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Nafamostat has anti-asthmatic
effects associated with
suppressed pro-inflammatory
gene expression, eosinophil
infiltration and airway
hyperreactivity
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Srinivas Akula®, Sara Wernersson® and Gunnar Pejler*
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Introduction: Asthma is characterized by an imbalance between proteases and
their inhibitors. Hence, an attractive therapeutic option could be to interfere with
asthma-associated proteases. Here we exploited this option by assessing the impact
of nafamostat, a serine protease inhibitor known to neutralize mast cell tryptase.

Methods: Nafamostat was administered in a mouse model for asthma based on
sensitization by house dust mite (HDM) extract, followed by the assessment of
effects on airway hyperreactivity, inflammatory parameters and gene expression.

Results: We show that nafamostat efficiently suppressed the airway
hyperreactivity in HDM-sensitized mice. This was accompanied by reduced
infiltration of eosinophils and lymphocytes to the airways, and by lower levels
of pro-inflammatory compounds within the airway lumen. Further, nafamostat
had a dampening impact on goblet cell hyperplasia and smooth muscle layer
thickening in the lungs of HDM-sensitized animals. To obtain deeper insight into
the underlying mechanisms, a transcriptomic analysis was conducted. This
revealed, as expected, that the HDM sensitization caused an upregulated
expression of numerous pro-inflammatory genes. Further, the transcriptomic
analysis showed that nafamostat suppressed the levels of multiple pro-
inflammatory genes, with a particular impact on genes related to asthma.

Discussion: Taken together, this study provides extensive insight into the
ameliorating effect of nafamostat on experimental asthma, and our findings
can thereby provide a basis for the further evaluation of nafamostat as a potential
therapeutic agent in human asthma.

KEYWORDS

nafamostat, serine proteases, asthma, house dust mite, cytokines, airway
hyperreactivity, inflammation

Abbreviations: HDM, house dust mite; AHR, airway hyperreactivity; PAR, protease-activated receptor; EPI,

endogenous protease inhibitor.
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Introduction

Asthma is a non-communicable, heterogeneous chronic airway
inflammatory disorder affecting ~300 million people worldwide.
Asthma is characterized by airway inflammation and airway
remodelling associated with various symptoms, including shortness
of breath, wheezing, cough and chest tightness, and variable expiratory
airflow limitation (1-4). The progression of asthma is complicated and
is associated with a diverse interplay between environmental factors
and genetic predispositions, thereby stratifying asthmatics into distinct
phenotypes with significant clinical variance (1). Further, asthma
endotyping is an emerging concept, through identifying different
cellular and molecular mechanisms involved in the disease
pathogenesis (2). Current therapies for asthma include a
combination of anti-inflammatory agents like corticosteroids along
with bronchodilators; however, the poor response to these regimens
among certain asthmatic subsets and the adverse side-effects associated
with their long-term use emphasizes the need to identify novel
therapeutic interventions to treat asthma effectively (4).

Asthma is a multifaceted disease primarily allied with an altered
Th2/Th17 immune system in response to environmental allergens
(5). Proteolytic events mediated by a variety of proteases represent
one of the mechanisms involved in the pathogenesis of asthma,
having an impact at multiple levels, including production of
inflammatory mediators, induction of airway leukocyte
infiltration, airway hyperreactivity (AHR) and airway remodelling
(6, 7). Such proteases can be derived either from exogenous sources
such as environmental allergens, or can be produced endogenously
by various immune cells. For example, mite allergens include
several serine proteases such as Dermatophagoides pteronyssinus
3 (Der p 3), Der p 6 and Der p 9, and the cystine proteases Der p 1
and Der farina (8, 9). These proteases have the capacity to
proteolytically disrupt tight junctions of the epithelial cell barrier,
thereby increasing epithelial permeability and facilitating the access
of antigen-presenting cells to antigen (10, 11). This can stimulate
and activate various downstream inflammatory signalling pathways
resulting in the induction of an immune response to the allergen.

Similar to the pathogenic role of the exogenous proteases,
endogenous proteases released from various immune cells in
response to allergen stimuli can also play a prominent role in the
initiation and progression of allergic airway inflammation. Such
endogenous proteases include chymases, tryptases and
carboxypeptidase A3 from mast cells, elastase, cathepsin G and
myeloblastin (proteinase 3) from neutrophils, bronchial epithelial
cell-derived transmembrane protease serine 11D (TM11D; human
airway trypsin-like protease), granzymes expressed by cytotoxic T
lymphocytes and NK cells, as well as matrix metalloproteases
expressed by epithelial and other inflammatory cells (6, 12-16).
Such proteases can modulate allergic airway inflammation by
affecting various targets, such as pattern recognition receptors
(e.g., TLR4), protease-activated receptors (PARs) including PAR2,
various extracellular matrix components and inflammatory
mediators. This can promote various processes, including mast
cell degranulation, inflammatory cell recruitment, release of AHR-
promoting bronchoconstrictors and proliferation of fibroblasts and
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smooth muscle cells, the latter contributing to airway thickening
and airway remodelling (6, 15, 17).

