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Abstract
Our laboratory established a role for poly(ADP-ribose)polymerase (PARP) in asthma. To increase the clinical
significance of our studies, it is imperative to demonstrate that PARP is actually activated in human asthma, to
examine whether a PARP inhibitor approved for human testing such as olaparib blocks already-established chronic
asthma traits in response to house dust mite (HDM), a true human allergen, in mice and to examine whether the
drug modulates human cluster of differentiation type 4 (CD4+) T-cell function. To conduct the study, human lung
specimens and peripheral blood mononuclear cells (PBMCs) and a HDM-based mouse asthma model were used.
Our results show that PARP is activated in PBMCs and lung tissues of asthmatics. PARP inhibition by olaparib or
gene knockout blocked established asthma-like traits in mice chronically exposed to HDM including airway
eosinophilia and hyper-responsiveness. These effects were linked to a marked reduction in T helper 2 (Th2) cytokine
production without a prominent effect on interferon (IFN)-γ or interleukin (IL)-10. PARP inhibition prevented
HDM-induced increase in overall cellularity, weight and CD4+ T-cell population in spleens of treated mice whereas it
increased the T-regulatory cell population. In CD3/CD28-stimulated human CD4 +T-cells, olaparib treatment
reduced Th2 cytokine production potentially by modulating GATA binding protein-3 (gata-3)/IL-4 expression while
moderately affecting T-cell proliferation. PARP inhibition inconsistently increased IL-17 in HDM-exposed mice and
CD3/CD28-stimulated CD4+ T cells without a concomitant increase in factors that can be influenced by IL-17. In
the present study, we provide evidence for the first time that PARP-1 is activated in human asthma and that its
inhibition is effective in blocking established asthma in mice.
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INTRODUCTION

Through a series of studies, our laboratory has established the role
of poly(ADP-ribose)polymerase (PARP) in asthma pathogenesis
using an ovalbumin (OVA)-based animal model of the disease
[1–5]. These observations have been confirmed by several inde-

Abbreviations: AHR, airway hyper-responsiveness; BAL, bronchoalveolar lavage; BALF, BAL fluids; CD4+, cluster of differentiation type 4; CFSE, 5,6-carboxyfluorescein diacetate
succinimidyl ester; FoxP3, forkhead box P3; gapdh, glyceraldehyde-3-phosphate dehydrogenase; gata-3, GATA binding protein-3; GM-CSF, granulocyte macrophage colony-stimulating
factor; HDM, house dust mite; H&E, Hematoxylin and eosin; i.p., intraperitoneal; IFN, interferon; IL, interleukin; IP-10, interferon gamma-induced protein-10; KC, keratinocyte
chemoattractant; NF-κB, nuclear factor kappa-light-chain-enhancer of activated B cells; OVA, ovalbumin; PAR, poly (ADP-ribose) moiety; PARP-1, poly(ADP-ribose)polymerase-1; PAS,
periodic acid–Schiff; PBMC, peripheral blood mononuclear cell; Penh, enhanced pause; STAT-6, signal transducer and activator of transcription-6; t-bet, T-box transcription factor; TCR,
T-cell receptor; T-reg, CD4+ T-regulatory cell; TGF, transforming growth factor; Th2, T helper cells 2; WT, wild-type.
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pendent reports [6–9]. PARP-1 constitutes a prominent member
of the PARP protein family and is classically characterized as a
DNA repair enzyme. We have shown that PARP-1 regulates the
expression of many genes whose products are crucial for asthma
pathogenesis by controlling the nuclear factor kappa-light-chain-
enhancer of activated B cells (NF-κB) nuclear trafficking and
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the fate of signal transducer and activator of transcription-6
(STAT-6) upon interleukin (IL)-4 or allergen exposure [5,10–
12]. PARP-1 is not only involved in allergen-induced inflam-
mation but also in airway hyper-responsiveness (AHR) [3,6].
Furthermore, PARP-1 appears to contribute to airway remodel-
ling upon chronic exposure to allergens potentially through its
regulation of inducible nitric oxide synthase (iNOS) and trans-
forming growth factor (TGF)-β [6,13]. Collectively, these find-
ings suggest that the protein may represent a viable therapeutic
target to prevent or dampen onset of asthma symptoms upon al-
lergen exposure. However, to increase the viability of PARP-1 as
a therapeutic target it becomes imperative for us to demonstrate
that PARP-1 is activated in human asthma, to validate the findings
using an allergen that is more relevant to the human disease and
to further examine the efficacy of a PARP inhibitor in asthma.

