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Plasma proteomics identifies a ‘chemokine storm’ in idiopathic
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Human Herpesvirus-8 (HHV-8)-negative/idiopathic multicentric Castleman disease (iMCD) is a
poorly understood disease involving polyclonal lymphoproliferation with dysmorphic germinal cen-
ters, constitutional symptoms, and multi-organ failure. Patients can experience thrombocytopenia,
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iMCD-TAFRO. Others experience thrombocytosis, milder effusions, and hypergammaglobulinemia,
-iMCD-Not Otherwise Specified (iMCD-NQOS). Though the etiology is unknown in both subtypes,

iMCD symptoms and disease progression are believed to be driven by a cytokine storm, often
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including interleukin-6 (IL-6). However, approximately two-thirds of patients do not respond to
anti-IL-6 therapy; alternative drivers and signaling pathways are not known for anti-IL-6 nonres-
ponders. To identify potential mediators of iMCD pathogenesis, we quantified 1129 proteins in 13
plasma samples from six iMCD patients during flare and remission. The acute phase reactant NPS-
PLA2 was the only significantly increased protein (P =.017); chemokines and complement were
significantly enriched pathways. Chemokines represented the greatest proportion of upregulated
cytokines, suggesting that iMCD involves a chemokine storm. The chemokine CXCL13, which is
essential in homing B cells to germinal centers, was the most upregulated cytokine across all
patients (log2 fold-change = 3.22). Expression of CXCL13 was also significantly increased in iMCD
lymph node germinal centers compared to controls in a stromal meshwork pattern. We observed
distinct proteomic profiles between the two iIMCD-TAFRO patients, who both failed anti-IL-6-
therapy, and the four iMCD-NOS patients, in whom all three treated with anti-IL-6-therapy
responded, suggesting that differing mechanisms may exist. This study reveals proteomic differen-

ces between flare and remission and the potential to molecularly define iMCD subgroups.

1 | INTRODUCTION

Recently, a new clinical subtype of iIMCD has been described

involving thrombocytopenia, anasarca, fibrosis of bone marrow, renal

Human Herpesvirus (HHV)-8-negative, idiopathic multicentric Castle-
man disease (iIMCD) is a polyclonal lymphoproliferative disorder with
an unknown etiology. Approximately 1000 individuals of all ages are
diagnosed with iMCD each year in the USA,* and 35%-45% of patients
die within 5 years of diagnosis.2™ Patients experience heterogeneous
clinical and laboratory abnormalities including constitutional symptoms,
anemia, anasarca, renal failure, hypoalbuminemia, thrombocytopenia or
thrombocytosis, and multicentric lymphadenopathy. Characteristic his-
topathological features of the enlarged lymph nodes include dysmor-
phic (atrophic or hyperplastic) germinal centers, hypervascularization,
polyclonal lymphoproliferation, and/or polytypic plasmacytosis.”

dysfunction, organomegaly (iIMCD-TAFRO), and normal immunoglobu-
lin levels.” Other iIMCD patients, who do not have TAFRO features
(herein referred to as iIMCD-Not Otherwise Specified or iMCD-NQOS),
more often demonstrate thrombocytosis, hypergammaglobulinemia,
and less severe fluid accumulation.®

Similar clinical and histopathological changes that occur in iMCD
also occur in HHV-8-positive MCD in which the HHV-8 virus replicates
in lymph node plasmablasts and initiates a cytokine storm driving poly-
clonal lymphoproliferation and systemic symptoms.” Likewise, a cyto-
kine storm—the uncontrolled release of proinflammatory cytokines'°—
is presumed to drive iIMCD pathogenesis. However, the etiology,
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signaling pathways, dysregulated cell types, and composition of the
cytokine storm, including the various families of cytokines, such as
interleukins and chemokines, are not known in iMCD. Chemokines reg-
ulate leukocyte migration, lymphoid tissue organization, innate and
adaptive immunity, angiogenesis, and immune system development,
whereas interleukins are often involved in stimulating immune
responses, such as inflammation.

Several lines of evidence suggest that excess interleukin-6 (IL-6), a
cytokine that promotes B cell and plasma cell growth, plays an impor-
tant role in symptoms and disease progression in many iMCD
patients.*1*2 Anti-IL-6 monoclonal antibodies (mAb) tocilizumab (anti-
IL-6 receptor) and siltuximab (anti-IL-6) have been approved for iMCD
in various regions of the world.>*** However, approximately two-
thirds of iIMCD patients did not respond to IL-6 blockade with siltuxi-
mab in the registrational trial,** and, of the 35 siltuximab nonrespond-
ers in the study, more than one-half had normal IL-6 levels during
active disease (<5 pg/mL).}? In agreement, a recent study of serum
cytokines found that more than one-half of the 17 iIMCD patients
examined had undetectable IL-6 levels during flare.*> These results sug-
gest that IL-6 independent pathways may be driving disease pathoge-
nesis in a portion of iIMCD patients. Current treatment options for
these patients include corticosteroids, rituximab, and cytotoxic chemo-
therapies, which have limited efficacy and significant toxicity in
iMCD.*¢ Efforts to identify new treatment strategies for patients who
do not respond to anti-IL-6 therapy are limited by a poor understand-
ing of iIMCD pathogenesis.