To mitigate the detrimental effects attributed to both exogenous
and endogenous proteases, the human body is equipped with a range
of endogenous protease inhibitors (EPIs). EPIs such as cystatin A and
SPINK5 maintain the epithelial barrier integrity, thereby blocking
inflammatory pathways and reducing the risk of allergic sensitization
(18-20). Earlier findings have reported that there may be an
imbalance between the corresponding proteases and EPIs in
various pathological conditions. Hence, deficiency of certain EPIs
has been observed in certain asthma endotypes due to genetic
predisposition, resulting in exacerbated inflammation (19, 21). To
compensate for such a protease-antiprotease imbalance, various
synthetic protease inhibitors have been assessed for their ability to
intervene with inflammatory conditions such as asthma (21, 22).

Nafamostat mesylate is such a synthetic inhibitor, with the ability
to target multiple types of serine proteases, but with selectivity for mast
cell tryptase (23). Nafamostat is in clinical use for the treatment of
pancreatitis, but has also been considered as a potential therapeutic in
other types of inflammatory settings (24-26). Earlier studies using
various experimental models of allergic asthma in mice demonstrated
an anti-asthmatic effect of nafamostat (27-29). However, the exact
molecular and cellular consequences of nafamostat treatment in the
attenuation of asthma remain poorly characterized and there is thus a
need for a further understanding of this issue. In the present study, we
therefore performed a detailed investigation of the therapeutic
potential of nafamostat in a house dust mite (HDM)-based mouse
model for asthma. Our findings reveal that nafamostat alleviates
multiple hallmark features of asthma, including the suppression of
gene expression patterns associated with inflammation.

Results

Nafamostat abrogates HDM-induced
airway inflammation and airway
hyperreactivity

To study the impact of nafamostat in allergic airway inflammation,
we used a protocol based on sensitization with house dust mite (HDM)
extract. The used model was shown to replicate major features of the
clinical asthma, including an increased cell infiltration to the airway
lumen (Figure 1A) and raised airway hyperreactivity (AHR) in
response to methacholine (Figure 1B). In contrast, no effects of
HDM sensitization on dynamic compliance (Cdyn) was seen
(Supplementary Figure 1). The increase in inflammatory cell
infiltration to the airway lumen was primarily due to a profound
increase of eosinophils (Figure 1C) but increased infiltration was also
seen for macrophages, lymphocytes and neutrophils (Figures 1D-F) as
compared to control mice. Treatment of HDM-sensitized mice with
nafamostat significantly reduced the airway inflammation and lung
resistance (Rp) (Figures 1A, B), which was accompanied by a
substantial reduction in the infiltration of eosinophils (Figure 1C)
and lymphocytes (Figure 1E) to the airway lumen, whereas a tendency
of reduced neutrophil influx was seen (Figure 1F).
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Nafamostat inhibits airway inflammation and AHR in HDM-induced experimental asthma. Mice received either PBS or HDM twice a week for 6
weeks. Mice were treated with vehicle or with nafamostat (20 mg/kg) 30 min prior to each HDM extract instillation. Control mice were treated with
PBS only. Total cells (A), eosinophils (C), macrophages (D), lymphocytes (E) and neutrophils (F) were measured in the BAL fluid. Lung resistance (R,)
(B) was measured using a Buxco FinePointe series instrument. Data represent mean values + SEM. *P < 0.05, **P < 0.01, ***P < 0.001 and ****P <
0.0001 vs. the PBS group. #P < 0.05 and ##p < 01 vs. the HDM group. n = 4 — 5 mice per group. HDM, house dust mite

To further evaluate the effect of nafamostat on lung
inflammation, we examined effects on the peribronchial and
perivascular infiltration of inflammatory cells by H&E staining,
and infiltration of eosinophils into the lung tissue was assessed by
chromotrope 2R staining. Consistent with the findings above, lung
sections from HDM-sensitized mice showed a significant increase
in peribronchial and perivascular inflammation (Figure 2A), which
was mainly attributed to an excessive infiltration of eosinophils
around the airways when compared to control mice (Figure 2B).
Furthermore, treatment of the HDM-sensitized mice with
nafamostat significantly attenuated the peribronchial and
perivascular inflammation and caused a reduced infiltration of
tissue eosinophils (Figures 2A, B). Together, these findings
suggest that nafamostat could be beneficial to mitigate the
hallmark features of allergic airway responses.

