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A B S T R A C T

Idiopathic multicentric Castleman disease is a rare lymphoproliferative disorder that is clinically
classified into idiopathic plasmacytic lymphadenopathy (IPL); thrombocytopenia, anasarca, fever,
reticulin fibrosis, and organomegaly (TAFRO); and not otherwise specified (NOS). Although each
subtype shows varying degrees of hypervascularity, no statistical data on the degree of vascularization
have been reported. Additionally, themechanisms underlying vascularization in each clinical subtype
arepoorlyunderstood.Here,weaimed toclarify thesemechanismsbyevaluating thehistopathological
characteristics of each clinical subtype across 37 patients and performing a whole-transcriptome
analysis focusing on angiogenesis-related gene expression. Histologically, TAFRO and NOS exhibited
a significantly higher degree of vascularization than IPL (IPL vs TAFRO, P< .001; IPL vsNOS, P¼ .002). In
addition, the germinal centers (GCs) were significantly more atrophic in TAFRO than in IPL. In TAFRO
and NOS, “whirlpool vessels” in GCs were seen inmost cases (TAFRO, 9/9,100%; NOS, 6/8, 75%) but not
in IPL (IPL vs TAFRO, P < .001; IPL vs NOS, P ¼ .007). Likewise, immunostaining for Ets-related gene
revealed higher levels in endothelial cells of GCs in TAFRO than in IPL (P ¼ .014), and TAFRO and NOS
were associated with a significantly higher number of endothelial cells in interfollicular areas
compared with that in IPL (TAFRO vs IPL, P < .001; NOS vs IPL, P ¼ .002). Gene expression analysis
revealed that the PI3KeAkt signaling pathway was significantly enriched in the TAFRO and NOS
(TAFRO/NOS) groups. This pathway, which may be activated by vascular endothelial growth factor A
and some integrins, is known to affect angiogenesis by increasing vascular permeability, which may
explain the clinical manifestations of anasarca and/or fluid retention in TAFRO/NOS. These results
suggest that the PI3KeAkt pathway plays an important role in the pathogenesis of TAFRO/NOS.

© 2025 THE AUTHORS. Published by Elsevier Inc. on behalf of the United States & Canadian Academy
of Pathology. This is an open access article under the CC BY license (http://creativecommons.org/
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Introduction

Kaposi sarcoma-associated herpesvirus/human herpesvirus
type 8-negative idiopathic multicentric Castleman disease (iMCD)
is a rare lymphoproliferative disorder characterized by systemic
inflammation of unknown etiology.1,2 It is clinically classified into
3 subtypes: idiopathic plasmacytic lymphadenopathy (IPL);
thrombocytopenia, anasarca, fever, reticulin fibrosis/renal
dysfunction, and organomegaly (TAFRO); and not otherwise
specified (NOS).3-6 Each clinical subtype is known to exhibit
varying degrees of vascularization,7-10 but the pathological
mechanisms are not well understood, and available data are
limited. The PI3KeAktemTOR pathway has been previously
implicated, but the exact role that it plays within specific iMCD
subtypes is unknown.11 Likewise, the role of angiogenesis in dis-
ease etiology and progression is not understood. Here, we hy-
pothesized that differences in dysregulated signaling pathways
associated with angiogenesis between the subtypes may
contribute to clinical characteristics such as pleural effusions and
ascites seen in TAFRO and often NOS cases. Therefore, we aimed to
objectively examine the degree of vascularization and differences
in angiogenesis-related gene expression in each subtype per-
formed via immunohistochemical staining and whole-
transcriptome analysis of lymph node tissue.
Materials and Methods

Patient Selection

All patients included in this study showed histologic findings
consistent with iMCD and were serologically or immunohis-
tochemicallynegative forherpesvirus/humanherpesvirus type8.12

iMCD subtyping was performed using clinical criteria.4,7,13 We
defined iMCD-IPL as a case meeting 3 criteria: (1) prominent
polyclonal hypergammaglobulinemia (gamma globulin > 4.0 g/dL
or serum immunoglobulin G level > 3500 mg/dL), (2) multiple
lymphadenopathy, and (3) the absence of a definite autoimmune
disease.4,13 TAFROwas defined according to the criteria provided in
a previous report7: (T) thrombocytopenia (pretreatment nadir
platelet level � 100 � 103/mL), (A) anasarca, (F) fever or hyper-
inflammatory status (fever �37.5 �C of unknown etiology or C-
reactive protein�2.0mg/dL), (R) renal insufficiency (pretreatment
estimated glomerular filtration rate � 60 mL/minutes/1.73 m2,
creatinine >1/1 mg/dL [female]/>1.3 mg/dL [male], or renal failure
necessitating hemodialysis) or TAFRO-consistent bone marrow
features (reticulin fibrosis or megakaryocytic hyperplasia, without
evidence of an alternative diagnosis), and (O) organomegaly. NOS
was defined as cases that met the iMCD diagnostic criteria but not
the IPL or TAFRO criteria.4,7,12,13