House dust mites (HDMs), the most prominent sources of in-
door allergens, constitute a major health concern worldwide as it
is one of the principal factors causing allergic asthma and rhinitis
[14], with up to 50 % of asthmatics being sensitized to the allergen
[14,15]. Accruing evidence from animal and human studies has
identified T helper 2 (Th2) cells and associated processes as ma-
jor contributors to HDM-induced allergy and asthma [14,15]. The
combined adaptive and innate immune responses are the key in
rendering HDM such a potent allergen [14]. The mechanisms by
which the body responds to HDM are complex and remain poorly
understood. It is therefore very critical to decipher these mechan-
isms and unravel the players that govern the response to this aller-
gen. The identification of these mediators may lead to new thera-
peutic targets and the development of drugs that may interfere
with the ability of this allergen to cause asthma manifestations.

In the present study, we examined whether PARP is activ-
ated in peripheral blood mononuclear cells (PBMCs) and lung
tissues of human asthmatics and used olaparib (AZD-2281), a
clinically tested PARP-1 and PARP-2 inhibitor, to conduct a pre-
clinical study to determine the efficacy of this drug in blocking
established asthma. We purposely used an experimental model
based on chronically-inhaled HDM given the fact that it closely
resembles human asthma. This model involves mucosal sensitiz-
ation within the lungs with a true human allergen to ultimately
induce Th2-driven inflammation and AHR [16]. Lastly, we ex-
amined the effect of olaparib on the expression of Th2 cytokines
and associated transcription factors upon T-cell receptor stimu-
lation in human cluster of differentiation type 4 (CD4+) T-cells
isolated from healthy volunteers.

MATERIALS AND METHODS

Animals, HDM challenge and airway
hyper-responsiveness
Six eight-week-old C57BL/6J male mice were purchased from
Jackson Laboratories. C57BL/6 PARP-1−/− mice were bred at the
Louisiana State University Health Sciences Center (LSUHSC)
vivarium and allowed unlimited access to sterilized chow and
water. Husbandry, experimental protocols and procedures were
all approved by the LSUHSC Animal Care & Use Committee.
Mice were anaesthetized by isoflurane and challenged intranas-

ally with 25 μl of saline or 1 mg/ml whole HDM (Dermato-
phagoides pteronyssinus) extract (Greer Labs), three times per
week for 5 weeks. Intraperitoneal (i.p.) administration of olaparib
(5 mg/kg) or vehicle (saline) was conducted 30 min after HDM
challenge. Whereas one group received the drug only once (single
administration protocol), another group received the drug once
daily for 3 days (multiple administration protocol). Mice were
killed 48 h later for bronchoalveolar lavage (BAL) or lung fixa-
tion and processing. Some mice were subjected to AHR meas-
urements 24 h after the last challenge as recently described [17].
AHR to inhaled methacholine was assessed in unrestrained, con-
scious mice by recording ‘enhanced pause’ (Penh) using whole-
body barometric plethysmography (EMKA Systems).

Organ recovery, cytokine assessments and FACS
analysis
Lungs from killed mice were subjected to BAL; the BAL fluids
(BALF) were assessed for inflammatory cells and cytokine pro-
duction as described [2,17]. Measurement of spleen weight, total
splenic cell count and FACS analysis for CD4+ T-cells, B-cells
and T-regulatory (T-reg) cells were done as previously described
[17]. Assessment of cytokines and chemokines in BALF, sera or
cell culture media were conducted using the Bio-Rad Bioplex
or the Millipore MILLIPLEX MAP human cytokine/chemokine
system for mouse or human, according to the manufacturers’
instructions. The multiplex assay and FACS analysis were con-
ducted at the LSUHSC Comprehensive Alcohol Research Center
Core.