Nafamostat mitigates HDM-induced
inflammatory cytokine production

Next, we examined the efficacy of nafamostat as an anti-
inflammatory agent in allergic airway responses by measuring
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effects on inflammatory mediators recovered from the BAL fluid,
by adopting a cytokine array approach. This assessment revealed
increased levels of various cytokines/chemokines in BAL fluid from
HDM-sensitized vs. control mice, including IL12p40/p70, MIP-1y/
CCL9, TARC/CCL17, TIMP-1, VCAM-1/CD106 and KC/CXCL1
(Figure 3). Notably, nafamostat treatment caused a profound
reduction in the levels of each of these compounds in the BAL
fluid, in most cases down to the baseline level (Figure 3). Of note, the
HDM sensitization did not result in increased levels of Th2 cytokines
(IL-4, IL-5, IL-13) in the BAL fluid.

Nafamostat alleviates HDM-induced goblet
cell hyperplasia and airway smooth muscle
layer thickening

Airway remodelling is a prominent feature of asthma, as
characterized by increased smooth muscle cell proliferation and
thickening of the smooth muscle layer, contributing to the airway
narrowing and increased AHR. Considering our observed beneficial
effects of nafamostat on HDM-induced airway inflammation and
AHR, we next investigated the effect of nafamostat treatment on
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FIGURE 2

Effects of nafamostat on lung peribronchial inflammation and eosinophil infiltration in HDM-induced experimental asthma. Mice received either PBS or
HDM extract twice a week for 6 weeks. Mice were treated with vehicle or with nafamostat (20 mg/kg) 30 min prior to each HDM instillation. Control
mice were treated with PBS only. Peribronchial inflammation (A) and eosinophil infiltration around the airways (B) were assessed by hematoxylin and
eosin (H&E) and chromotrope 2R staining, respectively. Representative images for HGE (x 20 original magnification) and chromotrope 2R staining (x 40
magnification) are shown. Data represent mean values + SEM. **P < 0.01, ***P < 0.001 vs. the PBS group. #P < 0.05 vs. the HDM group. n = 3 — 5 mice

per group. HDM, house dust mite.

airway remodelling as manifested by goblet cell hyperplasia and
smooth muscle layer thickening. Histological analysis demonstrated
a significant rise in goblet cell density (assessed by PAS staining;
Figure 4A) and an increased smooth muscle layer thickness
(Figure 4B) in HDM-sensitized vs. control mice. Further, and
consistent with its beneficial effect on other features of allergic
airway inflammation, nafamostat treatment caused a modest, yet
significant attenuation of the HDM-induced goblet cell hyperplasia
and smooth muscle layer thickening (Figures 4A, B).
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Nafamostat treatment targets the
expression of pro-inflammatory genes
induced by HDM sensitization

To provide a more extended insight into the mechanism by
which nafamostat ameliorates allergic airway inflammation, we next
performed a transcriptomic analysis of how nafamostat affects the
gene expression profiles in the lung, by adopting the Ampliseq
platform. Transcripts with less than 30 counts were considered to be
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FIGURE 3

Effects of nafamostat on the release of cytokines into the BAL fluid of mice subjected to HDM-induced experimental asthma. Mice received either
PBS or HDM extract twice a week for 6 weeks. Mice were treated with vehicle or with nafamostat (20 mg/kg) 30 min prior to each HDM instillation.
Control mice were treated with PBS only. BAL fluid was collected, centrifuged and BAL fluid supernatants were pooled from each group and were
then analysed with a RayBio mouse cytokine array. The pixel densities were semi-quantified using ImageJ protein array analyzer and are represented

as mean pixel density. n = 4 mice per group. HDM, house dust mite.

poorly expressed and were disregarded from the analysis.
Visualization using principal component analysis (PCA) of the
total lung transcriptome revealed a well-defined separation
between control- (PBS) vs. HDM-sensitized mice (PCI1 93% of
variance between the groups and PC2 2% of variance) (Figure 5A)
and also between HDM-sensitized vs. HDM-sensitized/nafamostat-
treated mice (PC1 66% of variance between the groups and PC2
14% of variance) (Figure 5B). These findings suggest that the HDM-
sensitization causes major effects on the lung transcriptome, and
also that nafamostat has the capacity to modulate the expression of
genes that are induced by HDM sensitization.

