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Targeting carboxypeptidase A/B activity with the phosphinic inhibitor
C28 reduces the asthmatic response in a mouse model of house dust
mite-induced asthma
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Abstract

Objective Metallo-carboxypeptidases are implicated in several pathological contexts but their role in asthma and their
potential as therapeutic targets in asthmatic settings are only partly understood. This study sought to investigate whether
inhibition of carboxypeptidase activity of A and B-type could mitigate asthma-like symptoms in a mouse model of allergic
airway inflammation.

Methods BALB/c mice were sensitized and challenged with repeated intranasal instillations of 10 pg house dust mite
extract. Prior to each instillation, groups of mice received intraperitoneally from 0.2 to 1 mg/kg of compound 28, a phos-
phinic inhibitor of A/B-type carboxypeptidases. Manifestations of asthma-like features were assessed, including airway
hyperresponsiveness, airway inflammation, lung histopathology and inflammatory markers.

Results Treatment with compound 28 protected against airway hyperresponsiveness and profoundly reduced the house
dust mite-induced inflammation both in airways and in lung tissue. Moreover, compound 28 could mitigate airway smooth
muscle and goblet cell remodelling as well as inflammatory gene expression in the lungs.

Conclusions Compound 28 could suppress multiple features of asthma in a physiologically relevant mouse model, reinforc-
ing the potential of targeting A/B type carboxypeptidases for therapeutic purposes in allergic asthma.
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environmental factors and immune responses [1]. Current
treatments primarily focus on preventing exacerbations and
managing the symptoms through the use of inhaled cortico-
steroids, bronchodilators, leukotriene modifiers and biolog-
ics. Despite these therapeutic interventions, asthma remains
a significant public health challenge due to its rising preva-
lence currently affecting around 300 million people glob-
ally and the occurrence of severe cases that are refractory
to standard therapies. This underscores the need for novel
therapeutic interventions that can address the heterogene-
ity of the disease and provide effective management for
all asthma phenotypes, particularly those unresponsive to
existing treatment modalities.

The M14 family of metallo-carboxypeptidases (MCPs)
comprises zinc-containing enzymes that cleave off C-ter-
minal amino acids from proteins and peptides. These
MCPs are classified into subfamilies based on amino acid
sequence homology and structure, of which the A/B sub-
family (M14A), and the N/E subfamily (M14B) are of major
importance for human physiology. The M14A subfam-
ily includes the mast cell-restricted carboxypeptidase A3
(CPA3) [2, 3], the pancreatic CPA1, CPA2, and CPB1, the
intestinal CPO, and the plasma MCP, CPB2, which is also
denoted thrombin-activatable fibrinolysis inhibitor (TAFI),
or CPU. They have distinct but related genomic structures,
tissue locations and roles, as well as specificity profiles [2].
Another subfamily, M14B, includes CPD, CPE, CPM, CPN
and CPZ that act as regulatory MCPs [4, 5]. MCPs play crit-
ical roles in various biological processes, such as the diges-
tion of dietary proteins, controlling fibrinolysis, processing
prohormones and neuropeptides, and mediating inflamma-
tory responses [4, 5]. Based on this, MCPs are currently
emerging as potential targets for therapeutic intervention in
various pathological contexts [4, 5].

Overall, there is only limited knowledge on whether the
MI14A family of MCPs can have an impact on asthma or
related lung disorders. Notably though, a series of clini-
cal investigations have suggested that there is an associa-
tion between CPA3 expression and asthma [6—8] and other
chronic lung diseases [9]. Moreover, both clinical and
experimental studies support a role for TAFI (CPB2) in
lung inflammation, including asthma. Similarly, a clinical
study revealed increased levels of TAFI in plasma of asthma
patients, which was decreased following allergen exposure
[10]. Increased levels of TAFI have also been observed
in nasal lavage fluids from chronic rhinosinusitis (CRS)
patients with asthma versus CRS patients without asthma
[11]. Further, in an experimental study of LPS-induced acute
lung injury, higher inflammatory responses and C5a levels
were found in TAFI-deficient versus wild-type mice, sug-
gesting a protective role of TAFI [12]. A protective role for
TAFI has also been reported in an ovalbumin-based mouse
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model for allergic asthma [13]. It is noteworthy that TAFI
in human blood is a proenzyme requiring cleavage for acti-
vation, and that its half-life there is only of 5-10 min [14].
Together, these findings suggests that MCPs of the M14A
family may contribute to the manifestations of asthma and
other inflammatory lung diseases, although their mechanism
of action are not fully understood. Additionally, another
MCEP, angiotensin-converting enzyme 2 (ACE2), of acute
medical protagonism in the last years through the COVID
pandemics, via its presence in the respiratory track epithe-
lium of the hosts [15], could be added to this landscape. One
potential indication is that increased expression levels of
ACE2 are found in sputum cells of severe asthmatics [16].

