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Mini Review

Up-regulation of hepcidin by interleukin-6 con-
tributes to anemia of inflammation in multicen-
tric Castleman's disease (MCD)
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Multicentric Castleman's disease (MCD) is a rare lymphoproliferative disorder characterized
by overproduction of interleukin-6 (IL-6). Anemia is a common symptom of MCD but its mecha-
nism has been poorly understood. Hepcidin is an IL-6-induced key regulator of iron metabolism
and has a major role in anemia of inflammation (Al). Our study showed that treatment with
tocilizumab (an anti-IL-6 receptor antibody) resulted in long-term reductions of serum hepcidin-
25 in MCD patients, which was accompanied by progressive normalization of iron-related pa-
rameters. In in vitro experiments, IL-6-induced hepcidin mRNA expression in hepatocytes was
completely inhibited with tocilizumab and partially with erythropoietin (EPO), but enhanced by
bone morphogenetic protein (BMP) and patient's serum. Our findings and evidence published
elsewhere, leads us to suggest that, although multiple factors affect hepcidin levels, IL-6 plays
an essential role in the induction of hepcidin which leads to anemia in MCD. Therefore, IL-6
blockage may constitute a promising molecular targeting therapy for Al.

Rec.12/14/2011, Acc.1/27/2012, pp99-106

* Correspondence should be addressed to:

Kazuyuki Yoshizaki MD, Ph.D. Immuno-Medical Science, Division of Applied Chemistry, Graduate School of Engineering, Osaka
University, Yamadaoka 2-1, Suita-city, Osaka 565-0871, Japan. Phone: +81-6-6879-4738, Fax: +81-6-6879-4738, E-mail:
kyoshi@chem.eng.osaka-u.ac.jp

anemia, hepcidin, interleukin-6, multicentric Castleman's disease, tocilizumab

Introduction

Dysregulated overproduction of IL-6 from affected lymph
nodes has been identified as responsible for systemic mani-
festations of multicentric Castleman’s disease (MCD), such
as general fatigue, fever, anemia, polyclonal hypergamma-
globulinemia, hypoalbuminemia, and an increase in acute
phase proteins”. Previous studies showed that tocilizumab
treatment dramatically alleviated symptoms and biochemi-

cal abnormalities of MCD?®). MCD-associated anemia is
characterized by hypochromic microcytic anemia with ane-
mia of inflammation (Al) features such as low levels of se-
rum iron, hemoglobin and transferrin, but its mechanism
has not been elucidated until the discovery of hepcidin.
Hepcidin is a key regulator of body iron homeostasis and
increased hepcidin synthesis is thought to contribute to the
AlY, which is commonly observed in patients with chronic
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inflammatory disorders. Inflammatory cytokines, mainly IL-
6, can induce hepcidin expression through the Janus ki-
nase signal transducer and activator of transcription 3 sig-
nal (JAK/STAT3) pathway and this induction reportedly
depends on an intact BMP/SMAD pathway as well*". We
used tocilizumab-treated MCD patients as models to in-
vestigate the role of IL-6-induced hepcidin in Al. This re-
port summarizes our findings and discusses the mecha-
nism of IL-6 regulation of hepcidin in the clinical Al setting.

Castleman’s disease and roles of
Interleukin-6

Castleman’s disease (CD) is a relatively rare lympho-
proliferative disorder with hyperplastic lymph nodes char-
acterized histologically by follicular hyperplasia and capil-
lary proliferation associated with endothelial hyperplasia.
CD has been classified histopathologically as either hya-
line-vascular or plasma cell type. The hyaline-vascular type
is generally localized, while the plasma-cell type, as well
as being localized, can also be diffuse (multicentric CD, or
MCD) with multiple organ involvement. Enlarged lymph
nodes with massive plasma cell infiltration in the interfollicular
regions of hyperplastic lymph follicles, accompanied by
systemic chronic inflammatory findings, are typical mani-
festations of MCD?®. Although the etiology of CD is not yet
fully understood, dysregulated production of IL-6 from af-
fected lymph nodes has been identified as responsible for
systemic manifestations of CD", such as general fatigue,
fever, anemia, polyclonal hypergammaglobulinemia and an
increase in acute phase proteins. The clinical abnormali-
ties of localized form may resolve after excision of the af-
fected lymph nodes; MCD, on the other hand, is often re-
fractory to treatment and has a severe prognosis. MCD
can also be associated with HIV infection, POEMS syn-
drome, amyloidosis, renal insufficiency and increased risk
of malignancies, especially Kaposils sarcoma and lym-
phoma®'2,

