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Abstract

Background—IL-6, which is reported to be elevated in association with mastocytosis, asthma
and urticaria, is used in conjunction with stem cell factor (SCF) to generate human MCs (HuMCs)
from progenitor (CD34%) cells. Despite these associations, the effects on, and mechanisms by
which prolonged exposure to IL-6 alters HuMC number and function are not well understood.

Objectives—To study the effect of 1L-6 on HUMC function, the mechanisms by which IL-6
exerts its effects, and the relationship of these findings to mastocytosis.

Methods—HuMCs were cultured in SCF with or without IL-6. The responses to FceRl
aggregation, and the expression of proteases and receptors including the soluble 1L-6 receptor
(sIL-6R) were then quantitated. Epigenetic changes in SOCS3 were determined using methylation
specific PCR. Serum samples from healthy controls and patients with mastocytosis were assayed
for IL-6, tryptase, and sIL-6R.

Results—IL-6 enhanced MC proliferation, maturation, and reactivity following FceRI
aggregation. 1L-6 reduced expression of SOCS3, which correlated with methylation of the SOCS3
promoter, and increased expression and activation of STAT3. IL-6 also suppressed constitutive
production of sIL-6R and serum levels of sIL-6R were similarly reduced in patients with
mastocytosis.

Conclusion—IL-6 increases mast cell proliferation and formation of a more reactive phenotype
enabled by suppressing proteolytic cleavage of sIL-6R from IL-6R and down regulation of the
SOCS3 auto-inhibitory pathway. We suggest IL-6 blockade might ameliorate MC related
symptoms and pathology in MC-related diseases associated with elevated I1L-6 including
mastocytosis.
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Introduction

The pleiotropic cytokine, IL-6 is produced by T-cells, macrophages, and other cells in
response to infection and acute inflammation and has been associated with the pathogenesis
of several human mast cell (HuMC) related diseases.lv 2 These include the clinical
observations that IL-6 levels relate to the severity of disease in systemic mastocytosis?’v 4
acute” and chronic urticaria,6 and asthma.” In vitro, IL-6 promotes HUMC maturation,8
adhesion to extracellular matrix,9 chemokinesis,10 and survival, the latter through IgE
dependent production of mast cell derived IL—6.11 IL-6 is also routinely used to supplement
stem cell factor (SCF) to generate HuMCs from cord or peripheral blood progenitor
(CD34%) ceIIs.g' 12,13 The consequences of long term exposure to I1L-6 on HUMC function
and the mechanisms by which IL-6 alters mast cell behavior have not been investigated.

The receptor for IL-6, IL-6R (IL-6Ra or CD126) is largely restricted to hematopoietic cells
(reviewed by Mihara ez‘a[z) while its signaling co-receptor, gp130 (CD130) is ubiquitously
distributed. Even among the few types of cells that express IL-6R, gp130 is present in great
excess.14 Cells that express gp130 but not IL-6R can also respond to IL-6 through its
binding to the soluble form of IL-6R (SIL-6R) generated by alternative splicing or
proteolytic cleavage of the membrane form.2’ 15 The IL-6/sIL-6R complex then interacts
with spare gp130 on the cell surface, referred to as trans-signaling in contrast to classic
signaling initiated via IL-6R and gp130 at the cell surface. The formation of a dimeric IL-6/
IL-6R/gp130 complex16 is followed by mutual transactivation of gp130 and Janus kinase 1
(JAK—l),lgv 17 activation of the Ras/Raf/MEK/ERK pathway and the phosphorylation and
dimerization of signal transducer and activator of transcription 3 (STAT3) which then
induces transcription of genes including SOCS3 (SOCS3) which in turn modulates
activation of these pathways.

We have investigated the effect of constant IL-6 exposure in vitro and in vivo and, as
reported here, such exposure promotes development of not only a more mature but also a
more reactive HUMC phenotype with significantly enhanced FceRI-mediated signaling,
degranulation, and cytokine production. The prolonged effects of IL-6 on HUMC function
occurred in association with loss of SOCS3 auto-inhibition of the IL-6/JAK/STAT pathway
and suppression of sIL-6R production. In vivo, IL-6 levels in mastocytosis correlated with
serum tryptase and inversely correlated with serum sIL-6R. These data support the concept
that lowering IL-6 levels in diseases such as mastocytosis might have a beneficial
therapeutic effect.
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For detailed methods, including mice used, experimental protocols and procedures, clinical
protocols, and statistical analysis, see the Methods section in this article’s Online Repository
www.jacionline.org.