Human subjects, cell culture, immunoblot,
immunofluorescence, proliferation measurement
and RT-PCR analysis
Four healthy and six asthmatic individuals were recruited un-
der a protocol (#8450) approved by the LSUHSC institutional
review board. Subjects were included if they were �18 years
of age with a physician diagnosis of asthma. Exclusion criteria
were a diagnosis of another lung disease other than asthma, act-
ive malignancy or inflammatory condition or �10 pack-years
of smoking. Human PBMCs isolated from peripheral blood of
healthy donors or asthmatic individuals were subjected to protein
extractions followed by immunoblot analysis with antibodies to
the poly (ADP-ribose) moiety (PAR; Enzo Life Sciences). The
blots were subjected to a Ponceau staining prior to incubation
with the antibodies. Two de-identified lung specimens from indi-
viduals who died from severe asthma and normal lungs from two
individuals who died from asthma-unrelated conditions (veri-
fied by a pathologist from the Stanley S. Scott Cancer Cen-
ter (SSSCC) Molecular Histopathology and Analytical Micro-
scopy Core) were acquired from the LSUHSC Pathology De-
partment (kindly provided by Dr C. Espinoza). Sections from
different experimental groups were subjected to Hematoxylin
and eosin (H&E) or PAS (periodic acid—Schiff) staining or sub-
jected to immunofluorescence labelling using antibodies to PAR
followed by FITC-labelled secondary antibodies. Pictures were
captured using a Leica DMRA2 fluorescence microscope (Leica).
Human and mouse CD4+-enriched T-cells were purified using
EasySepTM Human/Mouse CD4+ T Cell Isolation Kit follow-
ing the vendor’s recommendations. Cells were then stimulated
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in the presence or absence of 1 or 5 μM olaparib with immuno-
immobilized anti-CD3 plus anti-CD28 antibodies, as described
[17]. T-cell proliferation was assessed by 5,6-carboxyfluorescein
diacetate succinimidyl ester (CFSE) staining, as described [17].
A subset of CD4+-enriched T-cells were further sorted for IL-4,
interferon (IFN)-γ or forkhead box P3 (FoxP3)-producing cells
using flow cytometry. All the antibodies used were from BD
biosciences. Human or mouse CD4+-enriched T-cells were also
stimulated with anti-CD3 and anti-CD28 antibodies for differ-
ent time periods followed by assessment of cytokines in culture
media or subjected to RNA extraction as described [17]. The
extracted RNA was reverse transcribed into cDNA using reverse
transcriptase III (Invitrogen), and the resulting cDNA was subjec-
ted to conventional or quantitative PCR using primer sets (IDT)
specific for human GATA binding protein-3 (gata-3), T-box tran-
scription factor (t-bet) or gapdh (glyceraldehyde-3-phosphate
dehydrogenase) as described [17] or mouse il17 (forward: 5′-
GGT CAA CCT CAA AGT CTT TAA CTC-3′; reverse: 5′-TTA
AAA ATG CAA GTA AGT TTG CTG-3′) or mouse β-actin
(forward: 5′-CGGTTCCGATGCCCTGAGGCTCTT-3′; reverse:
5′-CGTCACACTTCATGATGGAATTGA-3′).

Data analysis
Experiments are repeated at least two times. All data are ex-
pressed as means +− S.E.M. of values from multiple replicates
per group. PRISM software (GraphPad) was used to analyse the
differences between experimental groups by one-way ANOVA
followed by Tukey’s multiple comparison test.

RESULTS

PARP is activated in PBMCs and lung tissues of
asthmatic individuals
PBMCs collected from asthmatics or healthy volunteers were
subjected to immunoblot analysis with antibodies to the PAR of
PARP-modified proteins to determine whether PARP is activated
in these cells. Figure 1 (A) shows a series of bands with PAR-
immunoreactivity representing poly(ADP-ribosyl)ated proteins
in PBMCs of asthmatics, which were largely absent from extracts
of PBMCs derived from healthy individuals. We next examined
whether PARP is also activated in lung tissue of two individuals
who died from asthma and the lack thereof in tissue from an
individual who died from an asthma-unrelated cause. Figure 1 (B)
shows the typical eosinophilic inflammation and extensive mucus
production in the lung of the asthmatic individual as assessed
by H&E and PAS staining respectively. Figure 1 (C) shows a
marked PARP activation in lung tissue of the asthmatic but not in
the non-asthmatic individual as assessed by immunofluorescence
with antibodies to PAR. These results demonstrate qualitatively
for the first time that PARP is activated in human asthma.

PARP inhibition by olaparib or gene knockout
blocks asthma-like manifestation in a chronic HDM
asthma model
We next examined whether PARP inhibition pharmacologically
by olaparib or genetically by gene knockout blocks asthma-like

manifestation upon intraneural (i.n.) administration of HDM.
Figure 2 (A) shows that a single administration of olaparib at
the end of the HDM exposure protocol was highly effective in
decreasing recruitment of eosinophils and macrophages as well
as overall cellularity in the lungs. However, the increase in the
number of lymphocytes was not affected. A remarkable protec-
tion was achieved upon two additional administrations of the
drug including a reduction in the number of lymphocytes. Sim-
ilar results were observed in HDM-exposed PARP-1−/− mice,
which provide evidence for the specificity of such protective ef-
fects. Interestingly, repeated administration of olaparib provided
significantly better reduction in recruitment of the total number
of inflammatory cells, eosinophils and macrophages, than that
provided by PARP-1 gene deletion.

