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Abstract

Bullous pemphigoid (BP) is the most common autoimmune bullous skin disease of humans
and is characterized by eosinophilic inflammation and circulating and tissue-bound 1gG and IgE
autoantibodies directed against two hemidesmosomal proteins: BP180 and BP230. The NC16A
domain of BP180 has been found to contain major epitopes recognized by autoantibodies in
BP. We recently established the pathogenicity of anti-NC16A IgE through passive transfer of
patient-derived autoantibodies to double humanized mice that express the human high affinity
IgE receptor, FceRI, and human NC16A domain (FceRI/NC16A). In this model, anti-NC16A
IgE recruit eosinophils to mediate tissue injury and clinical disease in FceRI/NC16A mice.

The objective of this study was to characterize the molecular and cellular events that underly
eosinophil recruitment and eosinophil-dependent tissue injury in anti-NC16A IgE-induced BP.
We show that anti-NC16A IgE significantly increase levels of key eosinophil chemoattractants,
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eotaxin-1 and eotaxin-2, as well as the proteolytic enzyme matrix metalloproteinase-9 (MMP-9)
in the lesional skin of FceRI/NC16A mice. Importantly, neutralization of eotaxin-1, but not
eotaxin-2, and blockade of the main eotaxin receptor, CCR3, drastically reduces anti-NC16A
IgE-induced disease activity. We further show that anti-NC16A IgE/NC16A immune complexes
induce the release of MMP-9 from eosinophils and that MMP-9-deficient mice are resistant to
anti-NC16A IgE-induced BP. Lastly, we find significantly increased levels of eotaxin-1, eotaxin-2,
and MMP-9 in blister fluids of BP patients. Taken together, this study establishes the eotaxin-1/
CCR3 axis and MMP-9 as key players in anti-NC16A IgE-induced BP and candidate therapeutic
targets for future drug development and testing.
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Introduction

Bullous pemphigoid (BP) is the most common autoimmune bullous skin disease of humans
and predominately manifests in elderly patients over the age of 70 [1-3]. Histologically,
BPL is defined by dermal-epidermal separation accompanied by an inflammatory infiltrate
predominated by eosinophils and variable numbers of neutrophils and lymphocytes [1, 3].
The presence of circulating and tissue-bound autoantibodies directed against key structural
proteins within the hemidesmosome, including BP180 and BP230, is a diagnostic hallmark
of the disease [1-3]. BP180 is a 180-kDa transmembrane glycoprotein with an ectodomain
composed of 15 collagenous domains interrupted by 16 non-collagenous domains that
plays a key role in anchoring basal keratinocytes to the underlying dermis through the
basement membrane zone (BMZ) [4]. The 16t non-collagenous domain (NC16A) of
BP180’s ectodomain has been widely accepted as an immunodominant region containing
major pathogenic epitopes recognized by autoantibodies in the majority of BP patients [5—
8].

Circulating anti-NC16A2 IgG autoantibodies have been identified in over 90% of BP
patients and correlate with clinical features and disease activity [9-18]. We have previously
shown that patient-derived anti-NC16A IgG do not recognize the murine homologue, BP180
NC14A [19]. For this reason, we developed a humanized mouse model where the murine
BP180 NC14A domain was replaced with the human BP180 NC16A domain to directly

test the pathogenicity of patient-derived anti-NC16A 1gG /n vivo [20]. Passive transfer

of anti-NC16A I1gG to humanized NC16A mice results in deposition of IgG along the
BMz3 and subepidermal blister formation that is dependent on complement activation, mast
cell degranulation, and neutrophil infiltration [20]. However, anti-NC16A lIgG-induced BP
in NC16A mice occurs in the notable absence of infiltrating eosinophils which sharply
contrasts the lesional skin of BP patients and suggests the presence of anti-NC16A 1gG-
dependent and -independent mechanisms of disease [20].

L.BP = bullous pemphigoid
2.NC16A = human BP180 non-collagenous 16A domain
‘BMZ = basement membrane zone
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Circulating anti-NC16A IgE have also been detected in up to 79% of BP patients and

have been shown to correlate with clinical features and disease activity as well [9-13,
21-24]. Early experimental animal models, as well as /n vitro and ex vivo studies, have
suggested a pathogenic role for anti-BP180 IgE in BP [24-28]. Additional support for the
pathogenicity of IgE autoantibodies in BP has been garnered from individual case reports
and case series describing clinical improvement in BP patients following the administration
of omalizumab, a humanized monoclonal antibody that prevents IgE from engaging with

its cognate receptors [29-36]. We recently demonstrated the pathogenicity of anti-NC16A
IgE in BP through passive transfer of patient-derived autoantibodies to double humanized
mice that express the human high affinity IgE receptor, FceRI, and the human BP180
NC16A domain (FceRI/NC16A) [37]. Passive transfer of anti-NC16A IgE to FceRI/NC16A
mice leads to IgE deposition along the BMZ, eosinophil infiltration, and subepidermal
blister formation [37]. In this model, the pathogenicity of anti-NC16A IgE is critically
dependent on human FceRI-expressing eosinophils, but not neutrophils, thereby establishing
eosinophils as key pathogenic mediators in BP that are directly involved in tissue injury [37].

