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The peptide substance P (SP) and the cytokine tumor necrosis factor
(TNF) have been implicated in inflammatory processes. Mast cells are
recognized as important in inflammatory responses. Here, we report
that IL-33 (30 ng/mL), a member of the IL-1 family of cytokines,
administered in combination with SP (1 μM), markedly increase (by
1,000-fold) TNF gene expression in cultured human LAD2 and pri-
mary mast cells derived from umbilical cord blood. SP (0.01–1 μM)
and IL-33 (1–100 ng/mL) in combination also greatly stimulate TNF
secretion (by 4,500-fold). Pretreatment of LAD2 cells with two differ-
ent neurokinin-1 (NK-1) receptor antagonists and siRNA inhibits TNF
secretion by 50% (P < 0.001) when stimulated by SP and IL-33. Pre-
treatment of LAD2 cells with a neutralizing antibody for IL-33 recep-
tor, ST2, inhibits TNF secretion by 50% (P < 0.001), and ST2 siRNA
decreases TNF secretion by 30% (P < 0.05), when stimulated by
SP and IL-33. Surprisingly, NK-1 antagonists also inhibit 50% of TNF
secretion (P< 0.001) when stimulated only by IL-33, and ST2 receptor
reduction also decreases SP-stimulated TNF secretion by 30% (P <
0.05), suggesting an interaction between NK-1 and ST2 receptors.
Moreover, IL-33 increases NK-1 gene and surface protein expression,
as well as IKβ-α phosphorylation. Pretreatment of LAD2 cells with
5,7,3′,4′-tetramethoxyflavone (methoxyluteolin) (1–100 μM) inhibits
(P < 0.001) TNF gene expression (98%) and secretion (64%) at 50 μM
and phosphorylation of p-IKB-α at 1 μM when stimulated by SP and
IL-33. These findings identify a unique amplification process of TNF
synthesis and secretion via the interaction of NK-1 and ST2 receptors
inhibitable by methoxyluteolin.
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Substance P (SP), a peptide originally isolated from the rat brain
and characterized by Leeman and Chang (1), has been impli-

cated in inflammatory processes (2–7). SP also has been shown to
stimulate mast cells to secrete histamine (8) and tumor necrosis
factor (TNF) (9–11). Mast cells are hemopoietically derived tissue
immune cells involved in allergic diseases (12), innate and acquired
immunity (13), autoimmunity (14), and inflammatory responses
through the release of proinflammatory mediators. In addition to
histamine and TNF, these mediators include IL-1β, IL-6, IL-8, and
vascular endothelial growth factor (VEGF) (15, 16). We have
previously reported that SP and IL-33 in combination increase
vascular permeability of the skin and VEGF release from cultured
human mast cells (16). In fact, murine mast cells derived from bone
marrow secrete hemokinin-1, which is structurally related to SP and
augments IgE-stimulated mast cells in an autocrine fashion (17).
IL-33 belongs to the IL-1 family of cytokines and plays a crucial

role in regulation of the innate and adaptive immune systems
(18, 19), as well as in a number of autoimmune, allergic, and
inflammatory diseases (20, 21). IL-33 promotes mast cell pro-
liferation and release of proinflammatory mediators (22, 23),

and also augments the effects of IgE and nerve growth factor on
HMC-1 human leukemic mast cells (24). It is interesting that
serine proteases (chymase and tryptase) secreted from mast cells
generate a shorter, mature, and more active form of IL-33 (25).
IL-33 also has been reported to enhance allergic responses (26)
and allergic bronchoconstriction via activation of mast cells in
mice (27). IL-33 is expressed in the epidermis (28) and in the hu-
man keratinocytes (29). Moreover, IL-33 has been implicated in the
pathogenesis of psoriasis via keratinocyte and mast cell activation
(30), and has been reported to be elevated in the serum of patients
with generalized psoriasis and correlated with high serum TNF
levels (31). In addition to the newly synthesized TNF secretion
reported here, mast cells are the only immune cells that also store
and rapidly secrete preformed TNF (32–36). Given the foregoing
findings, we decided to investigate whether the interactions be-
tween SP and IL-33 affect human mast cell secretion of TNF.
We previously reported that 5,7,3′,4′-tetramethoxyflavone

(methoxyluteolin), in which four hydroxyl groups are replaced
by methyl groups, is a more potent mast cell inhibitor than
5,7,3′,4′-tetrahydroxyflavonol (luteolin) (37). Here we report
that IL-33 administered in combination with SP potently en-
hances TNF synthesis and secretion in cultured human mast
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cells. These effects are mediated via interaction of NK-1 and ST2
receptors and are inhibited by methoxyluteolin. These findings
provide insights to the understanding and treatment of inflam-
matory diseases.

