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Background: IL-6, levels of which are reported to be increased
in association with mastocytosis, asthma, and urticaria, is used
in conjunction with stem cell factor to generate CD341 cell–
derived primary human mast cell (HuMC) cultures. Despite
these associations, the effects on and mechanisms by which
prolonged exposure to IL-6 alters HuMC numbers and function
are not well understood.
Objectives: We sought to study the effect of IL-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 stem cell factor with or
without IL-6. Responses to FcεRI aggregation and expression of
proteases and receptors, including the soluble IL-6 receptor
(sIL-6R), were then quantitated. Epigenetic changes in
suppressor of cytokine signaling 3 (SOCS3) were determined by
using methylation-specific PCR. Serum samples from healthy
control subjects and patients with mastocytosis were assayed for
IL-6, tryptase, and sIL-6R.
Results: IL-6 enhanced mast cell (MC) proliferation,
maturation, and reactivity after FcεRI aggregation. IL-6
reduced expression of SOCS3, which correlated with
methylation of the SOCS3 promoter and increased expression
and activation of signal transducer and activator of
transcription 3. 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 MC proliferation and formation of a
more reactive phenotype enabled by suppressing proteolytic
cleavage of sIL-6R from IL-6R and downregulation of the
SOCS3 autoinhibitory pathway. We suggest IL-6 blockade
might ameliorate MC-related symptoms and pathology in
patients with MC-related diseases associated with increased
IL-6 levels, including mastocytosis. (J Allergy Clin Immunol
2016;nnn:nnn-nnn.)
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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 CD341 cell–derived primary human mast cell (HuMC)–
related diseases.1,2 These include the clinical observations that
IL-6 levels relate to the severity of disease in patients with sys-
temic mastocytosis,3,4 acute5 and chronic urticaria,6 and
asthma.7 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 (MC)–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 (CD341) cells.8,12,13 The consequences of
long-term exposure to IL-6 on HuMC function and the
mechanisms by which IL-6 alters MC behavior have not been
investigated.

IL-6 receptor (IL-6R; IL-6Ra or CD126) is largely restricted to
hematopoietic cells (reviewed by Mihara et al2), whereas its
signaling coreceptor, glycoprotein 130 (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 soluble IL-6 receptor (sIL-6R) generated by means
of 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, which is referred to as
trans-signaling, in contrast to classic signaling initiated through
IL-6R and gp130 at the cell surface. The formation of a dimeric
IL-6/IL-6R/gp130 complex16 is followed by mutual transactiva-
tion of gp130 and Janus kinase (JAK) 1,17,18 activation of the
Ras/Raf/mitogen-activated ERK kinase/extracellular signal-
regulated kinase (ERK) pathway, and phosphorylation and dimer-
ization of signal transducer and activator of transcription (STAT)
3, which then induces transcription of genes, including suppressor
of cytokine signaling 3 (SOCS3), which in turn modulates activa-
tion of these pathways.19

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 FcεRI-mediated
signaling, degranulation, and cytokine production. The prolonged
effects of IL-6 on HuMC function occurred in association with
loss of SOCS3 autoinhibition of the IL-6/JAK/STAT pathway
and suppression of sIL-6R production. In vivo IL-6 levels in
mastocytosis correlated with serum tryptase levels and inversely
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correlated with serum sIL-6R levels. These data support the
concept that decreasing IL-6 levels in patients with diseases, such
as mastocytosis, might have a beneficial therapeutic effect.
METHODS
For detailed methods, including mice used, experimental protocols and

procedures, clinical protocols, and statistical analysis, see theMethods section

in this article’s Online Repository www.jacionline.org.
RESULTS

Exposure to IL-6 enhances HuMC proliferation and

maturation
HuMCs proliferated to a significantly greater extent (P < .001)

when grown in the presence of IL-6 and SCF than when grown in
SCF alone (Fig 1, A). However, SCF itself was obligatory because
cells did not proliferate when cultured in IL-6 alone (Fig 1, A).
This observation is similar to previous reports of the effect of
IL-6 on cord blood–derived MCs20,21 but differ from a single
report that IL-6 decreases the growth of human MCs from cord
blood in which the varied results were attributed to differing
culture conditions.8 Once cells had reached their most mature
state at 6 weeks, those exposed to IL-6 exhibited greater cell
size and granularity (Fig 1, B). Examination by means of flow
cytometry of the major MC-specific granule proteases, namely
tryptase, chymase, and carboxypeptidase,22,23 indicated that all
3 were expressed regardless of growth conditions, although the
chymase content was substantially increased in IL-6–conditioned
cells (Fig 1, C). Thus these data are consistent with and extend
previous reports that IL-6 increases the number13,20,21,24 and
maturity8 of human MCs in culture.