Eosinophil recruitment is predominately mediated by the eotaxin family of chemokines
including eotaxin-1 (CCL11), eotaxin-2 (CCL24), and eotaxin-3 (CCL26) [38, 39].
Interestingly, mice have been shown to express functional eotaxin-1 and eotaxin-2, but not
eotaxin-3, thereby limiting the utility of wild-type mice to investigate the role of eotaxin-3 in
translational animal models of disease [40, 41]. The local production and release of eotaxins
by diverse cell types establish concentration gradients that direct recruitment and migration
of eosinophils from the peripheral vasculature into inflamed tissues through binding the
main eotaxin receptor, CCR3, on the eosinophil cell surface [38, 39]. While eotaxins and
CCR3 have been shown to be upregulated in the lesional skin, blister fluids, and sera of BP
patients, their specific roles and contributions to BP disease physiology have not yet been
directly established [42-46].

Once recruited to inflamed tissues, eosinophils can act as potent effector cells capable of
mediating tissue injury through the release of toxic granule proteins, extracellular traps,

and proteolytic enzymes including matrix metalloproteinase-9 (MMP-9) [47, 48]. MMP-94,
also known as “gelatinase B”, is a 92-kD collagenase secreted as an inactive zymogen

by keratinocytes and leukocytes [49, 50]. MMP-9 is proteolytically activated in tissues
where it is involved in the degradation of extracellular matrix proteins during physiological
remodeling and pathological conditions [49, 50]. MMP-9 has been shown to be upregulated
in the lesional skin and blister fluids of BP patients where it has been found to be

strongly expressed by eosinophils accumulating at the floor of subepidermal blisters [51—
55]. These findings suggest eosinophil-derived MMP-9 may play a role in subepidermal
blister formation in BP. However, no experimental evidence has been published to directly
support this theory. While neutrophil-derived MMP-9 has been demonstrated to play a direct
role in mediating tissue injury in a passive transfer model of anti-murine BP180 (mBP180)
IgG-induced BP, the role and relative contribution of eosinophil-derived MMP-9 to BP
disease physiology has not yet been characterized [19, 56, 57].

4 MMP-9 = matrix metalloproteinase-9
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The objective of this study was to determine the mechanisms underlying eosinophil
recruitment and eosinophil-dependent tissue injury in our passive transfer model of anti-
NC16A IgE-induced BP. We show that passive transfer of anti-NC16A IgE to FceRI/
NC16A mice leads to the local production and release of eotaxin-1, eotaxin-2, and MMP-9
in the lesional skin of FceRI/NC16A mice. Importantly, neutralization of eotaxin-1, but

not eotaxin-2, and blockade of the main eotaxin receptor, CCR3, drastically reduces anti-
NC16A IgE-induced disease activity We further show that anti-NC16A IgE/NC16A immune
complexes induce the release of MMP-9 from eosinophils and mice with genetic deletion

of MMP-9 become resistant to anti-NC16A IgE-induced BP. Taken together, this study
establishes the eotaxin-1/CCR3 axis and MMP-9 as key players in anti-NC16A IgE-induced
BP and candidate therapeutics targets for future drug development and testing.

Material and methods

Patients, sera, and antibody purification

Serum samples were collected from three patients with active BP (BP1, BP2, BP3) and
three normal human controls (NC). BP patients presented with generalized tense blisters

on dermatologic exam, and dermal-epidermal separation with inflammatory cell infiltration
by routine histology. Direct immunofluorescence (IF) showed deposition of IgG along the
BMZ in the perilesional skin of each BP patient. Indirect IF° showed “roof staining” of
salt-split human skin cryosections with an 1gG titer of 1:640 (BP1) and 1:320 (BP2 and
BP3). Anti-NC16A IgE levels were 292 (BP1), 127 (BP2), and 631 (BP3) index units as
determined by ELISA as previously described [9]. Anti-NC16A IgE was purified from BP
patient sera using affinity chromatography as previously described [37]. Briefly, IgG was
depleted from BP patient sera using a protein G affinity column (Sigma, St. Louis, MO).
IgG-deplete BP patient sera was loaded onto an anti-human IgE antibody (ATCC, Manassas,
VA)-coupled Affigel-10 affinity column (Bio-Rad, Hercules, CA). Eluted IgE fractions were
then loaded onto an NC16A-specific glutathione sepharose column developed in-house
[20]. The concentrations of purified IgE were quantified by a human IgE-specific ELISA
(Southern Biotechnology, Birmingham, AL). The purity of anti-NC16A IgE was determined
by measuring the proportion of IgE in the total protein content of each antibody preparation.
Total protein content was determined using the Pierce dye-binding BCA protein assay kit
using bovine serum albumin as a standard (Thermofisher). The purity of anti-NC16A IgE
was >93%. Purified anti-NC16A IgE and normal control IgE fractions were concentrated by
ultrafiltration (Millipore, Billerica, MA) and used for /n vitroand in vivo experiments.