Here, we performed for the first time unbiased, systematic quanti-
fication of plasma proteins in six iMCD patients’ matched flare and
remission samples using Somalogic SOMAscan® to generate insights

into iIMCD pathogenesis.

2 | METHODS

2.1 | Patients and sample collection

All patients consented to the research, which was approved by the Uni-
versity of Arkansas for Medical Sciences Institutional Review Board.
Clinical data were collected as part of routine care. Between 2007 and
2016, peripheral blood samples were collected from six patients whose
diagnoses are consistent with the iMCD diagnostic criteria.> One sam-
ple during flare (defined as C-Reactive Protein (CRP)> 10 mg/L and
the presence of at least two iMCD-related minor diagnostic criteria®)
and one sample during remission (defined as CRP < 10 mg/L and less
than two minor diagnostic criteria®) were collected from each patient.
An additional sample was collected for patient 6 during a subsequent
flare, which occurred three years after the first flare. In total, 13 sam-
ples collected from six iMCD patients were analyzed.

The demographic and disease characteristics of the six iIMCD
patients are presented in Supporting Information Table S1. Median age
at diagnosis was 44.5 years, similar to previous reports.2® One patient
is female (16.7%). Five of six patients are white (83.3%), and one
patient is black (16.7%). Patients 1-4 are iMCD-NQOS, whereas patients
5-6 are iIMCD-TAFRO. Five of the six patients were treated with anti-
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IL-6-therapy (siltuximab or tocilizumab) during their disease course
(Supporting Information Table S2). Of those treated, patients 1-3
responded to treatment and patients 5-6 did not respond. At the time
of flare sample collection, patients 5 and 6 (flare 1) were on anti-IL-6
therapy, and at the time of remission sample collection, patients 1, 2, 3,
and 5 were on anti-IL-6 therapy. Complete treatment information is
listed in Supporting Information Table S2. Plasma was isolated follow-
ing standard protocols, stored at —80°C, and shipped in 150 mL ali-
quots overnight on dry-ice to Somalogic, Inc (Boulder, Colorado) for

analysis.

2.2 | High-throughput protein quantification and
analysis

SomalLogic’s SOMAscan®, a multiplexed, aptamer-based binding-assay,
which has been described in depth previously,’” was used to quantify
the relative levels of 1129 proteins. Briefly, the SOMAscan assay uses
Slow-Off-rate Modified Aptamer (SOMAmer) reagents, which are
chemically modified nucleotides, to bind and quantify target proteins in
relative fluorescent units directly proportional to the amount of target
protein in the sample.

Data analyses were performed using R version 3.4.2.18 Data were
normalized by log2 transformation. Fold-change was calculated as the
log2 (flare/remission) for each patient. Both of the patient 6 flare sam-
ples, labeled as 6.1 and 6.2, were compared to the remission sample.
Protein function was assigned according to the UniProt molecular func-
tion annotation. For comparison of flare and remission and of clinical
subgroups, P values were calculated using Linear Models for Microarray
and RNA-Seq data (LIMMA)*? and adjustment for multiple-hypothesis
testing was performed using the method of Benjamini and Hochberg
(false discovery rate (FDR) < .05).%°

Gene-set enrichment analyses based on the Reactome Pathway
Database and Kyoto Encyclopedia of Genes and Genomes (KEGG)
database and drug enrichment analysis based on the Library of Inte-
grated Network-Based Cellular Signatures (LINCS) 1000 database were
performed using Enrichr.2%?2 The LINCS 1000 database was used to
identify compounds that decrease gene expression of upregulated pro-
teins. Ingenuity® Pathway Analysis (IPA) software was used for gene-
set enrichment and pathway analyses. Enriched gene-sets identified
among upregulated and/or downregulated proteins were compared
against enriched gene-sets identified among the background of 1129
quantified proteins for all gene-set enrichment analyses. When appro-
priate, fold-enrichment ratio and a one-sided Fisher's Exact P value
were calculated for comparison. A P value < .05 was considered signifi-
cant, unless otherwise noted. A combined score, calculated by the log
(P value)*z-score was used to rank the most significant compounds.
Data analysis was performed by SKP, AJS, DS, AS, YR, HL, and DCF,

and all authors had access to the primary clinical data.

