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Abstract 
 
Castleman disease is a polyclonal lymphoproliferative disorder characterized by unicentric or multicentric lymphadeno-
pathy with characteristic histomorphological features, in addition to variable inflammatory symptomatology. The molecular 
mechanisms and etiologies of unicentric Castleman disease (UCD) and idiopathic multicentric Castleman disease (iMCD) 
are poorly understood, and identification of targetable disease mediators remains an unmet clinical need. We performed 
whole exome sequencing on lymph node biopsies from patients with UCD and iMCD and compared the transcriptomic 
profiles to that of benign control lymph nodes. We identified significantly upregulated genes in UCD (n=443), iMCD (n=316) 
or both disease subtypes (n=51) and downregulated genes in UCD (n=321), iMCD (n=105) or both (n=10). The transcriptomes 
of UCD and iMCD showed enrichment and upregulation of elements of the complement cascade. By immunohistochem-
istry, C4d deposits indicative of complement activation were found to be present in UCD and iMCD, mostly within abnor-
mally regressed germinal centers, but also in association with plasma cell clusters, endothelial cells and stroma cell 
proliferations. Other enriched gene sets included collagen organization, S1P3 pathway and VEGFR pathway in UCD; and 
humoral response, oxidative phosphorylation and proteosome in iMCD. Analysis of cytokine transcripts showed upregu-
lation of CXCL13 but not IL6 in UCD and iMCD. Among angiogenic mediators, the VEGFR1 ligand placental growth factor 
(PGF) was upregulated in both disease subtypes. We hereby report for the first time the whole lymph node transcriptomes 
of UCD and iMCD, underscoring findings that could aid in the discovery of targetable disease mediators. 
 

Introduction 
Castleman disease is a rare polyclonal lymphoproliferative 
disorder resulting in lymph node enlargement with char-
acteristic histopathological features, including germinal 
center atrophy, hypervasculature, concentric mantle zone 
hyperplasia, and paracortical plasmacytosis.1 Most pa-
tients (~75-85%) present with a localized lymphadeno-
pathy (unicentric Castleman disease, UCD) that typically 
resolves with surgical excision, while others (~15-25%) 
present with multifocal or systemic lymphadenopathy 
(multicentric Castleman disease, MCD) associated with 
clinical and laboratory features of a systemic inflamma-
tory response. A subset of cases of MCD is caused by un-
controlled human herpes virus-8 (HHV-8) infection, 
typically in the setting of human immunodeficiency virus 
co-infection (HHV-8-associated MCD),2 while other cases 

are associated with a plasma cell proliferative disorder 
and a constellation of clinical and laboratory features 
known as POEMS syndrome (POEMS-associated MCD).3 

The remaining cases of MCD have heterogeneous clinical 
manifestations and an unknown etiology (idiopathic 
multicentric Castleman disease, iMCD). The main unifying 
feature of Castleman disease is its characteristic lymph 
node histomorphology on microscopic examination, which 
can be subclassified into hyaline vascular (most common 
in UCD), plasmacytic (most common in MCD), and an in-
termediate or “mixed” variant.1,4 
The cellular and molecular mechanisms of UCD and iMCD 
are poorly understood. Most evidence points to an inflam-
matory process mediated by interleukin (IL)-6, vascular 
endothelial growth factor (VEGF) and/or chemokines in 
iMCD,5,6 compared to a lymphoproliferative process likely 
mediated by dysregulated lymph node stromal cells in 
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UCD. However, the etiology of these processes is com-
pletely unknown. A few studies have demonstrated the 
presence of low allele frequency, gene mutations and/or 
chromosomal abnormalities in a subset of patients with 
Castleman disease, suggestive of a low-level clonal pro-
liferative process most likely within the stromal cell com-
ponent.7-10 While most cases of UCD resolve with surgical 
excision alone, the treatment of iMCD relies on systemic 
immunomodulatory therapies aimed at controlling the in-
flammatory symptomatology. In particular, blockade of IL-
6 signaling with anti-IL6 (siltuximab) or anti-IL6 receptor 
(tocilizumab) antibodies has been shown to result in last-
ing symptomatic responses, and is currently recom-
mended as the main frontline therapeutic approach. 
However, two-thirds of patients with iMCD do not respond 
to anti-IL6 therapy11 suggesting a heterogeneous biology 
and the existence of undiscovered disease mediators. In-
deed, the lack of other targeted therapies for iMCD re-
mains an unmet clinical need, as this disease is often 
lifelong, prone to multiple relapses, and associated with 
significant morbidity and mortality.    
We report here for the first time the whole lymph node 
transcriptomes of UCD and iMCD, in order to generate in-
sights into the pathogenesis of this poorly understood 
disease and identify potential targets for novel therapeutic 
strategies. 