Mice and antibody passive transfer experiments

Double humanized FceRI/NC16A mice and MMP-9-deficient mice were generated on a
C57BL/6J background as previously described and crossed to produce an MMP-9-deficient
FceRI/NC16A mouse line, termed “MMP-9 KO” herein [37, 58]. For antibody passive
transfer experiments, adult FceRI/NC16A and MMP-9 KO® mice (8-12 weeks old) were
administered either anti-NC16A or control IgE (100 ng/g body weight in 25 ul PBS)

5.|F = immunofluorescence
6.MMP-9 KO mouse = MMP-9-deficient FceRI/NC16A mouse
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by intradermal (i.d.) injection to the convex pinnae. In a separate series of experiments,
FceRI/NC16A mice were administered anti-NC16A IgE (100 ng/g body weight in 25 pl
PBS) by i.d.” injection to the convex pinnae in the presence of an eotaxin-1 neutralizing
antibody (250 ng/g body weight, R&D Systems, Minneapolis, MN), eotaxin-2 neutralizing
antibody (250 ng/g body weight, R&D Systems, Minneapolis, MN), isotype control
antibody (250 ng/g body weight, R&D Systems, Minneapolis, MN), or the selective CCR3
antagonist SB-328437 (10 ug/g body weight, R&D Systems, Minneapolis, MN). Mice
were evaluated from 0-48 hours thereafter. Clinical disease activity was measured using
the following scoring system. First, the degree of erythema and crusting/scaling of each
antibody-injected pinna was subjectively scored as either 0 = a normal, naive ear, 1=

mild, 2= moderate, 3= severe, or 4=very severe. The thickness of each pinna was then
measured in millimeters using digital calipers (Fowler, Henderson, NV). Clinical disease
scores were calculated by combining the scores for erythema and crusting/scaling with the
pinnal thickness measurements. This scoring system shows a direct correlation between the
dose of pathogenic antibodies administered to FceRI/NC16A mice and subsequent clinical
disease severity. Mice were then humanely euthanized and pinnae were collected and were
either formalin-fixed and processed by routine histology, or snap frozen in liquid nitrogen
and stored at —80°C until used in the assays described below.

Quantification of eotaxin-1, -2, and MMP-9 in antibody-injected mouse skin

Levels of eotaxin-1 and —2 were determined in tissue lysates of antibody-injected skin using
commercially-available ELISA kits (R&D Systems, Minneapolis, MN) performed following
the manufacturers’ instructions. Gelatin zymography was used to detect the presence of
pro- and active MMP-9 in tissue lysates of antibody-injected skin, as previously described
[56]. Briefly, tissue lysates from antibody-injected skin were subjected to SDS-PAGE on
10% acrylamide gels containing 1% gelatin under non-reducing conditions. Following
electrophoresis, gels were washed twice with 2.5% Triton X-100 for 30 minutes. Gels were
rinsed with water and incubated overnight in reaction buffer (50mM Tris, pH 7.4, 150 mM
NaCl, 5mM CaCl,). Gels were then stained with 0.125% Coomassie Brilliant blue. Areas of
gelatinolytic activity appeared as clear zones against a dark blue background.

Detection and quantification of eosinophils infiltrating antibody-injected mouse skin.

Eosinophils were detected in mouse skin cryosections by indirect IF using a rat anti-mouse
major basic protein monoclonal antibody (Mayo Clinic, Scottsdale, Arizona), followed

by an Alexa Fluor 488-conjugated goat anti-rat antibody (Life Technologies). BP180 was
identified in mouse skin cryosections by indirect IF using anti-NC16A IgG derived from
BP patient sera, followed by an AlexaFluor 488-conjugated goat anti-human 1gG antibody
(ThermoFisher). Collagen VI1I was also identified in mouse skin cryosections by indirect
IF using a home-made rabbit anti-mouse collagen VII NC1 domain antibody, followed by
an AlexaFluor 405-conjugated goat anti-rabbit 1gG antibody (ThermoFisher). The number
of eosinophils infiltrating antibody-injected skin was quantified by measuring eosinophil
peroxidase (EPO) activity using purified eosinophils as a standard, as previously described
[37, 59]. Briefly, serial dilutions of skin protein extracts were incubated with the substrate

7.i.d. = intradermal
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o-phenylenediamine at room temperature. Reactions were stopped with the addition of 4N
H,S0, and read using a microplate reader (BioTek) at 490 nm. EPO8 content of skin protein
extracts were expressed as relative EPO activity using the following calculation: (the optical
density reading 490 nm / Mg of protein of each mouse injected with pathogenic antibodies)
minus (the mean optical density reading 490 nm / Mg of protein of mice injected with isotype
control antibodies). Protein concentrations were determined using the Pierce dye-binding
BCA protein assay Kit using bovine serum albumin as a standard (ThermoFisher).