The manifestation of AHR upon chronic HDM exposure was
modestly affected by a single administration of olaparib; a more
pronounced reduction in AHR required two additional admin-
istrations of the drug (Figure 2B). PARP-1 gene deletion and
repeated olaparib administration provided a similar protection
against AHR (Figure 2B).

PARP inhibition by olaparib or gene knockout
reduces Th2 cytokine production without a
prominent effect on IFN-γ or IL-10
Figure 3 (A) shows that HDM-induced lung eosinophilia was
accompanied with an increase in production of a number of Th2
cytokines in BALF collected from the treated animals, such as
eotaxin, IL-4, IL-5 and IL-13. These cytokines were markedly
reduced in BALF of mice that received a single or triple admin-
istration of olaparib. Similar reduction was observed in HDM-
exposed PARP-1−/− mice. Although PARP inhibition pharma-
cologically or by gene knockout reduced production of the Th1
cytokines IL-2 and interferon gamma-induced protein-10 (IP-10)
in HDM-treated mice, the IFN-γ levels either slightly increased
or remained unaffected by PARP inhibition (Figure 3B). Inter-
estingly, although the levels of the anti-inflammatory cytokine
IL-10 were not affected by olaparib treatment, the levels of the
cytokine in HDM-exposed PARP-1−/− mice remained lower than
those detected in BALF of HDM-exposed wild-type (WT) mice.

PARP inhibition prevents HDM-induced increase in
overall cellularity, weight and CD4+ T-cell
population in spleens of treated mice
HDM exposure induced a moderate but significant increase in
the percentage of CD4+ T-cell population in spleens of treated
mice; this increase was blunted by either a single or repeated
administration of olaparib (Figure 4A). Although the percentage
of CD4+ T populations trended lower in HDM-exposed PARP-
1−/− mice, the difference was not statistically significant. HDM
exposure did not change the percentage of the B-cell population
in WT mice and PARP inhibition (pharmacologically or by gene
knockout) did not cause any change either (Figure 4B). As expec-
ted, chronic exposure to HDM significantly increased the overall
numbers of cells in spleens of treated animals (Figure 4C); this
increase was prevented by PARP inhibition either by olaparib or
by gene knockout. PARP inhibition also prevented the consequent
increase in spleen weight (Figure 4D) in HDM-exposed WT mice.
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Figure 1 PARP is activated in PBMCs and lung tissues of asthmatics
(A) PBMCs collected from asthmatics or healthy volunteers were subjected to protein extraction followed by immunoblot
analysis with antibodies to PAR. Following protein transfer, the blots were subjected to Ponceau staining. The dashed line
indicates that the lane was cut from the same blot. The two groups of samples were done separately. (B) H&E and PAS
staining of lung tissue of an individual who died from asthma. (C) Lung sections were subjected to immunofluorescence
with antibodies to PAR.

Olaparib treatment reduces Th2 cytokine
production upon T-cell receptor (TCR) stimulation
in human CD4+ T-cells with a moderate effect on
overall T-cell proliferation
We first examined the effect of a single treatment with olaparib on
overall proliferation of CD4+-enriched T-cells isolated from PB-
MCs of healthy human subjects. Figure 5 (A) shows that olaparib
treatment did not cause a substantial inhibition of CD4+-enriched
T-cells upon TCR activation. Upon addition of fresh inhibitor
every day, a significant decrease in growth was observed at the

5 μM of the drug. Figure 5 (B) shows that olaparib treatment
markedly reduced the ability of CD4+-enriched T-cells to pro-
duce the Th2 cytokines eotaxin, IL-4, IL-5 and IL-10 even at the
1 μM concentration of the drug. Figure 5 (C) shows that olaparib
treatment differentially affected production of the Th1 cytokines
as it exerted no effect on IFN-γ or IL-2 production but signi-
ficantly reduced IL-12 and IP-10 production upon CD3/CD28
stimulation (Figure 5C).