To evaluate the role of MCPs in allergic asthma, we
recently assessed the impact of Nerita versicolor MCP pro-
teinaceous inhibitor (NvCI), a potent and specific natural
CPA inhibitor [17], in a physiologically relevant asthma
model based on sensitization with house dust mite (HDM)
extract. This study revealed that NvCI suppressed the AHR
and goblet cell hyperplasia in sensitized animals [18]. These
findings implied that CPA activity related to the M14A fam-
ily of MCPs contributes to asthma pathology and, consider-
ing its association to human asthma and location in the lung
mucosa, mast cell CPA3 (a CPA-like protease) was consid-
ered as a primary candidate that might fulfil such a role.
However, a recent study demonstrated that genetic deletion
of CPA3 in mice had no effect on key features of asthma
in two experimental models [19]. These findings therefore
suggest that M14A-family MCPs other than CPA3 represent
primary effector MCPs in the regulation of asthma features.
To advance our knowledge of the role of MCPs in asthma,
and to approach a future clinical usage of MCP inhibitors in
the treatment of such conditions, we here assessed the impact
of two MCP inhibitors with specificity for CPA+CPB (the
first) or for CPA (the second)—compound 28 (C28) [20]
and compound 8 (C8) [21]—as active site-directed small-
molecule drugs. They have both a pseudo peptide core and
a phosphoryl function to chelate the catalytic zinc ion [20,
21] (see Supplementary Fig. 1 for exact chemical structure),
and have been assayed in an experimental mouse model of
asthma. We show that C28 but not C8 exhibited significant
protective effects against the cardinal features of asthma,
supporting the potential use of MCP inhibitors in future
asthma treatment.

Materials and methods

Measurement of IC50 for compound 8 and 28

CPA and CPB inhibition assays were performed in
96-well plates (Corning), in presence of 1.5 nM of
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bovine CPA1 (Sigma) or pig CPB (Sigma) with respec-
tively 100 pM of N-(4-Methoxyphenylazoformyl)-L-
phenylalanine-OH potassium salt (AAFF, BACHEM) or
N-(4-Methoxyphenylazoformyl)-L-Arginine-OH  potas-
sium salt (AAFA, BACHEM) in a final volume of 100 pl
of respectively 20 mM Tris—HCI (pH 7.5), 500 mM NaCl
and 0.05% w/v Brij®-35 or 20 mM Tris—HCI (pH 7.5),
100 mM NaCl and 0.05% w/v Brij®-35. Enzyme and
inhibitors were incubated for 15 min before the initiation
of the reaction by substrate addition. Assays were carried
out at 25 °C and absorbance was read at 355 nm every 30 s
for 15 min in a Multiskan Go multiwell microplate reader
(Thermo Scientific). For each inhibitor, percentage inhibi-
tion was determined in duplicate experiments at different
inhibitor concentrations, chosen to observe a 20-80% range
of inhibition.

In the case of TAFI, inhibition assays were performed in
presence of 10 nM of activated human TAFI with 100 uM
of N-(4-Methoxyphenylazoformyl)-L-Arginine-OH potas-
sium salt (AAFA, BACHEM) in a final volume of 100 ul of
20 mM Tris—HCI (pH 7.5), 100 mM NaCl and 0.05% w/v
Brij®-35. Human TAFI was first activated 30’ at 25 °C at
a concentration of 250 nM in presence of 20 nM of human
Thrombomodulin (Sigma) and 10 nM of human Thrombin
(Sigma). Activated enzyme and inhibitors were incubated
for 15 min before the initiation of the reaction by substrate
addition.

All Assays were carried out at 25 °C and absorbance was
read at 355 nm every 30 s for 15 min in a Multiskan Go
multiwell microplate reader (Thermo Scientific). For each
inhibitor, percentage inhibition was determined in duplicate
experiments at different inhibitor concentrations, chosen to
observe a 20-80% range of inhibition.

HDM-induced mouse model of asthma

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 com-
pliant with the EU Directive 2010/63/EU for animal experi-
ments and approved by the local ethical committee (Uppsala
djurférsoksetiska ndmnd; Dnr 5.8.18-12873/2019). Mice
were acclimatized for one week prior to experiments. Mice
were lightly anaesthetized with isoflurane using a portable
isoflurane vaporizer. Mice were then intranasally challenged
with 10 pg of house dust mite (HDM; Dermatophagoides
pteronyssinus, CiteQ BV, Groningen, Netherlands) extract
reconstituted in 30 pl PBS twice a week for three weeks.
Control mice received 30 ul PBS intranasally. We performed
two independent approaches to determine the efficacy of the
carboxypeptidase inhibitors C8 and C28, described earlier

[20, 21]. In the initial approach, C8 and C28 were admin-
istered intraperitoneally (0.2 mg/kg in PBS) 30 min before
each PBS and/or HDM instillation. In the second approach,
C28 was administered intraperitoneally (0.2 mg/kg or 1 mg/
kg in PBS) 30 min before each PBS or HDM instillation. As
vehicle controls, PBS was injected intraperitoneally 30 min
prior to each PBS or HDM instillation.