Differential gene expression analysis revealed that a total of 1680
out of 14499 transcripts were differentially (p<0.05;log2FC > 1)
expressed in HDM-sensitized vs. control mice, out of which 1077
genes were upregulated and 603 genes were downregulated in
response to HDM sensitization (see Supplementary Table 1).
Further, a comparison between HDM-sensitized vs. HDM-
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sensitized/nafamostat-treated mice revealed that 139 genes were
differentially expressed, out of which 19 genes were upregulated and
120 genes were downregulated in response to nafamostat treatment
(see Supplementary Table 2). Notably, the nafamostat treatment
caused a reversal of the expression, back to baseline levels, of several
of the genes that were induced by the HDM sensitization. The latter
supports the notion that nafamostat, at least partly, can block the
effects of HDM sensitization on global gene expression patterns in
the lung. Using the enhanced volcano plot the profound effects of
HDM sensitization on the lung transcriptome (Figure 5C; see also
Supplementary Table 1), and the marked effects of nafamostat on the
lung transcriptome in HDM-sensitized mice (Figure 5D; see also
Supplementary Table 2) were visualized. The gene expression
patterns in the lungs of control- vs. HDM-sensitized mice and in
HDM-sensitized vs. HDM-sensitized/nafamostat-treated mice were
also hierarchically clustered and presented as a heat map (Figure 6).
Overall, these analyses reveal extensive effects of the HDM
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FIGURE 4

Effects of nafamostat on goblet cell hyperplasia and smooth muscle layer thickness in mice subjected to HDM-induced experimental asthma. Mice
received either PBS or HDM extract twice a week for 6 weeks. Mice were treated with vehicle or with nafamostat (20 mg/kg) 30 min prior to each
HDM extract instillation. Control mice were treated with PBS only. Goblet cell hyperplasia (A) and smooth muscle layer thickness around the primary
bronchi (B) were quantified by Periodic Acid — Schiff (PAS) staining. Representative images for PAS staining (x 40 original magnification) are shown.
Data represent mean values + SEM. **P < 0.01, ****P < 0.0001 vs. the PBS group. #P < 0.05 vs. the HDM group. n = 4 — 5 mice per group. HDM,

house dust mite.

sensitization on the lung transcriptome, and also reveal profound
effects of nafamostat treatment on the lung transcriptome after
HDM sensitization.

To further address the effects of nafamostat on parameters of
HDM-induced allergic airway inflammation, enriched GO and
KEGG analysis was performed (the top 25 categories were
visualized). The GO analysis revealed that the HDM sensitization,
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as expected, caused significant effects on the transcription of genes
associated with immune responses, including the categories:
leukocyte chemotaxis and migration, regulation of cytokine
production and cytokine mediated signalling (Figure 7A).
Further, the GO analysis showed that several of these pathways
were suppressed by nafamostat (Figure 7B), providing further
support for an anti-inflammatory impact of nafamostat on
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FIGURE 5

Effect of nafamostat on gene expression in lungs from mice subjected to HDM-induced experimental asthnma. (A, B) Principal Component Analysis
(PCA) of the comparison between the control- (PBS) vs. HDM (A) and the HDM vs. HDM + nafamostat (20 mg/kg) (B) groups. (C, D) Comparison of
the differentially expressed genes (DEGs) between the control- (PBS) vs. HDM (C) and the HDM vs. HDM + nafamostat (20 mg/kg) (D) groups, by
volcano plot analysis using the EnhancedVolcano package of R. Each dot represents a single gene. The x-axis depicts the log (base 2) of the fold
change (FC), while the y-axis represents the negative log (base 10) of p-value. DEGs were identified as p < 0.05 and log2 FC > 1

allergic airway responses. Similarly, enriched KEGG analysis
provided further support for a strong association between the
HDM sensitization and pathways related to inflammation and
immunity, including categories such as: cytokine-cytokine
receptor interaction, chemokine signalling, IL-17 signalling
pathway, toll-like receptor signalling, asthma, c-type lectin
receptor pathway and ECM-receptor interaction (Figure 7C).
Moreover, the KEGG analysis supported an anti-inflammatory
impact of nafamostat on such pathways, including categories such
as: cytokine-cytokine receptor interaction, asthma, and IL-17
signalling pathway (Figure 7D). Altogether, these findings
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highlight the profound effects of HDM sensitization on the lung
transcriptome, and also that nafamostat has the capacity to partly
block the effects of HDM sensitization on pro-inflammatory gene
expression in the lungs.

Further analysis by gene set enrichment analysis on the KEGG
pathways revealed that the HDM sensitization induced a positive
enrichment of 62 pathways and negative enrichment of 49
pathways. The top positively enriched pathways (activated) that
were mapped in response to HDM were: asthma, IL-17 signalling,
linolenic acid metabolism, cytokine-cytokine receptor interaction,
toll-like receptor signalling, chemokine signalling and c-type lectin
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FIGURE 6

Heatmap constructed with hierarchical clustering to compare gene
expression patterns in the control- (PBS) vs. HDM and the HDM vs.
HDM + nafamostat (20 mg/kg) groups. n = 3 — 4 mice per group.
HDM, house dust mite. n = 3 — 4 mice per group. HDM, house dust
mite.