HuMCs derived from cord blood CD341 cells express the SCF
receptor (KIT, CD117), FcεRI,25 gp130,8 and IL-6R at the cell
surface. Examination of HuMCs derived from CD341 cells
from peripheral blood samples by means of flow cytometry
indicated that IL-6 did not alter the surface expression of KIT,
the FcεRI a-subunit, gp130, and IL-6R (see Fig E1, A, in this
article’s Online Repository www.jacionline.org). Western blots
also indicated similar expression of IL-6R, as well as gp130,
irrespective of whether cultures were grown in the presence or
absence of IL-6 (see Fig E1, B). Therefore HuMCs grown under
either condition express similar levels of the necessary receptors
for responses to SCF, antigen/IgE, and IL-6.
Culture in IL-6 leads to more robust responses to

FCεRI ligation
Stimulation of biotinylated IgE-sensitized HuMCs with graded

concentrations of Streptavidin revealed significant enhancement
of degranulation in response to concentrations of streptavidin
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 (P <.01; Fig 2,A). 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 IL-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 GM-CSF and IL-8 (Fig
2, C and D), with optimal effects at 30 ng/mL IL-6 (Fig 2, E). In
this experiment cytokine productionwas inducedby costimulation
with streptavidin and SCF because these stimulants individually
elicit limited cytokine production.26 SCF-induced chemotaxis of
HuMCs27 was not significantly affected by IL-6 (Fig 2, F).
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 effect in patients with
inflammatory disease.28 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 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, which is nor-
mally used for HuMCs. This action of IL-6 would minimize
trans-signaling caused by a decrease in formation of IL-6/sIL6R
complexes. Production of sIL-6R was also inhibited by IL-6 in
the human LAD2 MC line, with an inhibitory concentration of
50% of approximately 1 ng/mL (see Fig E2,A, in this article’s On-
line Repository www.jacionline.org). GI254023X and
GW280264, inhibitors of a disintegrin and metalloproteinase
(ADAM) 10 and ADAM17, the metalloproteases responsible
for cleavage of IL-6R to form sIL-6R (see Scheller et al28), sup-
pressed production of sIL-6R by LAD2 cells, which is consistent
with the conclusion that sIL-6R resulted largely from proteolytic
cleavage (see Fig E2, B).29,30

Evidence was obtained that IL-6 can similarly suppress sIL-6R
production in vivo from studies of patients with systemicmastocy-
tosis in whom serum levels of IL-6 correlate with serum tryptase3

levels used as ameasure ofMC burden.31 Extending this study, we
found that although there was a positive correlation between
serum IL-6 and tryptase levels, as we and others have reported
(Fig 3, C),3 there was a negative correlation between serum
sIL-6R and IL-6 levels (Fig 3, D). No significant correlation was
observed between serum sgp130 and serum tryptase levels or, as
in MC cultures, with IL-6 levels (data not shown). These data
support the possibility that IL-6 levels in vivomight also suppress
the production of sIL-6R and thus limit trans-signaling in vivo.
Increased FcεRI-, KIT-, and IL-6R–mediated signaling

in IL-6–conditioned HuMCs
To determine whether the enhanced responses in the presence

of IL-6 could be attributed to stronger signaling through relevant
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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 IL-6 or IL-6 alone (100 ng/mL of each).

A, Mean 6 SEM cell count (cultures from 5 donors). ***P < .001. B, Cytocentrifuged preparations of cells

stained with toluidine blue. C, Tryptase, chymase, and carboxypeptidase content determined by using

flow cytometry. Representative results from one of 3 donors are shown in Fig 1, B and C.
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pathways, we initially investigated the effects on calcium
signaling, which is essential for FcεRI-mediated degranulation
and is augmented on costimulation with SCF.32,33 A substantial
strengthening of the calcium signal was apparent in IL-6–
conditioned cells whether cells were stimulated with streptavidin
or the combination of streptavidin and SCF (see Fig E3, A, in
this article’s Online Repository www.jacionline.org). IL-6
conditioning had minimal, if any, effect on the calcium signal
induced by SCF alone (see Fig E3, B) or that generated by the
calcium-mobilizing agent thapsigargin (see Fig E3,C), indicating
that MCs had not become intrinsically more responsive to all
stimulants.

