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release in human precision cut lung slices
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Background and purpose: Asthma manifests as a heterogeneous syndrome characterized by airway
obstruction, inflammation and hyper-reactivity (AHR). Spleen tyrosine kinase (Syk) mediates
allergen-induced mast cell degranulation, a central component of allergen-induced inflammation and
AHR. However, the role of Syk in IgE-mediated constriction of human small airways remains
unknown. = In this study, we addressed whether selective inhibition of Syk attenuates IgE-mediated
constriction and mast cell mediator release in human small airways.

Experimental Approach: Human precision cut lung slices (hPCLS) ex vivo derived from non-
asthmatic donors were incubated overnight with human IgE, dexamethasone, montelukast,
antihistamines or a selective Syk inhibitor (SYKi). FceRI activation by anti-IgE cross-linking was
performed, and constriction and mediator release measured. Airway constriction was normalized to
that induced by maximal carbachol stimulation. Syk expression (determined by gPCR and
immunoblot) was also evaluated in human primary airway smooth muscle (HASM) cells to determine
whether Syk directly modulates HASM function.

Key Results: While dexamethasone had little effect on FceR-mediated contraction, montelukast or
antihistamines partially attenuated the response. SYKi completely abrogated anti-lgE-mediated
contraction and suppressed the release of mast cell or basophil mediators from the IgE-treated hPCLS.
In contrast, SYKi had little effect on the non-allergic contraction induced by carbachol. Syk mRNA
and protein were undetectable in HASM cells.

Conclusions and Implications: Our data demonstrate that a selective Syk inhibitor, but not
corticosteroids, abrogated FceR-mediated contraction in ex vivo human small airways. The
mechanism involves FceRI receptor activation on mast cells or basophils that degranulate causing
airway constriction, rather than direct actions on HASM.

Abbreviations: hPCLS, human precision cut lung slices; HASM, human airway smooth muscle;
Syk, spleen tyrosine kinase; AHR, airway hyperresponsiveness; CysLT, cysteinyl leukotrienes; SYKIi,
syk inhibitor
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Enzymes Nuclear Hormone Receptors GPCRs
Syk Glucocorticoid Receptor CysLT1 Receptor
H1 Receptor
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INTRODUCTION

Asthma, a disorder characterized by airway inflammation and hyper-responsiveness, globally
contributes to substantial morbidity and mortality (Vijverberg et al., 2013). Mast cells play a pivotal
role in modulation of airway inflammation and bronchoconstriction in allergic asthma (Reuter et al.,
2010). Current therapeutics directed towards the actions of mast cells includes anti-IgE therapy,
histamine-and leukotriene receptor antagonists. Whether corticosteroids directly modulate human
mast cell function remains controversial (Croxtall et al., 2000; Liu et al., 2007; Zhou et al., 2008).
Although the aforementioned therapeutic approaches are effective in asthma, heterogeneity of
response, cost and adverse effects limit effectiveness. Evidence suggests that mast cells may also play
anjimportant role in promoting a severe persistent asthma phenotype since omalizumab, a monoclonal
antibody that binds selectively to IgE to mitigate mast cell and basophil activation, improves clinical
outcomes in these patients. Collectively, targeting the mast cell and basophils through novel signaling
pathways and the use of small molecule inhibitors may offer a unique therapeutic advantage in
improving asthma management.

Spleen tyrosine kinase (Syk), a member of the ZAP70 family of non-receptor protein kinases,
mediates downstream signaling of immunoreceptor tyrosine-based activation motif (ITAM)-
associated receptors (Mocsai et al., 2010). ITAM-associated receptors, predominantly found on
hematopoietic cells, modulate innate immunity, co-activation of inflammatory cells and
effector/adaptive immune responses. Evidence suggests that cross-linking at the high affinity IgE
receptor (FceR1) activates Syk and that Syk is necessary and sufficient to mediate mast cell and
basophil activation and de novo synthesis of eicosanoids, chemokines and cytokines (Gilfillan et al.,
2006).

Inhibition of Syk attenuates FceR-mediated mast cell degranulation and allergen-induced
airway inflammation (Matsubara et al., 2006b). The Syk inhibitor R406 inhibits allergic airway
responses.in mice sensitized to ovalbumin (Matsubara et al., 2006a; Matsubara et al., 2006b). Further,
antisense oligonucleotides, and, more recently, siRNA also attenuated allergen-induced rodent
responses (Stenton et al., 2002; Huang et al., 2013). Our data in rats and non-human primates show
that -inhibition of Syk abrogated FceR-mediated tracheal extravasation, allergen-induced airway
inflammatory cell trafficking and bronchoconstriction (Moy et al., 2013). Given species difference in
mast cell function and in allergen responses, the role of Syk in modulating human small airway
function remains unclear. Using a small molecule inhibitor for Syk (Moy et al., 2013), we
investigated whether Syk inhibition modulated Fce-dependent airway constriction and mediator
release in hPCLS. Here, we demonstrate that Syk inhibition abrogates FceR-mediated contraction
while profoundly decreasing mediator release. These data suggest that Syk inhibition may modulate
human small airway function in asthma.