2.3 | Immunohistochemistry

Immunohistochemistry (IHC) staining of formalin fixed paraffin embed-
ded lymph node tissue from each iMCD patient and five sentinel lymph
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nodes from breast cancer patients with no evidence of metastasis was
performed at the Pathology Core at the Children’s Hospital of Philadel-
phia. Slides were generated at 5um thickness. Epitope retrieval was
done for 20 minutes with E2 retrieval solution (Leica Biosystems). IHC
was performed on a Leica Bond Max automated staining system (Leica
Biosystems) using the Bond Intense R staining kit (Leica Biosystems
DS9263). Polyclonal rabbit anti-CXCL13 (AF801, R&D Systems) was
used at a 1:500 dilution and an extended incubation time of 1 hour at
room temperature. Avidin Biotin Blocking was added (Vector Labs SP-
2001) and a Peptide Blocking step was included (DAKO X0909). Slides
were digitally scanned at 20X magnification on an Aperio ScanSope
CS-O slide scanner (Leica Biosystems) and analyzed offline using
Aperio ImageScope and Image Analysis Toolkit software (color decon-

volution v9 algorithm).

3 | RESULTS

3.1 | iMCD flare and remission samples have distinct
proteomic profiles

To visualize patterns in proteomic alterations that occur during iMCD
flares, we performed principal component analysis (PCA) on all 13 sam-
ples (Figure 1A). The first principal component (PC1) did not clearly
separate based on clinical subtype or disease state. The second princi-
pal component (PC2), which explained 13.9% of variance, separated
flare and remission samples. Six of seven flare samples demonstrated a
greater value on the PC2 component axis than all remission samples,
and each flare sample demonstrated a greater PC2 value than its
respective remission sample. To better understand the proteomic alter-
ations that occur during flare, we plotted the 25 proteins contributing
the most to PC2 based on absolute value of the features in the loading
vector (Figure 1B). Hemoglobin and Serum Amyloid A (SAA) contrib-
uted the most to PC2. Hemoglobin was the most downregulated pro-
tein across all patients, which is consistent with anemia that occurs
during flare. SAA, a cytokine-induced acute phase reactant produced
by the liver, was the upregulated protein that contributed the most to
differentiating flare from remission. Other acute phase reactants, such
as Haptoglobin, CRP, Non-Pancreatic Secretory Phospholipase A2
(NPS-PLA2), and Complement 3b (C3b) were also among the top 10
strongest contributors to PC2. Five of the remaining top 25 contribut-
ing proteins demonstrate cytokine or chemokine activity, including Tis-
sue Inhibitor of Metalloproteases-1 (TIMP-1), chemokine C-X-C motif
chemokine ligand 13 (CXCL13), C-C motif ligand (CCL) 23 (CCL23),
CCL21, and CCL14.

To visualize proteins significantly different in flare compared to
remission across all iMCD patients, we performed a LIMMA modeling
analysis of the log2 fold-change of all proteins and produced a volcano
plot of the results (Figure 1C). However, only one protein, the acute
phase reactant, NPS-PLA2, reached statistical significance after adjust-
ment when compared across all iMCD patients (P =.017). In summary,
iMCD flare and remission samples have distinct proteomic profiles
involving consistent trends in acute phase reactants, cytokines, and

chemokines between flare and remission.

3.2 | Pathways involving cytokines, chemokines, and
complement are the most enriched during iMCD flare

As only one individual protein reached statistical significance across all
iMCD patients when comparing flare to remission samples, we turned
to gene-set enrichment analyses to identify gene-sets that are signifi-
cantly altered during flare. Using KEGG gene-set database, we analyzed
all proteins with at least a 2-fold mean increase across all patients during
flare (list of >2-fold-change proteins available in Supporting Information
Table S3). This analysis identified 14 significant KEGG gene-sets; cyto-
kine-cytokine receptor interaction, chemokine signaling pathway, and
complement and coagulation cascades were the top 3 gene-sets by
combined score. To address the possibility that the set of 1129 proteins
quantified through SOMAscan® was itself enriched for cytokine and
chemokine pathways, we compared the results to the background set of
all SOMAscan® proteins quantified. Chemokine signaling pathway and
complement and coagulation cascades remained significantly enriched
(P=.03 and P = .04, respectively), and the P value for cytokine-cytokine
receptor interaction was .09 (Supporting Information Table S4), which
confirmed enrichment of these pathways among the most upregulated
proteins. We repeated gene-set analyses using the Reactome database.
Gene-sets enriched at least 2-fold relative to the background set of all
SOMAscan® proteins included cytokine signaling, such as G-protein
coupled receptors and IL-1, —4, — 10, and — 13 signaling, chemokine sig-
naling, and the complement cascade (Supporting Information Table S5).
Results from both databases are consistent with involvement of cyto-

kine and chemokine signaling and complement activation in iMCD flare.