We next examined FcεRI-mediated phosphorylation of
signaling molecules critical for HuMC activation. Activating
phosphorylation of phospholipase Cg (PLCg) 1 and 2, Akt (a
downstream target of phosphoinositide 3-kinase), and the
mitogen-activated protein kinases ERK and c-Jun N-terminal
kinase were all enhanced in IL-6/SCF–conditioned cells
compared with that in SCF-conditioned cells after stimulation
with streptavidin or streptavidin plus SCF (Fig 4, A-E, and see
Fig E4 in this article’s Online Repository www.jacionline.org),
even though the levels of these proteins remained the same in
both sets of cells (Fig 4, G, and see Fig E4).

In addition, SCF and IL-6 activate the JAK/STAT pathways,
which might complement the signals generated through FcεRI for
cytokine production.32 When compared with nonconditioned
cells, the extent of phosphorylation of STAT3 in response to
stimulation with streptavidin and SCFwas substantially enhanced
in IL-6–conditioned cells (Fig 4, F). In contrast to the other
signaling molecules examined, levels of STAT3 protein were
significantly higher in IL-6–conditioned cells (Fig 4, G, and see
Fig E4). Therefore exposure to IL-6 resulted not only in stronger
signaling through the FcεRI 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 STAT3,34 and phosphorylated

STAT3 can in turn induce expression of SOCS3, which acts as
an autoinhibitory regulator of the IL-6/STAT3 pathway (reviewed
by Babon et al35). Unexpectedly, we observed that SOCS3 levels
were substantially reduced in HuMCs grown in SCF and IL-6
compared with their counterparts grown in SCF alone (Fig 5,
A). The methylation status of the SOCS3 promoter was then
examined because hypermethylation of the promoter is associated
with epigenetic silencing of SOCS3 in tumor cells.36-45

Methylation of the 59 untranslated 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
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FIG 2. IL-6 enhances HuMC degranulation and cytokine production. A and B, Streptavidin (SA)–induced

release of b-hexosaminidase from HuMCs cultured in 100 ng/mL SCF and the indicated concentrations

of IL-6 (Fig 2, A, n 5 7; Fig 2, B, n 5 1). C-E, GM-CSF 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;

Fig 2, C, n 5 2; Fig 2, D, n 5 3; Fig 2, E, n 5 1). F, Chemotactic response to 10 ng/mL SCF (n 5 3). Values

are means 6 SEMs (Fig 2, A, C, D, and F) or results from replicate determinations of 1 HuMC donor

(Fig 2, B and E). *P < .05, **P < .01, and ***P < .001.
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initially increased and then decreased substantially after 3 hours
(Fig 5,D). Levels of phosphorylated STAT3 and STAT3 increased
over the course of 3 to 8 hours and decreased thereafter, although
not to a statistically significant extent (Fig 5, E and F). These
events were blocked by 5-aza-29-deoxycytidine (5-Aza-dC), an
inhibitor of DNA methyltransferases (DNMTs), 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-I).

Withdrawal of IL-6 from SCF/IL-6–conditioned HuMCs had
the reverse effect. Degranulation in response to streptavidin
decreased between 7 and 14 days after withdrawal of IL-6 (Fig 6,
A). Methylation of the 59 untranslated 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 IL-6–mediated
signaling throughout the cell culture and thus alters HuMC
phenotypic properties.
DISCUSSION
In this studywe report that IL-6 not only enhances development

of MCs from human peripheral blood CD341 cells but also MC
reactivity. The effect on maturation was apparent from increased
granularity, cell size, and chymase content (Fig 1), and the
enhanced reactivity was evident from increased FcεRI-mediated
degranulation and cytokine production (Fig 2), as well as more
robust signaling through calcium mobilization (see Fig E3) and
phosphorylation of PLCg, Akt, ERK, c-Jun N-terminal kinase,
and STAT3 (Fig 4). This hyperreactive state was 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 HuMCmaturation and function over an extended period
is associatedwith suppression of SOCS3 expression (Fig 5,A) and
shedding of sIL-6R (Fig 3, A), thus favoring signaling through the
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patients with mastocytosis. Means 6 SEMs and significant differences are shown as follows: **P < .01

