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ABSTRACT

Background: Cytokine interleukin (IL) 31 has emerged as an important component of allergic and inflammatory diseases
associated with pruritus, such as atopic dermatitis (AD) and mastocytosis. Mast cells (MC) are stimulated by allergic and
nonallergic triggers, and play a critical role in such diseases by secreting histamine and tryptase as well as cytokines and
chemokines. IL-33 has been reported to augment MC responses, but its effect on secretion of IL-31 is not known.

Objectives: To investigate whether IL-33 can stimulate the secretion of IL-31 from cultured human MCs and whether this
response is augmented by either the neuropeptide substance P (SP) or immunoglobulin E (IgE) and anti-IgE in the absence or
presence of IL-4.

Methods: Laboratory of Allergic Diseases (LAD2) human MCs were cultured in StemProH-34 SFM medium supplemented
by stem cell factor and were stimulated either with IL-33 (10 ng /mL) or SP (2 �M), or preincubated with IgE (1 �g/mL)
overnight, and then stimulated with anti-IgE (1 �g/mL) for 24 hours. IL-31 gene expression was measured by quantitative
polymerase chain reaction, and protein was measured by enzyme-linked immunosorbent assay.

Results: IL-33 (10 ng/mL) induces IL-31 gene expression, synthesis, and secretion from LAD2 cells in the absence of
degranulation, whereas SP and IgE on their own have no effect. However, the effect of IL-33 is augmented by SP (2 �M) and/or
IgE and anti-IgE (1 �g/mL both) and especially their combination. Moreover, this response is significantly further increased
when LAD2 cells are cultured in the presence of IL-4.

Conclusion: These findings provide evidence that IL-33 induced secretion of IL-31 from LAD2 MC, an action augmented
by novel neuroimmune interactions that may help in the development of new treatments of allergic and inflammatory diseases,
especially AD and mastocytosis.

(Allergy Asthma Proc 39:153–160, 2018; doi: 10.2500/aap.2018.38.4105)

Mast cells (MC) are critical for allergic,1 immune,
and inflammatory responses.2,3 They are char-

acterized by a panel of receptors4 through which they
are stimulated by many triggers that lead to secretion
of multiple mediators.5 MCs are known to be involved
in the allergic airway6 and skin7 inflammatory diseases

such as atopic dermatitis (AD)8 and mastocytosis.1 In
addition to activation by antigen cross-linking immu-
noglobulin E (IgE) molecules bound to their surface
receptors (high affinity IgE receptor [Fc�RI]),9–11 neu-
ropeptides, e.g., substance P (SP), also stimulate MC
either through the high affinity Neurokinin-1 (NK-1)
receptor12 or the low affinity Mas-related G-protein
coupled receptor member X2 receptor.13 We showed
that stimulation of human MCs by SP was aug-
mented by the “alarmin” interleukin (IL) 33 and
resulted in secretion of either vascular endothelial
growth factor14 or tumor necrosis factor (TNF),15

without degranulation. IL-33 belongs to the IL-1 family
of cytokines16 and is involved in autoimmune and inflam-
matory processes.17–19

IL-31 is a helical molecule, which belongs to the
cytokine family that includes IL-6, IL-11, IL-27, leuke-
mia inhibitory factor, oncostatin M, ciliary neu-
rotrophic factor, cardiotrophin-1, cardiotrophic-like
cytokine, and neuropoietin.20 IL-31 was initially de-
scribed as being synthesized by activated CD4� T-
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helper cells and less so by activated CD8� cells.21

Monocytes, macrophages, dendritic cells, human epi-
dermal keratinocytes, and dermal fibroblast synthesize
IL-31.22 Basophils stimulated by IgE/anti-IgE23 and
MCs stimulated by �-defensins24 were reported to se-
crete IL-31.

However, the regulation of IL-31 production from
human MCs has not been adequately studied. IL-31 is
expressed in the skin of patients with AD,26 and IL-1–
producing T cells are increased in the skin of chronic
AD.21 Moreover, serum levels of IL-31 were increased
and correlated with disease severity in AD.27,28 In fact,
IL-31 was shown to induce dermatitis in mice.29 IL-31
was also elevated in adult patients with mastocytosis
and was correlated with severity of symptoms.30 The
role of IL-31 in skin diseases was recently re-
viewed.28,31,32 Here we showed that human-cultured
LAD2 MCs secreted IL-31 in response to IL-33 and that
this effect was augmented by SP, IgE/anti-IgE, or their
combination, and was further increased by IL-4.