receptor signalling (Figure 8A and Supplementary Table 3). The
pathways that were negatively enriched (suppressed) in response to
HDM sensitization included: Hippo signalling, Rapl signalling,
circadian entrainment, ECM-receptor interaction and Wnt
signalling (Figure 8A and Supplementary Table 3). Moreover, a
total of 46 pathways were positively enriched in HDM-sensitized/
nafamostat-treated vs. HDM-sensitized mice, including several
categories related to cardiomyopathy, and also including several
of those categories that were associated with the HDM sensitization:
Hippo signalling pathway, circadian entrainment, ECM-receptor
interaction, Rap1 signalling (Figure 8B and Supplementary Table 4).
Further, 8 pathways were shown to be suppressed by the nafamostat
treatment. Importantly, “asthma” was one of the major pathways
that was suppressed by the nafamostat treatment. Nafamostat also
suppressed several other pathways, including the categories:
linolenic acid metabolism, ribosome, oxidative phosphorylation,
complement and coagulation cascades and cytokine-cytokine
receptor interaction (Figure 8B and Supplementary Table 4).
Hence, these findings provide further support for an ameliorating
effect of nafamostat on the pro-inflammatory gene expression
patterns that are associated with allergic airway inflammation.
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To further validate the effects of HDM sensitization and
nafamostat on the gene expression patterns in the lung, we
performed qPCR analysis. To this end, we focused on genes of
particular relevance in asthmatic settings, including genes involved
in eosinophil chemotaxis. These assessments thus included an
analysis of the expression of Ear2, Ear6, Clec7a, Slc26a4, Fcerlg,
CCL8, CCL9 and CCL11. In concordance with the transcriptome
analysis, qPCR analysis supported that HDM-sensitized mice
display a significant increase in the expression of all these genes
in lung, when compared with control mice (Figures 9). Further, it
was demonstrated that treatment of HDM-sensitized mice with
nafamostat caused a significant attenuation of the expression of
clec7a (Dectin-1), CCL8, CCL9 and Ear6 (Figure 9), and a trend of
reduced Slc26a4 and CCLII expression (Figure 9), whereas no
effects of nafamostat on Fcergl or Ear2 expression were seen.

Discussion

It has been extensively documented by using various
experimental models of asthma that HDM exposure triggers
airway inflammation associated with increased infiltration into
the lungs of various immune cells, including eosinophils,
lymphocytes, neutrophils and macrophages, and that this is
accompanied by an increase in AHR, goblet cell hyperplasia,
smooth muscle thickening and airway remodelling (30-32). In
agreement with this, the current study supports that HDM
sensitization promotes the development of such cardinal features
of asthma. The present study also extends our knowledge of how
HDM sensitization promotes the development of allergic airway
inflammation, through an extensive transcriptome analysis of the
gene expression alterations that occur in response to the allergic
sensitization. Notably, the HDM sensitization caused profound
alterations in the gene expression patterns of the lung, in
particular by affecting pathway related to immunological processes.

Many of the inflammatory cells that are recruited by the HDM
exposure have the capacity to secrete large amounts of proteases,
and it is also notable that HDM extracts contain several types of
proteases (8, 9). Hence, the HDM sensitization can potentially cause
an imbalance between proteolytic activity and corresponding
mechanisms to block such activities. Indeed, previous studies
have suggested that such an imbalance between proteolytic
activity and corresponding protease inhibition, executed by
various physiological protease inhibitors such as o-1-antitrypsin,
is one of the major factors in asthma pathogenesis (21). Hence, a
potential strategy to intervene with asthma could be to administer
inhibitors to those proteases that are operative in the pathogenesis
of asthma, and several studies have previously reported beneficial
effects of such inhibitors in asthmatic settings (15). Based on these
notions, we here assessed the effects of nafamostat in HDM-induced
airway inflammation and show that this protease inhibitor alleviates
cardinal features of asthma, including the recruitment of airway
inflammatory cells, peribronchial inflammation, AHR, goblet cell
hyperplasia and smooth muscle layer thickening. Hence, our study
supports the possibility of using nafamostat as a novel treatment
regimen in human asthma.
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Nafamostat is known as a highly selective inhibitor of mast cell
tryptase (23), and our findings thus suggest that suppression of mast
cell tryptase activity can account for the ameliorating effect of
nafamostat on asthma features in the HDM model. In agreement
with this scenario, mast cell tryptase has been extensively linked to
the pathology of asthma, both in various animal models and also in
severe asthma in humans [reviewed in (6)]. For example,
administration of tryptase into lungs of sheep and mice are
known to trigger asthma-like symptoms and exposure of human
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or guinea pig bronchi to tryptase leads to airway contraction (33-
36). In further agreement with this, tryptase knockout mice develop
less severe AHR than wild-type counterparts in an ovalbumin-based
asthma model (37). However, it should be noted that nafamostat, in
addition to inhibiting mast cell tryptase, can have effects on multiple
other serine proteases, in particular at higher concentrations (23).
Hence, we cannot exclude that the effects of nafamostat observed in
this study is a result of the combined inhibition of mast cell tryptase
and other types of serine proteases.
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n =3 — 4 mice per group. HDM, house dust mite.

