














rmIL-33-challenged mice treated with vehicle (p<0.05) (figure
7C). These results suggest that TSA treatment suppresses
IL-33-induced Th2 cytokine and eosinophil chemotactic chemo-
kine expression, and subsequent eosinophil accumulation in the
airway.

TSA treatment concomitant with Alternaria extract
challenge suppresses allergic pulmonary in� ammation
To determine the effect of TSA treatment as a potential thera-
peutic procedure, we administered TSA or its vehicle concomi-
tantly with Alternaria extract challenge (figure 8A). We found a

Figure 5 (A) Representative
histograms of citrine (IL-33) expression
on CD45� EpCAM+ cells in the lungs
from WT mice (filled grey area) or
IL-33Citrine/+ reporter mice challenged
with vehicle–PBS (solid black line),
trichostatin A (TSA)–PBS (dotted green
line), vehicle–Alternaria extract (solid
blue line) and TSA–Alternaria extract
(dotted orange line). (C) The MFI, the
percentage and the number of Citrine+

CD45� EpCAM+ cells in the lung of
mice challenged with PBS or Alternaria
extract following vehicle or TSA
treatment. The results are shown as
mean±SEM of six mice in
PBS-challenged groups and seven mice
in Alternaria extract-challenged groups.
*p<0.05.
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statistically significant decrease in Alternaria extract-induced
protein expression of IL-33 (p<0.05) in lung homogenates
from TSA-treated mice compared with vehicle-treated mice, but
there was no change in Alternaria extract-induced IL-1α expres-
sion between TSA-treated mice and vehicle-treated mice (figure
8B). Further, we found a statistically significant decrease in
Alternaria extract-induced protein expression of IL-5, IL-13,
CCL11 and CCL24 in both the BAL fluids and lung homoge-
nates from TSA-treated mice compared with vehicle-treated
mice (p<0.05) (figure 8C). Meanwhile, there was no statistic-
ally significant difference in protein expression of CCL17 and
CCL22, between TSA-treated and vehicle-treated groups with
Alternaria extract challenge (figure 8C). In addition, there was
a statistically significant decrease in the number of total BAL
cells and eosinophils in the Alternaria extract-challenged
mice treated with TSA compared with the Alternaria

extract-challenged mice treated with vehicle (p<0.05)
(figure 8D). These results suggest that concomitant TSA treat-
ment also suppresses Alternaria extract-induced innate eosino-
philic airway inflammation.

DISCUSSION
In this study, we report for the first time that an HDACi signifi-
cantly decreases the early innate immune responses to aeroaller-
gen challenge mediated by ILC2 activation. TSA treatment
significantly decreased the number of lung ILC2-expressing IL-5
and IL-13 after four consecutive days Alternaria extract chal-
lenge. In addition, TSA decreased IL-5, IL-13, CCL11 and
CCL24 protein expression, the number of eosinophils, lympho-
cytes and neutrophils in the BAL fluid, and perivascular eosino-
phil accumulation induced by Alternaria extract challenge.
Further, mucus score in the airways 48 h after the last Alternaria

Figure 6 (A) Mice were challenged with rmIL-33 or its vehicle intranasally for four consecutive days. Trichostatin A (TSA) or its vehicle was
administered subcutaneously on day -2 and -1, and then every 1 h before rmIL-33 challenge on day 0–3. (B) The number of IL-5-expressing and
IL-13-expressing ILC2 in the lung from the mice challenged with rmIL-33 or its vehicle following TSA or TSA–vehicle treatment. (C) Representative
plots of IL-5 and IL-13 intracellular staining in ILC2 in the lungs of mice challenged with rmIL-33 or its vehicle following TSA or TSA–vehicle
treatment. The results are shown as mean±SEM of four mice in PBS-challenged groups and six mice in Alternaria extract-challenged groups.
*p<0.05.
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Figure 7 (A and B) The BAL fluids and lungs were harvested 24 h after last rmIL-33 challenge to measure the protein expression of IL-1α, IL-5,
IL-13, CCL11, CCL17, CCL22 and CCL24. (C) Cell differentials from BAL fluids harvested 24 h after the last rmIL-33 challenge. The results are shown
as mean±SEM of four mice in PBS-challenged groups and 11 mice in rmIL-33-challenged groups. *p<0.05.
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extract challenge was downregulated by TSA treatment.
Although TSA treatment did not decrease Alternaria
extract-induced IL-33 release in the BAL fluids 1 h after the last
Alternaria extract challenge, Alternaria extract-induced IL-33
and IL-1α protein level in the lung homogenates 24 h after the