Results
Selection of the Optimal Doses to Study TNF Secretion Stimulated by
SP and IL-33 When Administered in Combination. Stimulation of
LAD2 cells by IL-33 alone (1–100 ng/mL) resulted in a maximum

secretion of ∼2,500 pg/mL TNF at 30 ng/mL (P < 0.01) (Fig. 1A),
and stimulation by SP alone (0.01–1 μM) resulted in a maximum
secretion of ∼400 pg/mL TNF at 1 μM (P < 0.001) (Fig. 1B). The
combination of IL-33 (30 ng/mL) and SP (1 μM) produced a ro-
bust augmentation of TNF secretion at ∼25,000 pg/mL (P < 0.001)
(Fig. 1 C and D); therefore, we used this combination for further
experiments.
The combination of IL-33 (30 ng/mL) and SP (1 μM) signifi-

cantly (P < 0.001) increased TNF mRNA gene expression by
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Fig. 1. Selection of the optimal doses to study TNF secretion stimulated by SP and IL-33 when administered in combination. LAD2 cells (1 × 105 cells per well)
were seeded in 96-well culture plates and stimulated with IL-33 (1–30 ng/mL) alone (A), with SP (0.1–1 μM) alone (B), or with SP (0.01–1 μΜ), IL-33 (1-100 ng/mL), or
their combination as shown (C and D) for 24 h. Supernatant fluids were collected at the end of the incubation period and assayed by TNF ELISA. n = 3.*P < 0.05;
**P < 0.01; ***P < 0.001; ****P < 0.0001.
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Fig. 2. SP and IL-33 markedly enhance TNF gene expression and secretion in human mast cells. (A and B) LAD2 cells (1 × 106 cells per well) (A) and hCBMCs
(0.3 × 106 cell per well) (B) were seeded in 12-well culture plates and stimulated with SP (1 μΜ), IL-33 (30 ng/mL), or their combination for 6 h. TNF mRNA
expression levels were measured by qRT-PCR and normalized to human GAPDH endogenous control. (C and D) LAD2 cells (1 × 105 cells per well) were seeded
in 96-well culture plates and stimulated with SP (1 μΜ), IL-33 (30 ng/mL) or their combination as shown for 24 h. Control cells were treated with culture media
only. Supernatant fluids (D) and cell lysates (C) were collected at the end of the incubation period and assayed by ELISA. n = 3. *P < 0.05; **P < 0.01.
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1,000-fold (Fig. 2A) in LAD2 cells and by 100-fold (P < 0.001) in
human umbilical cord blood-derived mast cells (hCBMCs) (Fig.
1B). IL-33 and SP also significantly increased TNF cellular
protein by 600-fold (P < 0.05) and secretion by 4,500-fold (P <
0.01) in LAD2 cells (Fig. 2 C and D).

NK-1 Receptor Antagonists L-733,060 and CP-96345 Inhibit TNF
Secretion Stimulated by SP and IL-33 Administered in Combination.
We next investigated whether the enhancing effect of IL-33 and
SP is mediated via the neurokinin 1 receptor (NK-1). LAD2 cells
were preincubated with the NK-1 antagonist L-733,060 (10 μM)
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Fig. 3. NK-1 receptor antagonists and ST2 neutralizing antibody inhibit TNF secretion. (A) LAD2 cells were pretreated with NK-1R antagonists L-733,060
(10 μM) and CP-96345 (10 μM) for 30 min and then stimulated with SP (1 μΜ), IL-33 (30 ng/mL) or their combination for 24 h. (C) LAD2 cells were preincubated
with ST2 neutralizing antibody (3 ng/mL) or IgG control (3 ng/mL) for 2 h, then stimulated with SP (1 μΜ), IL-33 (30 ng/mL), or their combination for 24 h.
(B and D) LAD2 cells were pretreated with NK-1 receptor siRNA (50 μM) (B), ST2 receptor siRNA (D), or scrambled siRNA (SC) (50 μM) (B and D) for 72–96 h and
then stimulated with SP (1 μΜ), IL-33 (30 ng/mL), or their combination for 24 h. Collected supernatant fluids were assayed by TNF ELISA. n = 3. *P < 0.05; **P <
0.01; ***P < 0.001; ****P < 0.0001.
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Fig. 4. Effect of SP and IL-33 on NK-1 and ST2 gene expression. LAD2 cells (1 × 106 cells per well) (A and B) and hCBMCs (0.3 × 106 cell per well)
(C and D) were seeded in 12-well culture plates and stimulated with SP (1 μΜ), IL-33 (30 ng/mL), or their combination for 24 h. NK-1 and ST2mRNA
expression levels were measured by qRT-PCR and normalized to human GAPDH endogenous control. n = 3. *P < 0.05; **P < 0.01; ***P < 0.001;
****P < 0.0001.
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or with CP-96345 (10 μM) for 30 min and then stimulated with
SP (1 μM) alone, IL-33 (30 ng/mL) alone, or the combination for
24 h. Preincubation with either antagonist significantly (P <
0.0001) inhibited TNF release by ∼50% when IL-33 and SP were
administered in combination (Fig. 3A). These results were con-
firmed when we transiently decreased NK-1 receptor expression by
92% using NK-1 siRNA (50 μM) (Fig. S1A). NK-1 receptor
knockdown significantly (P < 0.001) decreased TNF release by 50%
when stimulated by IL-33 and SP in combination (Fig. 3B).