3.3 | Chemokines are the most upregulated family of
cytokines during iMCD flare

Given the enrichment of cytokine signaling and the generally accepted
model of iMCD as a cytokine storm,?® we performed additional analyses
to investigate which cytokines were most elevated. Of the 120 cyto-
kines measured by the SOMAscan® platform the average fold-change
of chemokines was significantly higher than interleukins (P =.048) and
other cytokines (P = .025) (Figure 2A, Supporting Information Table S6).
Chemokines represented six of the eight cytokines that exceeded 2-fold
upregulation. Further, nearly one-half of the quantified chemokines
(43.6%) were represented among the top quartile, which was signifi-
cantly greater than interleukins (11.1%, P =.006) or other cytokines
(18.5%, P =.008). The three chemokines that were most upregulated
during flare were CXCL13 (or B Lymphocyte Chemoattractant (BLC)),
CCL23 (or Myeloid Progenitor Inhibitory Factor 1-1 (MPIF-1)), and
CCL21 (or 6CKine). In contrast to the increased abundance of chemo-
kines, relatively few interleukins were upregulated during iMCD flare.
IL-6 was the most upregulated interleukin on average. However, this
result is confounded by patients receiving anti-IL-6-therapy, which is
known to increase circulating IL-6 levels.?* The highest flare IL-6 level
was found in the only patient (patient 5) who was receiving anti-IL-6-
therapy during the flare draw, and the highest remission IL-6 levels were
found in the patients on anti-IL-6-therapy. Given the potential bias of
anti-IL-6 therapy, we removed samples obtained during anti-IL-6-
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FIGURE 1 Proteomic alterations during iMCD flare. (A) Principal component analysis of all iMCD samples (N = 13). PC2, which accounted
for 13.9% of variance, separated flare samples from remission. (B) Log2 fold-change of the top 25 proteins contributing to PC2; top contrib-
utory proteins consist of acute phase reactants, cytokines, and chemokines. (C) Volcano plot showing the log2 fold-change against the
—log10 adjusted P value following LIMMA analysis. One protein (NPS-PLA2) reached statistical significance (horizontal line) following
adjustment. Proteins in blue have >2-fold-change (log2 fold-change of —1.0 and 1.0, delineated by vertical lines) or are significantly ele-
vated (—log10 (Adjusted P value) > 1.301, delineated by horizontal line) between flare and remission. Fifteen select proteins are identified
by name. (Abbreviations: BSP: Bone sialoprotein 2; C3b: Complement C3b; CCL14: C-C motif chemokine 14; CK-MM: Creatine kinase M-
type; CRP: C-reactive protein; HMG-1: High mobility group protein B1; LBP: Lipopolysaccharide-binding protein; NPS-PLA2: Phospholipase
A2, membrane associated; SAA: Serum amyloid A-1 protein; FDR: False discovery rate) [Color figure can be viewed at wileyonlinelibrary.com]

therapy and calculated a log2-fold-change for each of the remaining
flare samples (patients 1, 2, 3, 4, 6 (flare 2)) relative to the average of the
remaining remission samples (patients 4, 6). Patients 1 and 2 had greater
than 3-fold increased IL-6, while patients 3, 4, and 6 had less than 50%
change. These results suggest that the cytokine storm observed in
iMCD includes significant upregulation of chemokines.

3.4 | CXCL13 expression is elevated in iMCD lymph
node tissue

To identify a potential cellular source of the elevated circulating

CXCL13, we performed immunohistochemistry on iMCD lymph

node tissue from each patient prior to iMCD treatment. Compared
to sentinel lymph node tissue from breast cancer patients without
evidence of metastasis (control), germinal centers in iIMCD tissue
demonstrated significantly increased medium (P =.047) and strong
(P=.022) staining and significantly decreased weak staining
(P=.047) (Figure 2B-D). CXCL13 reactivity appears in both a dif-
fuse, meshwork pattern and a punctate pattern in the germinal cen-
ter region, likely representing follicular dendritic cells (FDCs) and T
follicular helper (TFh) cells, respectively. These findings suggest that
lymph node tissue may be the source of elevated levels of circulat-
ing CXCL13 during iMCD flare.
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FIGURE 2 Chemokines are the most upregulated type of cytokine, and the most upregulated plasma chemokine, CXCL13, demonstrates
elevated expression in iMCD lymph node tissue. (A) Bar plot showing mean log2 fold-change of all chemokines (N = 39), interleukins

(N =27), and other cytokines (N = 54) quantified by SOMAscan®. Mean fold-change among chemokines was significantly greater than that
of interleukins or other cytokines (P =.048 and P =.025, respectively). CXCL13 was the most upregulated cytokine (log2 fold-change 3.22),
followed by CCL23 (log2 fold-change 1.71) and CCL21 (log2 fold-change 1.57). IL-6 was the top upregulated interleukin (log2 fold-change
0.65). (B) High power image of a representative germinal center from a sentinel lymph node from a breast cancer patient with no evidence
of metastasis (Control); (C) high power image of a representative germinal center from an iMCD lymph node, which was resected prior to
receiving any iMCD therapy (iMCD) (bar = 100 um). Tissue was immunostained with an antibody against CXCL13. (D) Quantification of ger-
minal center CXCL13 staining intensity, as the percentage of pixels, for six iIMCD (orange) and five control (green) lymph nodes. Aperio
ImageScope was used for all analyses. ((CXCL13; PCCL23; °CCL21; 9IL-6; *P < .05) [Color figure can be viewed at wileyonlinelibrary.com]