last Alternaria extract challenge was significantly decreased by
TSA treatment. IL-33 expression was localised in lung epithelial
cells. Furthermore, TSA treatment significantly decreased the
number of lung ILC2-expressing IL-5 and IL-13, the protein
expression of IL-5, IL-13, CCL11 and CCL24 in the lung

Figure 8 (A) Mice were challenged with Alternaria extract and trichostatin A (TSA) concomitantly for four consecutive days. (B and C) The BAL
fluids and lungs were harvested 24 h after last Alternaria extract challenge to measure the protein expression of IL-1α, IL-5, IL-13, IL-33, CCL11,
CCL17, CCL22 and CCL24. (D) Cell differentials from BAL fluids harvested 24 h after the last Alternaria extract challenge. The results are shown as
mean±SEM of four mice in PBS-challenged groups and six mice in Alternaria extract-challenged groups. *p<0.05.

Toki S, et al. Thorax 2016;71:633–645. doi:10.1136/thoraxjnl-2015-207728 643

Respiratory research
 on June 27, 2022 by guest. P

rotected by copyright.
http://thorax.bm

j.com
/

T
horax: first published as 10.1136/thoraxjnl-2015-207728 on 12 A

pril 2016. D
ow

nloaded from
 

http://thorax.bmj.com/


homogenates and the number of eosinophils in the BAL fluids
after four consecutive days of exogenous rmIL-33 challenge.

Epigenetic regulation plays an important role in immune
responses.28 However, the mechanisms by which HDAC inhib-
ition regulates immune responses are still unclear.

Since histone acetylation regulates DNA-templated processes
by influencing local chromatin structure,11 transcriptional activa-
tion is generally correlated with histone acetylation and re-
pression is associated with histone deacetylation.29 30 However,
histone acetylation levels differ in cell types or regions
of tissue.31 Since previous studies have shown that effects of
HDACi were dependent on the type of diseases and the type of
HDAC inhibition, the therapeutic effects of HDACi treatment
for inflammatory or allergic diseases remain controversial.
Several studies reported that TSA enhances inflammatory gene
expression mediated by NF-κB14–16; meanwhile, we found that
TSA treatment decreased Alternaria extract-induced proinflam-
matory cytokines and chemokines such as KC, TNF-α and
GM-CSF (see online supplementary figure S3), as well as type 2
cytokine and chemokine such as IL-5, IL-13 and eotaxin (figure
2). Further, many studies have reported that HDACi have strong
anti-inflammatory effects as well as antitumor effects. For
instance, TSA attenuated OVA sensitisation and challenge-
induced allergic airway inflammation by reducing IgE levels,
mucus and proinflammatory cell infiltration scores, and airway
hyperresponsiveness in mouse models of adaptive immunity-
mediated OVA-induced inflammation.20 21 In addition, HDACi
treatment ameliorated collagen-induced rheumatoid arthritis32

and DNFB-induced allergic contact dermatitis33 in a rodent
model. Our finding and these animal studies suggest the possi-
bility of novel therapeutic strategies for chronic allergic diseases
using HDACi treatment.

Previous toxicity and dose-ranging studies in vivo in rats
showed that TSA was well tolerated in single doses of up to
5 mg/kg administered by subcutaneous injection.34 In our
mouse model of four consecutive days of Alternaria extract
challenge, an anti-inflammatory effect without toxicity was
observed at doses of both 0.5 and 2.0 mg/kg TSA; however,
there was no statistically significant difference in protein expres-
sion of IL-5 and IL-13 between 0.5 mg/kg TSA-treated and
vehicle-treated groups after Alternaria extract challenge (data
not shown). 2.0 mg/kg TSA treatment significantly decreased
the lung protein expression of IL-5 and IL-13 compared with
vehicle treatment (figure 2). Therefore, we investigated the
effect of TSA at the dose of 2.0 mg/kg in subsequent
experiments.