Measurement of airway hyperresponsiveness

Mice were anaesthetized with pentobarbital sodium (50 mg/
kg) via the intraperitoneal route, 24 h after the last HDM
instillation. Mice were cannulated with a 20-gauge blunt
needle and were connected to a small ventilator (Buxco®
FinePointe Resistance and Compliance, Winchester, UK)
to record the airway hyperresponsiveness (AHR). Mice
were ventilated at 160 breaths/min with a tidal volume of
0.25 mL. Lung resistance (R;) and dynamic compliance
(Cdyn) were recorded in response to 0—50 mg/mL metha-
choline, as previously described [22].

Bronchoalveolar lavage and differential cell counts

After measuring AHR, bronchoalveolar lavage (BAL) fluid
was collected from the cannulated lungs by inflating the
lungs twice with 0.5 mL of sterile Hanks Balanced Salt
Solution (HBSS). The collected BAL fluids were centri-
fuged at 600xg for 10 min at 4 °C. Cell pellets were resus-
pended in 1 mL sterile HBSS for enumeration of total and
differential cell counts. For total cell counts, a hemocytom-
eter was used. For differential leukocyte counts, cytospin
slides were prepared by centrifugating 100 pl cell suspen-
sions onto glass slides at 26Xg 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.

Lung histology

Lung histology was assessed by haematoxylin and eosin
(H&E) staining and airway inflammation was assessed by a
tissue scoring protocol [22,23]. Eosinophils around the air-
ways was visualized by chromotrope 2R staining [22]. Gob-
let cell hyperplasia, mucus production and smooth muscle
cell layer thickness was visualized by periodic acid-Schiff
(PAS) staining [22].

Quantitative RT-PCR analysis
Quantitative RT-PCR (qPCR) analysis was performed as

described [22]. The primers (Ccll1, Ccl8, Ccl9 and Clec7a/
Dectinl) were validated by the manufacturer (BioRad,
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Hercules, CA). The GAPDH primers were validated in

house and the sequences were as follows.

GAPDH F: TCAACA GCAACT CCCACT CTT
R: ACC CTG TTG CTG TAG CCG TAT

In vivo and ex vivo administration of C28 for
inhibitory assays in lungs and plasma

To investigate the in vivo inhibitor efficacy of C28 against
MCP activity, blood and lungs were collected thirty minutes
after intraperitoneal injection of naive mice with C28 (1 mg/
kg) or from untreated naive mice as controls. Plasma was
separated and stored at—80 °C. Lung lobes were immedi-
ately flash frozen using liquid nitrogen and then stored at—
80 °C. To investigate the ex vivo inhibitory effect of C28
during asthmatic and normal conditions, lungs collected
from HDM-instilled and naive mice were flash frozen and
stored at— 80 °C until used for preparation of lung homog-
enates. Lung homogenates were treated in triplicates with
0.1, 1 or 10 nM C28, and untreated samples were used as
controls in inhibition assays.

Lung extract preparation

Lung lobes taken directly from dry ice were weighed and
sheared in a Dounce homogenizer with ice-cold lysis buf-
fer at a concentration of 50 mg of tissue per mL of buffer.
The lysis buffer contained 10 mM Tris—HCl (pH 7.4), 4 M
NaCl, 0.1% w/v PEG 3350 and 1X of EDTA-free protease
inhibitor cocktail (Roche Diagnostics, Mannheim, Ger-
many). Homogenates underwent vortex agitation for 15 min
and were subsequently centrifuged at 16,000xg for 20 min.
Supernatants were used immediately for activity assays or
were frozen in liquid nitrogen and stored at — 80 °C for fur-
ther analysis.

Measurements of CPA inhibition

CPA activity assays were performed in 96-well plates, in
presence of 0.677 nM of bovine CPAl. Lung homoge-
nates and plasma samples were diluted to 200 pg of total
protein in reaction buffer, and plated in triplicate. A fixed
volume of substrate at a final concentration of 100 uM
was added to initiate the reactions. Plates were incubated
at 37 °C and absorbance was read at 340 nm every min-
ute for 90 min in a Victor3 multiwell microplate reader
(Perkin Elmer, Waltham, MA). The activity buffer con-
tained 20 mM Tris—HCI (pH 7.5), 500 mM NaCl, 1% v/v
DMSO and 0.05% w/v Brij®-35. The substrate used was
N-(4-Methoxyphenylazoformyl)-L-phenylalanine-OH
potassium salt (AAFP), and a stock solution of | mM was
prepared in activity buffer.
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Measurements of CPB inhibition

CPB activity and inhibition assays were performed in
96-well plates, in the presence of 3 nM of CPB1 from por-
cine pancreas. For the activity assays, homogenates and
plasma samples were diluted to 200 pg of total protein in
reaction buffer, and plated in triplicate; for the inhibition
assays, homogenates were also diluted to 200 pg of total
protein in reaction buffer, and plated in triplicate in presence
of 0.1, 1 or 10 nM of C28 (untreated conditions were used
as controls). A fixed volume of substrate at a final concen-
tration of 100 uM was added to initiate the reactions. The
plates were incubated at 37 °C, and absorbance was read
at 340 nm every minute for 90 min in a Spark Multimode
Microplate Reader (Tecan, Switzerland). The activity buffer
contained 20 mM Tris—HCI pH 7.5, 100 mM NacCl, 1% v/v
DMSO and 0.05% w/v Brij®-35. The substrate used was
N-(4-Methoxyphenylazoformyl)-Arginine-OH  potassium
salt (AAFA), and a stock solution of 1 mM was prepared in
activity buffer.