ST2 Receptor Neutralizing Antibody Inhibits TNF Secretion Stimulated
by the Combination of SP and IL-33. Then we investigated whether
blockade of the IL-33 receptor ST2 diminishes the enhancing
effect of IL-33 and SP. Owing to the absence of ST2 receptor
antagonists, LAD2 cells were pretreated with a ST2 receptor
neutralizing antibody and a nonspecific IgG control over various
concentrations (Fig. S2). LAD2 cells were preincubated with the
ST2 neutralizing antibody (3 μg/mL) or IgG control (3 μg/mL)
for 2 h and then stimulated with SP (1 μM) alone, IL-33 (30 ng/mL)
alone, or the combination for 24 h. Preincubation with the
ST2 neutralizing antibody significantly (P < 0.0001) inhibited
TNF release by 50% when IL-33 and SP were administered in
combination and by 34% when IL-33 was administered alone
(Fig. 3C). In addition, a transient 70% reduction in ST2 receptor
gene expression using siRNA (Fig. S1B) significantly (P < 0.05)
decreased TNF release by ∼30% when IL-33 and SP were ad-
ministered in combination (Fig. 3D).

NK-1 and ST2 Receptor–Receptor Interactions. LAD2 cells were
preincubated with NK-1 antagonists L-733,060 (10 μM) or
CP-96345 (10 μM) for 30 min and then stimulated with IL-33
(30 ng/mL) alone. Interestingly, we observed that both NK-1 an-
tagonists also significantly (P < 0.001) inhibited the effect of IL-

33 alone by ∼50% (Fig. 3A), suggesting an interaction between
NK-1 and ST2 receptors. Moreover, ST2 receptor knockdown
significantly (P < 0.05) decreased SP-stimulated TNF release by
30% (Fig. 3D), again suggesting that decreased ST2 expression
results in decreased NK-1 activation.
To further explore the interactions between NK-1 and ST2

receptors, we coimmunoprecipitated LAD2 cells using an anti-
body against the NK-1 receptor and assayed for a ST2 and IL-
33 coreceptor, IL-1RacP. We found that even in unstimulated
LAD2 cells, NK-1 coimmunoprecipitated with ST2 and IL-
1RacP (Fig. S3), suggesting a complex formation. Interestingly,
IL-1RacP protein expression was markedly increased when
stimulated by the combination of SP and IL-33.

IL-33 and SP Administered Separately or in Combination Increase
Their Receptor Expression. We also investigated the effects of SP
alone, IL-33 alone, and the combination on NK-1 and ST2 re-
ceptor gene and protein expression. Stimulation with SP (1 μM),
IL-33 (30 ng/mL), or their combination for 24 h significantly
increased NK-1 (P < 0.05) and ST2 (P < 0.05) receptor gene
expression by twofold (Fig. 4 A and B) in LAD2 cells and by 150-
fold for NK-1 (P < 0.0001) and by threefold for ST2 (P < 0.01) in
hCBMCs (Fig. 3 B and C). Measurement of total protein ex-
pression by Western blot analysis showed that IL-33 (30 ng/mL)
in combination with SP (1 μM) increased the protein expres-
sion of both ST2 and NK-1 receptors (Fig. S4). In addition,
fluorescence-activated cell sorting (FACS) analysis data show
that IL-33 (30 ng/mL) increased its own ST2 receptor surface
expression by sevenfold and NK-1 surface expression by 1.4-fold
(Fig. 5 C and D). In contrast, SP (1 μM) increased its own NK-1
receptor surface expression by 1.1-fold, but had no effect on
ST2 receptor surface expression. The combination of IL-33
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Fig. 5. IL-33 increases NK-1 and ST2 expression. (A and B) LAD2 cells (1 × 106 cells per well) were seeded in 12-well culture plates and stimulated with SP
(1 μΜ), IL-33 (30 ng/mL), or their combination for 24 h. Collected cells were probed for allophylocyanin (APC)-conjugated NK-1 receptor (A) and phycoerythrin
(PE)-conjugated ST2 receptor (B). Data are from a representative experiment. (C and D) Relative NK-1 (C) and ST2 (D) expression on cell the surface compared
with control. n = 3. *P < 0.05.
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(30 ng/mL) and SP (1 μM) increased NK-1 receptor protein
surface expression by 1.5-fold (P < 0.05) (Fig. 5C).

NF-κB and SAPK/JNK Signaling Pathways Are Involved in TNF Gene
Expression and Secretion. We next investigated the signaling path-
ways involved in the effect of SP and IL-33 administered in
combination on TNF gene expression and secretion. PathScan
ELISA performed on seven different kinases (ERK1/2, p38
MAPK, MEK1/2, Iκβ-α, NF-κB, SAPK/JNK, and STAT3) showed
activation of the NF-κB and SAPK/JNK pathways. We observed
a differential time course of the signaling pathway activation
over 24 h with combined SP and IL-33 stimulation. The SAPK/
JNK pathway was activated as early as 5 min after stimulation
and was maintained over the next 4 h (Fig. 6B). In contrast, ac-
tivation of NF-κB, as shown by phosphorylation of Iκβ-α, was
observed starting at 1 h after stimulation (Fig. 6A) and maintained
for the next 4 h.
We then stimulated LAD2 cells with SP (1 μM), IL-33 (30 ng/mL),

or their combination for 1 h to determine which component of
the combination triggers phosphorylation of Iκβ-α. Our Western
blot assay revealed that IL-33 is responsible for the phosphory-
lation of Iκβ-α, and that the combination of SP and IL-33 in-
creases it even further (Fig. 6C).