METHODS
Isolation-and culture of human airway smooth muscle

Human ASM cells were derived from tracheas obtained from the National Disease Research
Interchange (NDRI) (Philadelphia, PA) and from the International Institute for the Advancement of
Medicine (IIAM) (Edison, NJ). Human ASM cell culture was performed as described previously
(Panettieri et al., 1989). The cells were cultured in Ham's F-12 medium supplemented with 10% FBS,
100 U/ml penicillin, 0.1 mg/ml streptomycin, and 2.5 mg/ml amphotericin B, and this medium was
replaced every 72 hours. Human ASM cells in subculture during passages 1-5 were used, because
these cells retain the expression of native contractile protein, as demonstrated by
immunocytochemical staining for smooth muscle actin and myosin (Panettieri et al., 1989).
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Generation of PCLS and airway constriction assays

Human precision cut lung slices (hPCLS) were prepared as previously described (Cooper et
al., 2009; Cooper et al., 2011). Briefly, whole human lungs from non-asthmatic donors were
dissected and inflated using 2% (wt/vol) low melting point agarose. Once the agarose set, the lobe
was sectioned, and cores of 8-mm diameter were made. The cores that contained a small airway by
visual inspection were sliced at a thickness of 250 pum (Precisionary Instruments VF300 Vibratome,
Greenville, NC) and collected in wells containing supplemented Ham's F-12 medium. Suitable
airways (<1-mm diameter) on slices were selected on the basis of the following criteria: presence of a
full smooth muscle wall, presence of beating cilia, and unshared muscle walls at airway branch points
to eliminate possible counteracting contractile forces. Each slice contained ~98% parenchyma tissue;
hence, all airways situated on a slice had sufficient parenchymal tissue to impart basal tone. Adjacent
slices containing contiguous segments of the same airway were paired and served as controls and
were incubated at 37°C in a humidified air-CO, (95-5%) incubator. Sections were placed in fresh
media every 2-3 hr during the remainder of day 1 and all of day 2 to remove agarose and endogenous
substances released that variably confound the production of inflammatory mediators and/or alter
airway tone (Cooper et al., 2009; Cooper et al., 2011). In some experiments, slices were pre-
incubated with human IgE (4 pg/ml) antibody for 18 hr and then incubated in the presence or absence
of Syk inhibitor (SYKi, 10-1000 nM; (1S,4R)-4-hydroxy-2,2,dimethyl-4-(5-((4-methylpryimidin-2-
yl)amino)phenyl)thiazol-2-yl)cyclohexane-1-carboxylic acid; Figure 2S) for 20 min prior to
assessment of contraction. A time course was performed measuring luminal area every 30 sec for 10
min or until no further constriction was observed following the administration of anti-IgE (20 pg/ml).
Slices were incubated for an additional 20 minutes, and luminal area was assessed at 30 min following
FceR-cross-linking; and culture supernatants were assessed for histamine and cysteinyl leukotriene
(CysLT) levels. To assess maximum contraction and assess specificity of the SYKi, carbamoyl
choline (Cch - 100 uM) was added and the percentage of airway occlusion measured and compared to
baseline.

To assess luminal area, lung slices were placed in a 12-well plate in media and held in place
using a platinum weight with nylon attachments. The airway was located using a microscope (Nikon
Eclipse; model no. TE2000-U; magnification, x40) connected to a live video feed (Evolution QEi;
model no. 32-0074A-130 video recorder). Airway luminal area was measured using Image-Pro Plus
software (version 6.0; Media Cybernetics) and represented in units of square micrometers (Cooper et
al., 2009; Cooper et al., 2011). After functional studies, the area of each airway at baseline and at the
end of the time course or dose of agonist was calculated using Image-Pro Plus software. A maximum
drug effect (En.x) value for each airway was derived from a concentration-response curve.

Histamine and lipid analysis

Mediator release was evaluated in human lung slices according to Moy et al. (Moy et al.,
2013). The supernatant from each well was collected after the constriction recording. CysLT (Enzo
Life Sciences, Farmingdale, NY) and histamine (Cisbio Assays, Bedford, MA) levels were evaluated
by ELISA or HTRF, respectively.