The Institutional Review Board of Okayama University
approved this study (protocol number: 2007-033), which was
performed in accordance with the tenets of the Declaration of
Helsinki.
Histopathological Evaluation

Lymph node specimens from 9 IPL, 9 TAFRO, and 8 NOS cases
were fixed in 10% neutral-buffered formalin solution and
embedded in paraffin. Paraffin-embedded tissue blocks were
sliced into 3-mm sections and stained with hematoxylin and eosin.
The histopathological features of vascularity and plasmacytosis
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were graded on a score of 0 to 3 based on a previous report12

(Supplementary Fig. S1A). Germinal center (GC) status was
scored based on the frequency of hyperplastic GCs observed
(Supplementary Fig. S1A). A score of 0 was defined as no GC for-
mation or atrophic GCs only, and the score was increased with
increasing hyperplastic GC frequency. For all cases, these features
were reviewed by 2 authors (Y.S. and T.H.). Discussions were held
until an agreement was reached regarding discrepancies in their
assessments. In addition, we evaluated the presence or absence of
“whirlpool vessels” in the GCs, defined as endothelial cells align-
ing in a whirlpool-like arrangement, showing directional flow
(Supplementary Fig. S1B).14 All assessments were performed on
whole specimens. All specimens evaluated in this study were
obtained from biopsies taken for diagnosis. However, 2 patients
with IPL had already received tocilizumab, 1 NOS patient pred-
nisolone (PSL), 2 patients with TAFRO received PSL, and 1 TAFRO
case received PSL and tocilizumab. Histopathological findings
were compared statistically among the IPL, TAFRO, and NOS
groups.

Immunohistochemical Staining

Immunohistochemical staining was performed on 8 IPL, 9
TAFRO, and 7 NOS samples using an automated BOND-III instru-
ment (Leica Biosystems) with anti-Ets-related gene (ERG) primary
antibody (OTI4H7, MA5-26245, 1:200 dilution; Thermo Fisher
Scientific). The number of ERG-positive cells was counted in the
GCs and interfollicular areas in 5 high-power fields (OLYMPUS
BX50, field number: 26.5) using ImageJ (version 1.54g; National
Institutes of Health, Bethesda).15 Immunohistochemical staining
results were compared statistically among the IPL, TAFRO, and
NOS groups.
Gene Expression Analysis

Total RNAwas extracted from 12, 2, and 4 IPL, TAFRO, and NOS
frozen specimens, respectively, using an RNeasy Tissue Mini Kit
(Qiagen) according to the manufacturer’s instructions. RNA was
quantified using an Agilent 2100 Bioanalyzer (Agilent Technolo-
gies). Following processing using the poly A method, the
remaining RNAs were fragmented using a fragmentation buffer
and reverse transcribed into complementary DNA with random
primers. RNA sequencing (RNA-seq) was performed using a
NovaSeq 6000 system (Illumina).16 Differentially expressed genes
(DEGs) between the TAFRO/NOS and IPL groups were assessed
using edgeR package (version 4.2.1)17 and defined based on a false
discovery rate �.05 and absolute log2 fold change �1.5. Kyoto
Encyclopedia of Genes and Genomes (KEGG) pathway enrichment
analysis was performed for upregulated DEGs in TAFRO/NOS
versus IPL using the clusterProfiler package (version 4.12.1) to
identify gene expression associated with angiogenesis.18,19 In this
analysis, we used the same data from a previous report indicating
that IPL is a uniform subtype in terms of gene expression,20

whereas TAFRO and NOS exhibit clinicopathological and gene
expression overlap.5,20 Therefore, for DEG identification and KEGG
pathway enrichment analysis, comparisons were made between
the IPL group and the TAFRO/NOS group.
Statistical Analysis

To analyze histopathology scoring and transcriptome analysis
data, ManneWhitney U and Steel tests were used for comparisons