IL-6 is a pleiotropic cytokine with a wide range of bio-
logical activities in immune regulation, hematopoiesis, in-
flammation, and oncogenesis. IL-6 exerts its action via a
cell surface receptor complex consisting of two functional
membrane proteins: a ligand-binding chain (IL-6R, «-chain)
and a non-ligand-binding but signal-transducing chain ( 5 -
chain, gp130)'®. When bound to IL-6R on the cell surface,
IL-6/IL-6R complex becomes associated with gp130, re-
sulting in signal transduction. Tocilizumab, a humanized
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Fig.1 Schematic diagram of our hypothesis showing cross-
talk between HIV and HHV-8 via IL-6 in MCD patients
dually infected with HIV/HHV-8

Stimulation of HHV-8-infected B cells by hIL-6 leads to HHV-8 repli-
cation, and replication of HHV-8 can lead to vIL-6 expression, which
can activate HIV replication in HIV infected T-cells. The mutual regu-
lation of HIV and HHV-8 replication by hulL-6 and vIL-6 may consti-
tute a vicious circle and lead to deterioration of the clinical manifesta-
tions of MCD.

anti-IL-6 receptor antibody, can bind both cell surface IL-
6R and soluble IL-6R so as to inhibit formation of the IL-6/
IL-6R complex and has been successfully used to allevi-
ate MCD symptom??®.

The human herpes virus-8 (HHV-8) has been frequently
reported as playing a role in the pathogenesis of MCD.
The HHV-8 sequence has been detected in more than 60%
of MCD patients infected with HIV and 20-40% of those
who were not. HHV-8 has been shown to produce a viral
IL-6 analogue (vIL-6) that displays many biologic functions
of human IL-6 (hIL-6). vIL-6 also can activate STAT3 and
stimulate the growth of certain factor-dependent cells,
promote hematopoiesis, and induce vascular endothelial
growth factor (VEGF)'¥. In fact, vIL-6 mRNA has been
detected in MCD lesions™ and induces hulL-6 production
from MCD-derived cell lines'®. Based on these results and
our previous finding'” that hIL-6 induces HHV-8 reactiva-
tion and, conversely, that vIL-6 activates HIV replication,
we suggest that an interaction may occur via IL-6 between
HIV and HHV-8 in dually infected MCD patients (Fig.1).
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(A): Stimulatory effects of IL-6, IL-1 and TNF-a on hepcidin mRNA and Inhibitory effects of tocilizumab on
IL-6-induced hepcidin mRNA expression in vitro. Tocilizumab (25 ng/mL) was incubated with the PLC/
PRF/5 hepatocyte cell line for 30 minutes before IL-6 (10 ng/mL), IL-1 (1 ng/ml) and TNF-« (10 ng/ml)
stimulation. Hepcidin mRNA was assayed with quantitative real-time PCR 8 hours after IL-6 stimulation.
(B): Effect of MCD patient sera on IL-6-induced hepcidin expression in PLC/PRF/5 cells. The graph shows
hepcidin mMRNA expression in PLC/PRF/5 cells treated with a culture medium containing 10% of either
fetal calf serum (FCS), serum from healthy volunteers (n=5) or serum from MCD patients (n=7). Cells
stimulated with IL-6 (10 ng/mL) showed an 8-fold increase in hepcidin mRNA expression compared with
nonstimulated controls. Serum from MCD patients enhanced IL-6-induced hepcidin expression by a mean

factor of 16.5, whereas serum from the healthy volunteers had no such effect.

This cross-talk may constitute a vicious circle and thus lead
to deterioration of the clinical manifestations, so that block-
ade of the IL-6 action with tocilizumab may cut through
this vicious circle and constitute a new therapeutic strat-
egy for MCD patient with HIV/HHV-8 infection.

Hepcidin expression induced by IL-6, BMP
or other serum factor(s) in MCD

Hepcidin is not only an iron regulatory hormone but also
an acute-phase reactant'®. Under inflammatory conditions,
inflammatory cytokines, and IL-6 in particular, play a cen-
tral role in hepcidin induction, while STAT3 is the major
transcription factor responsible for the up-regulation of
hepcidin via the IL-6 transduction pathway during inflam-
mation®®). IL-6 stimulates hepcidin expression in isolated
hepatocytes and in hepatoma cell lines. Administration of
IL-6 to human subjects stimulates an increase in hepcidin
production and results in low serum iron'®). Mice lacking
IL-6 fail to induce hepcidin and do not become hypoferremic
after treatment with endotoxin'®2%. All the findings of these
in vitro and in vivo studies suggest that IL-6-induced
hepcidin is a potent mediator of Al.