Statistical analysis

Graph Pad Prism software was used to determine statistical significance evaluated by a paired
Students t-test for two groups or analysis of variance (ANOVA) for multiple groups. P values of
<0.05 were considered significant.

RESULTS
SYKIi inhibits FeeR-dependent airway constriction in normal hPCLS

To address whether Syk inhibition modulates FceR-dependent contraction, hPCLS were
prepared from nine non-asthmatic donors. All subjects manifested no chronic illnesses, as shown in
Table 1S (supplemental data).

We and others showed that in rodent models, Syk inhibition attenuates allergen-induced
airway hyper-responsiveness (AHR) and inflammation (Moy et al., 2013). Accordingly, using SYKIi,
we addressed whether inhibition of Syk modulates FceR-dependent airway constriction in human
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tissue. Syk inhibition attenuated FceR-dependent contraction in hPCLS as shown in Fig 1. In a dose-
dependent manner, SYKi markedly decreased FceR-dependent contraction and nearly completely
abrogated the response at 1 uM concentration. To address whether SYK:i inhibition extinguished over
time, experiments were performed to examine SYKi effects over 30 minutes. As shown in Fig 1B,
SYKi (1 uM) sustained complete abrogation of FceR-dependent contraction whereas the 300 nM
concentration was less efficacious. At 100 nM, 300 nM and 1 pM, FceR-induced airway constriction
was also diminished as compared with that observed with 10 nM or no SYKi, as shown in Figure 1C.
To characterize whether SYKi affected non-mast cell-dependent contraction, hPCLS were treated
with SYKi and carbamoyl choline (Cch)-induced contraction was measured. As shown in Fig 1,
panel D, SYKIi had no effect on carbachol-induced contraction.

A SYKi, a CysLT inhibitor and an anti-histamine modulate FceR-dependent airway
constriction

To compare efficacy of SYKI, antihistamines and leukotriene modifiers on FceR-dependent
airway constriction, hPCLS were treated with SYKi, montelukast, fexofenadine or dexamethasone
(Figure 2). The doses of the inhibitors chosen are those derived from previous studies that
demonstrated maximum target inhibition with limited off-target effects (Moy et al., 2013). SYKi (1
pUM) markedly inhibited FceR-dependent contraction. Fexofenadine and montelukast partially
inhibited FceR-induced contraction. The relative efficacy in the compounds inhibiting FceR-
dependent bronchoconstriction was represented as Iy, (maximal inhibition) as shown in Fig 2, panel
B. Montelukast, fexofenadine and SYKi significantly impaired FceR-induced airway constriction
whereas dexamethasone had little effect. Collectively, these data suggest that inhibition of Syk has a
greater effect on FceR-dependent contraction in human airways than treatment with montelukast,
fexofenadine and dexamethasone. Since SYKi profoundly affected FceR-dependent constriction, and
since Syk and Lyn expression has been described in cultured HASM cells (Gounni et al., 2005; Redhu
et al., 2009; Redhu et al., 2011; Balhara et al., 2014), we next addressed whether Syk inhibition may
directly modulate HASM cell contraction. Accordingly, we examined Syk expression in HASM cells
and human mast cells. Total mMRNA was prepared from cultured HASM cells and Ramos cells (B
lymphocyte cell line), and quantitative rtPCR was performed. Lysates were also generated from these
cells following treatment with control buffer, TNFa, IFNy, or TNFa/IFNy for immunoblot analysis.
As shown in Fig 1S, human Ramos cells robustly express Syk total mMRNA (1A) and protein (1B)
whereas HASM cells showed no expression at either the transcriptional or translational level. These
data are consistent with our observations that SYKi has little effect on carbachol-induced contraction
and that the effects of SYKi as demonstrated in hPCLS are likely mediated through mast cells or
basophils found in the submucosa of the hPCLS.

SYK:i effects on FceR-dependent histamine and CysLT secretion

To characterize whether SYKi modulates FceR-dependent release of histamine and CysLT,
slices were incubated with varying concentrations of SYKi. As shown in Fig 3A/B, pretreatment with
SYK:i profoundly decreased histamine levels in the supernatant after FceR cross-linking.  We also
examined CysLT release following FceR crosslinking. In Figure 3C, we show that SYKi pretreatment
dose-dependently decreases CysLT release from hPCLS, where montelukast treatment does not
significantly affect FceR-dependent release of CysLT in hPCLS. These data suggest that SYKi that
completely abrogates FceR-dependent airway constriction also at similar doses markedly diminishes
CysLT and histamine levels that are likely due to mast cell degranulation.