Regardless of the major protease target for nafamostat in the
HDM-sensitization setting, our findings provide extensive insight
into the mechanism behind its effects on allergic airway
inflammation. One important finding was that nafamostat caused
a reduction in the levels of several cytokines in the airway lumen of
HDM-sensitized mice, including KC/CXCL1, TARC/CCL17 and
MIP-17/CCL9. Of these, CXCL1 is involved in neutrophil
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recruitment (38), TARC/CCL17 promotes Th2 cell recruitment
(32), and MIP-1y/CCL9 has a role in monocyte recruitment and
in the release of mediators from activated eosinophils (39-41). The
suppression of these cytokines by nafamostat could thus, at least
partly, account for its anti-inflammatory impact in the allergic
setting. It is notable that several types of cytokines require
proteolytic processing to become fully active (32, 42, 43). Hence,
nafamostat-sensitive proteases could have a role in such
activating proteolysis.

We also noted that nafamostat caused a reduction in the levels
of VCAM-1, which has a key role in the recruitment of leukocytes in
inflammatory settings (44, 45). The appearance of this compound in
the BAL fluid of HDM-sensitized mice suggests that it is released by
proteolytic shedding from epithelial cell surfaces, and our findings
hence suggest that nafamostat could prevent such shedding by
inhibiting proteases that are responsible for this.

An intriguing finding in this study was that HDM-associated
airway inflammation is accompanied by an increased expression of
Dectin-1/Clec7a, implying that signalling downstream of this
receptor may contribute to the inflammatory response in this
setting. In agreement with such a scenario, it was previously
reported that HDM-induced airway inflammation was associated
with increased populations of CD11b" dendritic cells in mesenteric
lymph nodes, and that this effect was blunted in Dectin-1-deficient
(Clec7a™") mice (46). Notably, nafamostat caused a profound
inhibition of the expression of Dectin-1/Clec7a, as judged both by
the global transcriptomic analysis and by qPCR analysis, and it is
thus conceivable that the anti-inflammatory effect of nafamostat
may be related to its effects on Dectin-1/Clec7a expression.
However, further studies are required to identify the exact
mechanism by which nafamostat inhibits Dectin-1/
Clec7a expression.

Further insight into the effect of nafamostat on HDM-
associated airway inflammation came from an unbiased
transcriptomics analysis. As expected, this revealed that the HDM
sensitization caused extensive upregulation of a large number of
genes coding for pro-inflammatory factors, including numerous
genes related to leukocyte migration/chemotaxis, cytokine
production and regulation of inflammatory responses.
Importantly, as judged by pathway analysis, “asthma” represented
the top upregulated gene category in HDM-sensitized vs. control
animals, hence verifying that the adopted protocol produced an
asthma-like condition. Hence, our findings provide an extensive
insight into the effects of HDM sensitization on gene expression
patterns in the lung. Considering that nafamostat ameliorates
several hallmark features related to asthma (airway
hyperresponsiveness, eosinophil recruitment, SMC thickness) it
would be expected that genes related to such parameters were
repressed by the inhibitor. Indeed, we noted that nafamostat caused
suppression of corresponding gene categories, with one of the top
Hence the
transcriptomics analysis provides further support for a beneficial

repressed gene categories being “asthma”.
impact of nafamostat on allergic airway inflammation.

Overall, our findings are largely consistent with previous studies
in which the effect of nafamostat has been assessed in various
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Nafamostat inhibits the expression of Dectin-1/Clec7a and chemokines in lungs of mice subjected to HDM-induced experimental asthma. Differential
expression of genes in response to nafamostat was validated by gPCR analysis. The analysis included Dectin-1/Clec7a, Ear6, CCL9, CCL8, Slc26a4,
CCL11, Fcerlg and Ear2. Data represent mean + SEM. *p < 0.05, **p < 0.01, ***p < 0.001 and ****p < 0.0001 vs. the control (PBS) group. *#P < 0.01,
##4p < 0.001 and ####p < 0.0001 vs. the HDM group. n = 4 mice per group. HDM, house dust mite.