Measurements of ACE2 inhibition

ACE2 activity and inhibition assays were performed in
96-well plates, in presence of 3 nM of mouse recombinant
ACE2. For the activity assays, homogenates and plasma
samples were diluted to 200 ug of total protein in reaction
buffer, and plated in triplicate in; for the inhibition assays,
homogenates were also diluted to 200 pg of total protein in
reaction buffer, and plated in triplicate in presence of 0.1, 1
or 10 nM of C28 (untreated conditions were used as con-
trols). A fixed volume of substrate at a final concentration of
10 uM was added to initiate the reactions. The plates were
incubated at 37 °C, and fluorescence was read (excitation at
320 nm and emission at 405 nm) every minute for 90 min in
a Spark Multimode Microplate Reader (Tecan, Switzerland).
The activity buffer contained 50 mM Tris—HCI (pH 7.5), IM
NaCl. The substrate used was Mca-Y VADAPK(Dnp)-OH
Fluorogenic Peptide Substrate.

Statistical analyses

All data are represented as mean values+=SEM and were
analyzed using GraphPad Prism 8.0. Two-way ANOVA
analysis was performed to compare the in vivo lung function
measurements between the experimental groups in response
to the methacholine dose-response curve, using the Tukey
post-hoc analysis. For the other experimental data, one-way
ANOVA was performed to compare the difference between
the treatment groups, using Tukey post-hoc multi-compari-
son analysis. Data was considered as statistically significant
when p-values were<0.05.
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Results

Inhibitory efficacy of compounds C8 and C28
against CPA and CPB activity, and of C28 against
ACE2 activity

The inhibitory efficacy of the two compounds, C8 and C28,
was evaluated by measuring their half-maximal inhibitory
concentrations (IC50) values for inhibition of CPA1, CPBI
and CPB2/TAFI, which are displayed at Table 1, together
with previous reference analysis, particularly on previous
publications on the synthesis and characterization of C28
and C8 inhibitors [20, 21]. These analyses showed that C8
could potently inhibit CPA2 at nM concentrations but was
unable to efficiently block the proteolytic activity of CPB1
and CPB2, confirming that C8 is highly specific for CPA
activity. In contrast, C28 could efficiently inhibit CPA1,
CPA2 and CPBI1 and in a minor extent CPB2, demonstrat-
ing that C28 exhibits broader inhibitory activity against
both CPA and CPB activity. The inhibitor constant for C28
against ACE2 activity is also displayed in Table 1, from Ref
[20].

C28 but not C8 at low dose exhibits partial
protective effects against HDM-induced
inflammatory responses

In initial experiments, we performed a small-scale direct
comparison of C8 and C28 for their ability to suppress
HDM-induced airway inflammation and AHR. For this,
we administered low doses of the two MCP inhibitors (C8
and C28; 0.2 mg/kg) via the intraperitoneal route (outlined
in our experimental scheme; Suppl Fig. 2A). As expected,
exposure of mice to HDM induced a pronounced increase
in airway inflammation as demonstrated by an increase in
BAL total cells, eosinophils, lymphocytes, neutrophils and
macrophages (Suppl Fig. 2B—F). No signs of inflammation
were observed in control groups treated with C8 and C28
alone (Suppl Fig. 2B-F). Further, treatment of HDM-chal-
lenged mice with C28 resulted in a reduction of the numbers
of lymphocytes infiltrating the airways (Suppl Fig. 2D), and

Table 1 Inhibitor constant (K;) or half-maximal inhibitory concentra-
tions (IC50) for compounds 28 and 8 against CPA1, CPA2, CPBI,
CPB2/TAFI, and ACE2*

Inhibitor K,® or IC50° (nM)

bCPAI® bCPA2° pCPBI® hCPB2/TAFI° hACE2"
C28 0.5 <0.1 0.6 98 0.15
C8 0.25 3.9 >10,000 >10,000 ND

*TAF]I, thrombin-activatable fibrinolysis inhibitor; b, bovine; p, por-
cine; h, human; ND, not determined

"Values from A. Mores et al., 2008, J Med Chem and G. Covaleda et
al., 2019, ] Med Chem, on Refs. [20, 21]

“Experimental values (from this work)

also a reduction of the tissue inflammation and tissue eosin-
ophilia (Suppl Fig. 2G-H). In contrast, C8 did not cause
any reduction of airway inflammatory parameters (Suppl
Fig. 2B-H).