METHODS

Reagents
Recombinant human stem cell factor (rhSCF) was

donated by Orphan Biovitrum AB, Stockholm, Swe-
den. SP was purchased from Sigma-Aldrich, St. Louis,
Missouri, and was diluted in distilled water. Recombi-
nant human IL-33 (rhIL-33) and IL-4 (rhIL-4) were
purchased from R&D Systems, Minneapolis, Minne-
sota, and were reconstituted in sterile phosphate-buff-
ered saline solution that contained 0.1% of human
serum albumin. Human myeloma IgE was purchased
from EMD Millipore, San Diego, California. IgE goat–
antihuman polyclonal antibody (anti-IgE) was pur-
chased from Life Technologies, Carlsbad, California;
both IgE and anti-IgE were both diluted in sterile wa-
ter.

Human LAD2 Cell Culture
LAD2 human MC (provided by A.S. Kirshenbaum,

M.D., National Institutes of Health, Bethesda, MD)
were derived from a single patient with human MC
leukemia.33 LAD2 cells were cultured in StemProH-34
SFM medium (Life Technologies), supplemented with
100 U/mL of penicillin–streptomycin and 100 ng/mL
of rhSCF. LAD2 cells were maintained at 37°C in a
humidified incubator at 5% CO2. In certain experi-
ments, rhIL-4 (100 ng/mL) was added to the culture
medium for 2 weeks before stimulation. IgE (1 �g/mL)
was added overnight to sensitize MC and was washed
before stimulation with anti-IgE (1 �g/mL). LAD2 cells
were stimulated by the different triggers for 24 hours.
Working dilutions for all compounds were prepared in
culture medium immediately before use.

Degranulation Assay
�-Hexosaminidase (�-hex) secretion was assayed as

an index of MC degranulation. LAD2 cells (0.5 � 105)
were stimulated with SP (2 �M), IL-33 (10 ng/mL), or
SP plus IL-33 for 30 minutes. Supernatant fluids were
collected, and cell pellets were lysed with 1% Triton
X-100. Supernatant fluids and cell lysates were incu-
bated in the reaction buffer (p-nitrophenyl-N-acetyl-
�-D glucosaminidase; Sigma) for 1.5 hours and then 0.2
mol/L of glycine was added to stop the reaction. Ab-
sorbance was measured at 405 nm. The results are
expressed as the percentage of �-hex secreted over the
total amount (pellet plus supernatant) present in LAD2
cells.

LAD2 Stimulation for Gene Expression
and Secretion

LAD2 cells (6 � 105 cells per 500 �L) were distrib-
uted in 48-well microtiter assay plates in triplicates and
stimulated with the indicated concentrations of SP
and/or IL-33. In the case of IgE, LAD2 cells were
incubated overnight with IgE (1 �g/mL), washed, and
then stimulated with either anti-IgE (1 �g/mL) or the
other triggers for 24 hours. In the experiments that
used IL-4, LAD2 cells were cultured with media to
which IL-4 (100 ng/mL) was added for 2 weeks, and
then washed and resuspended with cultured media to
which the same amount of IL-4 (100 ng/mL) was
added. So that the LAD2 cells be similarly stimulated
for 24 hours with all triggers, IgE was added overnight
before the wash. Unstimulated LAD2 cells were used
as negative controls. After 24 hours, the LAD2 cells
were centrifuged and IL-31 was assayed in the super-
natant fluids with a commercial enzyme-linked immu-
nosorbent assay kit (R&D Systems, Minneapolis, MN)
according to the manufacturer’s directions. IL-31 pro-
tein production and secretion is expressed as pg/mL/
106 cells.