Consistent with these findings, our quantitative real-time

polymerase chain reaction (PCR) examination of hepatoma
cell lines showed that IL-6, but not IL-1 or TNF-« induced
hepcidin, moreover, mMRNA expression was completely in-
hibited with tocilizumab, indicating that IL-6 acts directly
on hepcidin expression in hepatocytes and that tocilizumab
is an effective inhibitor of hepcidin induction by IL-6 (Fig.2A).
The BMP-SMAD pathway is another major signaling
pathway for activation of hepcidin expression?". BMP2, 4,
6, and 9 belong to a bone morphogenetic protein (BMP)
subfamily. In vitro studies have demonstrated that each of
these BMPs markedly increases hepcidin expression in
hepatocytes through the receptor-activated Smad1/5/82224).
It has further been shown that mutation of the BMP-re-
sponse element in the hepcidin promoter severely impairs
hepcidin expression in response to IL-6”, and that inhibi-
tion of the BMP-SMAD pathway blocked the IL-6-induced
hepcidin®. The findings suggest that the BMP/SMAD path-
way is required for a normal hepcidin response to inflam-
mation. We also observed elevated serum levels of BMP2
and BMP4 in the MCD patients and found that IL-6-induced
hepcidin mRNA in hepatoma cell lines was augmented in
the presence of BMP2 (data not shown), indicating a syn-
ergistic effect by IL-6 and BMP2 on hepcidin induction.
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Fig.3 Tocilizumab treatment resulted in hepcidin suppression and improvement of anemia in MCD
patients. Long-term effects were assessed at 1.5, 3, 6, and 12 months after the initiation of
tocilizumab therapy. Serum hepcidin-25 was quantified with a liquid chromatography-tandem
mass spectrometry based assay system. Other Al-related parameters were measured with

standard laboratory techniques.

(A) Serum level of hepcidin-25, (B) CRP, (C) Hb, and (D) Serum iron.

To clarify whether MCD patient serum contains humoral
factors other than IL-6 which influence hepcidin expres-
sion, we used real-time PCR to investigate whether such
serum affected IL-6-induced hepcidin mRNA expression
in PLC/PRF/5 cells. The addition of patient serum to the
culture to a concentration of 10% enhanced IL-6-induced
hepcidin expression more than did IL-6 alone (Fig.2B),
suggesting that enhancing factor(s) were present in the
MCD patients’ sera, which were involved in IL-6-induced
hepcidin expression by acting on the IL-6 signal pathway.
We hypothesize that BMP2/4 is a promising candidate
enhancing factor, but this needs further investigation.

IL-6 blockage inhibits hepcidin production
and improves anemia in MCD patients
We previously reported that the blockage of IL-6 with
tocilizumab significantly improved the systemic manifesta-
tions of MCD, including Hb level>®, and suggested that
overproduction of IL-6 may be associated with anemia in

MCD patients. Kawabata et al.?2® reported that serum
hepcidin levels were reduced within 24 hours in two MCD
patients treated with tocilizumab, indicating that IL-6 may
induce hepcidin production in MCD. To determine whether
IL-6-induced hepcidin directly causes Al and whether IL-6
blockage remains effective during long-term treatment, we
investigated the long-term effects of tocilizumab treatment
on serum levels of hepcidin-25 (a major form of the active
hepcidin peptide, which is composed of 25 residues and
promotes internalization and degradation of ferroportin, a
cell surface iron transporter) and iron-related parameters
in 10 MCD patients who also were diagnosed with Al.
Tocilizumab (8 mg/kg body weight) was administered in-
travenously at 2-week intervals for 12 months. The initial
serum level of hepcidin-25 tended to be elevated with an
average of 52 ng/mL, while mean CRP value was 4.9 mg/
dL, Hb was 11.6 g/dL, serum iron was 39 ng/dL and fer-
ritin was 77 ng/mL. Long-term administration of tocilizumab
resulted in a continuing decrease and eventual normaliza-
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tion of serum hepcidin-25 levels after 12 months for all
patients (Fig.3A). This long-term reduction in serum
hepcidin levels was followed by a progressive decline in
CRP and gradual improvement of the anemia status of all
patients because mean Hb, Fe, RBC, and MCV values in-
creased, and ferritin decreased after initiation of treatment,
and this effect continued until the end of the study period
(p<0.05 paired t test vs baseline). Part of our results is
shown in Figure 3B-D. The suppression of hepcidin pro-
duction as a result of tocilizumab treatment, accompanied
by improvement of iron metabolism parameters, indicates
that excessive hepcidin production induced by elevated IL-
6 contributed to Al in the MCD patients.

We noted in particular that the serum hepcidin-25 level
correlated significantly and positively with ferritin (Pearson
correlation test, r=0.67, p=0.021), but not with the other
parameters before tocilizumab administration. Furthermore,
tocilizumab administration resulted in down-regulation of
serum ferritin accompanied by a parallel decrease in se-
rum hepcidin levels. This is explained by the fact that fer-
ritin is a cellular storage protein for iron, and that an el-
evated ferritin level generally reflects excessive iron stor-
age as commonly observed in Al. We speculate that ex-
cessive hepcidin leads to an increase in iron storage and
diminishes the amount of serum iron available for Hb syn-
thesis and erythrocyte production, which leads in turn to
inflammatory anemia in MCD. Our results suggest that iron
absorption in intestine cells and iron release from mac-
rophages were enhanced following the suppression of
hepcidin up-regulation by tocilizumab.

