 20×
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magnification on an Aperio CS-O slide scanner (Leica Biosystems,
Germany). Appropriate positive and negative controls were utilized per
the manufacturer’s recommendation to ensure RNA integrity and exclude
background signal. RNAscope ISH was manually scored using a semi
quantitative scale from 0 to 4 following the manufacturer’s guidelines
(ACDBio). A score of zero is no staining or < 1 dot signal/10 cells. 1+ signal
is 1–3 dots/cell. 2+ signal is 4–9 dots/cell with no or very few dot clusters. 3
+ signal is 10-15 dots/cell and with < 10% of dots in clusters. 4+ signal is
>15 dots/cell and >10% dots are in clusters. Lymph node regions such as
the germinal center, mantle zone, and interfollicular areas were scored
separately to analyze site-specific differences in cytokine expression.

Human TRBV and IGHV gene rearrangement sequencing
Adaptive immune receptor rearrangements (AIRR-seq) were sequenced
from bulk genomic(g)DNA. Genomic DNA was extracted from OCT
embedded frozen samples using the Qiagen Gentra DNA purification kit
(Qiagen, Germantown, MD, Cat. No.158689). Sequences were generated
from gDNA using primers that were situated near FR2 and Jβ (BIOMED2)
for TRBV sequencing34 and, FR1 and JH (BIOMED2) for IGH rearrangement
sequencing. Samples were amplified in duplicate (2 biological replicates
per sample) and the input DNA was 400 ng per replicate. TCRBV and IGH
rearrangements35 generated from these PCRs were subjected to second-
round amplification to generate sequencing libraries using the Illumina
Nextera XT (2 ×300 bp) paired end kit, sequenced and quality filtered as
described previously.35,36 2 × 300 bp paired end sequencing were
performed on an Illumina MiSeq instrument. ImmuneDB37 was used to
group related sequences into clonotypes and visualize immune repertoire
features, generate spectratype, somatic hypermutation and clone rank
plots, described previously.35,38

Processing and analysis of AIRR-seq data
Raw data from the MiSeq were quality controlled with PRESTO as
described previously35 and gene assignment and alignment were
performed with IgBLAST.39 ImmuneDB37 was used to group related
sequences into clonotypes as described in TCR38 and BCR.40 Further
visualization immune repertoire features including ranking of the top 20
copy clones and somatic hypermutation analysis, described previously.35,38

Raw TRB and IGH gene rearrangement data are available on SRA under
project number PRJNA750097.

RESULTS
Clinicopathologic characteristics of study cohort
Twenty six UCD, fourteen MCD, and thirty one non-CD reactive
lymph nodes were identified from archives of the Children’s
Hospital of Philadelphia and the Hospital of University of
Pennsylvania (Table 1). CD patients ranged from 2 to 71 years in
the age but the median age was 15 due to predominance of
adolescent and young adult cases in our cohort. There were no
differences in histologic features between adolescent and adult
cases. The male to female ratio of approximately 1:1 is consistent

with prior reports.41,42 Males were overrepresented among control
reactive nodes. UCD involved a single node or multiple nodes
within the same lymph node station and presented mostly with
local compression symptoms and no systemic symptoms. The
cervical region were the most common site of involvement in UCD
(58%) and reactive (48%) categories. Most UCD patients
responded to single surgical resection while two patients needed
a second resection for recurrent disease. HHV-8 testing (serology
and/or immunohistochemistry) was negative in all cases. One
reactive node and one MCD were known to be HIV-positive before
biopsy. MCD patients frequently needed systemic therapy with
steroids, immunotherapy and chemotherapy. Lymph nodes
involved by UCD showed predominantly hyaline vascular pattern
(88%). Mixed or plasma cell pattern were noted in a minority
(12%). MCD lymph nodes showed predominantly plasma cell
pattern (57%). MCD subtypes included three TAFRO, two POEMS
and one HIV-associated (Table 1 and Supplementary Table 1).
Non-CD reactive lymph nodes included those with non-specific
Castleman-like features (39%), and acute/chronic inflammation
(35%).