IL-6 enhances HUMC proliferation and maturation

HuMCs proliferated to a significantly greater extent (£<0.001) when grown in the presence
of IL-6 and SCF than cells grown in SCF alone (Fig 1, A). However, SCF itself was
obligatory as cells failed to proliferate when cultured in IL-6 alone (Fig 1, A). This
observation is similar to previous reports of the effect in IL-6 on cord blood derived mast
ce||520, 21 put differ from a single report that I1L-6 decreases the growth of human mast cells
from cord blood where the varied results were attributed to differing culture conditions.®
Once cells had reached their most mature state at 6 weeks, those exposed to 1L-6 exhibited
greater cell size and granularity (Fig 1, B). Examination by flow cytometry of the major
MC-specific granule proteases namely, tryptase, chymase, and carboxypeptidasezz' 23
indicated that all three were expressed regardless of growth conditions although the chymase
content was substantially increased in IL-6 conditioned cells (Fig 1, C). These data are thus
consistent with and extend previous reports that 1L-6 increases the number™>: 2% 20. 24 ang
maturity8 of human mast cells in culture

HuMCs derived from cord blood CD34* cells express the SCF receptor (KIT, CD117),
FC8R|25, gp1308 and IL-6R at the cell surface. Examination of HUMCs derived from CD34"*
cells from peripheral blood samples by flow cytometry indicated that IL-6 did not alter the
surface expression of KIT, the FceRI a-subunit, gp130, and IL-6R (Fig E1, A). Western
blots also indicated similar expression of IL-6R as well as gp130 whether cultures were
grown in the presence or absence of IL-6 (Fig E 1, B). Therefore, HUMCs grown under
either condition express similar levels of the necessary receptors for responses to SCF,
antigen/IgE, and IL-6.

-6 leads to more robust responses to FCeRI ligation

Stimulation of biotinylated IgE-sensitized HuMCs with graded concentrations of SA
revealed significant enhancement of degranulation in response to concentrations of SA
greater than 0.1 ng/ml in SCF/IL-6 cultured HUMCs, with a maximal response
approximately twice that of cells cultured in SCF alone (Fig 2, A; £<0.01). The effect of
IL-6 was concentration dependent with significant enhancement with as little as 3 ng/ml and
maximal enhancement at 30 ng/ml IL-6 (Fig 2, B). As described in more detail later, the
onset of 1L-6 action was time dependent with significant increases in degranulation by 12
hours (data not shown).25 Conditioning of HUMCs with IL-6 also augmented production of
the cytokines GMCSF and IL-8 (Fig 2, C and D) with optimal effects at 30 ng/ml IL-6 (Fig
2, E). In this experiment, cytokine production was induced by co-stimulation with SA and
SCF as these stimulants individually elicit limited cytokine production.26 SCF-induced
chemotaxis of HuMCs27 was not significantly affected by IL-6 (Fig 2, F).
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Production of sIL-6R by HUMCs is inhibited by IL-6

We next investigated the production of sIL-6R and sgp130 by HUMCs to determine whether
the effects of IL-6 were due to classical or trans-signaling and the potential impact in
inflammatory disease.”® HUMCs produced sIL-6R and sgp130 spontaneously in
approximately equimolar concentrations (Fig 3, A and B). The notable finding was that
production of sIL-6R (Fig 3, A), but not of sgp130 (Fig 3, B), was significantly suppressed
by IL-6 in a concentration-dependent manner including marked suppression at a
concentration of 100 ng/ml IL-6 that is normally used for HUMC culture. This action of IL-6
would minimize trans-signaling due to a decrease in formation of IL-6/sIL6R complexes.
Production of sIL-6R was also inhibited by IL-6 in the human LAD2 mast cell line with an
ICgq of ~1 ng/ml. (Fig E2, A). GI254023X and GW280264, inhibitors of ADAM10 and
ADAML17 the metalloproteases responsible for cleavage of IL-6R to form sIL-6R (see
Scheller ez‘a/.28), suppressed production of sIL-6R by LAD2 cells, consistent with the
conclusion that sIL-6R resulted largely from proteolytic cleavage (Fig E2, B).2 30