Methoxyluteolin Inhibits TNF Gene Expression and Secretion. LAD2
cells were preincubated for 2 h with luteolin or methoxyluteolin
(1–100 μM) and then stimulated with the combination of SP
(1 μM) and IL-33 (30 ng/mL) for 24 h (Fig. S5). TNF cellular
protein was significantly (P < 0.05) inhibited by 45% at the
lowest flavonoid concentrations (1 μM), and TNF secretion was

significantly (P < 0.0001) inhibited by 50% at concentrations
≥25 μM (Fig. 7 A and B). SP and IL-33–induced TNF mRNA
gene expression was significantly (P < 0.001) inhibited by 98% at
50 μM (Fig. 7C). Methoxyluteolin was more potent than luteolin
in inhibiting TNF secretion throughout the experiment.
We also investigated the effect of methoxyluteolin on Iκβ-α

phosphorylation. LAD2 mast cells were preincubated with the
proteasome inhibitor PS 341 (1, 10, and 50 μM) as a positive
control or methoxyluteolin (1, 10, and 50 μM) and then stimu-
lated with the combination of IL-33 and SP. Cell lysates were
collected after 1 h, and protein levels of IKβ-α and phospho-
Ikβ-α were assayed by Western blot analysis. Preincubation with
methoxyluteolin (1–50 μM) markedly inhibited the Iκβ-α phos-
phorylation induced by the combination of IL-33 (30 ng/mL) and
SP (1 μM) in LAD2 cells (Fig. 8).

Discussion
The results presented here demonstrate complex interactions
between the peptide SP and the cytokine IL-33 administered in
combination that lead to a significant increase in TNF synthesis
and secretion in cultured human mast cells. These responses
depend on the activation of both NK-1, the receptor for the
peptide SP, and ST2, the receptor for the cytokine IL-33.
An important finding is that interference with the NK-1 re-

ceptor function results in a decrease in ST2 receptor activation,
and that a decrease in ST2 receptor expression results in a de-
crease in NK-1 receptor signaling. Treatment with 100-fold more
of the NK-1 antagonists did not completely inhibit the robust
TNF secretion, suggesting that another mechanism is contribut-
ing to this effect (Fig. S6). NK-1 inhibition was previously reported
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(Ser32) (B) was detected using the PathScan Inflammation Mutli-Target Sandwich ELISA Kit. Whole-cell lysates were assayed at a protein concentration of
1 mg/mL. (C) LAD2 MCs were stimulated with SP (1 μM), IL-33 (30 ng/mL), and their combination. Cell lysates were collected after 1 h, and protein levels of
IΚβ-α and phospho-IΚβ-α were measured by Western blot analysis. β-actin served as a loading control. n = 3.
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to only partially inhibit SP stimulation of skin-derived human mast
cells (38), supporting the idea that another pathway might be
participating in this response. Furthermore, the NK-1 antagonists
inhibit TNF secretion in mast cells stimulated by IL-33 alone,
whereas the ST2 siRNA also inhibits SP-stimulated TNF, in-
dicating possible receptor–receptor interaction between NK-1 and
ST2. A precedent for this receptor–receptor interaction is a
report of cross-activation of c-kit, the receptor for stem cell
factor (SCF), via complexing with ST2 and its coreceptor, the
IL-1R accessory protein (IL-RAcP), in murine mast cells (39).
An analogous structural association could occur among NK-1,
ST2, and IL-RAcP via contact; therefore, we coimmunopreci-
pitated these proteins. The results of these experiments show
that coimmunoprecipitation using an antibody specific to
NK-1 recovered both ST2 and IL-1RacP. The expression of
IL-1RacP was markedly increased after stimulation with the
combination of SP and IL-33, suggesting that this protein
participates in complexing NK-1 and ST2 receptors. Because
coimmunoprecipitation is performed after cell lysis, the asso-
ciation of these proteins cannot be confirmed through this
methodology alone. The results merit further investigation to
assess the association among NK-1, ST2, and IL-1RacP via
techniques that do not require cell lysis.
Mast cells are now recognized as critical in inflammatory pro-

cesses (40) and are implicated in inflammatory diseases includ-
ing rheumatoid arthritis (41), inflammatory bowel disease (42),
psoriasis (43), multiple sclerosis (44), mastocytosis (45, 46), and
fibromyalgia syndrome (47). Independent reports have shown
that mast cells, SP, IL-33, and TNF contribute to the in-
flammatory processes in these diseases (31, 47–51); for example,
increased SP plasma levels (0.31 μg/L) that correlate with mast
cell load have been reported in patients with mastocytosis (52).
In addition, treatment with the TNF inhibitor etanercept has
been shown to reduce serum SP levels in patients with rheu-
matoid arthritis (53). Our findings provide insight into how SP,
IL-33, TNF, and mast cells may interact in these inflammatory
diseases. The combined enhancing effect of SP and IL-33 on
robust secretion of TNF from human mast cells could be a major
contributor to the inflammatory processes occurring in the
aforementioned pathological conditions.
A major challenge in the studies of mast cell pathophysiology

is the source of primary mast cells. Ordinarily, mature human
mast cells can come from clean margins of breast mastectomies,
extracted tissue from fat reduction, or circumcisions. However,
these cells vary enormously in their phenotypic characteristics
owing to the age of the donor, site of skin used, degree of in-
flammation, or the presence of adipocytokines. The primary
mast cells that we used were isolated from umbilical cord blood
collected from healthy donors after uncomplicated deliveries,
which have been well characterized (54). At 12 wk, these cells