Methods 
Patients’ samples and histological review 
The laboratory information system at Mayo Clinic (Ro-
chester, MN, USA) was searched for excisional biopsies 
obtained as clinically indicated between 1992 and 2017, 
on which residual fresh-frozen tissue aliquots produced 
for ancillary testing were currently available. All diag-
nostic pathology material, clinical information and ancil-
lary test results were reviewed to select for cases with 
a confirmed diagnosis of UCD or iMCD, in addition to 
cases showing morphologically unremarkable lymph 
node tissue. We identified and studied 24 lymph node 
samples from 22 patients with UCD; and seven lymph 
nodes and one spleen sample from eight patients with 
iMCD. (Table 1, Online Supplementary Table S1). The 
spleen sample was included based on morphological 
features similar to those of lymph nodes with iMCD, and 
clustering of differentially expressed genes together with 
other iMCD cases (Online Supplementary Figure S1B). In 
addition, we identified 19 control lymph node samples 
with histomorphological features corresponding to those 
of unremarkable lymph node tissue, including common 
slight to moderate-sized germinal centers. These lymph 
node biopsies were obtained from patients with a history 
of carcinoma (n=3), lymphoma (n=3), autoimmunity (n=2), 

orthopedic surgery (n=1), and unexplained lymphadeno-
pathy in the absence of a relevant clinical history (n=10) 
(Online Supplementary Table S1). Cryosections of frozen 
tissues stained with hematoxylin and eosin (H&E) were 
reviewed to confirm the specimens’ adequacy for exome 
sequencing. This study was approved by the Mayo Clinic 
Institutional Review Board. 
Histomorphological features of Castleman disease on 
H&E-stained sections were independently graded by two 
hematopathologists (PH and RLK) from 0 (absent) to 3 
(prominent), based on the five features included in the 
international diagnostic criteria for iMCD,4 in addition to 
three commonly encountered features in UCD (mantle 
zone hyperplasia, mantle zone rimming, and mantle zone 
twinning). Discrepant scoring between the two reviewers 
was averaged to the nearest integer number. None of the 
samples had morphological evidence of a dendritic or 
stromal cell neoplasm, although two cases of UCD 
showed marked stromal proliferation. All cases of iMCD 
met international diagnostic criteria,4 including lym-
phadenopathy in two or more lymph node stations, 
negativity for HHV-8 by immunohistochemistry for la-
tency-associated nuclear antigen (LANA-1), lack of im-
munoglobulin light chain-restriction on plasma cells by 
immunohistochemistry for kappa and lambda, no evi-
dence of an infectious, neoplastic or autoimmune pro-
cess; and consistent clinical, laboratory and imaging 
findings. Peripheral neuropathy was documented in only 
one patient (in the absence of a plasma cell proliferative 
disorder), and thrombocytopenia was present in another 
single patient who also had anasarca in the setting of 
cardiovascular comorbidities. 

Exome sequencing 
Total RNA was extracted from cryosections of residual 
O.C.T.-embedded/fresh-frozen biopsy aliquots, using 
miRNeasy Mini Kit (Qiagen, Germantown, MD, USA) and a 
QIAcube automated handler (Qiagen). RNA quality and 
concentration were assessed on an Agilent 2100 Bioana-
lyzer (Agilent Technologies, Santa Clara, CA, USA) and a 
NanoDrop 200 spectrophotometer (Thermo Fisher Scien-
tific, Waltham, MA, USA), respectively. cDNA libraries 
were prepared using TruSeq Stranded mRNA Sample 
Prep Kit (Illumina, San Diego, CA, USA), and quality was 
checked on an Agilent 2100 Bioanalyzer (Santa Clara, CA, 
USA) and Qubit 4 fluorometer (Invitrogen, Carlsbad, CA, 
USA). Libraries were amplified on an Illumina CBot auto-
mated cluster generator and sequenced as 100 X 2 paired 
end reads on an Illumina HiSeq 4000. Sequences were 
aligned using MAP-RSeq version 3.1.212 and processed 
with the Subread package13 to produce normalized 
counts as fragments per kilobase of transcript per mil-
lion mapped fragments (FPKM) (Online Supplementary 
Figure S1A). 
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Differential gene expression and gene set enrichment 
analysis 
Analysis of differentially expressed genes and gene set en-
richment was performed using Qlucore Omics Explorer v. 
3.7 (Qlucore, Lund, Sweden). A cutoff of 0.5 FPKM was ap-
plied to filter out rare transcripts, and expression values 
were log2-transformed. Differentially expressed genes were 
studied separately for UCD versus controls, and iMCD ver-
sus controls (two-sample t-test). P-values were adjusted 
for multiple testing using the Benjamini-Hochberg 
method,14 and genes with adjusted P-values below 0.01 (re-
sulting in q<0.05 for UCD, and q<0.1 for iMCD) and greater 
than a 2-fold change were considered as differentially ex-
pressed. The distribution of samples based on gene ex-
pression was visualized on a three-dimensional principal 
component analysis plot, after filtering out variables with 
low variance to reduce noise based on the previously re-
ported projection score.15 In addition, sample outliers were 
studied on a t-distributed stochastic neighbor embedding 
(t-SNE) plot of differentially expressed genes (3-group 
analysis of variance [ANOVA], P<0.001, q<0.01). 
Gene set enrichment analysis (GSEA)16 was performed sep-

