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Summary

Clinical

Background Mast cells are mainly present in strategic locations, where they may have a
& role in defence against parasites and bacteria. These pathogens can be recognized by mast

Experimental
Allergy

mediate such an effect.

cells via Toll-like receptors (TLR). Allergic symptoms are often increased in the presence
of pathogens at the site of allergen exposure, but it is unknown which cytokines can

Objective To study whether an interaction between IgE- and TLR-mediated activation of

human mast cells can contribute to exacerbated inflammatory responses.

Methods Peripheral blood-derived mast cells were stimulated with TLR ligands, in the
presence or absence of anti-IgE triggering, after which degranulation was measured using
flow cytometry and cytokine production was evaluated by multiplex assays, and ELISA.
For evaluation of allergen-specific responses, mast cells were sensitized with serum of
allergic individuals or controls, after which they were stimulated using allergens in com-

bination with TLR ligands.

Results Simultaneous triggering of mast cells via IgE and TLR ligands greatly enhanced
cytokine production but not IgE-induced degranulation. Different TLR ligands specifically
enhanced the differential production of cytokines in conjunction with FceRI triggering.
Importantly, only TLR-4 and TLR-6 were able to induce robust production of IL-13, an
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during infection.

important molecule in allergic reactions.

Conclusions & Clinical Relevance These results indicate that the simultaneous presence of
pathogen- or danger-associated signals and FceRI triggering via specific IgE can signifi-
cantly modify mast cell-mediated allergic reactions via synergistic production of cytokines
and inflammatory mediators and provide an explanation of augmented allergic symptoms
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Introduction

Mast cells are immune cells that reside in all tissues and
are most well known for their role in IgE-mediated aller-
gic responses. Mast cells are found at strategic locations
where they can encounter pathogens, such as the skin
and mucosal surfaces like the gut and the respiratory
tract. Mast cells have been well established to play a role
in the defence against bacteria, certain parasites (mainly
intestinal helminth parasites), and possibly against fun-
gal and viral infections [1-5]. Recognition of pathogens
via Toll-like receptors (TLR) has been shown to contrib-
ute to mast cell responses to pathogens [5]. In addition

to activation via innate receptors in primary responses,
IgE that is produced in response to parasites or other
pathogens may also play an important role in recogni-
tion of pathogens in secondary or chronic infection [6]
or, as described recently, in the protection against ven-
oms upon second exposure [7].

However, although such responses may play an
important role in the protection against secondary
exposure to pathogens or venoms, these enhanced
responses can have detrimental effects in responses
when no danger is present, such as is the case in aller-
gic responses [8]. Viral and bacterial infections have
been associated with asthma exacerbations, [9, 10] and
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the presence of the TLR-4 ligand endotoxin was
demonstrated in house dust and was related to severity
of allergic reactions against house dust mite [11]. Fur-
thermore, allergens have been reported to promote TLR
signalling directly [12]. Therefore, mast cell activation
via TLRs may contribute to these processes when trig-
gered at the same time by allergen-specific IgE. Studies
using mouse mast cells have shown contrasting data
concerning the degranulation and cytokine response
upon combined antigen and TLR triggering [13—15].

In human mast cells, it has been shown that
prolonged pre-treatment with LPS can significantly
enhance IgE-mediated mast cell responses [15], and it is
therefore been hypothesized that TLR triggering of mast
cells can contribute to asthma exacerbations. We and
others have previously shown that mast cells can differ-
entially secrete cytokines depending on the TLR that is
triggered [16-18]. However, it is unknown whether
differential cytokine production is still present upon
combined IgE-mediated responses. This is important, as
different mast cell mediators have distinct functions in
allergic responses.

Therefore, we aimed to characterize human mast cell
responses upon combined activation via (allergen-
specific) IgE and TLR triggering and to analyse the
specific cytokines induced by different TLR ligands.