We next examined whether the reduction in the anti-
CD3/CD28-stimulated Th2 cytokines by olaparib treatment was
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Figure 2 PARP inhibition by olaparib or gene knockout blocks asthma-like traits in chronically HDM-exposed mice
C57BL/6J WT or PARP-1−/− mice were subjected to HDM challenge or left untreated. HDM-challenged WT mice received
5 mg/kg of olaparib or saline once (S) 30 min after the last HDM challenge or once daily for 3 days (M). All mice were
killed 48h later and BALF and organs were collected. (A) Cells of BALF were differentially stained and total eosinophils,
macrophages, lymphocytes and neutrophils were counted. Data are expressed as total number of cells per mouse. (B) WT
mice were subjected to HDM challenge followed by an i.p. injection of saline (�), single (�) or multiple administrations
of 5 mg/kg olaparib (�). Control mice were not sensitized or challenged (�). PARP-1−/− mice were also subjected to
HDM challenge (�) and control mice were left unchallenged (�). Penh was recorded 24 h later using a whole body
plethysmograph system before and after the indicated concentrations of aerosolized methacholine (MeCh). Results are
plotted as maximal fold increase in Penh relative to baseline and expressed as mean +− S.E.M., where n=6 mice per
group. *Difference from control WT mice, P < 0.01; #Difference from HDM-challenged WT mice, P < 0.01; ¶Difference
from HDM-challenged WT mice that received a single dose of olaparib, P < 0.01.

associated with a reduction in the expression of the transcrip-
tion factor GATA-3, the master regulator of the Il4/Il5/Il13
cytokine locus [18]. Figure 5 (D) shows that olaparib treat-
ment was very effective in reducing gata-3 expression in hu-
man CD4+ T-cells upon TCR stimulation with a concomitant de-
crease in IL-4 mRNA as assessed by real-time PCR. Conversely,

olaparib treatment did not affect the expression of t-bet in TCR-
stimulated cells at the 1 μM concentration; however, a slight
increase in the levels of the transcription factor was observed
at the 5 μM concentration of the drug (Figure 5D). The effect
of olaparib treatment on IFN-γ mRNA levels mirrored that of
t-bet.
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Figure 3 PARP inhibition by olaparib reduces Th2 cytokine production without a prominent effect on IFN-γ or IL-10
WT and PARP-1−/− mice were subjected to HDM challenge or left untreated. HDM challenged WT mice received a single
dose of 5 mg/kg of olaparib or saline 30 min after the last challenge or were given multiple administrations of olaparib
every 24 h for a total of three times. All mice were killed 48 h later and lungs were subjected to BAL. Assessment of
BALF from different groups for Th2 cytokines: eotaxin, IL-4, IL-5 or IL-13 (A), INF-γ , IL-2 or IP-10 (B) and IL-10 (C). Data
are means +− S.D. of values from at least six mice per group. *Difference from control mice, P < 0.01; #difference from
HDM challenged WT mice; P < 0.01; ¶difference from HDM-challenged WT mice that received a single dose of olaparib,
P < 0.01.

PARP inhibition inconsistently increases IL-17
production without a concomitant increase in
IL-17-associated factors but with an increase in the
percentage of T-reg cells in vitro and in
HDM-exposed mice
Several recent studies have reported conflicting findings on the
relationship between PARP and IL-17. Whereas some reports
show an increase in IL-17 production [19], others showed either

no change [20] or a decrease in the cytokine upon PARP inhibi-
tion [21–23]. It therefore became imperative to examine whether
olaparib or PARP-1 gene deletion affects the levels of the cy-
tokine in our experimental models. Figure 6 (A) shows chronic
HDM exposure induced a slight increase in IL-17 only in sera
but not in BALF of treated mice at the end of the exposure
protocol. In BALF of HDM-exposed mice, the level of the cy-
tokine modestly increased upon repeated, but not upon a single,
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Figure 4 PARP inhibition prevents HDM-induced increase in overall cellularity, weight and CD4+ T-cell population in
spleens of treated mice
WT or PARP-1−/− mice were subjected to HDM challenge or left untreated. HDM-challenged WT mice received a single dose
or multiple doses of olaparib (5 mg/kg) or saline as explained in the previous figure legends. Spleens from different groups
were used to prepare single cell suspensions followed by FACS analysis for (A) CD3+/CD4+ and (B) B220+/CD19+. Total
cell counts (C) and spleen weights (D) from different groups were assessed.*Difference from control WT mice, P < 0.01;
#difference from HDM-challenged WT mice, P < 0.01.

administration of olaparib. IL-17 did not increase in BALF of
HDM-exposed PARP-1−/− mice. In sera of HDM-exposed mice,
the level of IL-17 also increased upon repeated, but not upon
a single, administration of olaparib. Unlike in BALF, IL-17 in-
creased in sera of HDM-exposed PARP-1−/− mice. The increase
in IL-17 upon PARP inhibition was confirmed in CD4+ T-cells
derived from PARP-1−/− mice that were activated with antibodies
to CD3/CD28 (Figure 6B). In CD3/CD28-activated human CD4+