Transcriptome analysis of UCD and MCD reveals upregulation
of unique genes and pathways
Targeted RNA sequencing of 2003 immune-response and
autoimmunity-associated genes were performed using FFPE tissue
sections. All CD cases passed minimal quality control requirements
for RNA degradation, read depth and expression variability.
RNAseq assesses both the cellular and stromal microenvironment
of lymph nodes in CD. DE gene analysis of UCD compared to
reactive controls revealed 71 candidates (Fig. 1A and supplemen-
tary file 2). The top twenty most upregulated and DE genes in UCD
included follicular dendritic cell markers CXCL13, clusterin and
cytokines CXCR4 and IL-1β (Fig. 1B). Many genes involved in
extracellular matrix modification pathways were noted: TGFβ3,
SKIL, LOXl1, IL-1β, ADAM33, CLEC4A and SERPIN1. Angiogenesis
factors LPL, DLL4, complement pathway components C3, CR2 and
germinal center B cell activation molecules B cell tyrosine kinase
BLK and ZDHHC2 also were among the top twenty DE genes.
Metascape gene enrichment analysis of all DE genes in UCD (vs
reactive control) identified enrichment of core gene sets of
inflammatory response, cytokine signaling, complement cascade,
angiogenesis, extracellular matrix remodeling, lymphocyte pro-
liferation, and cell cycle (Fig. 1C). Protein–protein interaction
enrichment analysis identified a C3-CXCL4-CXCL13-CXCL9-CXCL10
axis that was differentially expressed. Genes downregulated in
UCD included proteasome components USP18, immune suppres-
sive molecules LAG3 and PD1-L1, CEBPA, cytokines CXCL9,
CXCL10, apoptosis inducer FAS, and STAT1 (Supplementary

Table 1. Characteristics of cases and controls. Age, sex, site of involvement, histological subtype and assessments performed in various groups.

Diagnosis Age range in years
(median)

M:F Involvement Subtype (n) RNAseq:RNAISH:immunoseq
assessment (n)

UCD 4–54(16.6) 14:12 Cervical-15
Mediastinal-5
Inguinal-2
Mesenteric-2
Axillary- 1
Soft tissue-1

Hyaline vascular- 23
Mixed/Plasma cell -3

21:17:6

MCD 12–71 (15) 8:6 Multiple sites Plasma cell-8
TAFRO- 3
HIV-1
POEMS-2

12:8:8

Reactive 2–48 (11) 23:8 Cervical-15
Mesenteric-4
Mediastinal-3
Axillary-5
Inguinal-2 Retroperitoneal-1

Castleman like- 12
Follicular hyperplasia- 5
Infectious- 11
Dermatopathic-1
Sinus histiocytosis-2

35:11:5
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Fig. 1A). Many of the genes upregulated in reactive nodes were
related to normal lymphoid or myeloid differentiation and
function.
Gene expression analysis of MCD vs. reactive control lymph

nodes revealed 37 DE genes (Fig. 2A and supplementary file 2).
Similar to UCD, genes upregulated in MCD included FDC markers
CXCL13 and CLU, complement pathway member CR2 and
germinal center differentiation gene ZDHHC2. However, several
other genes unique to MCD were identified. Fibroblastic reticular
cell marker and cytokine CCL21, cell cycling gene CCND2, IL-6
pathway genes IL-6ST, OSMR and LIFR were among the top DE
genes (Fig. 2B). Metascape analysis of DE genes in MCD (vs
reactive control) showed enrichment of various core gene sets
such as VEGF signaling, chemokine signaling, immune response,
complement cascade, chemotaxis, IL-6 signaling pathway and T
cell activation (Fig. 2C).