The effects of low doses of C8 and C28 on HDM-induced
airway hyperresponsiveness (AHR) was also assessed. An
increased lung resistance (R;) (Suppl Fig. 3A) with no
change in dynamic compliance (Cdyn) (Suppl Fig. 4A)
were observed in HDM group when compared to PBS.
Furthermore, the analyses also revealed that C28, but not
C8, tended to reduce the HDM-induced AHR. The effects
of low doses of C8 and C28 on HDM-induced goblet cell
hyperplasia was also assessed. As seen in Suppl Fig. 3B,
HDM challenge led to marked goblet cell hyperplasia (as
evidenced by periodic acid-Schiff (PAS) staining), but the
low-dose administration of either C8 or C28 did not sig-
nificantly affect the goblet cell hyperplasia. Notably though,
a trend of reduced goblet cell hyperplasia was observed in
response to C28 (Suppl Fig. 3B).

Together, this small-scale direct comparison of C8 and
C28 indicated that C28 has a dampening effect on airway
inflammatory parameters in an asthmatic setting, whereas
C8 appeared to be without effect. In the next set of experi-
ments, we therefore performed a more in-depth analysis
of the effect of C28 on inflammatory parameters and AHR
induced by HDM sensitization.

C28 has profound protective effects against HDM-
induced inflammation

To further assess the efficacy of C28 against HDM-induced
detrimental features of asthma, we performed experiments
in which C28 was administered at both a low (0.2 mg/kg)
and high (1 mg/kg) dose intraperitoneally, 30 min before
each HDM challenge (see Fig. 1A). This showed that treat-
ment with C28 at both low- and high dose attenuated HDM-
induced airway inflammation, as shown by significantly
reduced BAL infiltration of total cells, eosinophils, lympho-
cytes and neutrophils (Fig. 1B—E). In contrast, no change in
macrophage numbers was observed in response to high- or
low dose C28 treatment (Fig. 1F).

To further assess the anti-inflammatory effects of C28,
we measured the tissue inflammation around the airways
and enumerated eosinophils. As seen in Fig. 2, a significant
elevation of tissue inflammation was seen in the HDM-
challenged versus control mice. Further, treatment of mice
with C28, at both low and high doses, attenuated the HDM-
induced tissue inflammation around the airways (Fig. 2).
This was accompanied by reduced tissue eosinophilia

(Fig. 3).
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A Vehicle, C28 0.2 and 1mg/kg administered intraperitoneal 30

minutes prior to each HDM challenge
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Fig. 1 C28 at low and high doses inhibits airway inflammation in neutrophils (E) and macrophages (F) in the bronchoalveolar lavage

HDM-induced experimental asthma. A Mice received either PBS or fluid were quantified. Data represent mean values+SEM. **P<0.01,
HDM extract twice a week for 3 weeks. Mice were treated either with *¥**%P<0.001 and ****P<0.0001 versus the PBS group. #P<0.05,
C28 atlow (0.2 mg/kg) or high (1 mg/kg) dose intraperitoneally 30 min ##P<0.01 and ###P<0.001 versus the HDM group. N=6-10 mice
prior to each HDM instillation. Control mice were treated with PBS per group. HDM=house dust mite

only. The number of total cells (B), eosinophils (C), lymphocytes (D),
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Fig.2 C28 at low and high doses inhibits tissue inflammation in HDM-
induced experimental asthma. Mice received either PBS or HDM
extract twice a week for 3 weeks. Mice were treated either with C28 at
low (0.2 mg/kg) or high (1 mg/kg) dose intraperitoneally 30 min prior
to each HDM instillation. Control mice were treated with PBS only.
Tissue inflammation was assessed after staining of lung sections with
hematoxylin and eosin (H&E). Arrows indicate leukocyte infiltrates.

C28 protects against HDM-induced airway
hyperresponsiveness and goblet hyperplasia

We next assessed whether low- and/or high doses of C28
can suppress HDM-induced AHR (in response to metha-
choline). As expected, challenge of mice with HDM alone
induced a significant rise in R; as compared with vehicle
controls (Fig. 4A). In contrast, no effects of HDM sensi-
tization on dynamic compliance (Cdyn) were seen (Suppl
Fig. 4B). Notably, the HDM-induced AHR was significantly

HDM + Vehicle

W

WL

C28 1 mg/kg

Scale bars: 100 um. Images of the respective whole lung sections are
shown in Supplementary Fig. 5A. Quantification of tissue inflamma-
tion by scoring is shown below. Data represent mean values+SEM.
**#P<0.001 and ****P<0.0001 versus the PBS group. ##P<0.01
and ###P<0.0001 versus the HDM group. N=6-10 mice per group.
HDM =house dust mite

mitigated by treating the mice with either low- or high doses
of C28, whereas vehicle alone had no effect (Fig. 4A). More-
over, administration of C28 alone did not affect baseline
reactivity to methacholine, although a non-significant trend
of increased reactivity against methacholine was observed
in mice given the higher dose of C28.