Evidence was obtained that IL-6 may similarly suppress sIL-6R production in vivo from
studies of patients with systemic mastocytosis where serum levels of IL-6 correlate with
serum tryptase3 levels used as a measure of mast cell burden.>* Extending this study, we
found that while there was a positive correlation between serum IL-6 and tryptase levels as
we and other have reported3 (Fig 3, C), there was a negative correlation between serum
sIL-6R and IL-6 levels (Fig 3, D). No significant correlation was observed between serum
sgp130 levels and serum tryptase or, as in MC cultures, with IL-6 levels (data not shown).
This data supports the possibility that IL-6 levels in vivo may also suppress the production
of sIL-6R and thus limit trans-signaling in vivo.

Increased FceRl, KIT, and IL-6R mediated signaling in IL-6 conditioned HUMCs

To determine whether the enhanced responses in the presence of 1L-6 could be attributed to
stronger signaling through relevant pathways, we initially investigated the effects on calcium
signaling which is essential for FceRI-mediated degranulation and is augmented on co-
stimulation with SCF. % 33 A substantial strengthening of the calcium signal was apparent in
IL-6-conditioned cells whether cells were stimulated with SA or the combination of SA and
SCF (Fig E3, A). IL-6 conditioning had minimal, if any, effect on the calcium signal induced
by SCF alone (Fig E3, B) or that generated by the calcium mobilizing agent thapsigargin
(Fig E3, C) indicating that that MCs had not become intrinsically more responsive to all
stimulants.

We next examined FceRI-mediated phosphorylation of signaling molecules critical for
HuMC activation. Activating phosphorylations of phospholipase Cy (PLCy)1 and 2, Akt a
downstream target of phosphoinositide 3-kinase (PI3K), and the MAP kinases ERK and
JNK were all enhanced in IL-6/SCF conditioned cells as compared to SCF conditioned cells
after stimulation with SA or SA plus SCF (Fig 4, A-E and Fig E4)) even though the levels
of these proteins remained the same in both sets of cells (Fig 4, G and Fig E4).

In addition, SCF and IL-6 activate the JAK/STAT pathways which may complement the
signals generated via FceRI for cytokine production.32 When compared to non-conditioned
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cells, the extent of phosphorylation of STAT3 in response to stimulation with SA and SCF
was substantially enhanced in IL-6 conditioned cells (Fig 4, F). In contrast to the other
signaling molecules examined, the levels of STAT3 protein were significantly higher in IL-6
conditioned cells (Fig 4, G and Fig E4). Therefore, the exposure to IL-6 resulted not only in
stronger signaling through the FceRI and KIT canonical pathways but also in increased
levels of STAT3 and phosphorylated STAT3.

Sustained IL-6 exposure reduces SOCS3 expression and increases methylation of the
SOCS3 promoter

IL-6 induces production of STATS34 and phosphorylated STAT3 can in turn induce
expression of SOCS3 which acts as an auto-inhibitory regulator of the IL-6/STAT3 pathway
(reviewed by Babon et a/ .35). Unexpectedly, we observed that SOCS3 levels were
substantially reduced in HUMC cultures grown in SCF and I1L-6 as compared to their
counterparts grown in SCF alone (Fig 5, A). The methylation status of the SOCS3 promoter
was then examined as hypermethylation of the promoter is associated with epigenetic
silencing of SOCS3 in tumor ceIIs.36‘45 Methylation of the ’UTR region of the SOCS3
promoter increased progressively over 24 hours after addition of IL-6 to HUMCs grown in
SCF alone (Fig 5, B and C). SOCS3 levels initially increased and then declined substantially
after 3 hours (Fig 5, D). The levels of phosphorylated STAT3 and STAT3 increased over the
course of 3 to 8 hours and declined thereafter but not to a statistically significant extent (Fig
5, E and F). These events were blocked by 5-aza-2’-deoxycytidine, an inhibitor of DNA
methyltransferases (DNMT) and SOCS3 promoter methylation.36 This compound
suppressed methylation of the SOCS3 promoter, restored SOCS3 expression, and suppressed
phosphorylation of STAT3 to levels observed in cultures without IL-6 (Fig 5, G-1).