Methods

Peripheral blood-derived mast cells

Buffy coats from healthy volunteers were obtained from
the blood bank (Sanquin, the Netherlands). CD34+
hematopoietic stem cells were isolated from mononu-
clear cells with CD34 microbeads (Miltenyi Biotec,
GmbH, Bergisch Gladbach, Germany) and were differen-
tiated into mast cells as described [16]. The purity of
mast cells ranged from 90 to 99%.

Mast cell activation

Cultured mast cells were sensitized with 0.1 pg/mL
hybridoma IgE (Diatec Monoclonals, Oslo, Norway) for
a minimum of 18 h, after which they were activated
with goat anti-human IgE (Nordic-MUbio, Susteren, The
Netherlands) to induce IgE-mediated activation. For
TLR-mediated activation, mast cells were stimulated
using S. aureus Peptidoglycan (Pgn), Poly(I:C), E. Coli
K12 lipopolysaccharide (LPS), S. typhimurium flagellin,
FSL-1, 10 pug/mL ssRNA40 (all from InVivoGen, San
Diego, CA, USA) for 24 h.

A titration was performed to determine the optimal
concentrations of stimuli, using the following concen-
trations (high, medium, low): algE: 10, 0.5, 0.05 pg/mL;
Peptidoglycan: 10, 5, 1 pg/mL; LPS: 10, 0.5, 0.05 pg/
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mL; Flagellin: 1, 0.1, 0.01 pg/mL; FSL-1: 1, 0.1,
0.01 pg/mL; ssRNA40: 10, 1, 0.1 pg/mL.

For combined activation via IgE and TLRs, IgE-
sensitized mast cells were activated with suboptimal
and optimal concentrations of anti-IgE (10 and
0.01 pg/mlL), Peptidoglycan (10 and 5 pg/mL), LPS (10
and 0.5 pg/mL), flagellin (1 and 0.1 pg/mL), FSL-1 (1
and 0.1 pg/mL) and ssSRNA40 (10 and 1 pg/mL).

For allergen-specific activation, mast cells were sensi-
tized for 18 h with serum from house dust mite-allergic
individuals and control individuals, diluted 1 : 1 in cul-
ture medium. The presence of house dust mite-specific IgE
was measured by ImmunoCAP (Phadia Thermo Fisher
Scientific, Uppsala, Sweden), with 0.35 UA/mL as cutoff.
Mast cells were washed with medium and subsequently
activated with 10 pg/mL anti-IgE or 0.25 U/mL house
dust mite allergen (Dermatoph. pteronyssinus, HAL
Allergy, Leiden, The Netherlands) in the presence or
absence of LPS.

Flow cytometry

For detection of mast cell degranulation, cells were
incubated with fluorochrome-conjugated antibodies rec-
ognizing CD117, CD203c and CD63 or matching isotype
controls. Cells were taken up in 1% paraformaldehyde
until flow cytometric aquisition on a FACS Calibur (BD
Biosciences, San Jose, CA, USA). Analysis was per-
formed using FACS Diva software (BD) and FlowlJo.

Cytokine secretion

Quantitative immunoassays for EGF, Eotaxin, FGF-2,
Flt-3 Ligand, Fractalkine, G-CSF, GM-CSF, GRO, IFNal-
pha2, IFNgamma, IL-1ra, IL-lalpha, IL-1beta, IL-2,
sIL-2Ralpha, IL-3, IL-4, IL-5, IL-6, IL-7, IL-8, IL-9,
IL-10, IL-12(p40), IL-12(p70), IL-13, IL-15, IL-17, IP-10,
MCP-1, MCP-3, MDC, MIP-1alpha, MIP-1beta, PDGF-
AA, PDGF-AB/BB, RANTES, sCD40L, TGFalpha, TNFal-
pha, TNFbeta and VEGF in culture supernatants were
performed using the 42-plex cytokine or custom-made
Milliplex assays (EMD Millipore, Billerica, MA, USA).
Additionally, IL-8 and IL-13 production was evaluated
using ELISA (eBioscience, San Diego, CA, USA).