We also examined whether C28 could affect goblet cell
hyperplasia, as assessed by PAS staining of histological sec-
tions, followed by the quantification of PAS" cells in the
airway epithelia. These assessments revealed a significant
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Fig.3 C28 at both low and high doses inhibits tissue eosinophil inflam-
mation in HDM-induced experimental asthma. Mice received either
PBS or HDM extract twice a week for 3 weeks. Mice were treated
either with C28 at low (0.2 mg/kg) or high (1 mg/kg) dose intraperi-
toneally 30 min prior to each HDM instillation. Control mice were
treated with PBS only. Tissue eosinophilia was assessed after stain-
ing of lung sections with chromotrope 2R. Eosinophils are shown in

goblet cell hyperplasia in response to HDM challenge,
which was mitigated by administration of C28 at both the
low- and high dose, but not by administration of vehicle
alone (Fig. 4B).

High-dose C28 prevents HDM-induced thickening of
airway smooth muscle layer

Smooth muscle proliferation and thickening of the airway

smooth muscle layer is a characteristic feature of asthma,
which promotes airway remodeling and AHR. As seen in
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inserts with higher magnifications. Scale bars: 100 um. Images of the
respective whole lung sections are shown in Supplementary Fig. 5B.
Quantification of eosinophils is shown below. Data represent mean
values£SEM. *P<0.05, ***P<0.001 and ****P<0.0001 versus the
PBS group. #P<0.05 and ##P<0.01 versus the HDM group. N=6-10
mice per group. HDM =house dust mite

Fig. 5, thickening of the smooth muscle layer around the air-
ways was evident in HDM-challenged mice that were either
untreated, treated with low dose C28 (0.2 mg/kg), or given
only vehicle. In contrast, a blockade of HDM-induced thick-
ening of the smooth muscle layer was seen upon treatment
with the high dose of C28 (1 mg/kg) (Fig. 5).
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€28 mitigates HDM-induced inflammatory gene
expression in the lungs

In a previous study we showed that sensitization of mice
to HDM could induce the expression of genes coding for
various inflammatory markers, including Ccl8, Ccl9, Ccll1
and Clec7a/Dectinl [22]. To explore whether the observed
anti-inflammatory effects of C28 are reflected by effects
on inflammatory gene expression, we assessed whether
C28 treatment could affect the expression of these genes.
In agreement with previous findings, HDM sensitization
induced the expression of all these inflammatory markers,
ie., Ccl8, Ccl9, Cclll and Clec7a/Dectinl (Fig. 6A-D).
Furthermore, treatment of HDM-sensitized mice with C28
at both the low and high dose significantly attenuated the
expression of Ccl9 (Fig. 6A) and Ccl8 (Fig. 6B). Clec7a/
Dectinl expression was also reduced, although only in
mice treated with the high dose of C28 (Fig. 6C). In con-
trast, although an increased expression of Ccl11 was noticed
in response to HDM, no reduction in its expression was
observed in mice treated with C28, irrespective of the dose
(Fig. 6D).

C28 inhibits the MCP activity in both in vivo and ex
vivo conditions

Collectively, the results above indicate that C28 has ame-
liorating effects on various manifestations of HDM-induced
allergic lung inflammation, suggesting that enzymes of
MCP family can have a detrimental role in such settings.
In the next set of experiments, the aim was to approach the
nature of such asthma-promoting MCP activity, by assess-
ing the ability of C28 to inhibit different types of MCPs
in a lung- and plasma context. To this end, we employed
two different conditions: either in vivo by analyzing lungs
or plasma collected from naive mice injected i.p. with C28
(1 mg/kg), or ex vivo by adding increasing concentrations
of C28 (0.1, 1 or 10 nM) to lung extracts collected from
naive or HDM-challenged mice. In both cases, exogenous
CPA1 (as a representative for CPA-type MCPs), CPB1 (as
a representative for CPB-type MCPs) or ACE2 (implicated
in lung inflammatory responses) was added to the lung
extracts or plasma, followed by measurements of residual
MCEP activities. These analyses revealed that in vivo treat-
ment with C28 translated into efficient inhibition of CPA1
within lung extracts, whereas a lower extent of CPB1 and
ACE?2 inhibition was seen (Table 2). Further, efficient inhi-
bition of all three MCPs, in particular CPA1, was seen in the
plasma context (Table 2).

To further assess the possible impact of C28 on CPB-
type MCPs and ACE2, a dose response experiment was

performed. This revealed a dose dependent inhibition
of CPBI1 in lung extracts to which C28 had been added
(Table 3).

Notably, CPB1 inhibition was seen both in extracts from
control- and HDM-sensitized mice (Table 3). In contrast,
only a weak inhibition of ACE2 activity by C28 was seen
when using this approach, irrespective of the C28 con-
centration (Table 4). Together, these findings suggest that
CPA-like- and CPB-like MCPs may be the primary targets
for C28 to explain its dampening effects on allergic lung
inflammation.