Hepcidin production is regulated by other
factors in MCD

Although inflammatory cytokines, mainly IL-6, have been
shown to increase hepcidin expression and this induction
is responsible for Al as noted above, antagonistic signals
for hepcidin regulation can occur simultaneously under
pathogenic conditions. MCD is a good example to demon-
strate the interaction between positive and negative sig-
nals in hepcidin regulation.

In our MCD patients, the initial serum levels of hepcidin-
25 before tocilizumab administration were generally el-
evated but varied widely (8-256 ng/mL), whereas serum
IL-6 levels were markedly elevated in most of our MCD
cases (mean value: 128 pg/ml). Moreover, serum hepcidin-
25 correlated well with ferritin (Pearson correlation test:
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r=0.67, p=0.021), but not with IL-6, so that serum hepcidin-
25 levels did not seem to be controlled by that of serum IL-
6 alone. We therefore hypothesized that other antagonis-
tic factors may counteract hepcidin induction by IL-6. Ane-
mia has been proven to be a negative regulator for hepcidin
production®. It was noteworthy that three cases in our study
had severe anemia with respective Hb levels of 5.7, 6.3,
and 7.2 g/dL in conjunction with low levels of serum hepcidin-
25 (44, 14, 8 ng/ml) before tocilizumab administration. This
finding suggests that very severe anemia probably coun-
teracts the effect of IL-6 on hepcidin production.

In anemia, an increase in erythropoiesis requires an in-
crease in iron for maintaining homeostasis, while hepcidin
production is down-regulated to allow for an increase in
iron adsorption and release from macrophages. In our
study, we investigated the effect of erythropoietin (EPO)
on hepcidin in MCD. First, we noticed that there is an in-
verse relationship between baseline levels of EPO and Hb
in the MCD patients we examined (Pearson correlation test:

=-0.68, p=0.043), (Fig.4A) and tocilizumab treatment re-
sulted in a progressive decrease in serum EPO (Fig.4B),
indicating that anemia may have caused erythropoiesis
through feedback mechanism. To test whether hepcidin
production is affected by erythropoietic activity, the effect
of recombinant EPO (rEPO) on IL-6-induced hepcidin ex-
pression was analyzed in human hepatoma cell lines. We
found that IL-6-induced hepcidin mRNA expression was
down-regulated by rEPO in a dose-dependent manner in
these cells (Fig.4C), suggesting that anemia could medi-
ate hepcidin suppression through Epo or erythropoietic ac-
tivity in order to maintain iron homeostasis. Our results are
consistent with those of previously published studies?®3%
and confirm that EPO negatively regulates hepcidin either
in vivo or in vitro.

Recent evidence has shown that in addition to EPO,
growth differentiation factor-15 and twisted gastrulation-1
also mediate hepcidin suppression in response to aug-
mented hematopoietic activity®'3. In addition, SMAD7 and
TMPRSS6 (a membrane-bound serine protease matriptase-
2) have been identified as inhibitors of hepcidin expression
in response to iron-controlled regulation of hepcidin®#3%).
Hypoxia resulting from amemia is also thought to inhibit
hepcidin expression. It is therefore quite possible that other
negative regulators down-regulated the serum hepcidin
level in MCD.
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Fig.4 Suppression of IL-6-induced hepcidin by EPO

(A): an inverse association between EPO and Hb in serum of MCD patients.

(B): long-term treatment with tocilizuma resulted in reduction of serum EPO in MCD patients.

(C): Effect of recombinant human EPO on IL-6-induced hepcidin expression in Hep3B cells. rEPO sup-
pressed IL-6-induced hepcidin expression in a dose-dependent manner.
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Conclusions

We conclude on the basis of our findings and those of
others that overproduction of IL-6 associated with MCD in-
duces hepcidin upregulation, which may be enhanced by
BMPs and as yet unknown serum factors. Further, exces-
sive hepcidin inhibits the release of recycled iron from mac-
rophages (M¢) and absorbed iron from intestine cells,
which restrict the iron supply for hemoglobin synthesis and
causes anemia. In turn and functioning as feedback mecha-
nism, anemia suppresses hepcidin production through
upregulation of EPO and other hepcidin-suppressing fac-
tors (Fig.5). This explains why tocilizumab therapy sup-
presses hepcidin production and improves anemia of in-
flammation (Al) through blocking the IL-6 pathway which
plays an essential role in Al.
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