arately for UCD versus controls, and iMCD versus controls, 
using gene set permutation, a statistical significance of 
P<0.05 and q<0.05, and the following gene set lists down-
loaded from MSigDB (https://www.gsea-msigdb.org, ac-
cessed 08/18/2021): Hallmark gene sets, Kyoto 
Encyclopedia of Genes and Genomes (KEGG) pathways, 
Pathway Interaction Database (PID), Gene Ontology-Bio-
logical Process (GO-BP), and Gene Ontology-Molecular 
Function (GO-MF). In addition, differentially expressed 
genes corresponding to arbitrarily selected gene sets of 
interest were separately captured using a 2-fold change 
threshold and a statistical significance of P<0.05 (q<0.2). 

Immunohistochemistry 
Formalin-fixed/paraffin-embedded tissue sections were 
immunostained on a Benchmark XT autostainer (Ventana 
Medical Systems, Inc, Tucson, AZ, USA), using a primary 
anti-C4d rabbit polyclonal antibody (catalog #: 12-5000; 
American Research Products, Belmont, MA; USA) or a pri-
mary anti-CXCL13 mouse monoclonal antibody (clone 
53610; R&D systems, Minneapolis, MN, USA), as previously 
described.17,18  

Table 1. Demographic and histomorphological characteristics of the samples studied.

Control lymph node UCD iMCD P value

Number 19 24 8 -

Age in years, mean ± SD 49 ± 21 46 ± 18 53 ± 11 -

Sex male : female 0.6:1 0.6:1 2.3:1 -

Location of tissue sampled, N (%) 
Superficial 
Deep

 
15 (75) 
4 (21)

 
6 (25) 

18 (75)

 
7 (88) 
1 (12)

<0.001

Sampled tissue, N (%) 
Cervical LN 
Axillary LN 
Inguinal LN 
Mediastinal LN 
Abdominal LN 
Retroperitoneal LN 
Pelvic LN 
Other

 
9 (47) 
5 (26) 
1 (5) 
0 (0) 
1 (5) 
2 (11) 
1 (5) 
0 (0)

 
3 (13) 
3 (13) 
0 (0) 

4 (17) 
3 (13) 
8 (33) 
2 (8) 
1 (4)

 
2 (25) 
5 (63) 
0 (10) 
0 (0) 
0 (0) 
0 (0) 
0 (0) 
1 (13)

-

Histological variant, N (%) 
Hyaline vascular 
Plasmacytic or mixed

 
- 
-

 
20 (83) 
4 (17)

 
0 (0) 

10 (100)
<0.0001

Histological scoring [0-3], mean ± SD 
Regressed GC 
FDC prominence 
Increased vascularity 
Hyperplastic GC 
Plasmacytosis 
MZ hyperplasia 
MZ rimming 
MZ twinning

 
0.2 ± 0.4 
0.0 ± 0.0 
0.5 ± 0.7 
1.3 ± 0.7 
0.1 ± 0.3 
0.1 ± 0.3 
0.1 ± 0.3 
0.1 ± 0.2

 
3.0 ± 0 

1.9 ± 0.8 
2.5 ± 0.6 
0.5 ± 0.5 
0.7 ± 1 
2.0 ± 1 

2.1 ± 0.9 
1.9 ± 1.0

 
2.0 ± 0.9 
1.0 ± 0.9 
1.3 ± 1.0 
1.6 ± 1.4 
2.4 ± 0.5 
1.0 ± 0.8 
1.4 ± 1.4 
0.5 ± 0.8

- 
<0.0001 
<0.0001 
<0.0001 
<0.001 
<0.0001 
<0.0001 
<0.0001 
<0.0001

Total histological score [0-24],mean (range) 1.5 (0-5) 14.6 (10-19) 11.1 (8-18) <0.0001