Discussion

MCPs of the M14A family are implicated in a range of both
physiological and pathological contexts [24, 25]. Based on
this, inhibition of such enzymes is currently considered for
possible therapeutic purposes. Accordingly, several low
molecular weight MCP inhibitors have been developed [26,
27]. In the present study, we evaluated two such inhibitors,
C8 [21] and C28 [20] for their possible impact in a mouse
model for allergic asthma. Notably, we used an asthma
model that is of high physiological relevance, being based
on one of the major allergens responsible for the devel-
opment of human asthma—house dust mite (HDM)[28].
Hence, it is therefore reasonable to assume that the findings
generated in this mouse model setting may be translated into
human, corresponding conditions.

Our findings reveal that one of the tested compounds,
C28, had strong anti-inflammatory properties. This was,
firstly, manifested as an inhibitory impact on the infiltration
of several inflammatory cells into the BAL fluid of mice
sensitized and challenges with HDM extract. Importantly, a
marked decrease was seen in the infiltration of eosinophils,
these cells representing major detrimental cell populations
in allergic asthma [29]. In addition, a reduced lymphocyte
and neutrophil infiltration was also seen, whereas mac-
rophage infiltration into the BAL fluid was not affected.
Importantly, the anti-inflammatory effects of C28 were also
translated into effects on the actual lung tissue, in which
markedly lower tissue inflammation was seen after treat-
ment of mice with C28. As for the BAL fluid, a marked
reduction of eosinophil infiltration into the lung tissue was
seen in response to C28. Hence, C28 has a strong capacity to
block inflammatory cell accumulation in this model of aller-
gic lung inflammation, and we also noted that this capac-
ity was reflected by a dampening impact on the expression
of important pro-inflammatory chemokines and also on
Clec7a, the latter being a cell surface receptor which has
been implicated as key factor in the development of asthma
[30].
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{ Fig.4 C28 at both low and high doses inhibits AHR and goblet hyper-
plasia in HDM-induced experimental asthma. Mice received either
PBS or HDM extract twice a week for 3 weeks. Mice were treated
either with C28 low (0.2 mg/kg) or high (1 mg/kg) dose intraperitone-
ally 30 min prior to each HDM instillation. Control mice were treated
with PBS only. A Lung resistance (R;) was measured using a Buxco
FinePointe series instrument. B Goblet hyperplasia around the airways
in the lung sections was assessed by PAS staining. Arrows indicate
PAS" cells (goblet cells). Scale bars: 100 um. Images of the respective
whole lung sections are shown in Supplementary Fig. 6A. Quantifica-
tion of PAS™ cells is shown below. Data represent mean values+SEM.
*¥**%P<0.001 and ****P<0.0001 versus the PBS group. #P<0.05
and ###P<0.001 versus the HDM group. N=6-10 mice per group.
HDM =house dust mite

In addition to these effects on inflammatory cells, we
show that C28 has suppressive effects on goblet cell pop-
ulations, implying that C28 can relieve mucus production
under asthmatic conditions. Another important finding was
that C28 suppresses the airway responsiveness to metha-
choline in HDM-sensitized/challenged animals. AHR is a
hallmark event in allergic asthma, and the ability of C28 to
interfere with this symptom is hence a critical finding. In
agreement with its dampening effects on AHR, we demon-
strate that C28 (at the higher used dose) blocked the thick-
ening of the airway smooth muscle cell layer that is seen
in response to HDM sensitization. Together, our findings
thus show that C28 suppresses a range of cardinal features
related to allergic airway inflammation, and these findings
may thus encourage future initiatives to develop this com-
pound for therapeutic purposes in allergic asthma.

The findings reported here are clearly in line with a previ-
ous study, in which we showed that a natural MCP inhibitor
purified from Nerita versicolor, NvCl, suppressed multiple
inflammatory features in a mouse model for allergic asthma
[18]. However, NvCl is a protein, and is therefore not suit-
able as a therapeutic drug. In contrast, C28 is a low molecu-
lar weight, synthetic compound soluble in PBS, and can due
to these properties be a candidate for usage as a therapeutic.
An important finding in this study was that, after i.p. admin-
istration (in vivo), C28 reached the lung tissue in active
form, being able to strongly inhibit CPA-like and to some
extent CPB-like MCPs. Hence, C28 appears to have proper-
ties that are highly compatible with usage as a systemic drug
capable of blocking CPA-like and CPB-like activity.

Although the present findings show that MCP inhibition
has a capacity to block hallmark features of allergic asthma,
we are at present not able to pinpoint the exact molecular
target(s) for C28 under these conditions. Our initial hypoth-
esis was that mast cell CPA3 might represent a target, based
on the implication of CPA3 in human asthma [7, 31, 32].
However, we showed recently that the absence of CPA3
did not influence the outcome in a mouse model of asthma,
arguing against a major role for CPA3 in regulating aller-
gic asthma [19]. On the other hand, we cannot exclude that