T-cells, olaparib treatment only increased IL-17 production at the
5 μM concentration and only after an extended time of treatment
(Figure 6C). Figure 6 (D) shows that the increase in IL-17 in
CD3/CD28-stimulated PARP-1−/− CD4+ T-cells occurred at the
mRNA level. Surprisingly, the PARP inhibition-associated in-
crease in IL-17 was accompanied with a decrease, rather than an
increase, in factors that can be influenced by IL-17 such as IL-22,
keratinocyte chemoattractant (KC) and granulocyte macrophage
colony-stimulating factor (GM-CSF) in HDM-treated mice (Fig-
ure 6D). Furthermore, such increase in IL-17 but decrease in
IL-22 coincided with a significant increase in the percentage of
CD4+/CD25+/Foxp3+ T-reg cell population in spleens of HDM-
exposed animals (Figure 6F). HDM exposure did not increase
the percentage of T-reg cells in spleens of WT mice (Figure 6F),
which is consistent with the report by Kim et al. [24]. The T-reg

cell population was also increased in PARP-1−/− mice without
any HDM exposure. Consistent with these results, olaparib treat-
ment also promoted a significant increase in the T-reg cell pop-
ulation in CD3/CD28-activated human CD4+ T-cells but only in
response to the 5 μM concentration of the drug (Figure 6G).

DISCUSSION

A great deal of effort has been made by our laboratory to estab-
lish a role for PARP-1 in asthma using OVA-based experimental
models of the disease with the ultimate goal to translate our
findings to the human condition [1,2,4,13,25]. However, the rel-
evance and clinical significance of these studies were limited
due to the lack of evidence that the enzyme is in fact activated
in cells or tissues of human asthmatics. Results of the present
study provide this critical evidence and demonstrate for the first
time that PARP is indeed activated in PBMCs and lung tissue
of asthmatics. Relevance to the human disease was bolstered
by demonstrating the important role for PARP in a HDM-based
mouse model of the disease that more closely reflects human
asthma. More importantly, we provide convincing evidence that

C© 2015 Authors; published by Portland Press Limited 957



M.A. Ghonim and others

Figure 5 Effects of PARP inhibition by olaparib on human CD4+ T-cell proliferation, cytokine production and expression
of Th1/Th2 regulators upon TCR stimulation
Negatively selected human CD4+ -enriched T-cells from healthy donors were stimulated in triplicates with antibodies to
CD3/CD28 in the absence or presence of 1 or 5 μM olaparib. (A) Cell proliferation was assessed by CFSE staining. (B
and C) Culture supernatant was collected 24 h after TCR stimulation and cytokines were assessed. Data are given as
means +− S.E.M. of values obtained from duplicates of the triplicates. (D) CD3/CD28-stimulated and control CD4+ T were
subjected to RNA extraction after an incubation of 12 h. RNA was then reverse-transcribed and the resulting cDNA was
subjected to PCR with primer sets specific to human gata-3, il-4, t-bet, ifn-γ or gapdh; *Difference from non-stimulated
cells, P < 0.01; #difference from CD3/CD28-stimulated cells, P < 0.01.

olaparib, a PARP inhibitor that is currently being tested in cancer
clinical trials, efficiently blocked established asthma-like traits
including production of Th2 cytokines and mucus and AHR. The
drug was also efficient in reducing production of Th2 cytokines
in response to TCR stimulation in human CD4+ T-cells. The anti-
inflammatory effects conferred by PARP inhibition seemed to be
aided by an increase in T-reg cells. Finally, we show that PARP in-
hibition inconsistently increased IL-17 production. Interestingly,
the factors that may be influenced by IL-17 were decreased rather
than increased upon PARP inhibition in both HDM mouse model
and stimulated human CD4+-enriched T-cells. We thus propose
PARP inhibition as a viable strategy in targeting at least some

aspects of human asthma and that the therapeutic strategy merits
consideration in clinical trials.