Statistical analysis

Results are expressed as mean + SEM. For comparison
of multiple groups, one-Way anova was performed, with
Bonferroni’s post-test to correct for multiple testing.
For comparison of two groups, Student’s f-test was
performed. Statistical analysis was performed using
GraphPad Prism 4 (Graphpad Software, La Jolla, CA,
USA). P values of < 0.05 were considered statistically
significant.
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Results

Differential cytokine production upon titration of TLR
ligands

We have previously shown that mast cells functionally
express TLR-2, TLR-4, TLR-5, TLR-6, and TLR-8 [16]. To
determine the optimal concentrations of stimuli, the
ligands for these TLRs were titrated, after which cyto-
kines were measured in supernatant (Fig. 1). For most
cytokines, the highest concentration of TLR ligands was
most potent in inducing cytokine production. An
exception is IL-8, which was also significantly up-regu-
lated at lower concentrations of several TLR ligands.

Importantly, a differential cytokine profile was
observed, with LPS and FSL-1 (TLR-4 and -6 ligands)
showing a nearly similar pattern of upregulation of
GM-CSF, IL-8 and IL-10, whereas ssRNA (TLR-8 ligand)
induced IL-8, MIP-1alpha and TNF-alpha.

As the optimal concentration of stimuli was different
for IL-8 as most other cytokines, we decided to evaluate
interaction between TLR- and IgE-mediated activation
using both suboptimal and optimal concentrations.

Differential cytokine production is amplified by
combined TLR- and FceRI-mediated activation

We next evaluated possible interactions between trig-
gering of FceRI and activation via TLRs. FceRI was
crosslinked using anti-IgE in the presence or absence of
TLR ligands for 24 h, after which cytokine production
was measured. We observed amplified cytokine
responses upon combined stimulation by several TLR
ligands and anti-IgE (Figs 2 and 3). The cytokines were
separated based on their pattern of induction by differ-
ent TLR ligands. The TLR-4 ligand LPS in combination
with anti-IgE significantly enhanced the production of
GM-CSF, IL-5, IL-8 (at suboptimal concentrations), IL-
10 and IL-13, in comparison with anti-IgE alone
(Fig. 2). The effect of TLR-6 ligand FSL-1 resembled
this pattern, although with a smaller magnitude. There-
fore, only IL-8 and IL-13 were significantly enhanced
by FSL-1. In contrast to this pattern, TLR-8 ligand
ssRNA significantly enhanced the production of several
other cytokines, EGF, GRO-alpha, MIP-1alpha and TNF-
alpha (Fig. 3).

These results suggest that the response to TLR ligands
was different depending on the TLR that was being trig-
gered. Importantly, when comparing the cytokine pro-
files of TLR ligands without anti-IgE to the profiles in
presence of anti-IgE, there is a striking resemblance
between the profiles, indicating that enhancement of
specific cytokines by FceRI triggering is defined by spe-
cific TLRs. These results indicate that the combination
of TLR triggering and anti-IgE synergizes in cytokine

production by mast cells, where the exact cytokine pro-
file is defined by the TLR ligand.

Synergy between allergen-specific IgE-mediated
activation and TLR triggering

To confirm the synergy in production of IL-8 and IL-13
upon triggering with LPS in an antigen-specific system,
we next evaluated mast cell activation through
allergen-specific IgE. Mast cells were sensitized with
serum of house dust mite-(HDM) allergic individuals,
and subsequently stimulated with HDM, leading to mast
cells degranulation and activation, as shown by upregu-
lation of CD63 and CD203c and release of IL-8 (Figs 4a
and b). In contrast, sensitization with serum from non-
allergic individuals did not induce HDM-induced mast
cell activation.