UCD: unicentric Castleman disease; iMCD: idiopathic mutlicentric Castleman disease; SD: standard deviation; LN: lymph node; GC: germinal 
center; FDC: follicular dendritic cell; MZ: mantle zone.
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Other statistical analyses 
Demographic, specimen and histomorphological char-
acteristics were compared between groups using one-way 
ANOVA for continuous variables, the χ2 test for most nom-
inal values, Fisher exact test for nominal values with small 

samples, and Kruskal-Wallis test for ordinal variables. P 
values <0.05 were considered statistically significant. 
Statistical analyses and bar plots were performed on 
GraphPad Prism v. 9.1.0 (GraphPad Software, San Diego, 
CA, USA). 

Continued on following page.
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Results 
The transcriptome of Castleman lymphadenopathy is 
distinct from that of control lymph nodes and differs 
between unicentric and multicentric disease 
Whole exome sequencing performed on frozen lymph 
nodes from patients with UCD and iMCD revealed statis-
tically significant differences in the expression of multiple 
genes, when compared to the expression in control lymph 
nodes (Figure 1). Overall, 443 and 316 genes were upregu-
lated (>2 fold, P<0.01) in UCD and iMCD, respectively, with 
51 genes upregulated in both disease subtypes compared 
to controls. Similarly, 321 and 105 genes were downregu-
lated in UCD and iMCD, respectively, with ten genes 
downregulated in both disease subtypes (Figure 1D, E). 
Principal component analysis based on 1,027 highly variant 
genes across samples showed segregation of UCD, iMCD 
and control lymph node specimens, with few overlaps 
(Figure 1C). Thus, the transcriptomic profiles of lymph 
nodes from patients with UCD and iMCD were different 
from the profile of control lymph nodes, and also different 
from each other. 
Gene sets enriched in UCD included collagen fibril organ-
ization and related pathways, in addition to the sphingo-
sine 1-phosphate receptor 3 (S1P3) pathway previously 
described as a mediator of fibrosis19 (Table 2, Online Sup-

plementary Data S1). Genes related to cell cycle and DNA 
replication were underrepresented in UCD, perhaps due 
to the paucity of proliferating germinal center B-cells 
within the characteristically depleted B cell follicles. In 
iMCD, the transcriptome enrichment was dominated by 
gene sets with potential relationship to the commonly en-
countered plasmacytic infiltrates (humoral immune re-
sponse, proteosome, protein N-linked glycosylation)20,21 
(Table 2), including elements of the electron transport 
chain possibly related to the known increased oxidative 
metabolism of plasma cells.22 The transcriptome of iMCD 
was also enriched for genes upregulated by mTOR com-
plex 1 activation, a signaling pathway central to protein 
synthesis, cellular proliferation and metabolism,23 recently 
identified to be upregulated in lymph nodes and enriched 
in serum proteins from patients with iMCD.24,25 Genes re-
lated to T-cell signaling were underrepresented in both 
UCD and iMCD. 

Enrichment for elements of the complement cascade 
characterize both unicentric and multicentric 
Castleman lymphadenopathy. 
GSEA was consistent with upregulation of transcripts re-
lated to the complement cascade in both UCD and iMCD 
(Table 2). Genes that showed a greater than 2-fold in-
crease with statistical significance (P<0.05) included the 

Figure 1. The gene expression profiles of unicentric and idiopathic multicentric Castleman lymphadenopathy are distinct from 
that of control lymph nodes. (A). Volcano plots showing divergent gene expression compared to that of control lymph nodes 
(control LN), for cases of unicentric Castleman disease (UCD, left) and idiopathic multicentric Castleman disease (iMCD, right). 
Dotted lines depict arbitrary thresholds for differential gene expression of 2-fold difference (vertical) and P<0.01 (horizontal). (B) 
Heatmap of differentially expressed genes displayed in a two-way hierarchical clustering arrangement. (C) Three-dimensional 
principal component analysis plot based on the expression of 1,027 highly variant genes across all samples. (D) Venn diagram of 
the number of differentially upregulated (upward arrow) or downregulated (downward arrow) genes in UCD, iMCD and both. (E) 
Top 20 upregulated genes in UCD (left), iMCD (right) and both (middle) based on Z-score, shown as non-redundant gene lists in 
alphabetical order. 
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main complement effector C3 in both UCD and iMCD as 
well as core components of the classic complement 
pathway C1S and C1R in UCD, and C4A and C4B in iMCD 
(Figure 2A). C4BPA and CFH transcripts were also in-
creased in both unicentric and multicentric disease, the 
products of which are known regulators of the classical 
and alternative complement pathways, respectively. 
Other related findings include upregulation of the in-
hibitors of plasminogenesis SERPINE1 (plasminogen acti-
vator inhibitor 1) and SERPINF2 (a2 antiplasmin) in 
unicentric disease, and SERPINA5 (protein C inhibitor) and 
A2M (a2 macroglobulin) in multicentric disease; with po-
tential to modulate the complement cascade given the 
role of plasmin as a complement regulator.26 
Given the enrichment of the complement pathway via the 
whole transciptome, we sought to apply an orthogonal 
approach to confirm complement activation in lymph 
node tissue and to identify sites of complement activa-
tion in UCD and iMCD. We performed immunohistochem-
istry on histological sections to detect C4d, an 
end-product of C4 commonly utilized as a biomarker of 
activation of the classical and/or lectin complement 
pathways.27 Most control lymph nodes (14 of 19 cases, 
74%) showed only faint to variable staining for C4d within 