Withdrawal of IL-6 from SCF/IL-6 conditioned HUMC cultures had the reverse effect.
Degranulation in response to SA declined between 7 to 14 days after withdrawal of IL-6
(Fig 6, A). Methylation of the 5’UTR region of the SOCS3 promoter (Day 0 in Fig 6, B)
progressively diminished over the 14 day period after IL-6 withdrawal (Days 3-14 in Fig 6,
B and C) with an accompanying increase in SOCS3 and a decrease in STAT3 and
phosphorylated STAT3 levels (Fig 6, D-F).

The above data are consistent with the conclusion that sustained exposure to IL-6 leads to
hypermethylation of the SOCS3 promoter, reduced SOCS3 expression, and increased
expression of STAT3 and phosphorylated STAT3. Consequently, suppression of SOCS3
expression allows optimal 1L-6 mediated signaling throughout cell culture and thus alters
HuMC phenotypic properties.

DISCUSSION

In this study, we report that IL-6 not only enhances the development of MCs from human
peripheral blood CD34* cells but also MC reactivity. The effect on maturation was apparent
from increased granularity, cell size, and chymase content (Fig 1) while the enhanced
reactivity was evident from increased FceRI-mediated degranulation and cytokine
production (Fig 2) as well as more robust signaling via calcium mobilization (Fig E3) and
phosphorylation of PLCy, Akt, ERK, JNK, and STAT3 (Fig 4). This hyper-reactive state was
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long lived and reverted back to a less active state over the course of 7 to 14 days after
withdrawal of IL-6 (Fig 6). The ability of IL-6 to promote HuMC maturation and function
over an extended period is associated with suppression of SOCS3 expression (Fig 5A) and
the shedding of sIL-6R (Fig. 3A) thus favoring signaling through the classical pathway.
Down regulation of SOCS3 coincided with methylation of the SOCS3 promoter region (Fig
5B) and was associated with increased levels of STAT3 protein and serine phosphorylated
STAT3 (Fig 5 E, F). Our finding that these effects are prevented by the DNMT inhibitor, 5-
aza-2’-deoxycytidine (Fig 5, G-1) and are reversed by withdrawal of IL-6 (Fig 6) imply that
SOCS3 regulation is disrupted through methylation of the SOCS3 promoter to enable
optimal phosphorylation and induction of STAT3 by IL-6. Aberrant sustained IL-6 signaling
through STAT3 along with diminished SOCS3 expression has been observed in human
tumor cells>® 37. 46 and attributed to increased expression of DNMTL and, in turn, SOCS3
promoter methylation.36 The restoration of SOCS3 expression by 5-aza-2’-deoxycytidine
(Fig 5, H) suggests that DNMT1 may play a similar role in IL-6 cultured HUMCs. Also the
increased levels of STAT3 in IL-6-conditioned HUMCs might be a consequence of
diminished SOCS3-mediated degradation of STAT3 as SOCS3 is reported to promote
degradation of signaling proteins such as the JAKs and STATs. " 48

SOCS3 autoregulation of the IL-6/JAK2/STAT3 pathway is dependent on SOCS3 binding to
tyrosine phosphorylated gp130 and to the kinase inhibitory region of JAK (reviewed in 49).
Without this negative regulation the inflammatory and pro-oncogenic effects of STAT3 and
IL-6 such as cell proliferation and survival2 predominate as in the case of ulcerative colitis-
related colorectal cancer > and other cancers.” The disabling of the autoregulatory SOCS3
loop when HUMC s are cultured in IL-6 along with SCF may, therefore, have bearing on the
pathogenesis of mastocytosis because of the constitutive activation of KIT™ and elevated
serum IL-6 levels in mastocytosis.3