RNA Isolation and Quantitative Real-Time
Polymerase Chain Reaction

LAD2 cells (1 � 106/mL) were incubated with IL-4
(100 ng/mL) for 2 weeks and/or were sensitized with
1 �g/mL of IgE overnight before stimulation with SP,
IL-33, or anti-IgE for 24 hours. The cell pellets were
used for total RNA extraction. Total RNA was ex-
tracted with an RNeasy Mini kit (Qiagen, Valencia,
CA). An iScript complementary DNA synthesis kit
(Bio-Rad Laboratories, Hercules, CA) was used for re-
verse transcription of each sample. Quantitative real-
time polymerase chain reaction (PCR) was performed
with TaqMan gene expression assays (Life Technolo-
gies) for IL-31 (Hs01098710 m1). Samples were run at
45 cycles by using a real-time PCR system (Model 7300;
Applied Biosystems). The messenger RNA (mRNA)
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gene expression values were normalized to human
Glyceraldehyde 3-phosphate dehydrogenase used as
the endogenous control (4310884E; Applied Biosys-
tems).

Cell Viability
Cell viability was assayed by means of Trypan blue

exclusion. LAD2 cell viability was �98% viable after 24
hours of incubation with SP, IL-33, or anti-IgE.

Statistical Analysis
All the experiments were performed in triplicate

(n � 3) and repeated at least three times. Results are
presented as fold over control for gene expression and
as mean � standard deviation (SD) for protein synthe-
sis and secretion. Data between different treatment
groups were analyzed by using the unpaired 2-tailed
Student’s t-test.

RESULTS

IL-33 Did Not Affect MC Degranulation Stimulated
by SP

IL-33 (10 ng/mL) did not trigger degranulation of
human LAD2 cells on its own as measured by �-hex
secretion at 30 minutes. As expected, SP (2 ��), used
as “positive” control, triggered statistically significant
degranulation (p � 0.001). The addition of IL-33 (10
ng/mL) to SP (2 ��) did not increase this effect (On-
line Supplemental Fig. 1 A). Moreover, the addition of
IL-4 (100 ng/mL) to the cultured media for 2 weeks
also did not have any additional effect on MC degran-
ulation (Online Supplemental Fig. 1 B).

IL-33 Induced IL-31 Gene Expression, An Effect
Augmented by SP or IgE/anti-IgE and increased
by IL-4

Preliminary experiments tested various concentra-
tions of IL-33 and SP (1, 10, and 50 ng/mL) for different
time periods (3, 6, 9, 12, and 24 hours) to determine the
optimal conditions for stimulation of MCs and secre-
tion of IL-31. IL-33 (10 ng/mL) alone induced a statis-
tically significant increase (115.1 � 14.24 fold over
control) (p � 0.01) in IL-31 mRNA expression 6 hours
after stimulation (Fig. 1 A), and this effect was further
increased (313.6 � 21.38 fold over control) (p � 0.01)
when IL-33 was combined with SP. SP alone had no
effect.

We then investigated whether IL-4 could further in-
crease IL-31 mRNA expression triggered by IL-33 or
IL-33 plus SP. LAD2 cells were incubated with IL-4
(100 ng/mL) for 2 weeks and then triggered with SP,
IL-33, or IL-33 plus SP for 24 hours. The addition of
IL-4 had no effect on SP alone but significantly (p �
0.0001) increased the effect of IL-33 alone (156.5 � 1.73

fold over control) or together with SP (501.8 � 20.4 fold
over control) (p � 0.0001) (Fig. 1 B). When LAD2 cells
were sensitized with IgE in the absence of IL-4 and
then were triggered with anti-IgE, SP, IL-33, or IL-33
plus SP, IL-31 mRNA expression increased signifi-
cantly with anti-IgE plus IL-33 (155 � 5.7 fold over
control) and anti-IgE plus IL-33 plus SP (390.1 � 12.2
fold over control) (Fig. 1 C). In the presence of IL-4, the
effect of anti-IgE plus IL-33 and anti-IgE plus SP plus
IL-33 was further increased (p � 0.0001) to 731.0 � 79.4
fold and 2186.0 � 223.8 fold over control, respectively
(Fig. 1 D).