The presence of LPS did not affect the HDM-induced
degranulation (CD63) or wupregulation of CD203c
(Fig. 4c¢). Intriguingly however, combining TLR-signals
with FceRI triggering via HDM-specific IgE led to
enhanced production of IL-8 and IL-13 (Figs 4d and e).
Specifically, IL-13 production increased twofold to
eightfold upon combined activation as compared to the
cumulative production of each stimulus alone (Figs 4d
and e).

Together, these results show that TLR- and IgE-medi-
ated activation of human mast cells can synergistically
enhance their activation, leading to enhanced cytokine
production by mast cells sensitized with allergen-spe-
cific IgE when exposed to allergens and TLR ligands.

Discussion

Our results show that the combination of IgE- and TLR-
mediated activation greatly enhances cytokine produc-
tion by mast cells, but not their degranulation. Whereas
mast cell degranulation is important for acute-phase
allergic responses, cytokine production is considered to
be more important for the, more inflammation related,
late-phase responses [19, 20]. Therefore, our results
suggest that the presence of TLR ligands may specifi-
cally enhance the late-phase responses in allergy.

Our results indicate that the type of cytokine
response that is induced depends on the TLR that is
being triggered. For example, IL-13 production was
only enhanced by ligands for TLR-4 and TLR-6. The
presence of endotoxin (TLR-4 ligand) in house dust has
been associated with allergic symptoms [10], and LPS
has been shown to enhance allergic symptoms in a
mouse model of house dust mite allergy [21]. IL-13 is
an important cytokine implicated in the induction of
several key symptoms in allergy, such as enhancing
mucus hypersecretion and airway hyperresponsiveness
[22]. Our results indicate that synergy in IL-13 produc-
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Fig. 1. Mast cells were stimulated with control medium (ctr) or different concentrations of anti-IgE, Peptidoglycan (Pgn; TLR-2), LPS (TLR-4), Fla-
gellin (TLR-5), FSL-1 (TLR-6) and ssRNA (TLR-8). The concentrations of stimuli (high, medium, low) used were as follows: algE: 10, 0.5, 0.05 ug/
mL; Peptidoglycan: 10, 5, 1 pg/mL; LPS: 10, 0.5 and 0.05 pg/mL; Flagellin: 1, 0.1, and 0.01 pg/mL; FSL-1: 1, 0.1, 0.01 pg/mL; ssRNA40: 10, 1
and 0.1 pg/mL. Cytokine production was measured in supernatant after 24 h. Asterisks indicate significantly (P < 0.05) increased cytokine produc-
tion compared to control medium (ctr), using one-way anova with Bonferroni’s post-test (n = 3 independent mast cell donors).
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Fig. 2. Mast cells were stimulated with Peptidoglycan, LPS, Flagellin, FSL-1 and ssRNA alone or in combination with anti-IgE at low (left) or high
(right) concentrations. Low concentrations used were as follows: anti-IgE (0.01 pg/mL), Peptidoglycan (5 pg/mL), LPS (0.5 pg/mL), flagellin
(0.1 pg/mL), FSL-1 (0.1 pg/mL) and ssRNA40 (1 pg/mL). High concentrations used were as follows: anti-IgE (10 pg/mL), Peptidoglycan (10 pg/
mL), LPS (10 pg/mL), flagellin (1 pg/mL), FSL-1 (1 pg/mL) and ssRNA40 (10 pg/mL). Cytokine production was measured in supernatant after
24 h. Asterisks indicate significantly (P < 0.05) increased cytokine production compared with control medium (ctr) or anti-IgE alone, as indicated
in the figure, using one-way anova with Bonferroni’s post-test. Data shown are from n = 3 independent experiments and mast cell donors. This
figure shows the cytokines which are upregulated in response to TLR-4 and TLR-6 ligands.
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Fig. 3. Mast cells were stimulated with Peptidoglycan, LPS, Flagellin, FSL-1 and ssRNA alone or in combination with anti-IgE at low (left) or
high (right) concentrations. Low concentrations used were as follows: anti-IgE (0.01 pug/mL), Peptidoglycan (5 pg/mL), LPS (0.5 pg/mL), fla-
gellin (0.1 pg/mL), FSL-1 (0.1 ug/mL) and ssRNA40 (1 pg/mL). High concentrations used were as follows: anti-IgE (10 pg/mL), Peptidoglycan
(10 pg/mL), LPS (10 pg/mL), flagellin (1 pg/mL), FSL-1 (1 pg/mL) and ssRNA40 (10 pg/mL). Cytokine production was measured in supernatant
after 24 h. Asterisks indicate significantly (P < 0.05) increased cytokine production compared with control medium (ctr) or anti-IgE alone, as
indicated in the figure, using one-way anova with Bonferroni’s post-test. Data shown are from n = 3 independent experiments and mast cell
donors. This figure shows the cytokines which are upregulated in response to TLR-8 ligand.
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Fig. 4. Mast cells were sensitized with serum of house dust mite-allergic individuals, after which they were stimulated for 24 h with house dust
mite (HDM) allergen or anti-IgE as positive control. (a) Representative flow cytometry plots for CD63 and CD203c, gated on CD117+ mast cells.
(b) Summary of data of CD63 and CD203c surface expression as well as IL-8 production in supernatant. (c) Surface expression of CD63 and
CD203c upon combined activation of sensitized mast cells with HDM and LPS. (d) Production of IL-8 and IL-13 after combined activation of
sensitized mast cells with HDM and LPS. (e) Relative increase in cytokine production upon combined activation is shown as percentage of cyto-
kine production in response to combined triggering divided by the sum of the cytokine production following stimulation with HDM and LPS sepa-
rately. Asterisks indicate significantly (P < 0.05) increased degranulation (b) or cytokine production (b—e) as indicated in the figure, using
Student’s f-test. Data shown are from n = 3 independent experiments and mast cell donors, using serum from 4 HDM-IgE-positive and 3 HDM-
IgE-negative individuals.
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tion by mast cells when they are exposed to LPS and
house dust mite could contribute to endotoxin-
enhanced allergic responses to house dust mite.