3.5 | Bioinformatic analyses reveal distinct proteomic
profiles between groups associated with clinical
subtype and anti-IL-6 response

To investigate whether patterns of proteomic alteration differ across
patients, we performed a PCA of the log2 fold-change values for all
proteins for each flare-remission pair (Figure 3A). Strikingly, PC1

(accounting for 62.7% of the variance) separated patients by clinical

subtype (iIMCD-TAFRO vs iMCD-NOS) and response to anti-IL-6-
therapy. Both iMCD-TAFRO cases did not respond to anti-IL-6-
therapy whereas the three iMCD-NOS patients treated with anti-IL-6-
therapy responded (one iIMCD-NOS patient never received anti-IL-6-
therapy). We next analyzed correlations between samples by compar-
ing all 1129 proteins (Figure 3B). While there was positive correlation
across the proteomes within the iMCD-TAFRO and iMCD-NOS
groups, the proteomes of IMCD-TAFRO patients were negatively
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FIGURE 3 Two iMCD subgroups demonstrate unique proteomic profiles. (A) Principal component analysis of paired iMCD samples
identifies two subgroups of patients by PC1 (62.7% of variance) that separate based on clinical subtype and response to anti-IL-6-therapy.
(B) Pearson correlation plot shows positive correlation within the subgroups and negative correlation between the subgroups. (C). Heat map
of all 1129 proteins demonstrates anti-correlation of many proteins; patients clustered together according to subgroup [Color figure can be

viewed at wileyonlinelibrary.com]

correlated with the iIMCD-NOS patients. We then visualized the rela-
tive values of all proteins in a heat map with unsupervised hierarchical
clustering of paired samples (Figure 3C). iMCD-TAFRO and iMCD-
NOS patients were separated on the first tier. Many of the most upreg-
ulated proteins in iIMCD-TAFRO patients were downregulated in
iMCD-NOS and vice versa (Supporting Information Table S7). Further,
we performed a LIMMA modeling analysis on all proteins for iMCD-
TAFRO and iMCD-NOS subgroups and plotted the results. Though no
proteins reached statistical significance in the iIMCD-NOS subgroup,
229 proteins were statistically significant after adjustment in the
iMCD-TAFRO subgroup (Supporting Information Figure S1). These
results demonstrate clear differences in proteomic profiles between
groups of iIMCD patients. However, it is unclear if this distinction is
due to clinical subtypes and/or anti-IL-6 response.

3.6 | PI3K/Akt/mTOR identified as a potential
targetable pathway in iMCD

To generate insights into potential signaling pathways, we performed
gene-set and pathway analyses on the proteins with >2-fold-change
separately for iIMCD-TAFRO and iMCD-NOS groups (listing of proteins
in Supporting Information Tables S8 and S9). To ensure that our results
were not a product of enrichment among the 1129 analytes that were
quantified, we compared results to the background of all SOMAscan®
proteins. IPA ranked “Phosphoinositide 3-kinase (PI3K) signaling in B
lymphocytes” in the top two canonical pathways for both clinical sub-
groups by P value. All of the top five ranked pathways for iMCD-
TAFRO and iMCD-NOS were significant by P <.001 (Supporting Infor-

mation Table $10). When KEGG gene-set analyses were performed on
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TABLE 1 Top 20 nonduplicated compounds identified to downreg-
ulate proteins that are >2-fold upregulated during iMCD-TAFRO
flare

Compound Combined
name Class of drug score
GDC-0980 PI3K & mTOR inhibitor 47.5
GSK-1059615 PI3K & mTOR inhibitor 46.8
XMD-1150 Selective LRRK2 inhibitor 45.1
Neratinib TKI (EGFR/HER2) 43.2
Nintedanib TKI (VEGFR/PDGFR) 414
BIX-01294 Histone methyl transferase inhibitor 37.3
KINO01-244 PDK1 inhibitor 37.2
I-BET151 BET family inhibitor 37.0
Gefitinib TKI (EGFR) 36.7
Trametinib MEK inhibitor 36.0
XMD-892 BMK1/ERKS inhibitor 35.3
AZD-6482 PI3K inhibitor 5.8
Geldanamycin Benzoquinone Ansamycin Antibiotic 34.9
Celastrol Triterpenoid antioxidant 34.7
Buparlisib PI3K inhibitor 344
SAR-245408 PI3K inhibitor 34.1
GSK-1070916 Aurora B/C kinase inhibitor 33.2
Dasatinib TKI (BCR/ABL and Src) 32.9
SB-239063 MAPK Inhibitor 328
NVP-BEZ235 PI3K & mTOR inhibitor 324