the dendritic cell meshworks of germinal centers (Figure 
3A, D), while a subset of cases (n=4, 21%) showed strong 
staining within the light zone of germinal centers (Figure 
3G). In contrast, most cases of UCD (14 of 24, 58%) 
showed strong expression of C4d within the regressed 
germinal centers and extending into the abnormally ex-
panded mantle zones in a “flame-like” pattern (Figure 
3B). One additional case of “stromal-rich” UCD showed 
strong C4d expression within abundant spindle-appear-
ing cells (likely stromal or dendritic cells) (Figure 3H), 
while two other cases showed C4d expression on en-
dothelial cells (Figure 3E) or clusters of plasma cells. Of 
the eight cases of iMCD studied, five (63%) showed strong 
C4d expression within germinal centers (with variable ex-
tension into mantle zones) (Figure 3C), one case showed 
strong expression within both germinal centers and para-
cortical plasma cell clusters (Figure 3I), and two cases 
showed scattered C4d-positive paracortical plasma cells 
only (Figure 3F). Overall, the findings are suggestive of 
complement activation in both UCD and iMCD, mostly oc-
curring within or adjacent to the follicular dendritic cell 
processes of abnormal B-cell follicles, but also occa-
sionally in association with clusters of plasma cells, en-
dothelial cells or atypical stromal cell proliferations. 

Table 2. Selected pathways and gene ontologies enriched in the transcriptome of Castleman lymphadenopathy.