As both IL-6R and gp130 are expressed at the cell surface in MCs derived from human
peripheral (Fig E1) and cord blood® CD34* cells it is likely that IL-6 acts directly via these
receptors. We suspect this would be true for MCs from other sources because of their
reactivity towards IL-6.%-1152 1t js possible that IL-6 also acts via sIL-6R but this is less
likely, at least in cell culture, because the concentrations of IL-6 required to transform
HuMCs to a more reactive phenotype (3 to 100 ng/ml, Fig 2, B) also suppress production of
sIL-6R (Fig 3, A and Fig E, 2A). This would favor formation of the neutralizing I1L-6/
sIL-6R/sgp130 complex rather than the IL-6/sIL-6R trans-activating complex. Shedding of
the ectodomain through proteolytic cleavage by ADAM10 and ADAM 1729 is thought to
account for most of the sIL-6R produced in human serum?® and this appears to be true for
MCs (Fig E2, B). Both proteases are expressed at high levels in human lung MC:s.53 A
potential mechanism for the suppression of sIL-6R production is that IL-6R is protected
from proteolytic cleavage when bound to I1L-6 and held as a complex with gp130.

One possible consequence of reduction of sIL-6R shedding by IL-6 is that the inflammatory
actions of 1L-6 via IL-6/sIL-6 trans-signaling would be minimized, at least locally, during
IL-6 induced maturation of MCs. IL-6/sIL-6R trans-signaling is thought to be primarily
responsible for the inflammatory actions of L6 Thus, a polymorphism (Asp358Ala)
within the proteolytic cleavage site of IL-6R results in enhanced shedding of sIL—6R,55v 56
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elevated serum levels of sIL-6R, and a predisposition for persistent atopic dermatitis.>’
Therefore, IL-6 may promote proliferation of more mature and antigen-reactive MCs but in
doing so MCs become less able to propagate the inflammatory actions of IL-6 through
suppression of sIL-6R.

In conclusion our studies highlight the long-term effects of IL-6 on HUMC, which are
associated with expression of SOCS3 through methylation of SOCS3 promoter and
suppression of the spontaneous production of soluble sIL-6R. Interestingly, the inverse
relationship between serum levels of sIL-6R and IL-6 observed in mastocytosis (Fig 3, D)
has been reported for colorectal camcer,58 neuroblastoma,59 and juvenile arthritis.60
Therefore, suppression of sIL-6 production by IL-6 may occur in other types of cells as well
as MCs and may thus reduce formation of the trans-activating IL-6/sIL-6R pro-inflammatory
complexes. These findings may have relevance in MC driven diseases associated with
elevated levels of IL-6 including mastocytosis where treatment directed at lowering IL-6
levels could have a therapeutic benefit.
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HuMCs CD34*-derived primary human mast cell cultures
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PLCy phospholipase Cy
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STAT3 Signal transducer and activator of transcription 3
IL-6R IL-6 Receptor
sIL-6R soluble IL-6R
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Key messages

«  Stem cell factor dependent primary human mast cells increase in number and
differentiate into a hyper-responsive phenotype upon co-culture in IL-6.

o IL-6 suppresses spontaneous production of the soluble I1L-6 receptor in vitro and
in mastocytosis.

»  Sustained effect of IL-6 is attributable to disruption of feedback inhibition
mediated by epigenetic silencing of the SOCS3 gene.
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FIG 1. IL-6 enhances proliferation, alters cell morphology, and increases chymase content in

HuMCs

HuMCs were cultured for 7 weeks in SCF, with or without IL6, or IL6 alone (100 ng/ml of
each). (A) Mean cell count +/- SEM (cultures from five donors, *** P<0.001). (B)
Cytocentrifuged preparations of cells stained with toluidine blue. (C) Tryptase, chymase and
carboxypeptidase content by flow cytometry. Representative results from one of three donors
are shown in B and C.
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FIG 2. IL-6 enhances HUMC degranulation and cytokine production
(A and B) SA-induced release of B-hexosaminidase from HUMCs cultured in 100 ng/ml SCF