Figure 1.
Histopathological findings for each subtype. (A, B) IPL case with vascularity score 0, GC status score 3, and plasmacytosis score 3. (A) Hyperplastic GCs with minimal vascu-
larization were observed (�100). (B) Sheet-like proliferation of mature plasma cells and deposition of hemosiderin (arrowhead) were observed (�400). (C, D) NOS case scored as
vascularity score 3, GC status score 1, and plasmacytosis score 1. (C) Whirlpool vessels were observed (arrowhead) (�100). (D) Marked vascularization with enlarged nuclei in the
endothelium and proliferation of mature plasma cells were seen in interfollicular areas (�400). (E, F) TAFRO case scored as vascularity score 3, GC status score 0, and plas-
macytosis score 0. (E) Whirlpool vessels in atrophic GCs (arrowhead) (�100). (F) Marked vascularization with enlarged nuclei in the endothelium and absence of mature plasma
cell proliferation in interfollicular areas (�400). GC, germinal center; IPL, idiopathic plasmacytic lymphadenopathy; NOS, not otherwise specified; TAFRO, thrombocytopenia,
anasarca, fever, reticulin fibrosis, and organomegaly.
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between 2 and 3 groups, respectively. Fisher exact test was used to
evaluate pathological findings. All P values were calculated from
2-sided tests, and statistical significance was set using a threshold
of P < .05. The P values were adjusted as needed using the
BenjaminieHochberg procedure in edgeR. All statistical analyses
were performed using R (version 4.4.1; https://cran.r-project.org).
Results

Histopathological Evaluation

Upon histopathological evaluation, lymph node tissue from
patients with TAFRO and NOS exhibited significantly higher
hypervascularity scores comparedwith IPL tissues (IPL vs TAFRO, P
< .001; IPL vs NOS, P ¼ .002), with no statistical difference be-
tween TAFRO and NOS. In addition, whirlpool vessels were
frequently observed in atrophic GCs in TAFRO (9/9, 100%) and NOS
(6/8, 75%) but never in IPL (IPL vs TAFRO, P < .001; IPL vs NOS, P ¼
.007). TAFRO and NOS samples received lower plasmacytosis
scores than IPL samples (IPL vs TAFRO, P < .001; IPL vs NOS, P ¼
.020), again with no difference between TAFRO and NOS. IPL GCs
showed significantly higher GC status scores than those in
3

TAFRO (P ¼ .011), but NOS samples showed no significant
differences from either IPL or TAFRO samples (Supplementary
Table S1). Typical histologic findings for each subtype are shown
in Figure 1.
Immunohistochemical Staining

Figures 2 and 3 present the results of ERG immunohisto-
chemical staining in each iMCD subtype. The number of ERG-
positive cells in the GCs of TAFRO samples was significantly
higher than that in IPL samples (P ¼ .014); however, no difference
was observed among other subtypes (Figs2A-C and 3). In inter-
follicular areas, the number of ERG-positive cells in TAFRO and
NOS samples was significantly higher than that in IPL samples
(TAFRO, P < .001; NOS, P ¼ .002), with no difference between
TAFRO and NOS (Figs. 2D-F and 3).
Gene Expression Analysis

To identify potential signaling pathways and gene sets that
may be associated with the increased vascularity, we performed

https://cran.r-project.org


Figure 2.
Ets-related gene (ERG) immunohistochemical staining for vascularity in each subtype. ERG immunohistochemical staining in (A-C) germinal centers (GCs) and (D-F) inter-
follicular (IF) areas from IPL (A, D), TAFRO (B, E), and NOS (C, F) samples (400�). IPL, idiopathic plasmacytic lymphadenopathy; NOS, not otherwise specified; TAFRO, throm-
bocytopenia, anasarca, fever, reticulin fibrosis, and organomegaly.
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pathway analysis using RNA-seq data from lymph node tissue. We
used data that we previously published from 12 patients with IPL, 2
patients with TAFRO, and 4 patients with NOS, which showed
Figure 3.
Number of Ets-related gene (ERG)-positive cells in each subtype. Box-and-whisker and d
areas, with comparisons between patient groups. The number of ERG-positive cells is the av
differences; those in black are nonsignificant. Significance was calculated using the Mann
specified; TAFRO, thrombocytopenia, anasarca, fever, reticulin fibrosis, and organomegaly

4

common gene expression between TAFRO and NOS, and as such,
these cases were combined.20 Differential expression analysis
revealed 596 upregulated and 113 downregulated genes in TAFRO/
ot plots of ERG-positive cell counts in germinal centers (GCs) and interfollicular (IF)
erage of the absolute counts in 5 high-power fields. P values in red indicate significant
-Whitney U test. IPL, idiopathic plasmacytic lymphadenopathy; NOS, not otherwise