Disease subtype Trend Annotation Gene set NES

Unicentric

Up

COMPLEMENT AND COAGULATION CASCADES KEGG 2.11237

COLLAGEN FIBRIL ORGANIZATION GOBP 2.09074

S1P S1P3 PATHWAY PID 2.05938

VEGFR SIGNALING PATHWAY GOBP 2.05778

Down

T HELPER 17 CELL LINEAGE COMMITMENT GOBP -1.88912

REGULATORY T CELL DIFFERENTIATION GOBP -2.15572

CD8 TCR PATHWAY PID -2.16138

CELL CYCLE KEGG -2.42726

DNA REPLICATION KEGG -2.5918

Multicentric
Up

HUMORAL IMMUNE RESPONSE GOBP 2.72929

RESPIRATORY ELECTRON TRANSPORT CHAIN GOBP 2.65332

PROTEIN N LINKED GLYCOSYLATION GOBP 2.64169

OXIDATIVE PHOSPHORYLATION KEGG 2.59304

PROTEASOME KEGG 2.45512

COMPLEMENT AND COAGULATION CASCADES KEGG 2.25133

ANTIGEN PROCESSING AND PRESENTATION GOBP 1.94522

MTORC1 SIGNALING HALLMARK 1.90294

INTERLEUKIN 1 MEDIATED SIGNALING PATHWAY GOBP 1.8716

Down T CELL RECEPTOR SIGNALING PATHWAY KEGG -2.32199

P<0.05 and q<0.05 for all enrichments. See Online Supplementary Data S1 for the complete list. NES: normalized enrichment score; KEGG:  
Kyoto Encyclopedia of Genes and Genomes; GOPB: Gene Ontology-Biological Process; PID: Pathway Interaction Database.
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Upregulated immune-related transcripts in Castleman 
lymphadenopathy include CXCL13 and selected 
cytokines, but not interleukin-6 
Given that cytokines are known to be upregulated in the 
serum of iMCD patients, we decided to investigate which 
cytokines had increased gene expression within the lymph 
node tissue (Figure 2B). The most distinctively upregu-
lated cytokine in UCD was SCG2 (secretogranin II), the 
precursor of the multifunctional protein secretoneurin 
which has chemotactic effects on leukocytes and fibro-
blasts.28 In iMCD, the most distinctively upregulated cyto-
kine was SPP1 (osteopontin), a multifunctional 
matricellular protein with pro-inflammatory properties on 
macrophages, dendritic and other immune cells.29-31 Un-
expectedly, IL6 transcripts were not increased in lymph 
nodes of UCD or iMCD patients compared to controls 
(P=0.5, fold change = 1.3, for both comparisons). 
The B lymphocyte chemoattractant CXCL13 was upregu-
lated in both UCD and iMCD. To study the sites of CXCL13 
production in the lymph node, we performed immunoh-
istochemistry for CXCL13 on histological sections. As pre-
viously described,18,32,33 CXCL13 expression in control lymph 
nodes was exclusively restricted to B-cell follicles, and 
present mostly on scattered lymphoid-appearing round 

cells within reactive germinal centers, likely representing 
T follicular helper cells (Figure 3J), in addition to few 
spindle-appearing cells within the germinal centers and 
mantle zones, likely representing follicular dendritic cells. 
In contrast, CXCL13 staining in cases of UCD and iMCD 
showed expression mostly on the concentrically arranged 
follicular dendritic cells within regressed germinal 
centers, in addition to scattered follicular dendritic cells 
within expanded mantle zones (Figure 3K, L). A few T-fol-
licular helper cells within normal-appearing germinal 
centers in iMCD were also positive for CXCL13. 

Upregulated angiogenic mediators in Castleman 
lymphadenopathy include VEGFR1 (FLT1) and its lesser 
known ligand placental growth factor 
Given that increased vascularity is commonly observed in 
lymph nodes involved by UCD and iMCD (Table 1), and that 
serum VEGF is commonly increased in patients with 
iMCD,34 we decided to study the differential expression of 
genes related to angiogenesis in our cohort. Genes associ-
ated with the VEGF receptor (VEGFR) signaling pathway 
were enriched in UCD but not in iMCD (Table 2). In UCD, 
VEGFR1 (FLT1) and its lesser known ligand placental 
growth factor (PGF) were both differentially upregulated 

Continued on following page.
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(Figure 2C). Of the two other VEGR1 ligands,35 VEGFA was 
significantly upregulated (P<0.05, q<0.1) but below the 2-
fold arbitrary threshold for differential expression (fold 
change =1.7), while VEGFB transcripts were not signifi-
cantly different from controls (P=0.09). In addition, apelin 
receptor (APLNR) and its ligand apelin (APLN), both impor-
tant mediators of pathological angiogenesis,36 were differ-
entially upregulated in UCD. In iMCD, PGF was also 
differentially upregulated (Figure 2C), and its receptor 
VEGFR1 was likewise significantly increased (P<0.05, q<0.1) 
but below the 2-fold arbitrary threshold for differential ex-
pression (fold change = 1.8). APLNR was also differentially 
upregulated in iMCD, but not its ligand APLN (P=0.3). Tran-
scripts for VEGFA and VEGFB were not significantly differ-
ent between iMCD and controls (P=0.1 and P=0.7, 
respectively). Overall, the findings mirrored the more 
prominent vascularity observed microscopically in UCD 
compared to iMCD (Table 1), with possible common angio-
genic pathways involving PGF/VEGFR1 and APLN/APLNR. 

Discussion 
Here, we describe the transcriptome of lymph nodes from 

patients with UCD and iMCD. Our study demonstrates that 
the transcriptome of Castleman lymphadenopathy is dis-
tinct from that of control lymph nodes, and different be-
tween unicentric and multicentric disease (Figure 1C). 
Many of these differences mirror the characteristic histo-
pathological features of Castleman lymphadenopathy, in-
cluding increased collagenous fibrosis, increased 
vascularity and a paucity of proliferating germinal center 
B cells in UCD; and paracortical plasmacytic infiltrates in 
iMCD (Table 2). The underrepresentation of genes associ-
ated with T-cell signaling in UCD and iMCD (Table 2) needs 
to be further studied, but is consistent with a histomor-
phology suggestive of abnormal B-cell and plasma cell im-
munity, in the absence of prominent T-cell infiltrates. 
We demonstrate that the transcriptomes of both UCD and 
iMCD are enriched for elements of the complement cas-
cade. For the first time, we showed that complement ac-
tivation in lymph nodes affected by Castleman disease 
occurs most commonly within the abnormally regressed 
germinal centers and expanded mantle zones. The com-
plement cascade plays a critical role in the normal func-
tion of germinal centers, which are known to be 
dysregulated in Castleman disease. Complement-coated 
antigens are captured and retained by follicular dendritic 