A clear inherent limitation of our study is that we
used in vitro-generated mast cells, rather than primary
mast cells isolated from tissue. The number of mast
cells obtained from tissues is limited, and isolation of
mast cells often leads to their activation, making it
difficult to perform functional studies evaluating
cytokine production [23]. We and others have shown
that in vitro-generated mast cells resemble tissue mast
cells in various aspects [16, 23, 24]. However, we can-
not exclude that cytokine production by mast cells
in vivo is also influenced by the local tissue environ-
ment.

We did not observe a response of mast cells to house
dust mite extract as measured by CD63-upregulation, or
IL-8, respectively, IL-13-release. In contrast, this aller-
gen only induced such a response when mast cells were
sensitized with serum from allergic individuals, suggest-
ing that the house dust mite extract did not directly
activate mast cells This is in contrast with studies in the
mouse showing that der p 2 present in house dust mite
could directly promote TLR signalling [12]. Our results
suggest that the activation of human mast cells by
house dust mite allergens through specific IgE is much
more potent than the activation through TLR. Other
studies have evaluated TLR-mediated potentiation of
IgE-dependent release of TNFalpha, for example using
mast cell-lines or mouse mast cells. In mouse bone
marrow-derived mast cells, a number of cytokines were
synergistically enhanced by combined FceRI and TLR-2
or TLR-4 triggering, but only few cytokines were analy-
sed [13]. In the human mast cell line LAD2, no TNFal-
pha potentiation was observed when TLR-2 or TLR-4
ligands were combined with anti-IgE [25]. In our study,
we also did not observe significant enhancement of
TNFalpha with LPS. Rather, a group of cytokines,
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