DISCUSSION

Allergic asthma, a chronic respiratory disorder marked by inflammation, recurrent reversible
airflow obstruction, and airway hyper-responsiveness, remains a significant cause of morbidity and
mortality worldwide. Despite the use of corticosteroids, long-acting bronchodilators, and leukotriene
modifiers, there exists an unmet need to abrogate mast cell function in the allergic subset of this
disease.~Syk, a kinase that mediates much of the signaling downstream of the high affinity FceRl,
plays a key role in activation and degranulation of mast cells and basophils. Some small molecule
kinase inhibitors have been developed to inhibit this kinase, showing efficacy in human trials of
allergic rhinitis. Few studies have addressed the value of these therapeutics in allergic asthma. The
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current study demonstrates specificity of SYKi in attenuation of FceR crosslinking-induced
bronchoconstriction and release of inflammatory mediators from hPCLS. We also show data to
suggest the target of SYKi is most likely mast cells and basophils rather than HASM, as indicated by
expression patterns in the primary human cells we tested.

Current therapeutics targeting mast cells or products of mast cell activation/degranulation are
effective in.some, but not all patients, or have been contraindicated as treatment for asthma. In the
past, second generation antihistamines showed symptom scores and B, agonist use improved versus
placebo in asthma. However, the therapeutic doses that were most effective were associated with
adverse effects including fatigue and drowsiness (Grant et al., 1995; Malick et al., 1997; Larsen,
2001). Therefore, use of antihistamines is not considered a first line treatment for asthma. We
utilized fexofenadine, a second generation antihistamine, as a comparator to partially attenuate FceR
crosslinking-induced airway constriction that provided findings consistent with our previous work
(Cooper et al., 2009; Cooper et al., 2011). Use of montelukast, a leukotriene receptor antagonist, is
effective in a subset of patients with asthma. A recent review of pediatric clinical studies
(Massingham et al., 2014) showed that montelukast, compared with inhaled corticosteroids (ICS),
showed comparable improvement in asthma symptom scores but that improvement in pulmonary
function tests favored ICS treatment over montelukast, and the risk of asthma exacerbation was
greater with montelukast treatment group. Most studies concluded that first line treatment of asthma
in a pediatric patient population should be ICS, but that in a subset of that population montelukast
treatment may be effective, as outlined in the Expert Panel Report 3 of the Guidelines for the
Diagnosis and Management of Asthma. Given the heterogeneity of the response of asthma patients to
leukotriene modifiers, a therapy with broader effects may be more useful in the treatment of allergic
asthma. Again we used montelukast as an industry standard in a model of FceR crosslinking-induced
contraction. We found that montelukast partially attenuated airway constriction to FceR crosslinking
that was not as effective as Syk inhibitor-induced ablation of contraction. Use of steroids in asthma
therapy has been a mainstay for many years. Inhaled steroid therapy improves bronchodilator
responses to B, agonists, to decrease inflammatory cell influx when used as maintenance therapy, and
to modulate inflammatory mediator elaboration from airway cells (Chung et al., 2009). Experimental
evidence in human basophils suggests that glucocorticoid treatment of the cells prior to FceR
crosslinking attenuated not only IL-4 release but histamine release (Schleimer et al., 1981; Schroeder
et al;; 1997). A study using purified lung mast cells, however, dexamethasone has little effect on
release of PGD,, PGF,,, PGE,, leukotrienes, and histamine with anti-IgE treatment. Suprisingly,
TxB, was- the only mediator modulated by dexamethasone treatment prior to FceR crosslinking
(Schleimer et al., 1983). We used dexamethasone to assess steroid effects on FceR crosslinking-
induced contraction and found that dexamethasone has little effect on this response. Accordingly, our
data suggest that bronchoconstriction predominantly occurs with activation of mast cells and
basophils that then release of an array of contractile agonists. Our data show that the Syk inhibitor
inhibits not only FceR crosslinking-induced contraction, but also release of leukotrienes and
histamine..  Syk inhibition provides a target to inhibit multiple allergen-triggered events,
bronchconstriction following crosslinking of FceRI, elaboration of inflammatory mediators involved
in modulation of contractile responses and perpetuation of inflammation associated with allergic
asthma. Targeting Syk, a kinase proximal to the receptor, conveys therapeutic advantage over other
approaches that are currently used in to alleviate symptoms of allergic asthma.