and ***P < .001.
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classical pathway. Downregulation of SOCS3 coincided with
methylation of the SOCS3 promoter region (Fig 5, B) and was
associated with increased levels of STAT3 protein and serine
phosphorylated STAT3 (Fig 5, E and F). Our finding that these
effects are prevented by the DNMT inhibitor 5-Aza-dC (Fig 5,
G-I) and 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 and diminished SOCS3 expression have been
observed in human tumor cells36,37,46 and attributed to increased
expression of DNMT1 and, in turn, SOCS3 promoter
methylation.36 Restoration of SOCS3 expression by 5-Aza-dC
(Fig 5, H) suggests that DNMT1 might 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 because SOCS3 is
reported to promote degradation of signaling proteins, such as
the JAKs and STATs.47,48

SOCS3 autoregulation of the IL-6/JAK/STAT3 pathway is
dependent on SOCS3 binding to tyrosine phosphorylated gp130
and to the kinase inhibitory region of JAK (reviewed by
Yoshimura et al49). Without this negative regulation, the
inflammatory and pro-oncogenic effects of STAT3 and IL-6,
such as cell proliferation and survival,2 predominate, as in the
case of ulcerative colitis–related colorectal cancer36 and other
cancers.50 Disabling of the autoregulatory SOCS3 loop when
HuMCs are cultured in IL-6 along with SCF might therefore
have bearing on the pathogenesis of mastocytosis because of
the constitutive activation of KIT51 and increased serum IL-6
levels in patients with mastocytosis.3

Because both IL-6R and gp130 are expressed at the cell surface
in MCs derived from human peripheral (see Fig E1) and cord
blood8 CD341 cells, it is likely that IL-6 acts directly through
these receptors. We suspect this would be true forMCs from other
sources because of their reactivity to IL-6.9-11,52 It is possible that
IL-6 also acts through 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 (3-100 ng/mL; Fig 2, B)
also suppress production of sIL-6R (Fig 3, A, and see Fig E2,
A). This would favor formation of the neutralizing IL-6/sIL-6R/
sgp130 complex rather than the IL-6/sIL-6R transactivating
complex. Shedding of the ectodomain through proteolytic
cleavage by ADAM10 and ADAM1729 is thought to account
for most of the sIL-6R produced in human serum,28 and this
appears to be true for MCs (see Fig E2, B). Both proteases are
expressed at high levels in human lung MCs.53 A potential
mechanism for the suppression of sIL-6R production is that
IL-6R is protected from proteolytic cleavage when bound to
IL-6 and held as a complex with gp130.
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FIG 4. A-G, Increased FcεRI-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 streptavidin (SA) or SA with SCF (10 ng/mL of each) for 2 minutes. Representative immunoblots

andmeans6 SEMs of densitometric data for the indicated proteins and phosphorylated proteins for HuMCs

from 3 donors are shown. Significant differences: *P < .05, **P < .01, and ***P < .001. Insignificant differ-

ences are indicated in panels B, F, and G.
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One possible consequence of reduction of sIL-6R shedding by
IL-6 is that the inflammatory actions of IL-6 through 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 IL-6.54 Thus a polymorphism (Asp358Ala) within the
proteolytic cleavage site of IL-6R results in enhanced shedding
of sIL-6R,55,56 increased serum levels of sIL-6R, and
a predisposition to persistent atopic dermatitis.57 Therefore
IL-6 might 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 HuMCs, which are associated with expression of
SOCS3 through methylation of the SOCS3 promoter and
suppression of spontaneous production of sIL-6R. Interestingly,
the inverse relationship between serum levels of sIL-6R and IL-6
observed in patients with mastocytosis (Fig 3, D) has been
reported for colorectal cancer,58 neuroblastoma,59 and juvenile
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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 (n5 3). B and C, Representative gel image obtained for methylation of the SOCS3 promoter

of the 59 untranslated region domain (Fig 5, B) and densitometric data from 2 donors (Fig 5, C). D-F, Relative

levels of SOCS3, STAT3, and phosphorylated STAT3, as determined by using immunoblotting and

densitometry (n 5 5). G-I, Effect of 5-Aza-dC (6 DAC) pretreatment after addition of IL-6 (solid columns)
or not (open columns). A representative gel image (inset) and relative densitometric values (n 5 3) for

SOCS3 promoter methylation (Fig 5, G) and relative densitometric values of immunoblots for SOCS3

(n 5 4; Fig 5, H) and phosphorylated STAT3 (n 5 5; Fig 5, I) are shown. Values are means 6 SEMs.