models of asthma (27-29). However, previous studies on this topic
have only provided limited insight into the mechanism of action for
nafamostat in such settings. Specifically, in the study by Ishizaki
et al. (28), asthma-like conditions were induced by sensitization
with ovalbumin, whereas the present study and the studies by Lin
et al. and. Chen et al. (27, 29) utilized antigens from house dust
mite, the latter representing a physiologically more relevant model
for asthma than sensitization with ovalbumin. Further, whereas the
effects of nafamostat on tissue inflammation and smooth muscle
thickness was evaluated in the present study, these parameters were
not assessed in the studies by Lin et al. and. Chen et al. (27, 29).
Finally, this study, for the first time, evaluated global effects of
nafamostat on gene expression patterns and cytokine output
through unbiased approaches (transcriptomics, cytokine arrays)
whereas the studies by Lin et al. and. Chen et al. focused on
selected genes and cytokines (27, 29). Altogether, the present
study has thus led to a deeper understanding of how nafamostat
inhibition affects hallmark events associated with asthma, and has
also provided extensive knowledge of how nafamostat affects the
gene expression patterns during allergic airway inflammation
induced by HDM sensitization. Notably though, further work will
be required to identify the exact proteolytic target(s) for
nafamostat-sensitive proteases in the allergic airway inflammation
setting. We foresee that, based on this study, nafamostat may be
further considered as a potential therapeutic agent in the treatment
of human asthma.
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Materials and methods

Animals

Female BALB/c mice (8 — 9 weeks of age) were purchased from
Taconic Biosciences (Lille Skensved, Denmark). All procedures
were performed at the Swedish University of Agricultural
Sciences animal facility under protocols compliant with the EU
Directive 2010/63/EU for animal experiments and approved by the
local ethical committee (Uppsala djurférsoksetiska nimnd; Dnr
5.8.18-12873/2019). Mice were acclimatized for one week in the
experimental room prior to the start of the experiment. Mice were
lightly anaesthetized with isoflurane using a portable isoflurane
vaporizer. Anaesthetized mice were instilled with 10 pg of house
dust mite (HDM) extract reconstituted in 30 ul PBS
(Dermatophagoides pteronyssinus, CiteQ BV, Groningen,
Netherlands) intranasally twice a week for three weeks. Control
mice received 30 ul PBS via the intranasal route. To investigate the
efficacy of nafamostat on asthmatic features, nafamostat (20 mg/kg)
(Sigma-Aldrich, St Louis, MO) or vehicle (3% acetic acid in PBS)
were administered thirty minutes before each PBS and/or HDM
instillation via the intraperitoneal route. A total of 48 mice were
used in two individual experiments and the mice were allocated to
the following experimental groups: PBS (n = 8), HDM (n = 9),
HDM + vehicle (n = 9), nafamostat (20 mg/kg) (n = 8) and HDM +
nafamostat (20 mg/kg) (n=9).
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Measurement of airway hyperreactivity

Twenty-four hours after the last HDM instillation, airway
hyperreactivity (AHR) was measured using a Buxco small ventilator
(Buxc0® FinePointe Resistance and Compliance, Winchester, UK).
Mice were anaesthetized with pentobarbital sodium (50 mg/kg; Sigma-
Aldrich), and a tracheostomy was performed to insert a 20-gauge
needle. Mice were kept under ventilation at 160 breaths/minute with a
tidal volume of 0.25 mL. Mice were acclimatized to the ventilator
before measuring the baseline. Lung resistance (R;) and dynamic
compliance (Cgyn) were measured using a dose-response curve for
methacholine by administering increasing doses of nebulized
methacholine (0 - 50 mg/mL; Sigma-Aldrich).

Blood and bronchoalveolar lavage
collection and analysis

Immediately after measuring lung function parameters, blood
was collected and centrifuged at 2300 x g for 15 minutes at 4°C and
serum was separated to measure HDM-specific IgE using ELISA
(Chondrex, Woodinville, WA) following the manufacturer’s
instructions. For bronchoalveolar lavage (BAL), the cannulated
lungs were lavaged twice with 0.5 mL of sterile Hanks Balanced
Salt Solution (HBSS). The collected BAL fluid was centrifuged at 600
x g for 10 min at 4°C. Supernatants were collected for analysis of
cytokines and chemokines, while the cell pellet was resuspended in 1
mL sterile HBSS for enumeration of total and differential cell counts.
For total cell counts, a hemocytometer was used. For differential
leukocyte counts, cytospins were performed by spinning 100 pl cell
suspensions onto glass slides at 26 x g for 5 min using a cytospin
centrifuge. Cells were stained with May Griinwald/Giemsa, and a
minimum of 200 cells per slide cells were counted. Cytokines levels in
the BAL fluid were measured using the C3 Mouse Cytokine Array
(RayBiotech, Norcross, GO) according to the manufacturer’s
instructions by pooling the individual samples within the group.
Signal pixel density assessment was conducted by using the Image]J
software (https://imagej.nih.gov/ij/).