IL-33 Induced IL-31 Synthesis, An Effect
Augmented by SP or IgE/anti-IgE and increased
by IL-4

We then investigated whether the increased IL-31
gene expression under the different conditions used
resulted in increased IL-31 synthesis. Stimulating
LAD2 cells with SP and/or IL-33 increased IL-31 syn-
thesis from 826 � 45.53 pg/mL/106 cells in unstimu-
lated control cells to 1006 � 23.97 pg/mL/106 cells (p �
0.001) when stimulated with IL-33 to 1172 � 53.35
pg/mL/106 cells (p � 0.0001) when stimulated with
IL-33 plus SP (Fig. 2 A). When LAD2 cells were cul-
tured in IL-4 (100 ng/mL) for 2 weeks, IL-31 synthesis
increased from 848.9 � 42.83 pg/mL/106 cells in un-
stimulated control cells to 1420 � 24.19 pg/mL/106

cells (p � 0.0001) when stimulated by using IL-33 plus
SP (Fig. 2 B). In LAD2 cells sensitized with IgE (1
�g/mL) overnight and then triggered with anti-IgE (1
�g/mL), SP, and/or IL-33 for 24 hours, IL-31 synthesis
was increased from 850 � 9.89 pg/mL/106 cells in
unstimulated control cells to 1316 � 18.71 pg/mL/106

cells (p � 0.0001) when stimulated with SP plus IL-33
(Fig. 2 C). Finally, when LAD2 cells were cultured in
IL-4 (100 ng/mL) for 2 weeks and then sensitized with
IgE (1 �g/mL) overnight and triggered with anti-IgE (1
�g/mL), SP, and/or IL-33, IL-31 synthesis was further
increased, from 940.2 � 7.85 pg/mL/106 in unstimu-
lated control cells to 1922 � 43.64 pg/mL/106 cells (p �
0.0001) when stimulated with SP plus IL-33 (Fig. 2 D).

IL-33 Induced IL-31 Secretion, An Effect
Augmented by SP or IgE/anti-IgE and Increased
by IL-4

We then investigated the effects of the conditions
previously studied on the secretion of IL-31. IL-33 stim-
ulated secretion of IL-31 from 47.1 � 1.1 pg/mL/106

cells (p � 0.001) in unstimulated control cells to 91.8 �
7.2 pg/mL/106 cells when stimulated with IL-33, and
the combination of IL-33 plus SP further increased
secretion to 203.7 � 7.1 pg/mL/106 cells (p � 0.0001),
(Fig. 3 A). Preincubation with IL-4 before stimulation
with IL-33 or IL-33 plus SP significantly further in-
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creased (p � 0.0001) IL-31 secretion from 47.1 � 1.1
pg/mL/106 in unstimulated control cells to 322.3 �
18.5 pg/mL/106 cells when stimulated with IL-33 to
440.5 � 14.2 pg/mL/106 cells when stimulated with SP
plus IL-33 (Fig. 3 B).

LAD2 cells sensitized with IgE (1 �g/mL) overnight
and triggered with anti-IgE, SP, IL-33, SP plus IL-33 for
24 hours, increased IL-31 secretion from 27.06 � 1.06
pg/mL/106 in unstimulated control cells to 54.4 � 3.9
pg/mL/106 cells when stimulated with anti-IgE (1 �g/
mL) and to 53.8 � 4.0 pg/mL/106 cells (p � 0.001)
when stimulated with anti-IgE plus SP. IL-31 secretion
by anti-IgE plus IL-33 was 99.5 � 5.0 pg/mL/106 cells
and increased to 257.4 � 12.1 pg/mL/106 cells (p �
0.0001) (Fig. 3 C) with anti-IgE plus IL-33 plus SP. IL-31
protein secretion was significantly increased when
LAD2 cells, in addition, were cultured in IL-4 (100
ng/mL) for 2 weeks, from 78.5 � 7.2 pg/mL/106 cells
in unstimulated control cells to 1227 � 48.9 pg/mL/106

cells (p � 0.0001) when stimulated with anti-IgE plus
SP plus IL-33 (Fig. 3 D).

DISCUSSION
Here we showed that cultured human LAD2 MCs

could synthesize and secrete IL-31. We also reported that
IL-33 on its own, but mainly when combined with SP and
IgE/anti-IgE, triggered a significant increase in IL-31
gene expression and secretion from LAD2 cells. It was
reported that human basophils can secrete IL-31 when
stimulated by IgE/anti-IgE.23 One article reported that
human LAD2 MCs can produce and secrete IL-31 but
only after being triggered by human �-defensins and
cathelicidin LL-37.24 MCs from patients with myelopro-
liferative disorders were also shown to secrete IL-31.25

The possible secretion of IL-31 from human MCs is also
supported by the finding that the anti-IgE biologic omali-
zumab lowered serum IL-31 levels and improved chronic
spontaneous urticaria in humans.34