Proteins upregulated > 2-fold during iIMCD-TAFRO flare were analyzed
using the LINCS 1000 database. Six of the top 20 compounds identified
to downregulate the upregulated proteins are of the PI3K & mTOR
inhibitor class.

the iIMCD-TAFRO cases, MAPK signaling and chemokine signaling
were significantly enriched compared to background proteins (P = .02
and P =.02). PIBK-Akt was 1.22-fold enriched and had the third high-
est combined score, but did not meet significance when compared to
background proteins (P =.16) (Supporting Information Table S11). For
iMCD-NOS cases, KEGG gene-set analyses identified chemokine sig-
naling and Vascular Endothelial Growth Factor (VEGF) signaling among
the top five gene-sets, which were also significantly enriched over
background (all P <.01) (Supporting Information Table S12). Lastly, we
performed an enrichment analysis for compounds in the LINCS 1000
database that decrease gene expression of proteins with > 2-fold
upregulation during flare among iMCD-TAFRO and iMCD-NOS cases.
After multiple comparison adjustment, six of the 20 most significant
compounds (highest combined score) identified to downregulate pro-
tein expression for iMCD-TAFRO patients were dual PI3K/mechanistic
target of rapamycin (mTOR) inhibitors or PI3K inhibitors. The remaining
14 compounds each had different targets (Table 1). For iMCD-NOS
patients, no compounds were identified below the false discovery rate

to downregulate protein expression of the >2-fold upregulated

proteins. The identification of the PI3K/Akt/mTOR pathway across
analyses performed on four separate gene-set databases suggest that it
may be a novel therapeutic target for treating iMCD.

4 | DISCUSSION

Here, we have systematically characterized in a small patient cohort
the breadth of soluble protein changes during iMCD flare in peripheral
blood. Our results support the general model that iMCD flares involve
a cytokine storm and acute inflammation. Acute phase reactants con-
tributed strongly to the altered proteomic profile of patients in flare.
NPS-PLA2, the only protein to meet statistical significance across all
samples, has been found to be elevated in malignancies and inflamma-
tory disorders and highly correlated with other inflammatory markers,
including CRP and SAA.2°-28

While iMCD has been described as an IL-6-driven lymphoprolifera-
tive disorder,?’ recent findings suggest that IL-6 is not the driving cyto-
kine in all cases, and >50% of patients with iMCD do not respond to
anti-IL6-therapy.'* Our findings further indicate that iMCD pathogene-
sis is more complex than previously described. In our cohort, anti-IL-6-
therapy induced a complete response in three of five patients in whom
it was administered. However, the flare IL-6 levels were not highly
upregulated compared to paired remission samples in these patients.
When the anti-IL-6 treated samples were removed, we found that the
degree of fold-change may have been underestimated. It is also possi-
ble that some patients may have dysregulation in IL-6 signaling such
that small changes in IL-6 levels result in major downstream effects.>°
We previously found a significantly increased frequency of an IL-6
receptor polymorphism among iMCD patients (49%) compared to con-
trols (33%). Individuals with this polymorphism expressed significantly
higher levels of soluble IL-6 receptor, which we hypothesized could
contribute to increased IL-6 activity through trans-signaling.3*

A major finding in this study is that chemokines are significantly
upregulated compared to interleukins and other cytokines during
iMCD flare. These data suggest that the ‘cytokine storm’ described in
iMCD would be more appropriately considered a ‘chemokine storm.’
The most upregulated circulating cytokine is the chemokine CXCL13,
which is essential for lymph node development and B cell homing to
germinal centers; upregulated levels of CXCL13 have been observed in
disorders that overlap clinically and histopathologically with
iMCD.327%¢ This finding is also notable given that two flare samples
were collected from patients (patient 2 and 6, flare 1) while on rituxi-
mab, which has been shown to decrease serum CXCL13 levels and
may have dampened CXCL13 fold-change between flare and
remission.>’ 37 CXCL13 levels were still more than 4-fold higher in
flare compared to remission in those patients. Additionally, no patients
received rituximab within 12 months of remission sample collection, so
decreased remission sample CXCL13 is not expected. Thus, CXCL13
may have been further upregulated across patients if rituximab had not
been administered during two patients’ flare samples.