The modulatory effects of PARP inhibition by olaparib or by
gene knockout on eosinophilia and IL-4 are indicative of a po-
tential reduction in IgE. However, the levels of immunoglobulin
in the HDM mouse model used in the present study did not reach
detectable levels (result not shown), which is consistent with our
recent report [17] and that of De Alba et al. [26]. Detection of
HDM-specific IgE requires a stronger sensitization of animals to
the allergen primarily through an i.p. administration often with
an adjuvant such as aluminum hydroxide [26]. This mechanism
of sensitization was purposely avoided to follow a model that
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Figure 6 Effect of PARP inhibition on IL-17 production and T-reg cell population upon CD3/CD28 stimulation in vitro and
in HDM-exposed mice
WT or PARP-1−/− mice were subjected to HDM challenge or left untreated. HDM-challenged WT mice received a single
dose or multiple doses of olaparib (5 mg/kg) or saline as described above. Mice were killed 48 h later. (A) BALF and sera
of the killed mice were assessed for IL-17. *Difference from control WT mice, P < 0.05; #difference from HDM-challenged
WT mice, P < 0.05; ¶, difference from HDM-challenged WT mice subjected a single olaparib administration, P < 0.05.
(B) Splenic CD4+ T-cells isolated from naive WT or PARP-1 −/− mice were activated with antibodies to CD3/CD28. After
an incubation of 96 h, culture supernatants were assessed for IL-17. *Difference from non-stimulated cells, P < 0.01;
#difference from anti-CD3/CD28-stimulated cells; P < 0.01. (C) Negatively selected human CD4+ T-enriched cells from
healthy donors were stimulated with antibodies to CD3/CD28 in the absence or presence of 1 or 5 μM of olaparib.
Cell supernatant was tested for IL-17 production. *Difference from non-stimulated cells, P < 0.01; #difference from
anti-CD3/CD28-stimulated cells; P < 0.01. (D) mRNA was isolated from WT or PARP-1−/− splenic CD4+ T-enriched cells that
were activated with anti-CD3/CD28 antibodies for 12 or 24 h. mRNA was reverse-transcribed and the resulting cDNA was
subjected to conventional PCR with primer sets specific to mouse il-17 or β -actin. (E) BALF from the different experimental
groups described in (A) were tested for IL-22, KC and GM-CSF production. *Difference from control WT mice, P < 0.01;
#difference from HDM-challenged WT mice, P < 0.01. (F) Spleens from the different experimental groups described
in (A) were processed to generate single cell suspensions, which were analysed by FACS for CD4+/CD25+/Foxp3+
cells. #difference from HDM-challenged WT mice, P < 0.05; ¶Difference from HDM-challenged WT mice subjected a
single olaparib administration, P < 0.05. (G) Negatively selected human CD4+ T-enriched cells from healthy donors were
stimulated with antibodies to CD3/CD28 for 72 h in the absence or presence of 1 or 5 μM of olaparib. Cells were
analysed by FACS for CD4+/CD25+/Foxp3+ cells. *Difference from non-stimulated cells, P < 0.01; #difference from
anti-CD3/CD28-stimulated cells; P < 0.01; ¶difference from anti CD3/CD28-stimulated cells in presence of 1 μM of
olaparib.
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closely resembles human asthma involving mucosal sensitization
within the lungs [16]. It is clear, however that PARP inhibition
pharmacologically or by gene knockout blocks IgE production
in OVA-based mouse models [2,3]. In a concurrent study [27],
we show that olaparib very efficiently reduces OVA-specific IgE
levels in BALF and sera of challenged mice. However, PARP-1
does not seem to play a direct role in IgE production. Indeed, ad-
optive transfer of OVA-sensitive CD4+ T-cells into naive PARP-
1−/− mice reversed most of the IgE production. Thus, PARP-1
appears to play a role in CD4+ T-cells rather than B-cells.

We expanded our studies on the role of PARP in the function
of TCR-stimulated CD4+-enriched T-cells derived from human
PBMCs. The effects of PARP inhibition by olaparib were asso-
ciated with a reduction in the ability of Th2 cells to produce Th2
cytokines as well as expression of factors that drive their dif-
ferentiation including GATA-3 and IL-4. Such effects occurred
despite a marginal effect of PARP inhibition on T-cell prolif-
eration. Our results on the effect of PARP inhibition on T-cell
proliferation are consistent with those reported by Saenz et al.
[28]. The effect of PARP inhibition of Th2 cytokine production
upon TCR stimulation may be directly linked to a modulation
of gata-3 expression. Currently, the mechanism by which PARP-
1 regulates the expression of gata-3 is not clear. It is however
established that gata-3 is regulated by NF-κB [29] and STAT-6
[30], both of which can be regulated by PARP-1 as shown in our
previous studies [10,12]. Studies are underway to decipher the
exact role of PARP-1 in the regulation of the NF-κB and STAT-6
pathways. The role of PARP in regulating the expression of Th1
cytokines is rather intriguing as inhibition of the enzyme reduced
some but not all Th1 cytokines despite the lack of clear effect
on expression of t-bet. For instance, PARP inhibition did not af-
fect expression of IFN-γ or IL-2 but decreased expression of
IL-12(p70) and IP-10 in anti-CD3/CD28-activated human CD4+

T-cells. The differential effects on IFN-γ and IP-10 in human
CD4+ T-cells was consistent with those observed in HDM-based
animal model of asthma. Obviously, more experimentation is ne-
cessary to clarify such differential effects and identify the exact
factors that can be regulated by PARP. It is important to note that
sometimes PARP inhibition by olaparib provided a more pro-
nounced effect compared with that achieved by gene knockout.
For instance, the effect of multiple administration of olaparib on
lung eosinophilia and total BALF cell count at the 5 mg/kg dose
was better than that observed in PARP-1−/− mice. The enhanced
effect may be associated with the ability of olaparib to inhibit
both PARP-1 and PARP-2.