In this study, we focused on ILC2, a cell type that produces
high levels of Th2 cytokines such as IL-5 and IL-13 in response
to IL-33. IL-33 is a nuclear protein constitutively expressed in
epithelial cells, and is released as an endogenous alarm signal,
known as an alarmin, in response to tissue damage.26 35 This
nuclear cytokine has been reported as a pathogenic factor in
several inflammatory diseases such as asthma, arthritis, inflam-
matory bowel disease and multiple sclerosis.36 37 Recent studies
revealed that IL-33 is a critical cytokine to expand ILC2 prolif-
eration and activation.4 5 We found that IL-33 protein release in
the BAL fluids 1 h after 4th Alternaria extract challenge was not
different between TSA and its vehicle treatment. On the other
hand, TSA treatment significantly decreased the number of
ILC2-expressing IL-5 and IL-13 24 h after four consecutive days
of Alternaria extract challenge or rmIL-33 challenge. These
results suggest that TSA inhibits IL-33-induced ILC2 activation
but does not attenuate early IL-33 release by Alternaria extract
challenge. These are critical findings because it reveals a

suppressive effect by HDACi on IL-33-induced ILC2 activation
and its subsequent attenuation of innate allergic immune
responses.

We further found that IL-1α expression in the lung homoge-
nates was increased by Alternaria extract challenge, but not
exogenous rmIL-33 challenge, and TSA significantly decreased
the Alternaria extract-induced IL-1α expression (figures 4D and
7A). IL-1α is also known as an endogenous alarmin to induce
inflammation and initiates an autocrine feedback for the expres-
sion of other cytokines, including GM-CSF and IL-33.27 We
found that TSA suppressed lung IL-33 expression in epithelial
cells after four consecutive days Alternaria extract challenge
(figure 4C). Taken together, IL-1α expression level may be asso-
ciated with intracellular IL-33 expression in lung epithelial cells.

Currently, there are no HDACi approved for the treatment of
allergic diseases. However, HDACi have been investigated in
rodent models of allergic inflammation. A recent study reported
that a selective HDAC6 inhibitor (tubastatin) showed anti-
inflammatory and antirheumatic effects in rodent models.38

Further, the oral administration of another selective HDAC6
inhibitor compound, ACY-1215, attenuated TNCB-induced skin
inflammation, including contact hypersensitivity.39 In vitro
studies suggest possible mechanisms by which HDACi suppress
the activity of inflammatory cells or epithelial cells. HDAC6, a
member of the cytoplasmic class IIb HDACs, is a unique
enzyme that deacetylates non-histone proteins, such as α-tubulin
and heat shock protein 90 (Hsp90). HDAC6 is a key protein
involved in aggresome formation that may act as an adaptor
protein linking polyubiquitinated proteins to the dynein motor
complex for transport. Inhibition of HDAC6 blocks aggresome
formation.40 In addition, inhibition of HDAC6 results in hyper-
acetylation of Hsp90; consequently, inactivation of Hsp90 chap-
erone activity leads facilitating the structural maturation and
complex assembly of client proteins including steroid hormone
receptors and selected kinases.41 Since HDAC6 enzymatic activ-
ity seems to be required for the regulation of cell morphology,
HDAC6 activity in lymphocytes may regulate cell migration and
immune synapse formation.42

In this study, we showed that HDAC inhibition by TSA
reduces innate allergic airway inflammation by inhibiting ILC2
activation using a mouse model of four consecutive days of
Alternaria extract challenge or rmIL-33 challenge. Further, the
inhibition of ILC2 activation attenuated eosinophilia in the lung
and mucus hypersecretion from the airway epithelial cells.
These results suggest that histone acetylation is involved in the
control of development of allergic airway inflammation
mediated by ILC2 activation stimulated with IL-33. HDACi
drugs require further experimental analysis before their use in
human clinical trials, but our results suggest a promising thera-
peutic effect for the treatment of allergic lung disorders.
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