Purification, culture, and activation of mouse eosinophils

Eosinophils were purified from the peripheral blood of FceRI/NC16A mice using a MACS
cell separation system (Miltenyi Biotec, Auburn, CA) as previously described [37, 60].
Purity of eosinophils was greater than 96% as determined by flow cytometry. Freshly
isolated eosinophils were resuspended in HBSS with 0.03% gelatin, 10mM HEPES and
200mM cytochrome ¢ (Sigma-Aldrich, St. Louis, MO) to a concentration of 5x10° cells/ml;
100 pl of the cell suspension was then dispensed into each well of a 96-well flat-bottom
microplate. Cells were incubated with either anti-NC16A or control IgE (50 ng/ml), in the
presence or absence of recombinant NC16A (rNC16A,; 10 ng/ml), for 1 hour at 37°C in 5%
CO». Gelatin zymography was used to detect the presence of pro-MMP-9 in cell culture
supernatants as described above.

Quantification of eotaxin-1, -2, -3 and MMP-9 in human blister fluids

Statistics

Blister fluids were collected from 12 BP patients with typical clinical, histologic, and
immunofluorescent features of BP in the active phase of disease. Suction blister fluids
were also collected from 16 NC’s® using a BFY-1V skin separator (Satellite Medical
Equipment CO., LTD, Shaoxing, China). Suction blisters were harvested from the left
thigh by applying 40-60 kPa negative pressure for 30-50 minutes. After centrifugation,
cell free supernatants of blister fluids were stored at —80°C until used. Levels of eotaxin-1,
-2, and =3 in blister fluids were determined using commercially-available ELISA kits
(R&D Systems, MN, USA) performed following the manufacturers’ instructions. In a
separate series of experiments, blister fluids were collected from an additional three BP
patients and three patients with pemphigus vulgaris (PV) with typical clinical, histologic,
and immunofluorescent features in the active phases of disease. After centrifugation, cell
free supernatants of blister fluids were stored at —80°C until used. Levels of MMP-9 in
blister fluids were quantified using a commercially-available MMP-9 colorimetric assay
kit (BIOMOL Research Laboratories, Plymouth Meeting, PA) performed following the
manufacturer’s instructions [61].

The data are expressed as mean = SEM and were analyzed using pairwise t-tests. A p-value
of less than 0.05 was considered statistically significant.

8.epO = eosinophil peroxidase
‘NC = normal human control
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Study approval
Animal care and experiments were performed in accordance with the Institutional Animal
Care and Use Committee at the University of North Carolina at Chapel Hill. Written
informed consent was received from patients and healthy individuals prior to inclusion in
this study. Collection of human samples for this study was approved by our respective
institutional ethics committees.

Results

Eotaxin-1 and -2 are increased in the lesional skin of anti-NC16A IgE-injected FceRI/

NC16A mice

We have previously shown that anti-NC16A IgE plays a critical role in recruiting
eosinophils to mediate tissue injury in an antibody passive transfer model of experimental
BP [37]. However, the specific mechanisms responsible for eosinophil recruitment in
anti-NC16A IgE-induced BP remains unknown. We first sought to evaluate the role

of two well-characterized eosinophil chemoattractants, eotaxin-1 and -2, in the lesional
skin of antibody-injected FceRI/NC16A mice. The levels of both eotaxin-1 and -2 were
significantly higher in the skin of mice injected with anti-NC16A IgE as compared to
mice injected with control IgE (Figure 1A). Significant increases in eotaxin-1 and -2
were first noted at 12- and 24-hours post-injection, respectively. These results suggest that
both eotaxin-1 and —2 may play a role in mediating eosinophil recruitment in anti-NC16A
IgE-induced BP.

The eotaxin-1/CCR3 axis plays a critical role in anti-NC16A IgE-induced experimental BP

We next sought to determine the relative contributions of eotaxin-1 and —2 to eosinophil
recruitment in anti-NC16A IgE-induced BP using neutralizing antibodies specific to each
chemokine. Mice that received neutralizing antibodies directed against eotaxin-1, but

not eotaxin-2, had significantly decreased disease severity scores relative to mice that
received an isotype control antibody (Figures 1B, 1C). Similarly, EPO assays showed
that significantly lower numbers of eosinophils infiltrated the skin of mice that received
neutralizing antibodies directed against eotaxin-1, but not eotaxin-2, relative to mice that
received an isotype control antibody (Figure 1D). In a separate series of experiments,
adult FceRI/NC16A mice were passively transferred anti-NC16A IgE in the presence or
absence of the selective CCR3 antagonist SB-328437. Mice that received the selective CCR3
antagonist had significantly decreased disease severity, both clinically (Figures 2A, 2B)
and histologically (Figure 2C), and had reduced numbers of eosinophils infiltrating the
skin (Figure 2D). Taken together, these results clearly show that anti-NC16A IgE-mediated
eosinophil recruitment, tissue injury, and disease activity are critically dependent on the
eotaxin-1/CCR3 axis.