Figure 2. The lymph node transcriptome of Castleman disease includes upregulation of elements of the complement cascade, 
and a distinct cytokine and angiogenic profile. Bar plots show upregulated or downregulated genes corresponding to selected 
gene sets in unicentric (upper plots) and multicentric (lower plots) Castleman disease, based on a greater than 2-fold difference 
and a statistical significance of P<0.001 (black bars), P<0.01 (gray bars) or P<0.05 (white bars). Genes upregulated or downregulated 
in both unicentric and multicentric disease are highlighted with (*). (A) “Complement and coagulation cascades” gene set from 
the Kyoto Encyclopedia of Genes and Genomes (KEGG). (B) “Cytokine activity” gene set (GO:0005125) from gene ontology (GO) 
analysis. (C) “Angiogenesis” gene set (GO:0001525) from GO analysis.
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cells expressing complement receptors 1 (CD35) and 2 
(CD21), facilitating recognition by antigen-specific B-cell 
receptors expressed by germinal B cells. In addition, 
modulation of the cell surface complement regulators 
CD55 and CD59 by germinal center B cells results in pro-
duction of the complement-derived anaphylotoxins C3a and 

C5a which are crucial for germinal center B-cell activation 
and differentiation towards plasma cells, while preventing 
the generation of the cytotoxic complement-derived mem-
brane attack complex.37 The increased transcription of com-
plement-related genes in Castleman lymphadenopathy and 
evidence of complement activation within the characteris-

Figure 3. Histological localization of complement activation and CXCL13 production in lymph nodes involved by Castleman dis-
ease. In most control lymph nodes, immunohistochemistry for C4d (upper 3 rows) showed only focal and faint complement ac-
tivation within germinal centers (A, D), with a few cases showing more robust activation within the germinal center light zone 
(G). In contrast, most cases of unicentric Castleman disease (UCD) showed marked complement activation on germinal centers 
and extending into the mantle zone in a “flame-like” pattern (B). In addition, some UCD cases showed C4d staining on endothelial 
cells (E) and, rarely, on expanded stromal cells (H) or plasma cells (not shown). Similarly, most cases of idiopathic multicentric 
Castleman disease (iMCD) showed strong C4d staining within germinal centers (C), in addition to positive staining on small (F) 
or large (I) clusters of plasma cells in a subset of cases. Immunohistochemistry for CXCL13 in control lymph nodes predominantly 
highlighted small lymphocytes within and around germinal centers (T follicular helper cells) (J), in addition to a less conspicuous 
positivity on a few scattered spindle cells (follicular dendritic cells). In contrast, CXCL13 staining on regressed B-cell follicles in 
UCD (K) and iMCD (L) predominantly highlighted spindle cells (follicular dendritic cells) concentrically arranged within atrophic 
germinal centers and scattered throughout expanded mantle zones. Microphotographs were obtained at 100X (main) or 400x 
(insets) total magnification.
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tically abnormal germinal centers raise the possibility of 
complement activation as a possible mediator of the in-
flammatory manifestations of UCD and iMCD. 
Interestingly, transcripts of the B-cell attracting chemo-
kine CXCL13 were increased in both UCD and iMCD. Im-
munohistochemistry localized this chemokine largely to 
follicular dendritic cells within the abnormal germinal 
centers. Our findings are consistent with a prior study 
showing that CXCL13 is the most upregulated blood 
chemokine during flares of iMCD, and that there is in-
creased tissue expression of CXCL13 in iMCD germinal 
centers.6 CXCL13 is essential for B-cell homing to germinal 
centers, and its increased production has been regarded 
as a biomarker of germinal center activity and devel-
opment of B-cell immunity.38 However, CXCL13 can also 
be produced by T follicular helper cells, which appear to 
be the predominant CXCL13-positive population in our 
control lymph nodes and other similar studies.33 In 
contrast, the characteristically abnormal B-cell follicles 
of Castleman disease appear to be largely devoid of 
CXCL13-positive T follicular helper cells, with most of the 
CXCL13 protein expression originating from follicular den-
dritic cells. Thus, increased B-cell homing to lymph nodes 
through upregulation of CXCL13 in addition to an abnormal 
balance of CXCL13 production by follicular dendritic cells 
versus T follicular helper cells could both be important 
factors in the pathogenesis of Castleman disease.  
We did not find increased IL6 transcripts on lymph nodes 
from patients with Castleman disease, compared to con-
trols. This finding was unexpected, as the inflammatory 
manifestations of Castleman disease are believed to be 
mediated at least in part by IL-6, based on several lines 
of evidence. High levels of serum IL-6 in patients with 
iMCD are associated with increased disease activity.34,39 In 
transgenic mice, overexpression of IL-640 or the HHV8-en-
coded vIL641 results in an extensive accumulation of poly-
typic plasma cells in lymph nodes and spleen, reminiscent 
of MCD. More decisively, therapeutic antibodies that block 
IL-6 (siltuximab) or its receptor (tocilixumab) have dem-
onstrated activity in controlling iMCD11,42,43 and are now ap-
proved as frontline therapies. However, the cellular and 
anatomic source of IL-6 production in Castleman disease 
remains controversial. Early studies using immunohisto-
chemistry on lymph node biopsies were suggestive of in-
creased IL-6 within germinal centers in only a subset of 
cases of UCD or iMCD.44,45 Subsequent immunohisto-
chemical studies did not find IL-6 within germinal centers 
but rather showed positive IL-6 staining on plasma cells 
or endothelial cells.46,47 More recent studies using a much 
more sensitive and specific in-situ hybridization assay on 
larger series of cases showed only minimal IL6 mRNA ex-
pression in lymph nodes or lung biopsies involved by 
iMCD, mainly on rare stromal cells and/or endothelial 
cells.48-50 Moreover, targeted next-generation sequencing 