Consistent with proteomic data, we found increased germinal cen-
ter CXCL13 staining in a diffuse, meshwork pattern in iMCD patients’
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lymph node tissue compared with metastasis-free sentinel lymph nodes
from breast cancer patients. Lymph node tissue from all six iMCD
patients was collected at the time of diagnosis prior to any treatment
administration, and therefore the observed CXCL13 is representative
of the treatment-naive state of iIMCD flare. CXCL13 is primarily
secreted by FDCs and Tfh cells to home B cells into lymph node germi-
nal centers (via CXCR5).4° Diffuse, strong expression of CXCL13 on
FDCs has been described in lymph node tissue from unicentric Castle-
man disease and HHV-8-positive MCD.** FDC prominence is fre-
quently observed in iIMCD,” and FDC dysplasia has been occasionally
reported.**~*> Similar to what is observed in iMCD, increased numbers
of lymphoid follicles are seen in CXCL13 overexpressing mice.3%4¢
However, the germinal centers in iMCD are typically small with few B
cells and atrophic features, which is observed in CXCL13 knock-out
mice. Overlap between the phenotype observed in these mice and the
histopathological hallmarks of iMCD*” suggest that there may be dys-
regulation of CXCL13 signaling in iMCD. Perhaps elevated CXCL13
secreted by FDCs could drive B cell maturation into plasma cells, which
are increased in iMCD lymph nodes,” and could lead to auto-antibody
producing plasma cells. Alternatively, the increased CXCL13 could rep-
resent increased, nonspecific germinal center activity,*® which has

32-36 or a normal response to the

been observed in related disorders,
failure of B cells to populate the atrophic germinal centers.

CCL21 and CCL23 are also highly upregulated during iMCD flares
and have functions directly relevant to lymphoid cell organization. Like
CXCL13, CCL21 is a homeostatic chemokine produced by fibroblastic
reticular cells, a type of lymph node stromal cell, that attracts dendritic
cells and T cells to the T cell zone/interfollicular space and is essential
for normal lymph node morphology, which is perturbed in iMCD.
CCL23 attracts T cells and monocytes to sites of inflammation and pro-
motes angiogenesis (via CCR1). Our results suggest that chemokine
upregulation in lymph node stromal cells—and considering the mesh-
work staining pattern, FDC stromal cells, in particular—may contribute
to iIMCD pathogenesis and warrant further investigation.

Unexpectedly, we saw strong increases in the abundance of com-
plement proteins during iMCD flares. Increases in complement factors
have not been previously described in iMCD. C3b, the main effector
molecule of the complement system, and its cleavage products C3a
and C3a-des-arginine were among the most upregulated proteins in
the iIMCD-TAFRO cases. Auto-antibodies, which are present in approx-
imately 30% of iMCD cases, can trigger complement activation when
bound to self-antigen.*® Future studies are required to determine com-
plement’s role in iMCD pathogenesis and will be an important area to
explore given there is already a safe and effective anti-complement
antibody in clinical use.*®

Recently, Iwaki et al. quantified the levels of 18 serum cytokines
from 11 iMCD-TAFRO patients in flare, 6 iMCD-NOS patients in flare,
and 21 healthy controls.’®> Among the 18 cytokines measured by fluo-
rescent bead immunoassay, there were 13 interleukins, 1 chemokine,
and 4 other cytokines. All but one cytokine (IL-9) were among the
1129 analytes quantified in our study, and CXCL13 was not measured
by Iwaki et al. They found significantly increased IL-10, IL-23, and
VEGF-A in both iMCD-TAFRO and iMCD-NOS compared to healthy
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controls. IL-10 and IL-23 were upregulated in iMCD-TAFRO in our
study, but demonstrated minimal magnitude and inconsistent changes
in IMCD-NOS. VEGF-A (VEGF-121) was greater than two-fold upregu-
lated on average across all patients in our study. Elevated VEGF-A,
which promotes cell survival, angiogenesis, and vascular permeability,
has been previously described in iMCD,*¢*’ and patients often demon-
strate VEGF-related symptoms, such as highly vascularized lymph
nodes, eruptive cherry hemangiomatosis,>® and vascular leak syn-
drome.” Interestingly, IL-6 was not significantly increased in either the
iMCD-TAFRO or iMCD-NOS groups compared to healthy controls in
the Iwaki study.

The one chemokine measured by Iwaki et al, CXCL10 (or IFN-
v-Inducible Protein 10 (IP-10), was the only cytokine significantly
higher in iIMCD-TAFRO flare compared with both iMCD-NOS flare and
healthy controls. Though CXCL10 was only the 18th most-upregulated
cytokine on average across patients in our study, iMCD-TAFRO
patients demonstrated >50% upregulation of CXCL10. Like CCL23,
which was highly upregulated in our study, CXCL10 plays an important
role in the recruitment of T cells to sites of inflammation.