Anti-NC16A IgE/NC16A immune complexes induce the release of MMP-9 from eosinophils

We next sought to determine the specific mechanism by which eosinophils mediate tissue
injury in anti-NC16A IgE-induced BP. We have previously established a critical role for
neutrophil-derived MMP-9 in mediating tissue injury in anti-mBP18010 19gG-induced BP

J Immunol. Author manuscript; available in PMC 2024 October 15.
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[56]. As eosinophils in the lesional skin of BP patients are known to strongly express
MMP-9, we used gelatin zymography to determine if pro- and activated-MMP-9 are
expressed in the lesional skin of anti-NC16A IgE-injected FceRI/NC16A mice as well.
Both pro- and activated-MMP-9 were detected in the skin of FceRI/NC16A mice that
received anti-NC16A IgE, but not control IgE (Figure 3A). To confirm eosinophils as

a cellular source for MMP-9 in anti-NC16A IgE-induced BP, purified eosinophils from
adult FceRI/NC16A mice were incubated with either anti-NC16A IgE or control IgE, in
the presence or absence of INC16ALL. Gelatin zymography was then used to detect the
presence of pro-MMP-9 in cell culture supernatants. Pro-MMP-9 was only detected in
supernatants of eosinophils that were incubated with anti-NC16A IgE in the presence of
rNC16A (Figure 3B). These results clearly show that anti-NC16A IgE/NC16A IgE immune
complexes induce the release of MMP-9 from eosinophils and identify the eosinophil as a
cellular source of MMP-9 in anti-NC16A IgE-induced BP.

MMP-9 plays a critical role in anti-NC16A IgE-induced BP

To determine the role of MMP-9 in our model of anti-NC16A IgE-induced BP, we crossed
FceRI/NC16A and MMP-9-deficient mice to generate an MMP-9 deficient strain of FceRI/
NC16A mice, termed “MMP-9 KO” herein. Adult FceRI/NC16A and MMP-9 KO mice
were passively transferred anti-NC16A IgE and were clinically evaluated and humanely
euthanized 48h thereafter. MMP-9 KO mice had significantly lower disease severity scores
relative to FceRI/NC16A mice at 48h (Figure 4A). Similarly, routine histologic staining
revealed typical dermal-epidermal separation in FceRI/NC16A mice, but not in MMP-9 KO
mice, at 48h (Figure 4B). While eosinophil infiltration was detected in the skin of both
FceRI/NC16A and MMP-9 KO mice at 48h by routine histology, the level of eosinophil
infiltration was reduced in MMP-9 KO mice as determined by indirect IF (Figure 4C). Taken
together, these results demonstrate that anti-NC16A IgE-induced eosinophil recruitment,
tissue injury, and disease activity are critically dependent on MMP-9 as well.

Eotaxin-1, eotaxin-2, and MMP-9 are increased in the blister fluids of BP patients

To support the clinical relevance of our animal model findings, we next sought to
determine if the eotaxins and MMP-9 are increased in the blister fluids of BP patients.
The concentrations of eotaxin-1, —2, and —3 were quantified in the blister fluids of BP
patients and suction blister fluids of NC’s by ELISA. Consistent with our animal model
findings, significantly higher levels of eotaxin-1 and -2, but not eotaxin-3, were detected in
BP blister fluids as compared to NC suction blister fluids (Figure 5A). Levels of MMP-9
were also quantified in the blister fluids of patients with BP and PV/12 (control) using a
MMP-9 colorimetric assay [61]. Consistent with our animal model findings, significantly
higher levels of MMP-9 were detected in BP blister fluids relative to PV blister fluids
(Figure 5B). These results further support eotaxin-1 and MMP-9 as critical players in BP
disease physiology.

10.mBP180 = murine BP180
11.\NC16A = recombinant NC16A protein
Lpy= pemphigus vulgaris
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Discussion

Eosinophils have long been suspected to play a key role in mediating tissue injury in

BP through releasing proteolytic enzymes, granule proteins, and eosinophil extracellular
traps [48]. Indeed, we recently established a direct role for eosinophils in mediating tissue
injury in the passive transfer model of anti-NC16A IgE-induced BP used in this study [37].
However, the specific molecular and cellular events that mediate eosinophil recruitment and
eosinophil-dependent tissue injury in BP have not yet been unraveled. Here, we clearly
establish that the eotaxin-1/CCR3 axis and MMP-9 play key roles in eosinophil recruitment
and eosinophil-dependent tissue injury, respectively, in our i vivo model of anti-NC16A
IgE-induced BP. In doing so, we identify the eotaxin-1/CCR3 axis and MMP-9 as candidate
therapeutic targets for future drug development and testing in BP.