express the major granule mediator tryptase (Fig. S7A) and the
surface receptor for SCF, c-kit (Fig. S7B). The drawback of these
hCBMC cells is that their secretory granules do not appear to
have the morphology of mature adult human mast cells (Fig. S8).
SP had previously been shown to stimulate small amounts of
TNF from rat peritoneal mast cells (9, 55) and cultured human
skin mast cells (10, 11), but at much higher SP concentrations
(20–100 μM). One major difference between those studies may
be the fact that human skin mast cells that responded to SP were
derived from adult skin (10), whereas those cells that did not
respond to SP were purified from circumcisions (38). In addition,
it has been reported that SP stimulates TNF release from
LAD2 cells, but not from purified human skin mast cells (38). In
fact, there is great variability in the allergic response to IgE
among mast cells derived from circumcisions (25, 56). Moreover,
it is important to note that unlike previous reports showing that
IL-33 augmented allergic IgE-stimulated histamine release, in
the present study it did not augment inflammatory IgE-stimulated
TNF release in human cultured mast cells (Fig. S9).
Our present findings provide an enhanced understanding of

the physiological and pathological interactions among peptides,
cytokines, and mast cells, which may lead to the discovery of
novel pharmacologic approaches to the development of antiin-
flammatory therapies. We used a naturally occurring molecule,
methoxyluteolin, to explore its inhibitory effects on mast cells.
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Fig. 7. Methoxyluteolin inhibits TNF gene expression and secretion. (A and B) LAD2 cells (1 × 105 cells per well) were seeded in 96-well culture plates and
preincubated with methoxyluteolin (MET; 1–100 μM), then stimulated with the combination of SP (1 μΜ) and IL-33 (30 ng/mL) for 24 h. Control cells were
treated with 0.1% DMSO, the highest concentration corresponding to that of 100 μΜ methoxyluteolin. Collected supernatant fluids (A) and cell lysates (B)
were assayed by TNF ELISA. (C) LAD2 cells (1 × 106 cells per well) were seeded in 12-well culture plates and preincubated with methoxyluteolin (50 μM), then
stimulated with the combination of SP (1 μΜ) and IL-33 (30 ng/mL) for 6 h. TNF mRNA expression levels were measured by qRT-PCR and normalized to human
GAPDH endogenous control. n = 3. *P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001.
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Fig. 8. Methoxyluteolin inhibits IKβ-α phosphorylation. LAD2 cells (1 × 106

cells) were preincubated with proteasome inhibitor PS 341 (1, 10, and 50 μM)
or methoxyluteolin (1, 10, and 50 μM) and then stimulated with the com-
bination of SP and IL-33. Cell lysates were collected after 1 h, and protein
levels of IKβ-α and phospho-IΚβ-α were measured by Western blot analysis.
β-actin served as a loading control. n = 3.
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Methoxyluteolin inhibits the enhancing effect of SP and IL-33 on
TNF gene expression and secretion from human mast cells, in-
dicating that this flavonoid must be acting at some step of the
signaling pathway following receptor activation. We have shown
that methoxyluteolin is a more potent inhibitor of human mast
cells (57) and human keratinocytes (37) compared with luteolin,
and that therapeutic doses can be achieved in vivo (Table S1).
Flavonoids (58), particularly luteolin (59) and methoxyluteolin
(60), are considered safe. The time course of the key signaling
steps of stimulation with the combination of IL-33 and SP led to
JNK kinase activation within the first 5 min, whereas IKβ-α be-
came active within the first hour, and both remained active over
the next 4 h of stimulation. SP/NK-1 receptor signaling has been
shown to activate JNK kinase (16), whereas IL-33/ST2 receptor
activation has been shown to signal via NK-κB (61). One of the
ways in which methoxyluteolin may inhibit TNF gene expression
and secretion is through the inhibition of IKβ-α phosphorylation.
SP was previously reported to stimulate NF-κB in murine um-
bilical cord blood mast cells (55) at 10–100 μM and in hCBMCs
at 1 μM (57). On phosphorylation, IKβ-α releases NF-κB, which
translocates from the cytoplasm into the nucleus and regulates
gene the expression of various inflammatory mediators, in-
cluding TNF (62). IL-33 could contribute to TNF gene expres-
sion and secretion stimulated by the combination of IL-33 and
SP via translocation into the nucleus, where it could possibly
activate some transcription factors, particularly AP-1 (63), an
affect that may be inhibited by methoxyluteolin. We previously
showed that both luteolin and methoxyluteolin inhibit NF-κB
and also decrease NF-кB p65 DNA-binding activity in the nu-
clear extract of human mast cells (64). Both flavonoids also de-
crease mRNA expression of two genes encoding different
subunits in the NF-κB protein complex, NFKB1 (encoding NF-
κB p50 subunit) and RELA (encoding NF-κB p65 subunit) (64).
Our present results have important clinical implications for

the understanding of the complex interplay among SP, IL-33,
and mast cells in inflammatory processes. The impressive en-
hancing effect of IL-33 and SP in combination on TNF gene
expression and secretion in human mast cells may be a key step
in the pathogenesis of inflammatory diseases. The potent in-
hibitory effect of methoxyluteolin suggests that it could be de-
veloped as systemic or local antiinflammatory treatment. The
magnitude of TNF synthesis and secretion, due to interactions
between SP and IL-33, suggests new therapeutic approaches
through the use of SP and IL-33 receptor antagonists, as well
as methoxyluteolin.