We then compared UCD and MCD with each other to determine
uniquely expressed genes and pathways. 71 DE genes (Fig. 3A and
supplementary file 2) were identified. Upregulated genes in MCD
included T-cell activation marker IL-2RA, plasma cell differentiation
transcription factor XBP1, cell cyclin genes CCNA1, CCNB2, RAP1A
pathway while those upregulated in UCD included SKIL, BLK,
RNASET1, MAPK3A1, TLR1, CLEC4A (Fig. 3B). Metascape analysis of
DE genes revealed enrichment of core gene sets of lymphocyte and
macrophage activation, inflammation, IL-6 pathway, angiogenesis,
cytokine (IL-4, IL-13 and IL-1) signaling, and cell cycle (Fig. 3C).

Increased IL-6 expression by endothelial cells in MCD
Given the reported importance of IL-6, VEGF, IL-2 and other
cytokines to MCD9 and in our RNAseq data, we utilized RNA ISH to
identify the lymph node structures and cells expressing these
cytokines. RNA ISH is more sensitive and specific than IHC and
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Fig. 1 Unique genes and pathways of UCD compared to non-CD reactive control. A Volcano plot of significantly DE and upregulated genes.
Genes in red represent those that satisfied log fold change > 0.5, and false discovery rate of 20%. B Box plots of the top 10 DE genes. Y axis
represents log 2 transformed transcripts per million. Boxes represent 25-75th percentile of expression and whiskers represent minimum and
maximum data points. C Enriched pathways and DE genes in each pathway.
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maintains the histomorphological features. RNA ISH was manually
quantified globally and regionally (germinal center, mantle zone,
and interfollicular zones). Some IL-6 expression was noted in the B
cell rich mantle zones and germinal centers in all cases; however,
it was significantly higher in interfollicular zones of MCD
compared to UCD and reactive control lymph nodes (75% vs.
25% vs. 20%, p= 0.026) (Fig. 4). Overall IL-6 expression was also
higher in MCD as compared with UCD.
The presence of increased plasma cells in the interfollicular

spaces of MCD lymph nodes suggested that they could be source
of the elevated IL-6 expression. However, the histomorphological
pattern of IL-6 RNA ISH was in scattered dispersed cells rather than
clusters and sheets of plasma cells. In addition, dual RNAscope/IHC
staining did not reveal significant co-expression of IL-6 and CD138
(Fig. 4A). The IL-6 expressing cells tracked along hypervascular
areas in the interfollicular areas (Fig. 4B). IL-6 was overexpressed in

areas with CD31-positive endothelial or lymphatic structures. The
findings suggest vasculature-associated cells, rather than plasma
cells, as the major source of IL-6 in MCD.

Increased VEGF expression by interfollicular histiocytes,
follicular dendritic cells, and plasma cells in MCD
Involvement of the VEGF pathway genes in MCD was noted by
RNAseq analyses and prior studies.15,43 Some VEGF expression in
germinal centers and interfollicular areas was noted in both cases
and controls. However, UCD and MCD showed increased
expression compared to controls (Fig. 5). The proportion of strong
expression, defined as 3+ or 4+ quantification, was strikingly
increased in interfollicular areas and attenuated germinal centers
of MCD compared to UCD or controls (75% vs. 29% vs. 0%; p=
0.014) (Fig. 5B). Atretic follicles in CD are depleted of any
lymphocytes and predominantly comprise follicular dendritic cells
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Fig. 2 Unique genes and pathways of MCD compared to non-CD reactive control. A Volcano plot of significantly DE and upregulated genes.
Genes in red represent those that satisfied log fold change > 0.5, and false discovery rate of 20%. B Box plots of top 10 DE genes upregulated
in MCD versus reactive. Y axis represents log 2 transformed transcripts per million. Boxes represent 25–75th percentile of expression and
whiskers represent minimum and maximum data points. C Enriched pathways and DE genes in each pathway.
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(FDC). Dual RNAscope/IHC staining confirmed co-expression of
VEGF and the FDC marker CD21 in attenuated germinal centers
(Fig. 5A) that are devoid of other cell types. The predominant
source of increased VEGF in the interfollicular zone was scattered
macrophages with co-expression of M2 macrophage marker
CD163 (Fig. 5B) and lacked co-expression with B cell marker
CD20. Some cases showed VEGF expression in macrophages
adjacent to blood vessels but not in endothelial cells The findings
implicate macrophage produced VEGF as potential contributors to
the hypervascularity of CD. RNA ISH expression of IL-6R, IL-10,
TNFα, IL-1β, IL-2, and IL-8 did not show significant differences
between the various subtypes of CD.