Figure 4.
Transcriptome analysis. (A) Top 10 Kyoto Encyclopedia of Genes and Genomes pathway enrichment in TAFRO/NOS tissues. The color of the circle indicates the adjusted P value.
The size of the circle indicates the number of differentially expressed genes (DEGs) contained in each of its pathways. (B) Expression of DEGs upstream of the PI3KeAkt signaling
pathway. The blue box plot shows the gene expression values of the IPL group, whereas the red box plot shows those of the TAFRO/NOS group. Significance was calculated using
the Mann-Whitney U test. IPL, idiopathic plasmacytic lymphadenopathy; NOS, not otherwise specified; n.s., not significant; TAFRO, thrombocytopenia, anasarca, fever, reticulin
fibrosis, and organomegaly; ECM, extracellular matrix; TPM, transcripts per million. *P � .05, **P � .01.
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NOS comparedwith IPL (Supplementary Fig. S2 and Supplementary
Table S2), including several with important roles in vascular devel-
opment, such as vascular endothelial growth factor A (VEGFA) and
platelet-derived growth factor receptor beta (PDGFRB).

We performed KEGG enrichment analysis of the DEGs between
TAFRO/NOS and IPL and found that the PI3KeAkt signaling
pathway was the most enriched in TAFRO/NOS (Fig. 4A and
Supplementary Fig. S3), the groupwith prominent vascularization.
Upstream DEGs related to this pathway included platelet-derived
growth factor A (PDGFA), PDGFB, PDGFRA, PDGFRB, VEGFA, kinase
insert domain receptor, and several integrins. Among those genes,
VEGFA, PDGFRB, and integrin subunit alpha (ITGA5) showed partic-
ularly high expression (Fig. 4B). Although genes related to the
RASeRAF1eERK pathway were not upregulated, those of the
eNOSePKGep38eERK pathway were upregulated in TAFRO/NOS
samples relative to their expression in IPL samples (Supplementary
Fig. S4). Although genes related to the eNOSePKGep38eERK
pathway had log fold-change values below the threshold and
were not included as DEGs, significant differences in their
expressionwere observedbetween the IPL and TAFRO/NOS groups.
5

Discussion

In this study, we analyzed the degree of vascularization and the
expression of angiogenesis-related genes in lymph node tissues
from each iMCD clinical subtype. Histopathological findings,
including vascularity, plasmacytosis, and GC status, in TAFRO/NOS
were statistically different from those in IPL. Additionally, we
examined the presence of whirlpool vessels for the first time
across the 3 subtypes and found that this characteristic served as a
distinguishing feature between IPL and TAFRO/NOS. This pattern
of angiogenesis in GCsmay be influenced by the DEGs identified in
this study and/or the unique environment of the GCs, but evidence
is limited.

Gene expression analysis revealed that genes related to the
PI3KeAkt signaling pathway were significantly enriched in the
TAFRO/NOS group relative to the IPL group. Furthermore, VEGFA,
PDGFRB, and ITGA5 showed particularly high expression. As VEGFA
and ITGA5 are known to activate the PI3KeAkt signaling
pathway,21-24 our findings suggest that these factors induce
PI3KeAkt signaling in TAFRO/NOS. Indeed, previous reports have