Methods
Culture of Human Mast Cells. LAD2 mast cells derived from a human mast cell
leukemia (65) were cultured in StemPro-34 medium (Invitrogen) supple-
mented with 100 U/mL penicillin/streptomycin and 100 ng/mL recombinant
human SCF (rhSCF; StemGen). Cells were maintained at 37 °C and a 95%
O2/5% CO2 atmosphere in a humidified incubator. Cell viability was mea-
sured by trypan blue exclusion at all SP and IL-33 concentrations tested. The
umbilical cord blood was obtained under Tufts University IRB approval No.
12152, which waived the requirement for written informed consent as per
Federal regulations for unidentified discarded biologic material.

For culture of primary hCBMCs, human umbilical cord blood was obtained
after normal deliveries in accordancewith established institutional guidelines
(66, 67). Mononuclear cells were isolated by layering heparin-treated cord
blood onto Lymphocyte Separation Medium (MP Biomedicals). CD34+ pro-
genitor cells were isolated by means of positive selection of AC133 (CD133+/
CD34+) cells using magnetic cell sorting (CD133 Microbead Kit; Miltenyi
Biotech). For the first 6 wk, CD34+ progenitor cells were cultured in Iscove’s
modified Dulbecco’s medium (Life Technologies) supplemented with 0.1%
BSA, 1% insulin-transferrin-selenium, 50 ng/mL IL-6, 0.1% b-mercaptoethanol,
1% penicillin/streptomycin, and 100 ng/mL rhSCF. After 6 wk, the cells were
cultured in Iscove’s modified Dulbecco’s medium supplemented with 10% FBS,
50 ng/mL IL-6, 0.1% b-mercaptoethanol, 1% penicillin/streptomycin, and
100 ng/mL rhSCF. hCBMCs cultured for at least 12 wk were used for experi-
ments. Cell viability was determined by means of trypan blue (0.4%) exclusion.

Mast Cell Treatments. LAD2 cells and/or hCBMCs were stimulated with various
concentration of SP (0.01–1 μM; Sigma-Aldrich) and IL-33 (1–30 ng/mL; R&D
Systems) alone or in combination. In some experiments, LAD2 cells were
stimulated with human IgE (1 μg/mL; Millipore) overnight and then trig-
gered with anti-IgE (10 ng/mL; Life Technologies). In some experiments,
LAD2 cells were pretreated with the NK-1 antagonists L-733,060 (10 μM;
Sigma-Aldrich) and CP-96345 (10 μM; Tocris Biosciences), an ST2 neutralizing
antibody (0.3–10 μg/mL; R&D Systems) or a nonspecific IgG antibody (0.3–
10 μg/mL; R&D Systems), the proteasome inhibitor PS 341 (1–50 μM; Tocris
Biosciences), and methoxyluteolin (1–100 μM; Hangzhou Skyherb Technol-
ogies Co., Ltd., Zhejiang, China). Silencer Select siRNA targeting either NK-1 or
ST2 receptors, as well as control scramble siRNA (10–100 nM; Life Technolo-
gies), were used in Lipofectamine RNAiMAX and OPTI-MEM medium (Life
Technologies) to treat LAD2 cells for 72–96 h, to inhibit gene expression of
respective receptors. Additional details are provided in SI Methods.
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TNF Assays. LAD2 cells (1 × 105 cells/well) were treated with
various concentrations of SP (0.01–1 μM) and IL-33 (1–30 ng/mL)
alone or in combination for 24 h. Control cells were treated with
the same volume of culture media alone. Supernatants were
collected and assayed using the TNF DuoSet ELISA Kit (R&D
Systems).

RNA Isolation and qRT-PCR. LAD2 cells (1 × 106 cells) were
stimulated for 6 h with SP (1 μΜ), IL-33 (30 ng/mL), or their
combination. Total mRNA was extracted with the RNeasy Mini
Kit (Qiagen) in accordance with the manufacturer’s instructions.
The iScript cDNA Synthesis Kit (BioRad) was used for reverse-
transcription of each mRNA sample. qRT-PCR was performed
using TaqMan gene expression assays for TNF, NK-1 receptor,
and ST2 receptor (Applied Biosystems). Samples were run at
45 cycles using an Applied Biosystems 7300 real-time PCR system.
Relative mRNA levels were determined from standard curves run
with each experiment. mRNA gene expressions were normalized
to GAPDH endogenous control (Applied Biosystems).

FACS. LAD2 cells (1 × 106 cells) were treated with SP (1 μΜ), IL-
33 (30 ng/mL), or their combination for 24 h, centrifuged at
500 × g for 5 min, and then washed three times in PBS. Cells
were treated with 1 μg of mouse IgG1/human IgG for 15 min at
room temperature before staining to block nonspecific binding.
The APC-conjugated human NK-1 receptor antibody and PE-
conjugated human ST2 receptor antibody (R&D Systems) were
added to stimulated cells for 45 min at 2–8 °C. Following in-
cubation, unreacted antibodies were removed by washing the
cells three times with PBS. Finally, cells were resuspended in
750 μL of PBS for flow cytometry analysis. Cell surface expres-
sions of NK-1 and ST2 receptors were determined with a
FACSCalibur flow cytometer (BD Biosciences).