The connection between PARP-1 and IL-17 is rather inter-
esting. Several reports showed conflicting results on the ability
of PARP inhibition to modulate IL-17 in animal models of in-
flammatory diseases and in in vitro systems. Indeed, a report
by Nasta et al. [20] showed that PARP-1 deficiency does not
affect production of IL-17 in response to multiple stimuli includ-
ing CD3 and CD28. In contrast, PARP inhibition was shown
to reduce IL-17 production in adjuvant-induced arthritis mouse
model [22] and carrageenan-induced lung inflammation in mice
[23]. However, recently, Zhang et al. [19] showed that in TGF-
β and IL-6-treated CD4+ T-cells, PARP inhibition can in fact
increase IL-17. Using both the chronic HDM exposure mouse

model and the CD3/CD28-activated CD4+ T-cells, we showed
that the association between PARP inhibition and modulation
of IL-17 production is inconsistent. PARP appears to regulate
IL-17 at the level of mRNA in activated CD4+ T-cells. Surpris-
ingly, the increase in IL-17 in both the animal and the cell culture
models was accompanied by a decrease rather than an increase
in factors that can be influenced by IL-17, such as IL-22, KC
and GM-CSF. It is interesting that despite the increase in IL-
17 in our experimental systems, the net effect was anti- rather
than pro-inflammatory. The reduction in KC and GM-CSF can
be unrelated to the effect on IL-17, as PARP inhibition, phar-
macologically or by gene knockout, reduces expression of the
two inflammatory factors in response to LPS [11]. It is important
to note that if IL-17 is increased by PARP inhibition and if this
increase may exert some pathology, then using olaparib for the
treatment of asthma in humans constitutes an important limitation
of the strategy. IL-17 has been regarded as an important player
in severe forms of asthma, which display neutrophilic inflamma-
tion [31]. Interestingly, in our HDM-based model, neutrophilia is
completely abrogated upon PARP inhibition by olaparib or gene
knockout. These results suggest the relationship between IL-17,
its effects and PARP-1 is complex and requires further detailed
investigations to decipher the exact nature of such a relationship.

An emerging role for PARP in inflammation is its potential
influence on T-reg cells [20–22,32]. This role is associated with
the stabilization of the transcription factor Foxp3 [21]. Our results
show that PARP inhibition by olaparib or gene knockout increased
the T-reg cell population. This appears to be independent of HDM
exposure as naive PARP-1−/− mice displayed higher levels of T-
reg cells compared with the WT counterparts. In human CD4+

T-cells, the increase in T-reg cell population was only observed
upon an exposure to the high dose (5 μM) but not to the low dose
(1 μM) of olaparib. These results and those of aforementioned
published reports strongly suggest that the role of PARP-1 in T-
reg differentiation and function is complex; additional studies
are required to reach a better understanding of the relationship.
Nevertheless, an increase in T-reg cell population may be an added
protective trait achieved upon PARP inhibition in the control of
asthma-associated inflammation.

In conclusion, the present study provides critical information
on the role of PARP in a chronic asthma model that utilizes
a true human allergen and provides evidence for the first time
that PARP-1 is activated in PBMCs and lung tissue of human
asthmatics. More importantly, our results lend support to the
notion that PARP can be targeted for the treatment of human
asthma.

CLINICAL PERSPECTIVES

• Our laboratory pioneered the studies that described the role
of PARP in asthma and examined the underlying mechanisms
by which PARP participates in the diseases using OVA-based
animal models. To increase the clinical significance of our
findings, it was imperative to demonstrate that PARP is activ-
ated in asthma and that its inhibition by a clinically relevant
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drug prevents or modulates chronic asthma traits using an
animal model that resembles the human condition.

• In the present study, we show that PARP-1 is activated in
human asthma and that PARP inhibition genetically or by
olaparib blocks chronic asthma traits in mice that were chron-
ically exposed to HDM extract. Such effect was related to a
modulation of CD4+ T-cell function and an increase in T-reg
cells.

• Our results support the potential of PARP inhibition as a novel
therapeutic strategy in blocking chronic asthma in humans
with olaparib as a likely candidate drug.
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