Eotaxin-1 is a well-characterized eosinophil chemoattractant that has been found to be
significantly upregulated in the lesional skin, blister fluids, and sera of BP patients [42—46,
62]. Eotaxin-1 levels are significantly higher in the blister fluids of BP patients relative to
matched patient sera, consistent with its local production and release in inflamed skin [43,
46]. Eotaxin-1 levels in BP patient blister fluids and sera have been found to positively
correlate with the number of eosinophils infiltrating the skin and clinical disease severity,
respectively, suggesting eotaxin-1 plays a role in mediating eosinophil recruitment in BP
[43, 45, 46, 62]. However, there has been no experimental evidence to confirm this theory
until now. Here, we clearly establish a direct role for eotaxin-1 in mediating eosinophil
recruitment in anti-NC16A IgE-induced BP. We show that eotaxin-1 levels are significantly
increased in the lesional skin of FceRI/NC16A mice following passive transfer of anti-
NC16A IgE. Moreover, eosinophil recruitment and clinical disease activity are significantly
decreased in anti-NC16A IgE-injected FceRI/NC16A mice with the administration of
eotaxin-1 neutralizing antibodies. These results are consistent with a previous study where
eotaxin-1 neutralizing antibodies were shown to significantly decrease the Jin vitro migratory
behavior of human eosinophils in response to BP patient blister fluids [42]. Our results
establish eotaxin-1 as a promising candidate therapeutic target for future drug development
and testing in BP. In fact, a fully humanized anti-eotaxin-1 monoclonal antibody (i.e.,
bertilimumab) has already undergone an open-Ilabel, proof-of-concept, single-arm, phase

2 clinical trial (NCT02226146) evaluating its safety and efficacy in nine BP patients. In
this study, bertilimumab decreased mean disease severity scores by 81% and provided a
significant steroid-sparing effect to BP patients without any serious drug-associated adverse
events [63, 64].

To our knowledge, levels of eotaxin-2 and —3 have been evaluated in BP in only one
previous study. In this study, there were no significant differences in serum levels of
eotaxin-2 between BP patients, PV patients, and NC’s [43]. While the levels of eotaxin-2
in the blister fluids of three BP patients were not found to be significantly different than

in matched patient sera, BP patient blister fluids were not directly compared with blister
fluids from a control group in this study [43]. In contrast, we found significantly increased
levels of eotaxin-2 in the skin of FceRI/NC16A mice injected with anti-NC16A IgE, but
not control IgE, as well as in the blister fluids of 12 BP patients compared to suction
blister fluids of 16 NC’s. However, administration of eotaxin-2 neutralizing antibodies did
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not significantly impact eosinophil recruitment or clinical disease activity in FceRI/NC16A
mice following passive transfer of anti-NC16A IgE. Interestingly, we found relatively higher
levels of eotaxin-1 than eotaxin-2 in diseased FceRI/NC16A mice, but relatively higher
levels of eotaxin-2 than eotaxin-1 in BP patient blister fluids. The discrepancy in relative
levels of eotaxin-1 and eotaxin-2 between experimentally-induced BP in FceRI/NC16A
mice and naturally-occurring BP in humans could be due to species-specific differences

in disease physiology, or differences in the stage of disease evaluated between these two
populations.

In the same previous study, eotaxin-3 was shown to be significantly increased in the
lesional skin and sera of BP patients [43]. Moreover, levels of eotaxin-3 were found to be
significantly higher in the sera of BP patients with severe disease, but not mild to moderate
disease, suggesting a role for eotaxin-3 in specific BP clinical phenotypes [43].While levels
of eotaxin-3 were also found to be significantly higher in the blister fluids of three BP
patients relative to matched patient sera, BP patient blister fluids were not directly compared
with blister fluids from a control group in this study either [43]. In contrast, we did not

find a significant increase in eotaxin-3 levels in the blister fluids of 12 BP patients when
compared to suction blister fluids of 16 NC’s. While a homologous gene for eotaxin-3 has
been identified in the mouse genome, functional expression of eotaxin-3 has not yet been
detected in murine tissues suggesting the sequence encoding eotaxin-3 is a pseudogene [40,
41]. For these reasons, the role of eotaxin-3 in our model of anti-NC16A IgE-induced BP
was not investigated. While our results demonstrate a minor role for eotaxin-2 in our model
of anti-NC16A IgE-induced BP, the clinical relevance of eotaxin-2 and -3 in naturally
occurring BP is less clear. It is possible that levels of eotaxin-2 and —3 in BP patient blister
fluids may vary depending on undefined patient-specific factors.