M, Methylated domain-specific primer sets; U, unmethylated domain-specific primer sets. Significant

differences: *P < .05, **P < .01, and ***P < .001.
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arthritis.60 Therefore suppression of sIL-6 production by IL-6
might occur in other types of cells, as well as MCs, and thus
might reduce formation of the transactivating IL-6/sIL-6R
proinflammatory complexes. These findings might have
relevance in patients with MC-driven diseases associated with
increased levels of IL-6, including mastocytosis, in whom
treatment directed at decreasing IL-6 levels could have a
therapeutic benefit.



FIG 6. Reversibility of IL-6 effects. Data indicate days after withdrawal of IL-6 from SCF/IL-6–conditioned

HuMCs. Degranulation with streptavidin (SA; 10 ng/mL; n 5 2; A), methylation of the SOCS3 promoter

(59 untranslated region domain, boxed region; B) in a representative culture, or densitometric data from

all donors (n 5 3, C) and expression of SOCS3 (n 5 5), STAT3 (n 5 6), and phosphorylated STAT3 (n 5 7;

D-F), as indicated by representative immunoblots and densitometric values for all donors, are

shown. Values are relative means 6 SEMs (day zero 5 100). M, Methylated domain-specific primer sets;

U, unmethylated domain-specific primer sets. *P < .05, **P < .01, and ***P < .001.
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Key messages

d SCF-dependent primary human MCs increase in number
and differentiate into a hyperresponsive phenotype on
coculture in IL-6.

d IL-6 suppresses spontaneous production of sIL-6R in vitro
and in patients with mastocytosis.

d The sustained effect of IL-6 is attributable to disruption
of feedback inhibition mediated by epigenetic silencing
of the SOCS3 gene.
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METHODS

Cell culture
Primary HuMCs were developed from CD341 peripheral blood

progenitors isolated from healthy volunteers after informed consent under a

protocol (NCT00001756) approved by the Institutional Review Board of the

National Institute of Allergy and Infectious Diseases. The CD341 cells

were cultured in StemPro-34 Medium containing supplement (Invitrogen,

Grand Island, NY) with either 100 ng/mL human recombinant SCF alone

or in combination with 100 ng/mL human rIL6 (R&D Systems,

Minneapolis, Minn), except for the initial week of culture, when 30 ng/mL

human rIL-3 (PeproTech, Rocky Hill, NJ) was also present, as previously

described.E1 Under both conditions, at least 99% of cells were identifiable

as FcεRI1/KIT1 MCs by 6 to 8 weeks. The LAD2 human MC line was

cultured in serum-free medium containing 100 ng/mL SCF, as previously

described.E2

Histochemical and flow cytometric analysis
Cytospin preparations of 7-week-old HuMCs were fixed and stained with

toluidine blue for microscopic examination.E1 For flow cytometry, HuMCs

were sensitized for 30 minutes with biotinylated IgE, followed by staining

with phycoerythrin (PE)–conjugated streptavidin (BD PharMingen, San

Jose, Calif) and allophycocyanin-conjugated KIT antibody (Invitrogen),

gp130 (Santa Cruz Biotechnology, Dallas, Tex) for 30 minutes at 378C.
IL-6R expression was detected by using mouse anti–IL-6R (full-length)

mAb (Abcam, Cambridge, Mass), followed by biotinylated anti-mouse IgG1

antibody and streptavidin-PE. For carboxypeptidase, tryptase, and chymase

detection, cells were fixed, permeabilized, and stained with biotinylated

specific antibodies, followed by PE-conjugated streptavidin, as previously

described.E3 Fluorescein isothiocyanate–labeled mouse IgG1k, PE-mouse

IgG1k, allophycocyanin-rat IgG1k, and biotin-mouse IgG1k isotype controls

were purchased from BD PharMingen, Santa Cruz Biotechnology (Dallas,

Tex), and Abcam.