Lung histology

After BAL fluid collection, the right lung lobes were ligated,
dissected and snap-frozen in liquid nitrogen and stored at -80°C for
gene and protein analysis. The left lung lobes were inflated with 0.5
mL buffered formalin via the trachea cannula and trachea were
sealed and fixed in buffered formalin. Formalin-fixed lobes were
embedded in paraffin and 6 um sections were prepared using a
microtome. Sections were dewaxed and dehydrated by treatment
with xylene, followed by a series of graded alcohol. Dewaxed lung
sections were stained with haematoxylin and eosin (H&E) (30).
Airway tissue inflammation was quantified by scoring the
inflammatory cell infiltrate surrounding the airway using a semi-
quantified score method ranging from 0-4 (0: no inflammatory cell
infiltrates around the airway, 1: low-level cell infiltrates around part
of the airway, 2: moderate cell infiltrates around part of or entire
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airway, 3: significant inflammatory cell infiltrate around part of or
entire airway, 4: airway surrounded by inflammatory cell infiltrates).
To study eosinophil infiltration, lung sections were stained with the
chromotrope 2R (47). Bright red nuclei-stained cells around the
airways were counted with a Nikon Microphot-FXA microscope
using a 40 x objective lens and the Eclipse Net software.

To determine goblet cell hyperplasia and mucus production,
airway sections were stained with periodic acid-Schiff's (PAS). The
number of goblet cells per um of the airway epithelial layer was
counted using a Nikon Microphot-FXA microscope with a 40 x
objective lens and the Eclipse Net software (version 1.20, Developed
by Laboratory Imaging, Prague, Czech Republic). The smooth muscle
layer thickness around the airways was measured on the PAS-stained
sections by measuring the thickness of every 30 um basement
membrane around the airways with a Nikon Microphot-FXA
microscope and the Eclipse Net software; the average thickness was
calculated. All quantitative histological assessments were performed
and quantified by trained investigators in a blinded manner.

Transcriptomic analysis

Snap-frozen upper portions of the left lung lobes from separate
experiments were grounded in liquid nitrogen, and RNA was
extracted using the Qiagen RNeasy® plus mini kit (Hilden,
Germany) following the manufacturer’s instructions. cDNA
libraries were created and amplified using the Ion AmpliSeqTM
Transcriptome Mouse Gene Expression Kit (Life Technologies,
Carlsbad, CA) following the protocol of the manufacturer; the
sequencing was performed on an Ion s5™ XL Sequencer
(Thermo Fisher Scientific, Waltham, MA). Generated data had
read lengths with an average of 98-110 bp and high mapping
(95% of aligned bases). Normalized expression values generated
by the Torrent Suite' ™ Software (version 5.10.1) were used for
downstream differential gene expression analyses. The differential
gene expression analysis was performed using the R package
DESeq2 and genes with a log2FC>1 and an FDR-adjusted p-
value <0.05 were considered as differentially expressed genes. To
perform the gene enrichment analysis, we used the clusterProfiler
package on the R program; the gene ontology with the biological
process (BP) and KEGG pathway analyses were performed using
the enrichGO and enrichKEGG functions in the clusterProfiler
package (48). Functional enrichment analysis was performed using
the Gene set enrichment analysis (GSEA) and the enrichment terms
were considered significant with adjusted p < 0.05.

Quantitative RT-PCR analysis

Quantitative RT-PCR (qPCR) analysis was used for further
validation of the expression of selected genes. RNA concentration
and purity was measured using a NanoDrop device (ND-1000; Nano
Drop Technologies, Wilmington, Delaware). cDNA was prepared
using 1 ug of total RNA and the iScript cDNA synthesis kit (Bio-
Rad, Hercules, CA) following the manufacturer’s instructions.
Validated primers for selected genes were purchased from BioRad
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(Hercules, CA) and qPCR analysis was performed on a C1000 Touch
Thermal Cycler instrument (Bio-Rad, Hercules, CA) using the iTaq
Universal SYBR Green Supermix (Bio-Rad). Each sample was run in
duplicates and qPCR data analysis was performed using the Bio-Rad
CFX Maestro program. Gene expression levels were normalized to
glyceraldehyde 3-phosphate dehydrogenase (GAPDH) and the levels
of gene expression were quantified using the 27" method

Statistical analyses

Data are presented as mean values + SEM, as analysed using
GraphPad Prism 8.0. Two-way ANOVA statistical analysis was
conducted to compare the in vivo lung function measurements
between the experimental groups in response to the methacholine
dose-response curve using the Bonferroni post-hoc analysis. For the
rest of the experimental endpoints, one-way ANOVA was
performed for statistical comparison between the treatment
groups using Tukey post-hoc multi-comparison analysis.
Differences between the experimental groups were regarded
statistically significant when the p-value reached <0.05.
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