Eotaxins mediate eosinophil chemotaxis through binding the main eotaxin receptor, CCR3,
on infiltrating eosinophils. Unsurprisingly, CCR3 has been found to be upregulated in the
lesional skin of BP patients where it is primarily expressed by infiltrating eosinophils

and T-lymphocytes [46]. In our study, we have demonstrated a direct role for CCR3 in
mediating eosinophil recruitment in our model of anti-NC16A IgE-induced BP. We show
that administration of a selective antagonist of CCR3 significantly decreases eosinophil
recruitment and clinical disease activity in FceRI/NC16A mice following passive transfer
of anti-NC16A IgE. These findings are consistent with a previous study where anti-CCR3
neutralizing antibodies were shown to significantly decrease the /n vitro migratory behavior
of human eosinophils in response to blister fluids from BP patients [42]. Taken together,
these findings establish CCR3 as an additional candidate therapeutic target for future drug
development and testing in BP. Indeed, a randomized, double-blinded, phase 2 clinical

trial (NCT04499235) evaluating the safety and efficacy of an oral CCR3 small molecule
inhibitor (i.e., lazucirnon hydrochloride, or “AKST4290”) as adjunctive treatment for mild
to moderate BP was recently completed. Results from this study have not yet been released.

In our study, we clearly show that targeting eosinophil recruitment through inhibition of
the eotaxin-1/CCR3 axis attenuates both eosinophil infiltration and clinical disease activity
in anti-NC16A IgE-induced BP. However, the specific mediators of eosinophil-dependent
tissue injury in BP remain uncharacterized. While eosinophil-derived granule proteins,
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proteolytic enzymes, and eosinophil extracellular traps have been identified in the lesional
skin of BP patients, their relative contributions to BP disease physiology have not been
experimentally determined [48]. The role of the proteolytic enzyme MMP-9 in BP has
been a topic of interest for over two decades as it has been shown to be significantly
increased in the lesional skin and blister fluids of BP patients [51-55]. Several lines of
evidence have established a critical role for MMP-9 in mediating tissue injury in BP. First,
MMP-9 has been shown to degrade the extracellular domain of BP180 /n vitro [51, 53].
Second, inhibition of MMP-9 prevents granulocyte-mediated tissue injury in a human skin
cryosection model of 1IgG-mediated BP [65]. Third, MMP-9-deficient mice are resistant
to developing BP following passive transfer of anti-mBP180 IgG [56, 61, 66]. While

we have previously established a critical role for neutrophil-derived MMP-9 in mediating
tissue injury in anti-mBP180 1gG-induced BP, neutrophils are not a predominating cell
type in the lesional skin of BP patients [19, 56, 57]. Rather, the lesional skin of BP
patients is predominately characterized by eosinophilic inflammation. Moreover, eosinophils
accumulating along the floor of subepidermal blisters in BP have been shown to strongly
express MMP-9 [51]. For these reasons, we sought to determine the role of eosinophil-
derived MMP-9 in our model of anti-NC16A IgE-induced BP where tissue injury and
disease activity is critically dependent on infiltrating eosinophils [51]. We show that MMP-9
is significantly upregulated in the lesional skin of FceRI/NC16A mice following passive
transfer of anti-NC16A IgE. Furthermore, we show that anti-NC16A IgE/NC16A immune
complexes induce the release of MMP-9 from eosinophils /n vitro. Importantly, MMP-9
KO mice are resistant to tissue injury and clinical disease following passive transfer of
anti-NC16A IgE. Interestingly, reduced numbers of eosinophils were found to infiltrate
the skin of MMP-9 KO mice compared to FceRI/NC16A mice following passive transfer
of anti-NC16A IgE. This suggests that byproducts of eosinophil-mediated tissue injury
are also involved in eosinophil chemotaxis in BP. Taken together, these findings establish
eosinophils as a cellular source of MMP-9 in anti-NC16A IgE-induced BP where MMP-9
plays a critical role in mediating tissue injury and eosinophil recruitment. While neutralizing
monoclonal antibodies and small molecule inhibitors of MMP-9 have been evaluated in
human clinical trials for the treatment of various malignancies, the safety and efficacy of
selective MMP-9 inhibition in the treatment of BP has remained entirely unexplored [67].

In conclusion, the results of the study presented here have clearly established critical

roles for the eotaxin-1/CCR3 axis and MMP-9 in mediating eosinophil recruitment and
eosinophil-dependent tissue injury in our model of anti-NC16A IgE-induced BP. In doing
so, we identify the eotaxin-1/CCR3 axis and MMP-9 as candidate therapeutic targets for
future drug development and testing in BP. This process is already well underway with

the recent development and evaluation of eotaxin-1 neutralizing monoclonal antibodies
and CCR3 small molecule inhibitors in human clinical trials. Future studies are needed to
determine the clinical relevance and roles of eotaxin-2 and —3 in BP disease physiology, as
well as confirm the safety and efficacy of therapeutics targeting the eotaxin-1/CCR3 axis in
BP patients.
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Key Points