Multiple Kinase Phosphorylation Assay. LAD2 cells (2 × 106 cells)
were stimulated with SP (1 μΜ) and IL-33 (30 ng/mL) in a time-
dependent manner for 5 min, 10 min, 30 min, 1 h, 2 h, 4 h, and
24 h. Phosphorylation of SAPK/JNK (Th183/Tyr185), NF-κB
p65 (Ser536), and Iκβ-α (Ser32) was detected with the PathScan
Inflammation Multi-Target Sandwich ELISA Kit (7276; Cell
Signaling Technology) in accordance with the manufacturer’s
instructions. Whole cell lysates were assayed at a protein con-
centration of 1 mg/mL. Absorbance was read at 450 nm using a
LabSystems Multiskan RC microplate reader (Thermo Fisher
Scientific). Relative phospho-SAPK/JNK, phospho-NF-κB p65,
and phospho-Iκβ-α levels were normalized to control cells.

Immunoprecipitation and Western Blot Assays. LAD2 cells (1 × 106)
were preincubated with the proteasome inhibitor PS 341 (1–50
μM) or methoxyluteolin (1–50 μM) for 2 h and then stimulated
with SP (1 μM), IL-33 (30 ng/mL), and/or their combination for
1 h. The reaction was stopped by the addition of ice-cold PBS.
Cells were washed once with PBS and then lysed using protein
lysis radioimmunoprecipitation buffer (Sigma-Aldrich) in the
presence of protease inhibitor mixtures. For immunoprecipitation

(IP), LAD2 cells (5 × 106) were treated with SP (1 μM), IL-33
(30 ng/mL), and/or their combination for 30 min, washed once
with PBS, and then lysed using Cell Lysis Buffer (Cell Signaling
Technology) supplemented with PMSF and EDTA (Cell Sig-
naling Technology). Total protein concentration was determined
by bicinchoninic acid assay (BCA) (Thermo Fisher Scientific)
using BSA as a standard. For IP, 200 μg of protein was incubated
with rabbit anti-human NK-1 primary antibody (Abcam) at a
1:50 ratio overnight at 4 °C and then incubated with 30 μL of
50% Protein A Bead Slurry (Cell Signaling Technology) for 2 h,
washed with Cell Lysis Buffer, and boiled for 5 min in 2× SDS.
The total cellular proteins (20-μg aliquots) and IP samples were
separated using 4–20% Mini Protean TGX Gels (Bio-Rad) un-
der SDS denaturing conditions and then electrotransferred onto
PVDF membranes (Bio-Rad). Blocking was carried out with 5%
BSA in Tris-buffered saline containing 0.05% Tween-20. The
membranes were probed with the following primary antibodies
at a dilution: Iκβ-α (1:1,000; Cell Signaling Technology), phos-
pho-Iκβ-α (1:1,000; Cell Signaling Technology), IL-1RacP (1:1,000;
R&D Systems), ST2 (1:250; Abcam), and NK-1 (1:10,000 Abcam).
β-actin served as a loading control. For detection, the membranes
were incubated with the appropriate secondary HRP-conjugated
antibody (1:1,000; Cell Signaling Technology), and the blots were
visualized with enhanced chemiluminescence SuperSignal West
Pico Substrate (Thermo Fisher Scientific).

Immunocytochemistry for Tryptase and c-Kit.The purity of hCBMCs
was determined by immunostaining for mast cell-specific tryptase.
Cytospin smears of hCBMCs were prepared using a Cytospin
3 centrifuge (Shandon). After fixation with Carnoy’s solution
(60% ethanol, 30% chloroform, and 10% glacial acetic acid) for
3 min, the smears were stained for mast cell tryptase and c-kit
receptor by the alkaline phosphatase–anti-alkaline phosphatase
(APAAP) technique using the Dako APAAP Kit system, as
reported previously (66, 67). In brief, the slides were incubated
overnight at 4 °C with mouse anti-human tryptase and c-kit
monoclonal antibodies (Chemicon) used at 1 mg/mL in Tris·HCl-
PBS (pH 7.6) plus 10% FBS. The slides were brought to room
temperature, then incubated with rabbit anti-serum (Ig fraction)
to mouse Ig for 30 min, followed by incubation with the APAAP
immune complex for another 30 min. Between each incubation,
the slides were rinsed in Tris-buffered saline (pH 7.6) for 10 min.
The reaction was finally developed with substrate solution
(naphthol AS-MX phosphate, fast red, and levamisole) for
20 min and then rinsed briefly in a water bath. Negative controls
were performed either by omitting the primary antibody or by
using an isotype-matched mouse IgG1 antibody instead of the
primary antibody.