Figure 5.
Proposed mechanism of angiogenesis in thrombocytopenia, anasarca, fever, reticulin fibrosis, and organomegaly and not otherwise specified. In response to inflammation,
increased levels of vascular endothelial growth factor A (VEGFA) and platelet-derived growth factor receptor beta (PDGFRB) in vascular endothelial cells may activate the
PI3KeAkt signaling pathway, leading to angiogenesis and increased vascular permeability in thrombocytopenia, anasarca, fever, reticulin fibrosis, and organomegaly and not
otherwise specified subtypes. In addition, some integrins derived from neovascularized blood vessels may further activate the PI3KeAkt pathway and cause prominent anasarca
and/or fluid retention. ITGA5, integrin subunit alpha.
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documented high serum VEGFA levels in patients with iMCD
(overall or TAFRO/NOS groups).25,26 VEGFA is known to enhance
vascular permeability and promote angiogenesis,24,27,28 corre-
sponding to the clinical features of TAFRO/NOS. Downstream of
VEGFA, the RASeRAF1eERK pathway strongly promotes angio-
genesis, and the PI3KeAkteeNOSePKGep38eERK pathway
modulates the extent of angiogenesis by suppressing the
RASeRAF1eERK pathway and enhances vascular perme-
ability.23,24,29-32 We hypothesize that strongly enriched
PI3KeAkteeNOSePKGep38eERK signaling suppresses
RASeRAF1eERK signaling in TAFRO/NOS. Furthermore, PDGFRB
overexpression has been reported to strongly activate the
PI3KeAkt signaling pathway.33,34 In normal tissues, PDGFRB is
predominantly expressed in vascular pericytes, with minimal
expression in vascular endothelial cells, except in tumors or in-
flammatory conditions.34,35 Furthermore, high VEGFA expression
indirectly inhibits the recruitment of vascular pericytes.36 Thus,
the recruitment of vascular pericytes, which support vascular
endothelial cells and inhibit vascular permeability, to developing
vessels may be suppressed.37 Therefore, the high expression of
PDGFRB and VEGFA observed in the TAFRO/NOS group in this study
may indicate inflammation, PI3KeAkt activation, and vascular
pericyte recruitment inhibition, providing insights into disease
pathogenesis. PDGFRB is known to bind not only PDGF but also
VEGFA.38,39 Additionally, the VEGFAePDGFRB binding affinity is
stronger than that of PDGFePDGFRB.39 Therefore, the enrichment
of the PI3KeAkt signaling pathway may be particularly strongly
influenced by the strong VEGFAePDGFRB interaction. ITGA5,
which is expressed in platelets and endothelial cells,40 showed
high expression in TAFRO/NOS in this study. ITGA5 plays a vital
role in angiogenesis and activates the PI3KeAkt signaling
pathway.21,22,41 Therefore, the high ITGA5 expression observed
here may reflect an increase in endothelial cells and further acti-
vation of the PI3KeAkt signaling pathway. This is potentially
related to the hypervascularization in affected lesions and the
6

clinical severity of symptoms such as anasarca and/or fluid
retention, which are characteristic of TAFRO and often NOS
cases.7,14,20,24 PI3KeAkt signaling pathway activation is also
known to induce platelet apoptosis.42 In addition, high PDGFRB
expression in bonemarrow stromal cells is known to be associated
with severe myelofibrosis.43-45 Therefore, the activation of PI3K
and the high expression of PDGFRB in the bonemarrow of patients
with TAFRO may lead to thrombocytopenia and reticulin fibrosis.

Our results suggest that targeting the PI3KeAkt signaling
pathway, potentially upstream of mTOR, may be a valid thera-
peutic target for TAFRO/NOS. Indeed, studies have reported some
success in treating TAFRO by targeting mechanistic target of
rapamycin kinase inhibitors located downstream of the PI3KeAkt
signaling pathway.11,26,46 Inhibiting PI3K and other molecules
located upstream of the mechanistic target of rapamycin kinase
may also exert therapeutic effects.

We also focused on interleukin 6 (IL-6), a cytokine upstream
of the PI3KeAkt pathway that plays an essential role in the
pathogenesis of iMCD, particularly IPL.4,14 However, there was no
difference in IL-6 gene expression between the IPL and TAFRO/
NOS groups (P ¼ .892). In addition, previous reports have shown
no difference in serum IL-6 levels between these groups.14,47 This
suggests that the PI3KeAkt pathway is affected by cytokines
other than IL-6. Because TAFRO causes cytokine storms,20 which
subsequently increase IL-6 levels, we believe that gene expres-
sion and serum IL-6 levels may be increased in TAFRO as well as
IPL.

This study had several limitations. First, identifying specific
cells that activate the PI3KeAkt signaling pathway was not
possible because we performed bulk RNA-seq. However, both
histopathology and immunohistochemical staining suggested a
difference in vascular endothelial cell features when comparing
TAFRO/NOS and IPL. Therefore, we speculate that vascular endo-
thelial cells are responsible at least in part for the PI3KeAkt
signaling pathway activation. Second, the power of DEG detection
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in gene transcripts was limited because of the small number of
TAFRO/NOS cases investigated.

In conclusion, we demonstrated increased vascularity in
TAFRO/NOS iMCD subtypes and identified a possible mechanism.
We propose that elevated VEGFA and PDGFRB expression in
vascular endothelial cells in response to inflammation may acti-
vate the PI3KeAkt signaling pathway and induce angiogenesis in
TAFRO/NOS with increased permeability. Furthermore, some
integrins derived from neovascularized blood vessels may further
activate the PI3KeAkt signaling pathway and cause prominent
anasarca and/or fluid retention (Fig. 5). To validate these hy-
potheses, future studies using spatial transcriptomics and single-
cell analysis may be necessary.
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