and the indicated concentrations of IL-6 (A, n=7; B. n=1). (C-E) GMCSF and IL-8
production by HUMCs cultured in SCF (100 ng/ml) with or without IL-6 (100 ng/ml or as
indicated) in response to SA and SCF (10 ng/ml each) (C, n=2; D, n=3; E, n=1). (F)
Chemotactic response to 10 ng/ml SCF (n=3). Values are mean = SEM (A, C, D, and F) or
of replicate determinations of one HUMC donor (B and E). */<0.05, **/<0.01, ***F<0.001.
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FIG 3. Effect of IL-6 on release of sIL-6R and sgp130 from cultured HUMCs and in patients with

mastocytosis

(A and B) Release of sIL-6R (n=3) and sgp130 (n=4) from SCF-conditioned HUMCs after
transfer to medium containing SCF and IL-6; concentrations and times of exposure to IL-6
are indicated. Positive and negative correlations between serum IL-6 and MC tryptase (C) or
sIL-6R and IL-6 (D) in patients with mastocytosis. Mean values + SEM and significant
differences are shown: */<0.05, **/<0.01, ***/<0.001.
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FIG 4. Increased FceRI-mediated phosphorylation of signaling proteins in IL-6 conditioned
HuMCs

HuMCs grown in SCF in the absence (open columns) or presence (solid columns) of IL-6
were stimulated or not with SA or SA with SCF (10 ng/ml of each) for 2 minutes.
Representative immunoblots as well as the mean + SEM values of densitometric data for the
indicated proteins and phosphorylated proteins for HuMCs from three donors are shown.
Significant differences, * £<0.05, ** A<0.01, *** £<0.001.
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FIG 5. Effects of IL-6 on SOCS3, methylation of SOCS3 promoter, STAT3, and phosphorylated

STAT3

SCF-conditioned HUMCs were exposed to IL-6 (100 ng/ml) for the hours indicated or
maintained in SCF and IL-6 continuously. (A) Representative immunoblot and densitometric
data for levels of SOCS3 under both conditions (n=3). (B) Representative gel image
obtained for methylation of the SOCS3 promoter of the 5’UTR domain (M and U indicate
methylated and unmethylated domain specific primer sets) and (C) densitometric data from
two donors. (D-F) Relative levels of SOCS3, STAT3, and phosphorylated STAT3 as
determined by immunoblotting and densitometry (n=5). (G-I) Effect of 5-aza-2’-
deoxycytidine (+/-DAC) pretreatment after addition of IL-6 (solid columns) or not (open
columns). (G) A representative gel image (inset) and relative densitometric values (n=3) for
SOCS3 promoter methylation (G) and relative densitometric values of immunoblots for
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SOCS3 (H, n=4) and phosphorylated STAT3 (I. n=5). Values are mean + SEM of values.
Significant differences: * £<0.05, ** £<0.01, *** A£<0.001.
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FIG 6. Reversibility of IL-6 effects
Data indicate days after withdrawal of IL-6 from SCF/IL-6-conditioned HUMC cultures. (A)

Degranulation with SA, 10 ng/ml (n=2), (B) methylation of SOCS3 promoter (5’UTR
domain, boxed region) in a representative culture or (C) densitometric data from all donors
(n=3), and (D-F) expression of SOCS3 (n=5), STAT3 (n=6), and phosphorylated STAT3
(n=7) as indicated by representative immunoblots and densitometric values for all donors.
Values are relative mean values + SEM (day zero equals 100). * £<0.05, **F<0.01,
**%P<0.001.

J Allergy Clin Immunol. Author manuscript; available in PMC 2017 June 01.



	Abstract
	Introduction
	METHODS
	RESULTS
	Exposure to IL-6 enhances HuMC proliferation and maturation
	Culture in IL-6 leads to more robust responses to FCεRI ligation
	Production of sIL-6R by HuMCs is inhibited by IL-6
	Increased FcεRI, KIT, and IL-6R mediated signaling in IL-6 conditioned HuMCs
	Sustained IL-6 exposure reduces SOCS3 expression and increases methylation of the SOCS3 promoter

	DISCUSSION
	References
	FIG 1
	FIG 2
	FIG 3
	FIG 4
	FIG 5
	FIG 6