Measurement of degranulation, cytokines, and

soluble IL-6R and gp130
HuMCs were sensitized overnight in culture media with human IgE

(Sigma-Aldrich, St Louis, Mo) biotinylated in house. The following day, cells

were kept in cytokine-free media for 4 hours and then rinsed with

HEPES buffer (10 mmol/L HEPES, 137 mmol/L NaCl, 2.7 mmol/L KCl,

0.4 mmol/L Na2HPO4.7H2O, 5.6 mmol/L glucose, 1.8 mmol/L

CaCl2$2H2O, and 1.3 mmol/L MgSO4$7H2O at pH 7.4) containing 0.04%

BSA (Sigma-Aldrich). Fo measurement of b-hexosaminidase release,

sensitized cells were stimulated with increasing concentrations of the

IgE cross-linking agent streptavidin (Sigma-Aldrich), as previously

described.E4 For cytokine release assays, cells were sensitized and

cultured overnight in cytokine-free media. The next day, cells were

challenged with streptavidin and SCF (10 ng/mL of each) for 6 hours for

measurement of cytokines in the supernatant medium by means of ELISA

(R&D Systems).

The soluble receptors sIL-6R and sgp130 were assayed by using ELISA

kits (R&D Systems), according to the manufacturers’ protocols. The

antibodies used detect full-length versions of these receptors.

Chemotaxis
Chemotaxis was determined by using Transwell polycarbonate membranes

(8-mm pore size; Corning, Corning, NY). HuMCs (1 3 105 cells) were

incubated in cytokine-free medium for 4 hours and then resuspended in

100 mL of cytokine-free medium and placed in the upper chamber over the

bottom chamber containing 600 mL of cytokine-free medium for

30 minutes at 378C. After 30 minutes, the inserts were placed in chambers

containing media with or without SCF (30 ng/mL). After 4 hours, migrated

cells were collected from the bottom chamber and counted by using

microscopy.

Signaling studies
Intracellular calcium measurements were performed, as previously

described.E5 Briefly, cells were sensitized and pretreated with Fura-2

(Molecular Probes, Eugene, Ore) for 30 minutes, and stimulated with

10 ng/mL streptavidin, 10 ng/mL SCF, or a combination of both or, as a

positive control, 0.8 mmol/L thapsigargin. Fluorescence was monitored with

a Wallac Victor Plate Reader (PerkinElmer, Waltham, Mass), with excitation

at 340 nm and 380 nm and emission wavelength at 510 nm.

Western blotting was used to determine phosphorylation of signaling

molecules to monitor the state of activation. Thus sensitized HuMCs were

stimulated with streptavidin for 2 minutes at 378C, cells were lysed as

previously described,E6 and proteins were separated with 4-12% NuPAGE

Bis-Tris gels (Invitrogen) and probed for immune-reactive proteins by using

the following specific antibodies: b-actin (Sigma), SOCS3 (BioLegend, San

Diego, Calif), STAT3 (Cell Signaling, Beverly, Mas), rabbit anti–IL-6R

polyclonal antibody (Neobiolabs, Cambridge, Mass), and rabbit polyclonal

anti-gp130 (Santa Cruz Biotechnology). Antibodies specific for the specified

phosphoproteins and corresponding proteins were from one source (Cell

Signaling), except for phospho-PLCg1 and PLCg1 protein (Biosource, Grand

Island, NY). The immune-reactive antibodies were visualized by using

secondary antibodies, rabbit IgG (Amersham Biosciences, Piscataway, NJ),

or mouse IgG Fc-specific antibody (Sigma) conjugated with horseradish

peroxidase.

Methylation-specific PCR
Methylation-specific PCR–specific primers were designed, as previously

described,E7 and used to amplify methylated and unmethylated DNA

sequences. Methylation-specific PCR was performed on bisulfite-treated

genomic DNA with the EZ DNA Methylation-Direct Kit (Zymo Research,

Irvine, Calif). PCR was performed in a 25-mL volume containing 100 ng of

bisulfite-modified DNA.

Collection of serum samples from patients with

mastocytosis
Blood samples were collected from patients and healthy volunteers after

informed consent and as approved by the Institutional Review Board of

the National Institute of Allergy and Infectious Diseases under protocol

02-I-0277. Blood was collected in SST tubes, and serum was stored at2808C
until assayed.

Studies with protease and DNMT inhibitors
Cultures of LAD2 cells were incubated with 10 mmol/L of the inhibitors

GI254023X and GW280264 (Glixx Laboratories, Southborough, Mass) for

48 hours to examine the effect of inhibition of ADAM10 and ADAM17 on

release of sIL-6R. Supernatants were collected, and sIL-6Ra levels were

measured with the Quantikine Kit (R&D Systems).