Immune repertoire of CD
Given the reported activation of T cells in CD44 and our findings of
B cell activation in the RNAseq data, we analyzed the immune

repertoire of lymphocytes of eight UCD, eight MCD, and five
control non-CD reactive lymph nodes by sequencing of TRB and
IGH gene rearrangements (Fig. 6). Among TRB gene rearrange-
ments, there was also a high degree of clonal diversity and
minimal clonal expansion except for 2 MCD (cases 21 and 22) and
1 UCD (case 16) patients who exhibited clones that were at or
above 3% of total copies and at least threefold higher than the
next most frequent rearrangement (Fig. 6A). All samples exhibited
a high degree of B cell diversity without significantly expanded
(>2% of total sequence copies) clones except for MCD22 (Fig. 6B).
To further evaluate immune repertoires for evidence of skewing or
potential convergent selection in CD, we also analyzed the IGHV
and TRBV gene usage. No significant VH gene skewing was
observed in MCD or UCD compared to non-CD. We also analyzed
somatic hypermutation frequencies in B cell sequencing data. UCD
and MCD both showed less somatic hypermutation than non-CD
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Fig. 3 Unique genes and pathways of MCD compared to UCD. A Volcano plot of significantly DE and upregulated genes. Genes in red
represent those that satisfied log fold change > 0.5 and false discovery rate of 20%. B Box plots of top 10 DE genes upregulated in MCD versus
UCD. Y axis represents log 2 transformed transcripts per million. Boxes represent 25–75th percentile of expression and whiskers represent
minimum and maximum data points. C Enriched pathways and DE genes in each pathway.
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reactive cases that may be consistent with B cell activation and
germinal center depletion (Fig. 6C, D).

DISCUSSION
In this study we characterized the transcriptome of UCD and MCD
and determine the spatial localization of relevant cytokines. While
prior sequencing studies investigated somatic mutations in DNA
of patients with CD, we performed comparison of RNA expression
patterns among groups of CD samples. This enabled identification
of several unique genes and pathways involved in the pathogen-
esis of key histological features of UCD and MCD. A prominent
histological feature of UCD that differentiates it from CD-like
reactive nodes is hyalinization of the interfollicular space and
vasculature. The presence of several extracellular matrix modifying
genes among the top DE genes of UCD highlights the importance
of remodeling processes. The most significant gene was SKIL
which is a target of TGFβ. Upregulation of general inflammatory
cytokines TGFβ and IL-1β could be linked to etiology of
extracellular matrix remodeling in CD. Identification of FAS may
be an indication of abnormalities of lymphocyte apoptosis in
germinal centers. Interestingly, aberrancies of FAS and TGFβ were
also reported in some cases of CD.21,45 Another key morphological

feature of UCD is hypervascularity of the interfollicular space.
Hence it is interesting that angiogenesis factors such as the notch
ligand DLL4 and LPL were among the top DE genes. UCD shows
depletion of germinal centers and thickened mantle zones that
are suggestive of immune hyperactivation. The finding of B
lymphocyte tyrosine kinase BLK and germinal center differentia-
tion gene ZDHHC2 among the top DE genes highlight a potential
role for B cell activation in pathogenesis. Shared germinal centers
with FDC prominence is another key histologic feature of UCD.
The presence of FDC markers and cytokines CXCL13 and clusterin
among the top DE expressed genes suggest proliferation of FDC
rather than relative prominence due to lymphodepletion. Pathway
analysis also revealed a key C3-CXCL4-CXCL13-CXCL9-CXCL10
cytokine axis that may play an important role in the process. Since
UCD group was predominantly composed of cases with hyaline
vascular morphology, a histology based analysis showed similar
results on our studies.
MCD shares some histological features with UCD. Hence, some