CPA3, despite its redundancy in the mouse asthma model,
might have an impact on asthmatic settings in humans.
ACE2 is a MCP belonging to the M2 family that has pre-
viously been implicated in inflammatory lung conditions
such as COVID-19 [15] and severe asthma [16], and we
thus considered the possibility that ACE2 could contribute
to the symptoms seen in the HDM-asthma model. However,
we noted only weak inhibition of ACE2 by C28 under in
vivo and ex vivo conditions, arguing against that ACE2 is a
major significant target for C28. In contrast, more efficient
inhibition of CPA- and CPB-like MCPs was observed. We
may thus propose that such MCPs may represent targets for
C28 in HDM-induced asthma. Out of the two assessed MCP
inhibitors (C8 and C28) it has previously been shown that
C8 is a potent inhibitor of CPA-like MCPs but has no inhibi-
tory impact on CPB [20], which was also confirmed in the
present study (Table 1). In contrast, we found that C28 is a
potent inhibitor of both CPA- and CPB-like enzymes. Based
on this, we may propose that MCPs with CPB-like proper-
ties are major targets for C28 in the HDM-asthma setting,
at least by now.

The exact mechanism behind the anti-asthmatic effects
of C28 are intriguing, a key question being to identify the
putative MCP(s) having pro-inflammatory properties in the
HDM-asthma context. Previous studies have shown that
MCPs in fact can have anti-inflammatory activity, by cleav-
ing the C3a and C5a anaphylatoxins [33]. In other studies, it
has been shown that MCPs (TAFI) can have anti-fibrinolytic
activity, implying that its inhibition could lead to excessive
fibrin deposition, thereby contributing to asthma-associated
tissue remodeling. In line with the latter, elevation of TAFI
levels has been seen in asthma [10, 11, 34]. On the other
hand, TAFI has been reported to have protective functions
in experimental asthma [13], and it thus appears unlikely
that effects of C28 on TAFI can explain the anti-inflamma-
tory effects of this compound in the HDM-asthma model.
Another possibility is that MCP inhibition could suppress
asthma by reducing the availability of arginine for NO
synthesis [35]. However, more detailed in investigations
are warranted to identify the exact molecular mechanism
explaining the ameliorating effects of C28 on the outcome
in HDM-induced allergic lung inflammation.

In conclusion, our study shows that C28, an inhibitor of
A/B-type carboxypeptidases, can suppress multiple asthma-
like symptoms in a physiologically relevant mouse model.
Moreover, C28 was shown to reach the lungs in active
form and could strongly inhibit both CPA and CPB-like
activity. Thus, targeting A/B-type carboxypeptidases holds
great promise as a potential regimen in treatment of allergic
asthma.
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Fig. 5 C28 at high dose suppresses smooth muscle cell proliferation was assessed by PAS staining. Arrows indicate smooth muscle layer
in HDM-induced experimental asthma. Mice received either PBS around larger airways. Scale bars: 50 um. Images of the respective
or HDM extract twice a week for 3 weeks. Mice were treated either whole lung sections are shown in Supplementary Fig. 6B. Data rep-
with C28 low (0.2 mg/kg) or high (1 mg/kg) dose intraperitoneally resent mean values+SEM. *P<0.05, and **P<0.01 versus the PBS
30 min prior to each HDM instillation. Control mice were treated group. N=4-6 mice per group. HDM =house dust mite

with PBS only. Smooth muscle cell proliferation around the airways
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Fig.6 C28 suppresses the expres- A
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Table 2 Relative CPA1, CPB and ACE2 activity of exogenous MCPs
added to lung homogenates and plasma from mice treated with C28
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Table 4 Relative ACE2 activity of exogenous mouse ACE2 added
to lung homogenates from control and asthmatic mice in presence of
C28, at increasing concentrations®

Condition CPALl activ- CPB activity ACE2 activity Condition Untreated 0.1 nM C28 1nM C28 10nM

ity (%) (%) (%) (%) (%) (%) C28 (%)
Untreated lungs 100.0+£0.7  100.0+£0.8  100.0+0.8 Control mice 100.0+£1.6  953+3.0 94.7+4.1 86.5+4.3
Lungs C28 2.8+0.4 41.7+£2.5 75.4+1.4 Asthmatic mice 100.0+2.5 100.9+2.1 97.7+1.6 87.3+2.2
Untreated Plasma 100%+0.4  100%=0.7 100%=1.2 #Activity values are represented as percentage of the respective
Plasma C28 1.1+0.2 6.3%+1.3 12.4%+4.53.8 untreated condition. All samples were measured in triplicates

“Blood and lungs were collected thirty minutes after intraperitoneal
injection of naive mice with C28 (1 mg/kg) or from untreated naive
mice as controls. Activity values are represented as percentage of the
untreated condition. All samples were measured in triplicates

Table 3 Relative CPB activity of exogenous porcine CPB1 added to
lung homogenates from control and asthmatic mice in presence of
C28, at increasing concentrations®

Condition Untreated 0.1 nM InMC28 10nM
(%) C28 (%) (%) C28 (%)

Control mice 100.0+£2.0 83.6+2.2 342+33 142423

Asthmatic mice 100.0+2.7 84.7+£5.5 48.6+4.6 22.7+2.0

#Activity values are represented as percentage of the respective
untreated condition. All samples were measured in triplicates
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