Effects of DNMT inhibition were examined after incubation of

SCF-cultured HuMCs in 12-well plates (105 cells per well) with 10 mmol/L

5-Aza-dC (Sigma-Aldrich) for 16 hours, followed by an additional 24 hours

in the presence of IL-6 (100 ng/mL). Cells were washed and cell pellets

were lysed to determine DNA methylation by using methylation-specific

PCR, as described above, and to analyze effects on SOCS3 and STAT3 by

using Western blotting.

Statistics
Data are presented as means and SEMs, except where error bars fall within

the data point. Statistics were analyzed by using the 2-tailed Student t test and

1-way ANOVAwith the Fisher least significant difference test, and differences

were considered significant at a P value of less than .05; n represents the

number of primary human MC cultures tested each from different donors.

Data obtained from human serum samples were analyzed by using the

nonparametric Kruskal-Wallis test with Dunn multiple comparison.

J ALLERGY CLIN IMMUNOL

nnn 2016

9.e1 DESAI ET AL



REFERENCES

E1. Kirshenbaum AS, Metcalfe DD. Growth of human mast cells from bone marrow

and peripheral blood-derived CD341 pluripotent progenitor cells. Methods Mol

Biol 2006;315:105-12.

E2. Kirshenbaum AS, Akin C, Wu Y, Rottem M, Goff JP, Beaven MA, et al.

Characterization of novel stem cell factor responsive human mast cell lines

LAD 1 and 2 established from a patient with mast cell sarcoma/leukemia;

activation following aggregation of FceRI or FcgRI. Leuk Res 2003;27:677-82.

E3. Kirshenbaum AS, Swindle E, Kulka M, Wu Y, Metcalfe DD. Effect of lipopoly-

saccharide (LPS) and peptidoglycan (PGN) on human mast cell numbers,

cytokine production, and protease composition. BMC Immunol 2008;9:45.

E4. Kuehn HS, Radinger M, Gilfillan AM. Measuring mast cell mediator release.

Curr Protoc Immunol 2010. Chapter 7:Unit7.38.

E5. Hundley TR, Gilfillan AM, Tkaczyk C, Andrade MV, Metcalfe DD, Beaven

MA. Kit and FceRI mediate unique and convergent signals for release of

inflammatory mediators from human mast cells. Blood 2004;104:2410-7.

E6. Tkaczyk C, Metcalfe DD, Gilfillan AM. Determination of protein

phosphorylation in FceRI-activated human mast cells by immunoblot analysis

requires protein extraction under denaturing conditions. J Immunol Methods

2002;268:239-43.

E7. Li Y, Deuring J, Peppelenbosch MP, Kuipers EJ, de Haar C, van der Woude CJ.

IL-6-induced DNMT1 activity mediates SOCS3 promoter hypermethylation in

ulcerative colitis-related colorectal cancer. Carcinogenesis 2012;33:1889-96.

E8. Ludwig A, Hundhausen C, Lambert MH, Broadway N, Andrews RC, Bickett

DM, et al. Metalloproteinase inhibitors for the disintegrin-like metalloprotei-

nases ADAM10 and ADAM17 that differentially block constitutive and phorbol

ester-inducible shedding of cell surface molecules. Comb Chem High

Throughput Screen 2005;8:161-71.

E9. Hundhausen C, Misztela D, Berkhout TA, Broadway N, Saftig P, Reiss K, et al.

The disintegrin-like metalloproteinase ADAM10 is involved in constitutive

cleavage of CX3CL1 (fractalkine) and regulates CX3CL1-mediated cell-cell

adhesion. Blood 2003;102:1186-95.