genes and pathways such as FDC markers, angiogenesis and
stromal remodeling factors were expected to be upregulated and
DE in both. However, there were several pathways unique to MCD,
particularly related to inflammation and immune activation. Prior
studies show elevated serum levels of IL-6 in iMCD.46,47 We show
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Fig. 4 IL-6 expression by RNA ISH is elevated in MCD. A H&E and CD138(brown)/IL-6 (red) from a reactive Castleman–like lymph node case
27) (top panel), UCD case 9 (middle panel) and MCD case 25 (bottom panel). Increased IL-6 expression along interfollicular vascular structures
and lack of co-expression with CD138 in MCD. IHC at 100× and 400× magnification are shown. B Spatial differences in IL-6 expression in CD
and controls. Left: IL-6 expression was quantified within each lymph node region and compared across UCD, MCD, and reactive lymph nodes.
IL-6 expression was significantly increased in the interfollicular space of MCD. Middle: IL-6 expression (red) in endothelial cells and lack of co-
expression with histiocytic marker CD163 (MCD case 23) Right: IL-6 co expressed with endothelial marker CD31 (right, case 25) in the
interfollicular hypervascular areas. IHC at 600× magnification are shown. *P < 0.05.

A. Wing et al.

457

Modern Pathology (2022) 35:451 – 461



for the first time that multiple IL-6 associated genes and pathways
were uniquely upregulated in lymph nodes from patients with
MCD. B cells and plasma cells were initially thought to be the
source of IL-6 expression within the germinal center.47 However,
subsequent studies implicated monocytes, follicular dendritic
cells, and endothelial cells as well.46,48,49 Prior studies utilized
IHC to identify IL-6 expression in plasma cells and vascular
endothelial cells in cases of “plasma cell CD”.50 IL-6 causes
downstream effects by activation, differentiation and proliferation
of macrophages, lymphocytes and platelets respectively. IL-6 is
also a growth factor for plasma cells and is required for generation

of long-lived plasma cells.51 In this context, it is interesting that
plasma cell differentiation molecule XBP1 was one of the top
overexpressed genes in MCD. Plasma cell differentiation pathways
were also identified by gene set enrichment analysis. In order to
clarify the source of IL-6, VEGF and other cytokines, we utilized
RNA ISH to assess the histomorphological pattern of cytokine
expression in CD lymph nodes and controls. We found that IL-6
was increased in the interfollicular areas of MCD cases compared
to UCD, a finding that was previously seen by immunohistochem-
istry as well.50 We extended those observations and showed that
IL-6 was not co-expressed with plasma cells but tracked along
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VEGF(red) from a reactive Castleman –like lymph node case 27 (upper panel), UCD case 9 (middle panel) and a MCD case 25 (bottom panel).
IHC at 100× and 400× magnification are shown. Increased VEGF expression in the interfollicular areas and FDC-rich germinal centers of MCD.
Scattered interfollicular expression in histiocytic cells with cytoplasmic projections. B VEGF expression by RNA ISH was elevated in iMCD
germinal centers and interfollicular areas. Left and middle panels: VEGF expression by RNA ISH was significantly stronger in MCD in cells
within the interfollicular space and germinal center. Right panel: Co-expression of histiocyte specific marker CD163 (brown IHC) with VEGF
(red, RNA ISH) in MCD case 23. IHC at 600× magnification are shown.
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CD31 expressing vascular structures that could be of endothelial
or lymphatic origin. The findings suggest vasculature-associated
cells may be a significant source of IL-6 in CD with the caveat that
Angiomyoid stromal cell populations are hypothesized to be
involved in the pathogenesis of CD.16,52 The identification of the
fibroblastic reticulum cell marker and cytokine CCL21 as one the
top DE genes identifies it as another stromal cell of interest in CD.
IL-6 can also induce VEGF secretion. VEGF is upregulated in