Statistics. All experiments were performed in triplicate and re-
peated at least three times (n = 3). Data are presented as mean ±
SD. Results were analyzed using the unpaired two-tailed Stu-
dent’s t test. The significance of comparisons between conditions
is denoted by *P < 0.05, **P < 0.01, ***P < 0.001, and ****P <
0.0001.
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Fig. S1. NK-1 and ST2 transient gene knockdown. LAD2 cells were treated with NK-1, ST2, or scramble (SC) siRNA (50 μM) for 72–96 h. Expression levels of NK-1 (A)
and ST2 mRNA (B) were measured by qRT-PCR and normalized to human GAPDH endogenous control. n = 3. ****P < 0.0001.
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Fig. S2. Dose-dependent blockade of ST2 receptor. LAD2 cells (1 × 105 cells per well) were seeded in 96-well culture plates, preincubated with ST2 neutralizing
antibody (0.3–10 μg/mL) or IgG control (0.3–10 μg/mL) for 2 h, and then stimulated with IL-33 (30 ng/mL) for 24 h. Supernatant fluids were collected at the end
of the incubation period and assayed by TNF ELISA. n = 3. **P < 0.01; ***P < 0.001.

IP: NK-1

WB: NK-1
WB: ST2
WB: IL-1RacP
WB: NK-1 flow through
WB: NK-1 10% input

WB: β-actin 10% input

            SP  (1 μM)     -      +       -      +
IL-33 (30 ng/mL)      -       -      +      + 

Fig. S3. NK-1 receptor coimmunoprecipitates with ST2 and IL-1RacP. LAD2 cells (5 × 106 cells) were stimulated with the combination of SP and IL-33. Cell
lysates were collected after 30 min and immunoprecipitated for an antibody against NK-1 receptor. IP samples as well as 10% loading control samples were
assayed for protein levels of NK-1, ST2, IL-1RacP, and β-actin by Western blot analysis. n = 3.
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Fig. S4. IL-33 increases NK-1 total protein. LAD2 cells (1 × 106 cells) were stimulated with the combination of SP (1 μM) and IL-33 (30 ng/mL). Cell lysates were
collected after 24 h, and protein levels of NK-1 and ST2 were measured by Western blot analysis. β-actin served as a loading control. n = 3.
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Fig. S5. Luteolin inhibits TNF secretion. LAD2 cells (1 × 105 cells per well) were seeded in 96-well culture plates and preincubated with luteolin (Lut) (10–
100 μM), then stimulated with the combination of SP (1 μΜ) and IL-33 (30 ng/mL) for 24 h. Control cells were treated with 0.1% DMSO, the highest con-
centration corresponding to that of 100 μΜ Lut. Supernatant fluids were assayed for TNF by ELISA. n = 3. *P < 0.05; **P < 0.01, Student’s t test.
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Fig. S6. NK-1 receptor antagonists at 100 μM do not completely inhibit TNF secretion. LAD2 cells were pretreated with NK-1R antagonists L-733,060 (100 μM)
and CP-96345 (100 μM) for 30 min and then stimulated with SP (1 μΜ), IL-33 (30 ng/mL), or their combination for 24 h. Collected supernatant fluids were
assayed by TNF ELISA. n = 3. **P < 0.01; ***P < 0.001; ****P < 0.0001.
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Fig. S7. hCBMCs contain tryptase and express surface c-kit receptor. Photomicrographs of hCBMCs stained by immunohistochemistry at 12 wk for tryptase
content (A) and c-kit receptor surface expression (B). (Magnification: 1,000×.)
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Fig. S8. Lack of secretory granule content maturity in hCBMCs. Transmission electron micrographs of individual human mast cells: (A) hCBMCs, 9-wk culture;
(B) hCBMCs, 15-wk culture; (C) normal human detrusor muscle mast cell. (Magnification: 10,000×.) Note the differences in quality, content, and texture of the
secretory granules.
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SP (1 μM)              - +        - +        - +        - +
IL-33 (30 ng/mL) - - +        +        - - +        +
IgE/Anti-IgE         - - - - +        +       +        +

Fig. S9. IgE/anti-IgE does not increase SP and IL-33 stimulated secretion of TNF. LAD2 cells (1 × 105 cells per well) were seeded in 96-well culture plates and
preincubated with human IgE (1 μg/mL) or medium overnight, and the next day stimulated with anti-IgE (10 ng/mL) for 2 h and/or SP (1 μM) and IL-33 (30 ng/mL)
for 24 h. Supernatant fluids were collected at the end of the incubation period and assayed by TNF ELISA. n = 3.

Table S1. Therapeutic dose of methoxyluteolin can be achieved in vivo

Flavonoid
Molecular

weight, g/mol Concentration, μM 1 L = 1 kg
Average body
weight, kg

Flavonoid
absorption, %

Capsule
weight, mg

Capsules
per day

Methoxyluteolin 342.3 25 8.55 mg/kg 80 50 150 8–9
Luteolin 338.3 25 8.45 mg/kg 80 50 150 8–9

At 25 μM, methoxyluteolin and luteolin significantly inhibit TNF secretion from human cultured mast cells. Assuming that 1 L = 1 kg, the dose of
methoxyluteolin then equals MW (342.343 g/mol) × molarity (25 μM) = 342.343 g/mol × 25 μM = 8.55 mg/L= 8.55 mg/kg. If we further assume that adults
weigh on average ∼80 kg and maximal absorption of the flavonoids is 50%, we should be administering 8.55 × 80 × 2 = 1,368 mg/day. The structural analog of
methoxyluteolin, luteolin is available in 150 mg soft gel capsules (www.algonot.com); thus, we assume that methoxyluteolin can be administrated the same
way. Therefore, methoxyluteolin could be taken as 8–9 capsules per day.
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