Iwaki et al. also found that platelet-derived growth factor subunit

1551 was the

A (PDGF-AA), which is released upon platelet activation,
only cytokine significantly lower in iIMCD-TAFRO compared with con-
trols. There was also a trend toward decreased PDGF-AA in iMCD-
TAFRO compared to iMCD-NOS (P=.09).'° PDGF-AA was
likewise > 2-fold downregulated in iIMCD-TAFRO and >2-fold upregu-
lated in iIMCD-NOS in our study. PDGF-AA has been found to be ele-
vated in immune/idiopathic thrombocytopenic purpura (ITP), in whom
the thrombocytopenia is caused by peripheral thrombocyte consump-
tion.>2 The etiology of the thrombocytopenia in iIMCD-TAFRO is not
known. Though iMCD-TAFRO and ITP share similar clinical features,
including thrombocytopenia and megakaryocyte hyperplasia, the diver-
gent PDGF-AA levels suggest that there may be different mechanisms
involved in the thrombocytopenia in these disorders.'®> Despite differ-
ences in assays, sample types, and comparison groups, there were sev-
eral consistent findings between these studies, such as significant
differences between iMCD-TAFRO and iMCD-NOS.

We observed striking differences between patient proteomes from
the two groups that associated with iMCD-TAFRO and iMCD-NOS. In
our study, these groups also associated with response to anti-IL6-
therapy. Notably, over 200 proteins were significantly upregulated or
downregulated after adjustment in the iIMCD-TAFRO group, which
would be expected considering the high correlation between patients,
while no proteins in the iIMCD-NOS group met significance. Both
iMCD-TAFRO patients were anti-IL-6 nonresponders and all three
iMCD-NOS patients treated with anti-IL-6-therapy responded. Impor-
tantly, there have been reports of iIMCD-TAFRO cases that have

53-59 and others that have not.>%¢0-%¢

responded to anti-IL-6-therapy
The proteomic differences between the two groups may represent dif-
ferences between clinical subtypes or be a signature of anti-IL-6
response. In either case, the most upregulated proteins and enriched
signaling pathways may constitute therapeutic targets.

PI3K, a key member of the PI3K/Akt/mTOR signaling pathway,

was identified as a top canonical pathway in both subgroups, and six
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inhibitors of PI3K/Akt/mTOR signaling were identified in the top
twenty compounds predicted to downregulate expression of upregu-
lated proteins in iIMCD-TAFRO patients. PI3K/Akt/mTOR is a key reg-
ulator of angiogenesis, lymphoproliferation, and inflammation that is
therapeutically targetable. Results suggesting involvement of the PI3K/
Akt/mTOR pathway were consistently significant across the different
pathway and gene-set databases, strengthening our finding that the
PI3K/Akt/mTOR signaling pathway may be a rational treatment target
for anti-IL-6 nonresponders.

A major limitation of this study is the small number of patient sam-
ples analyzed. Though our decision to include only iMCD patients with
matched flare and remission samples limited the number of eligible
patients with this rare disease, we wanted to identify proteomic
changes that can be attributed to disease state and therapies. We
expect that the continued growth of the international, multi-center

k%’ which was started in

Castleman Disease Collaborative Networl
2012, will be instrumental in recruitment of larger numbers of patients
with this rare disease for future translational studies. Furthermore,
while large-scale plasma protein profiling gives a systematic view of
protein changes, this approach may overlook highly potent proteins
where small changes in concentration result in major biological effects
as well as nonsecreted factors, which were not assayed. Given the
exploratory nature of the analysis, there is also the potential for false
discovery. Therefore, we employed a false discovery rate and per-
formed gene-set enrichment analyses to improve our power for identi-
fying significantly enriched or depleted groups of genes. Another
limitation of this study is that renal dysfunction affects excretion of cir-

8 and three

culating proteins, particularly small (<25 kDa) proteins,®
patients (2, 5, 6) experienced borderline or elevated creatinine sugges-
tive of renal dysfunction during flare. Decreased excretion may there-
fore have contributed to increased concentration of some proteins,
though these increased proteins may also contribute to iMCD patho-
physiology. Further, treatments, such as anti-IL-6 therapies (siltuximab
and tocilizumab), rituximab, corticosteroids, and chemotherapies may
affect the plasma proteome. We addressed the potential effects of
anti-IL-6 therapy and rituximab and provided each of the treatments
administered to these patients. None of the major observations in this
study segregated to only patients on rituximab, corticosteroids, or che-
motherapies, and other than those discussed, we are not aware of any
specific effects of these agents on the noted proteins. Lastly, the lack
of samples from a healthy control population prevent comparison of
disease state from both flare and remission with otherwise healthy
controls. However, we sought to identify proteomic changes occurring
within individuals between flare and remission. Comparisons between
iMCD flare samples and healthy controls can introduce inter-individual
differences in plasma proteomes that can make changes difficult to
interpret.

Despite these limitations our study provides insights into the
pathogenesis of iMCD, including identification of a ‘chemokine storm’
associated with iMCD flares and potential involvement of lymph node
stromal cells. Additionally, our studies reveal the proteomic differences
between flare and remission and the potential to molecularly define
iMCD subgroups. Future studies testing the contribution of individual

disease mediators will be critical to building a better understanding of
iMCD and leading the field to better treatments.
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