iMCD.43 Lymph node vascularity and eruptive cherry hemangio-
mas are attributed to VEGF.8,53 Similar to IL-6, VEGF is produced by
many cell types including macrophages, platelets, and plasma
cells. We showed for the first time the upregulation of VEGF and
angiogenesis pathways in lymph nodes involved by MCD. We
identified increased VEGF by RNA ISH in the interfollicular areas
and attenuated germinal centers. FDCs were the source of
increased VEGF within the attenuated germinal centers while
interfollicular source of VEGF appear to be mainly CD163-positive
M2-like macrophages, and plasma cells by immunohistochemistry
and morphology. Increased expression of VEGF was noted in UCD
as well but was highest in MCD. The identification of FDCs as a
major source of VEGF is interesting given that dysplastic FDCs with
cytogenetic abnormalities have been noted in CD.16,52 PDGFRB
mutations have also been noted in CD45-negative stromal
compartment of UCD.24 CXCL13 and clusterin overexpression in
both UCD and MCD further suggest the importance of FDCs. Our
findings supports the hypothesis that CD may be driven by a

neoplastic cell. However, we cannot completely rule out an
autoimmune etiology. Single cell sequencing techniques and
multiplex imaging techniques are necessary to confirm the
identity and genetics of IL-6 and VEGF-expressing cell populations.
IL-6 pathway inhibitors are already used to treat MCD.54 VEGF-

or TGFβ-inhibitors that were developed for oncologic indications
may be investigated for use in CD. While immune response and
lymphocyte activation pathways were enriched in both UCD and
MCD, MTORC1 and allograft response pathways were unique to
MCD. MTOR inhibitors such sirolimus and tacrolimus are
commonly used for immunosuppression after solid organ
transplant to block T cell activation. Populations of activated
CD8+ T cells have been identified in iMCD disease flares.55

Increased mTOR activation has been noted in iMCD44,55 and forms
the basis of a trial investigating sirolimus in MCD (NCT03933904).
Immunoglobulin light and heavy chain restriction and clonal
immunoglobulin gene rearrangements have been noted occa-
sionally in plasma cell predominant and multicentric variants of
CD.17,56 To our knowledge, this is the first study to utilize deep
sequencing to analyze lymphocyte populations within lymph
nodes of CD patients. Some cases of CD demonstrated minor
expansions of T cell clones that are consistent with T-cell
activation seen in transcriptome analysis. However, in a lymph
node sample, sometimes clones of this size can be encountered in
healthy individuals as well.57 Higher frequencies of unmutated
clones in UCD and MCD are likely due to depletion of normal

TRB gene rearrangementsA B

DC

B IGH gene rearrangements

DC

TRB gene rearrangements

Fig. 6 IGH and TRB gene rearrangement analysis. A Clone size rank plots of TRB gene rearrangement. TRB gene rearrangements were grouped
into clonotypes (see methods) and ranked by copy number into bins corresponding to the top 10 ranked clones, 11–100, 101–1000 and >1000.
The copy number fractions of clones falling into the binned size ranges are shown for each individual. Total clone counts for each individual are
given in parenthesis. B Clone size rank plots of IGH gene rearrangement. Expanded clones are shaded in solid black. C Distribution of somatic
hypermutation (SHM) levels (percentage of mutated nucleotides, NT, away from the nearest germline IGHV gene). Data are visualized on a log10
scale to reveal the different levels of SHM between the populations. Clone counts, summed for all of the individuals in each diagnostic category,
are given in parentheses. Median SHM levels are statistically significant between each population (p < 0.0001, Mann Whitney two-sided test).
D Fraction of clones without SHM (< 0.5% mutation in the IGVH gene compared to the nearest germline gene).
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germinal center B cells and expansion of mantle zones. The IGH
and TRB findings further support the morphological and
transcriptome findings of immune hyperactivation in CD
lymph nodes.
In conclusion, we have identified the genes, pathways and cell

types that may be important to the pathogenesis of UCD and
MCD. The findings provide mechanistic insights and suggest novel
diagnostic modalities and therapeutic options to target these
genes and pathways.
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