Anti-NC16A IgE recruit eosinophils in experimental BP through the
eotaxin-1/CCR3 axis

Eosinophil-derived MMP-9 mediates tissue injury in experimental BP

The eotaxin-1/CCR3 axis and MMP-9 are candidate therapeutic targets in BP
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A. ELISA C. Disease activity
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Figure 1: Eotaxin-1 is critical in anti-NC16A IgE-induced BP in FceRI/NC16A mice.
Adult FceRI/NC16A mice were injected in the convex pinnae with either anti-NC16A IgE

or normal human control IgE in the presence or absence of eotaxin-1 neutralizing antibodies,
eotaxin-2 neutralizing antibodies, or isotype control antibodies. Mice were then evaluated
for 0-48h post-injection. (A) The lesional skin of anti-NC16A IgE-injected mice exhibited
significantly higher levels of eotaxin-1 and eotaxin-2 compared to control IgE-injected

mice. At each timepoint, eotaxin-1/a-NC16A IgE was compared to eotaxin-1/control IgE,
and eotaxin-2/a-NC16A IgE was compared to eotaxin-2/control IgE. (B, C) Neutralizing
antibodies directed against eotaxin-1, but not eotaxin-2, significantly attenuated the severity
of skin disease induced by anti-NC16A IgE in FceRI/NC16A mice; bar 1 vs. bar 2. (D)
Significantly reduced numbers of eosinophils infiltrated the skin of mice treated with
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neutralizing antibodies directed against eotaxin-1, but not eotaxin-2; bar 1 vs. bar 2. n=6,
*p<0.05, **p<0.01, paired t-test.
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A. Clinical image
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Figure 2: The eotaxin-1/CCR3 axis is critical in anti-NC16A IgE induced BP in FceRI/NC16A
mice.

Adult FceRI/NC16A mice were injected in the convex pinnae with anti-NC16A IgE in the
presence or absence of the selective CCR3 antagonist SB-328437 and were examined 48h
post-injection. Blockade of CCR3 significantly reduced disease severity clinically (A, B)
and histologically (C), and reduced the number of eosinophils that infiltrated the skin (D).
a-NC16A IgE + inhibitor was compared to a-NC16A IgE. n=4 for bar 1, n=8 for bar 2, n=6
for bar 3, *p<0.01, paired t-test. Green, anti-MBP for eosinophils; red, anti-BP180; blue,
DAPI.
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A. MMP-9 in mouse
blister fluid
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Figure 3: Anti-NC16A IgE induce the release of MMP-9 in vivo and in vitro.
(A) Adult FceRI/NC16A mice were injected in the pinnae with either anti-NC16A IgE

or normal human control IgE and examined 48h post-injection. Gelatin zymography
examination revealed both pro- and active MMP-9 in the lesional skin of mice injected

with anti-NC16A IgE, but not control IgE. (B) Purified eosinophils from FceRI/NC16A
mice were incubated with either anti-NC16A or control IgE, in the presence or absence of
recombinant NC16A (rNC16A), for 1 hour. Pro-MMP-9 was only detected in the cell culture
supernatants of eosinophils that were incubated with anti-NC16A IgE in the presence of
rNC16A by gelatin zymography (lane 5).
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A. Disease activity B. Histology
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Figure 4: MMP-9 is critical in anti-NC16A IgE-induced BP in FceRI/NC16A mice.
Adult FceRI/NC16A (WT) and MMP-9-deficient FceRI/NC16A (MMP-9 KO) mice were

injected in the convex pinnae with anti-NC16A IgE and examined 48h post-injection. (A)
MMP-9 KO mice developed significantly less severe skin disease as compared to WT

mice. n=8, bar 1 vs. bar 2, *p<0.05, paired t-test. (B) Routine histology revealed typical
dermal-epidermal separation in the skin of WT mice, but not MMP-9 KO mice. (C) Indirect
IF identified reduced numbers of eosinophils infiltrating the skin of MMP-9 KO mice
compared to WT mice. Green, anti-MBP (eosinophils). Red, anti-BP180; Blue, anti-Col VII.
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Figure 5: Levels of eotaxin-1, eotaxin-2, and MMP-9 are increased in the blister fluids of BP
patients.
(A). Levels of eotaxin-1, -2, and —3 were quantified in blister fluids from BP patients and

suction blister fluids from normal human controls (NC) by ELISA. Significantly higher
levels of eotaxin-1 and —2 were present in BP blister fluids as compared to NC suction
blister fluids. BP was compared to NC for each of the evaluated chemokines, n=12 for BP
and n=16 for NC. **p<0.01, paired t-test. (B). Levels of MMP-9 were quantified in the
blister fluids of patients with BP and pemphigus vulgaris (PV) using an enzymatic assay.
Significantly higher levels of MMP-9 activity were detected in the blister fluids of BP

patients as compared to the blister fluids of PV patients. n=3/group, **p<0.01, paired t-test.
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