or real-time polymerase chain reaction on tissue biopsies 
involved by iMCD did not show increased IL6 transcripts 
compared to control tissues.48,50 Our findings are consist-
ent with the more recent evidence suggesting that IL-6 
production might in fact not be increased within the en-
larged lymph nodes, but could perhaps originate from 
another compartment such as bone marrow, circulating 
inflammatory leukocytes,51 or endothelial cells.  
Elevated serum VEGF levels are found in most patients 
with iMCD,34 and VEGF has been previously proposed as a 
mediator of the increased lymph node vascularity in both 
UCD and iMCD.52 In our study, VEFGA (VEGF) transcripts 
were only marginally increased in unicentric Castleman 
lymphadenopathy and not significantly increased in iMCD. 
Instead, we found that transcripts for FLT1 (VEGFR1) and 
its less known ligand PGF were significantly increased in 
lymph nodes from both UCD and iMCD. PGF was first de-
scribed as a placental angiogenic factor during embryo-
genesis, but was later shown to mediate angiogenesis in 
pathological inflammatory and ischemic processes in sev-
eral other organs.53 In addition, we found increased tran-
scripts of Apelin receptor (APLNR) in both disease 
subtypes, and increased APLN transcripts in unicentric 
disease only. Similar to PGF signaling through FLT1, the 
APLN/APLNR system has been described as in important 
mediator of angiogenesis in pathological processes.36 
Thus, while systemic VEGF production might exert an ef-
fect on peripheral lymph nodes, our findings suggest that 
a role may exist for PGF/FLT1 and APLN/APLNR signaling 
as intrinsic angiogenic mediators in lymph nodes involved 
by Castleman disease.  
While finalizing this manuscript, a targeted sequencing 
study of 2,003 autoimmunity-related genes on formalin-
fixed/paraffin-embedded lymph nodes from patients with 
Castleman disease was published online.50 The results of 
this study include findings suggestive of enrichment for 
transcripts of the complement and coagulation cascades, 
in addition to no demonstrable increase in IL6 transcripts 
by targeted sequencing in Castleman disease compared 
to control lymph nodes. These unexpected findings are 
consistent with our results evaluating the entire transcrip-
tome on fresh-frozen lymph node specimens, further 
supporting our conclusions. 
Several limitations of our study need to be considered. 
First, we deliberately selected control lymph nodes with 
largely unremarkable cytomorphological features, in an at-
tempt to capture gene expression patterns in Castleman 
disease that were different from “normal”. Thus, we were 
not able to study gene expression findings specific to 
Castleman disease, and absent in reactive lymphadeno-
pathies with or without “Castleman-like” features. Sec-
ond, our focus on specific gene sets was largely biased by  
our current understanding of Castleman disease, raising 
the possibility of other important findings in our dataset 
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not mentioned in this report but of potential biological 
relevance. Last, the power to detect differences in gene 
transcripts on surgically excised specimens might be li-
mited by RNA degradation. 
In summary, we provide the first description of the lymph 
node transcriptomes in UCD and iMCD, based on a small 
cohort of cases. Our findings raise the possibility of pre-
viously unrecognized disease mediators as potential 
therapeutic targets, such as elements of the complement 
cascade, CXCL13, and angiogenic signaling through FLT1 
and APLNR. Future studies testing the contribution of in-
dividual upregulated genes and overrepresented pathways 
will be critical to building a better understanding of the 
pathogenesis of Castleman disease. 
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