Figure 1. IL 33 induces IL-31 gene expression, an effect augmented by substance P (SP) and/or immunoglobulin E (IgE), and increased by
IL-4. LAD2 cells were stimulated with (A) IL-33 (10 ng/mL), SP (2 �M), or their combination for 24 hours; (B) incubated with IL-4 (100
ng/mL) for 2 weeks and then stimulated as in (A); (C) sensitized overnight with IgE (1 �g/mL), followed by anti-IgE and/or IL-33 or SP alone,
or all three triggers together, as indicated, for 24 hours; (D) incubated with IL-4 (100 ng/mL) for 2 weeks and then stimulated as in (C). Gene
expression was normalized to the endogenous control GAPDH. Results are expressed as gene expression relative to GADPH and are
discussed as fold increase over unstimulated control cells (n � 3). *p � 0.05; **p � 0.01; ***p � 0.001; ****p � 0.0001; and ##p � 0.01;
###p � 0.001; ####p � 0.0001 when values were compared between each combination and the relative trigger used alone. IL � Interleukin;
LAD2 � Laboratory of allergic diseases 2; GAPDH � Glyceraldehyde 3-phosphate dehydrogenase.
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IL-33 belongs to the IL-1 family of cytokines,35 is mostly
secreted through tissue damage, and is implicated as an
“alarmin” in many inflammatory diseases, including
AD.17–19,36 IL-33 augments the secretion of proinflamma-
tory mediators from MCs and acts to orchestrate the
allergic and/or inflammatory response.37 When includ-
ing targeting basophils and eosinophils involved in aller-
gic diseases,38 IL-33 augments allergic MCs and basophil
stimulation39 and can also be produced by MCs after
allergic stimulation.40 In addition, IL-33 can promote
maturation of human MCs.41 It is important that MC-
derived tryptase cleaves IL-33 and liberates the (107–270
fragment) “mature” fragment, which is 30-fold more ac-
tive than the full-length form.42

We also showed that IL-33 augmented the effect of
SP, a peptide originally described by Ulf von Euler and
then isolated from the rat brain,43 which is implicated
in inflammatory processes.44–49 SP can stimulate MC
secretion of histamine50 and TNF51–54 from rat perito-
neal MCs51,55 and cultured human skin MCs.52,53 We
reported that IL-33 augments SP-stimulated synthesis
and secretion of vascular endothelial growth factor14

and TNF15 from human cultured MCs without degran-
ulation. It is interesting that mouse bone marrow–
derived MCs secrete the SP structural analog hemo-
kinin-1, which augments allergic stimulation of TNF,
which implies an autocrine action.56 SP-positive nerve

fibers are increased close to MC in lesional areas of
patients with psoriasis.57 Furthermore, SP is increased
in the skin of patients with AD.58 Increased plasma
levels of SP correlated with the disease severity in
patients with AD59,60 and mastocytosis.30

We also showed that IL-4 further increased IL-31
gene expression, synthesis, and secretion from LAD2
MC. The mechanism via which IL-33, SP, and IL-4
induce IL-31 secretion in LAD2 MC is presently not
known. We hypothesized that IL-4 and IL-33 increased
NK-1 expression and led to higher IL-31 secretion after
stimulation with SP. It was previously reported that
IL-4 together with stem cell factor induce NK-1 expres-
sion in mouse bone marrow–derived MC.61

We recently reported that IL-33 increases the expres-
sion of NK-1 receptor in human cultured MC.15 These
findings might explain at least how IL-4 and IL-33,
together with SP, result in the higher IL-31 synthesis
and secretion described here. Another possible mech-
anism might be through IL-4 and/or IL-33 induction of
IL-31 gene expression. For instance, one study reported
that IL-31 is induced by IL-4,62 whereas another found
that the IL-31 promoter contains a positive regulatory
region that mediates IL-4-dependent induction of the
IL-31 gene in rat basophilic leukemia (RBL-2H3) MC
through Signal transducer and activator of transcrip-
tion 6 binding sites.63