J ALLERGY CLIN IMMUNOL

VOLUME nnn, NUMBER nn

DESAI ET AL 9.e2

http://refhub.elsevier.com/S0091-6749(15)01739-X/sref61
http://refhub.elsevier.com/S0091-6749(15)01739-X/sref61
http://refhub.elsevier.com/S0091-6749(15)01739-X/sref61
http://refhub.elsevier.com/S0091-6749(15)01739-X/sref61
http://refhub.elsevier.com/S0091-6749(15)01739-X/sref62
http://refhub.elsevier.com/S0091-6749(15)01739-X/sref62
http://refhub.elsevier.com/S0091-6749(15)01739-X/sref62
http://refhub.elsevier.com/S0091-6749(15)01739-X/sref62
http://refhub.elsevier.com/S0091-6749(15)01739-X/sref63
http://refhub.elsevier.com/S0091-6749(15)01739-X/sref63
http://refhub.elsevier.com/S0091-6749(15)01739-X/sref63
http://refhub.elsevier.com/S0091-6749(15)01739-X/sref64
http://refhub.elsevier.com/S0091-6749(15)01739-X/sref64
http://refhub.elsevier.com/S0091-6749(15)01739-X/sref65
http://refhub.elsevier.com/S0091-6749(15)01739-X/sref65
http://refhub.elsevier.com/S0091-6749(15)01739-X/sref65
http://refhub.elsevier.com/S0091-6749(15)01739-X/sref66
http://refhub.elsevier.com/S0091-6749(15)01739-X/sref66
http://refhub.elsevier.com/S0091-6749(15)01739-X/sref66
http://refhub.elsevier.com/S0091-6749(15)01739-X/sref66
http://refhub.elsevier.com/S0091-6749(15)01739-X/sref67
http://refhub.elsevier.com/S0091-6749(15)01739-X/sref67
http://refhub.elsevier.com/S0091-6749(15)01739-X/sref67
http://refhub.elsevier.com/S0091-6749(15)01739-X/sref68
http://refhub.elsevier.com/S0091-6749(15)01739-X/sref68
http://refhub.elsevier.com/S0091-6749(15)01739-X/sref68
http://refhub.elsevier.com/S0091-6749(15)01739-X/sref68
http://refhub.elsevier.com/S0091-6749(15)01739-X/sref68
http://refhub.elsevier.com/S0091-6749(15)01739-X/sref69
http://refhub.elsevier.com/S0091-6749(15)01739-X/sref69
http://refhub.elsevier.com/S0091-6749(15)01739-X/sref69
http://refhub.elsevier.com/S0091-6749(15)01739-X/sref69


FIG E1. IL-6 has minimal effect on expression of MC receptors. Analysis by means of flow cytometry (A) or

immunoblotting (B) of KIT (CD117), FcεRI a-subunit, gp130, or IL-6R in HuMCs cultured as described in Fig 1.

Representative data for HuMCs from one of 3 donors (Fig E1, A and B) and means6 SEMs of densitometric

values for IL-6R and gp130 for all donors (Fig E1, B) are shown.
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FIG E2. Spontaneous release of sIL-6R from LAD2 cells and effect of IL-6 and inhibitors of ADAM proteases

on this release. LAD2 cells were cultured with SCF (100 ng/mL) for 8 weeks and then incubated in fresh

medium with SCF (100 ng/mL) and IL-6 at the concentrations (in nanograms per milliliter) and time periods

indicated (n 5 2; A) or with SCF and 10 mmol/L of the inhibitors GI254023X (GI) and GW280264 (GW) for

48 hours (n 5 3; B). Release of sIL-6R into medium was determined. Data are means 6 SEMs of average

values. Significant differences are indicated as follows: **P < .01 and ***P < .001. GI254023X is highly

specific for ADAM10, and GW280264 inhibits both ADAM10 and ADAM17.E8,E9 Although the data suggest

that ADAM10 is the likely candidate responsible for production of sIL-6R, more refined studies are required

for this determination.
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FIG E3. Calcium signaling in HuMCs cultured in SCF in the absence or presence of IL-6. A and B, Changes in

levels of cytosolic Ca21 were determined in Fura-2–loaded HuMCs from 7-week cultures after growth with

(SCF1IL-6) or without (SCF) IL-6. C, Cells were stimulated with 10 ng/mL streptavidin (SA) alone or in

combination with 10 ng/mL SCF (Fig E3, A), SCF alone (Fig E3, B), or 800 nmol/L thapsigargin (Thaps). Cells
were primed with biotinylated IgE, washed, and deprived of SCF for 4 hours before the experiment. The data

shown were obtained with HuMCs from a single donor but are typical of experiments with HuMCs from 3

different donors.

J ALLERGY CLIN IMMUNOL

nnn 2016

9.e5 DESAI ET AL



FIG E4. Representative immune blots of signaling proteins and their

phosphorylated forms after stimulation of HuMCs cultured in SCF or SCF

plus IL-6. The blots are representative of experimental data shown in Fig 4.

The blots are from an experiment performed with HuMCs derived from a

single donor. Cells were left unstimulated (2) or stimulated with

streptavidin (SA) or SA plus SCF (10 ng/mL of each) for 2 minutes.
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