Given the inhibition that we observed in the hPCLS system, we sought to identify the
potential cellular target of SYKi. Others showed that primary HASM express FceRI, and upon
incubation with IgE and subsequent stimulation with anti-IgE release IL-4, IL-5, IL-13, and eotaxin
and that crosslinking of FceRI evokes in intracellular calcium flux consistent with contraction of the
muscle (Gounni 2005). In bronchial smooth muscle derived post-mortem from normal patients,
attenuation of Syk expression with a lentiviral vector decreased promoter activity at the IL-8, IP-10,
RANTES, and eotaxin promoters in response to FceR crosslinking (Redhu et al., 2009). To assess
whether HASM are a potential target for SYKi, we examined Syk expression at both the mRNA and
protein levels in primary HASM. In contrast to the findings from Redhu et al., we failed to show any
basal levels or TNFa-stimulated expression of mRNA or protein for Syk. Ramos cells served as a
positive control for both mRNA and protein expression. A potential reason for this discrepancy could
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be the sources of HASM that we used compared to the previous studies. We, however, showed in
primary human mast cells expression of Syk (Moy et al., 2013), suggesting that the inhibition of
airway constriction that is observed following treatment of the tissue with SYK:i is likely due to
activation of mast cells and not a direct effect on HASM. Addititionally, Wang et al. (Wang et al.,
2015) demonstrated that genetic ablation of Syk attenuated airway hyper-responsiveness following
ovalbumin challenge and exposure to PM,sand ozone, but had little to no effect on methacholine-
induced contractility of the lungs in vivo and precision cut lung slices. We demonstrate that SYKi has
little effect on methacholine-, histamine-, and KCl-induced bronchoconstriction in PCLS (Figure 3S
A & B, KCI — data not shown). Additionally, we show that SYKi has little effect on C5a peptide-
induced airway constriction (Figure 3S C). Together, these data suggest a selective effect of SYKi on
FceRI crosslinking-induced contraction.

The hPCLS system that we utilized for the functional studies examining FceR crosslinking-
induced airway constriction has made use of a passive sensitization paradigm of FceR sensitization
(Cooper et al., 2009; Cooper et al., 2011). Despite limitations of this model, the hPCLS are a novel
model of integrated structural cell function, devoid of trafficking leukocytes that likely contribute to
the airway inflammatory response. Given this limitation, the activation of contraction in response to
this stimulation is dependent upon resident immune cells, namely mast cells. Despite the dose- and
time-dependent inhibition of Syk in this system, the specific effects of SYKi-mediated Syk inhibition
on mast cell function are difficult to assess in this model.

Our data support Syk inhibition as a novel therapeutic target to prevent IgE-FceRI-mediated
airway constriction and mediator release from some of the cells in the airways. Further studies are
needed to determine whether Syk inhibition offers therapeutic advantages over current state-of-the-art
therapy in-asthma.
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Figure 1 — SYKi attenuates FceR crosslinking-induced airway constriction but does not attenuate
cholinergic mediated contraction in hPCLS. (A) Representative time course of airway constriction to
FceR crosslinking assessed in the absence/presence of SYKi (0.1, 0.3, 1 uM) over a course of 10 min.
Constriction was measured compared to baseline luminal area and expressed as % airway
constriction. (B) Representative plot of inhibition measured out to 30 min following crosslinking.
(C) Maximal constriction following FceR crosslinking was compared. (D) Following crosslinking,
hPCLS were stimulated with carbamoyl choline (100 uM) and % airway constriction measured. Data
are representative of 9 individual donors, with bars representing mean + SEM with * p<0.05.
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Figure 2 — SYKi markedly attenuates FceR crosslinking-induced airway constriction in comparison
with fexofenadine, montelukast, and dexamethasone. (A) The effects of montelukast (10 uM),
fexofenadine (3 uM), and dexamethasone (1 uM) were compared with that of SYKi (1 uM) in four
donors. (B) Maximal response following FceR crosslinking in the presence of inhibitors was

compared (Inax). Data are representative of 5-8 individual donors, with bars representing mean -/+
SEM with * p<0.05 (ANOVA p<0.0001).
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Figure 3 — Syk inhibitor attenuates histamine and leukotriene secretion in hPCLS. (A) SYKi (1 nM-1
uM) or-montelukast (1 pM) were incubated with hPCLS 1 hr prior to FceR crosslinking.
Supernatants were collected at 30 minutes after crosslinking, and histamine release measured by
HTRF (ANOVA p=0.007). (B) Leukotriene release in the presence/absence of SYKi (300 nM, 1 uM)
or montelukast (1 uM) was measured by ELISA (ANOVA p=0.0002). Data represent lung slices from
four to seven donors for each treatment. * p<0.05
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