Figure 2. IL 33 induces IL-31 syn-
thesis, an effect augmented by sub-
stance P (SP) and/or immunoglobu-
lin E (IgE), and increased by IL-4.
LAD2 cells were stimulated with
(A) IL-33 (10 ng/mL), SP (2 �M),
or their combination for 24 hours;
(B) incubated with IL-4 (100 ng/
mL) for 2 weeks and then stimulated
as in (A); (C) sensitized overnight
with IgE (1 �g/mL), followed by an-
ti-IgE and/or IL-33 or SP alone or
all three triggers together as indi-
cated for 24 hours; (D) incubated
with IL-4, sensitized overnight with
IgE, and stimulated as in (C) (n �

3). *p � 0.05; **p � 0.01; ***p �

0.001; ****p � 0.0001; and ##p �

0.01; ###p � 0.001; ####p �

0.0001 when values were compared
between each combination and the rel-
ative trigger used alone. Stimulated
LAD2 cell lysates were prepared by
lysing LAD2 cells in lysis buffer that
contained a protease inhibitor mix-
ture. IL � Interleukin; LAD2 � Lab-
oratory of allergic diseases 2.
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A recent article reported that IL-33 pretreatment in-
creased both the number of degranulated MCs and the
magnitude of individual MC degranulation in re-
sponse to Fc�RI triggering.64 However, this finding
was not applicable to the ability of IL-33 reported here
to induce IL-31 synthesis and secretion without de-
granulation. Another study reported that IL-4 aug-
ments histamine secretion from purified human skin
MCs stimulated by an allergic trigger but not by SP.65

Interestingly, SP was reported to decrease expression
of Fc�RI expression,66 yet we observed an augmenta-
tion of IL-31 secretion when SP was added after MC
stimulation by IgE/anti-IgE. These findings indicated
that the effects of IL-4, IL-33, and SP are different in the
presence or absence of an allergic trigger.

Our results further indicated that the amount of
IL-31 synthesized is more than the amount secreted

irrespective of the trigger. This finding implied that (a)
longer stimulation with the triggers may be required to
secrete the remaining amount of IL-31, or (b) that some
other triggers may be able to stimulate additional IL-31
secretion, or (c) that some IL-31 may be sequestered in
some cytoplasmic compartment. MCs may also con-
tribute to IL-31 production indirectly. For instance,
type 2 T-helper cells express one of the four isotypes of
histamine receptors, the H4 receptor, stimulation of
which resulted in significant upregulation of IL-31.67

Increased IL-31 is associated with many dis-
eases,22,28,31,32 especially AD21,54,68 and mastocytosis.37

It is interesting that IL-31 used together with IL-33 was
reported to increase cell surface expression of intercel-
lular adhesion molecule-1 on eosinophils and fibro-
blasts cultured together.54 IL-31 may constitute the link
between T cells and pruritus in atopic skin inflamma-

Figure 3. IL 33 induces IL-31 secretion, an effect augmented by substance P (SP) and/or immunoglobulin E (IgE), and increased by IL-4.
LAD2 cells were stimulated with (A) IL-33 (10 ng/mL) and/or SP (2 �M) for 24 hours; (B) incubated with IL-4 (100 ng/mL) for 2 weeks
and then stimulated as in (A); (C) sensitized overnight with IgE (1 �g/mL), followed by anti-IgE and/or IL-33 or SP alone, or all three triggers
together, as indicated, for 24 hours; (D) incubated with IL-4, sensitized overnight with IgE and stimulated as in (C) (n � 3). *p � 0.05; **p �

0.01; ***p � 0.001; ****p � 0.0001; and ##p � 0.01; ###p � 0.001; ####p � 0.0001 when values were compared between each combination
and the relative trigger used alone. IL � Interleukin; LAD2 � Laboratory of allergic diseases 2.
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tion.31 In this article, we used LAD2 MCs derived from
a patient with MC leukemia33 but that were repeatedly
shown to behave like primary human MCs.15,69–71 It is
desirable to use primary human MCs whenever possi-
ble. However, even isolated primary human skin MCs
were shown to have great variability in their respon-
siveness to an allergic trigger.7,72

CONCLUSION
Our findings provided new insights into how IL-33

by itself, as well as through interactions with SP, IgE/
anti-IgE, and IL-4, regulated IL-31 expression and se-
cretion from human LAD2 MC. These findings could
help, in addition to the anti-IL-31A receptor antibody
used for AD,73 in the development of effective treat-
ments of allergic and inflammatory disorders, espe-
cially AD74 and mastocytosis.75
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