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Abstract

Laminin-332 pemphigoid is a rare and chronic autoimmune blistering disease which results

in subepidermal blisters and erosive lesions predominantly localized to mucous membranes.
As histologic inflammation is variable and non-complement-fixing 1gG antibodies against
laminin-332 are the predominant class of autoantibodies deposited at the epidermal basement
membrane zone, we hypothesized that complement-independent pro-inflammatory and blistering
pathways existed similarly to that previously shown in bullous pemphigoid. As autoantibodies
to laminin a3 are most prevalent, we studied the major cellular response to blockade of
laminin a3 using a well-characterized monoclonal antibody (P3H9-2). RNA-seq revealed
upregulation of numerous desmosomal genes (DSG1, DSG3, DSC1, DSC3 and DSP) as

well as KRT1 and KRT10. Additionally, P3H9-2-treated cells demonstrated downregulation
of most hemidesmosomal genes. A pro-inflammatory response was not appreciated. Using
pharmacological inhibitors, we identified both protein kinase C and NOTCH as key regulators
of P3H9-2 induced differentiation. We lastly utilized 3D human skin equivalents to determine
whether blockade of laminin a.3 would lead to delayed blistering, consistent with keratinocyte
differentiation. Significant blistering was noted after 72 h of treatment, with only minimal
separation at 24 h. In summary, blockade of laminin a3 alters keratinocyte differentiation,
representing a potential complement-independent mechanism of blistering.
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1 BACKGROUND

Laminin-332 pemphigoid, a subset of mucous membrane pemphigoid (MMP), is a rare
and chronic, autoimmune blistering disease which results in subepidermal blisters and
erosive lesions predominantly localized to mucous membranes.! The pathogenesis involves
IgG autoantibodies against laminin-332 in the basement membrane zone (BMZ).1 While
typically clinically indistinguishable from other forms of mucous membrane pemphigoid,
laminin-332 pemphigoid appears to predispose to more aggressive laryngopharyngeal
involvement.2~> Complications from laminin-332 include scarring, which can lead to
blindness or strictures along the oral-gastrointestinal and urogenital and tracts.3: 4

Laminin-332 is an extracellular glycoprotein and a vital component of the BMZ. It is

a heterotrimer composed of the domains a.3, 3 and y2 with a large G domain at the

base containing epidermal growth factor-based repeats.b: 7 While laminin a.3 is the most
frequently targeted domain in laminin-332 pemphigoid, patients often express varying
amounts of B3 and y2 antibodies.> & The unique cross-shaped structure of laminin-332 and
its various C-terminal domains allow numerous interactions with other structural proteins
such as cell-surface receptors, a6p4 and a3p1 integrins, epidermal growth factor receptor
and syndecan, as well as components of the basement membrane.”  As such, laminin-332
plays an important role in maintaining the BMZ.9-22

Various models have shown the in vivo pathogenicity of anti-laminin-332 1gG by passive
transfer using purified rabbit or human anti-laminin 19G.23-25 In neonatal mice, passive
transfer experiments demonstrate the pathogenicity of laminin-332 antibodies in inducing
blistering, despite a lack of inflammation or prominent mucosal involvement. This contrasts
with many human histopathological findings which demonstrate extensive subepidermal
separation accompanied by inflammatory infiltrates composed of lymphocytes, neutrophils,
macrophages and eosinophils.2> 26 An adult model of laminin-332 pemphigoid using
laminin a3 antibodies demonstrated a more characteristic inflammatory response, with
characteristic clinical presentation, though this was Fc dependent.2° Yet previously, non-
complement fixing, 1gG4 antibodies against laminin-332 were identified as the predominant
class of autoantibodies deposited at the epidermal BMZ.27 Thus, it is highly possible

that complement-independent pro-inflammatory and blistering pathways exist in human
disease, similarly to that shown in bullous pemphigoid (BP).28-32 As such, we hypothesized
that laminin-332 pemphigoid-1gG would induce a similar pro-inflammatory response in
keratinocytes, which could explain the histologic finding of acute inflammation and
blistering, in the absence of complement-fixing antibodies.

Previous studies have demonstrated that blockade of integrin a3p1, a known binding partner
of laminin a3, leads to terminal differentiation of keratinocytes.33 This differentiation could

be decreased with growth of cells on purified laminin-332. Prior epitope mapping studies in

patients with laminin-332 pemphigoid demonstrate that 65% of patients react with internal
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domains of laminin-332 ranging from the laminin-coiled coil domain to the G3 domain.2> 34
As the G1-3 domains interact with integrin a3p1 and a4p6,3 36 we investigated the

effect of blocking laminin a3 specifically in this region. P3H9-2 is a well-characterized
monoclonal antibody that blocks laminin a3 from interacting with integrin a3p1.1% 35, 37-39

2 QUESTION ADDRESSED

Our goal was to assess whether antibody blockade of laminin a3 binding induces a pro-
inflammatory transcriptional response and induces immune-independent blistering.

3 EXPERIMENTAL DESIGN

3.1 2D cell culture

Primary adult human keratinocytes (PHKSs) (Thermo Fisher Scientific) were cultured in
EpiLife Medium with Human Keratinocyte Growth Supplement in a humidified atmosphere
of 5% CO, at 37°C. Fresh culture media were replaced with fresh media every 48 h.

When confluency reached 80%-90%, cells were treated with anti-laminin a3 Clone P3H9-2
(R&D systems) 10 ug/ml, or Mouse 1gG1 isotype control (ThermoFisher) for 24 h. The
protein kinase C (PKC) inhibitor GO6983 (Tocris) 5 UM and the notch inhibitor tert-

Butyl (S)-{(2S)-2-[2-(3,5-difluorophenyl)acetamido]propanamido}phenylacetate (DAPT)
(Cayman Chemical) 10 uM were added to keratinocytes 2 h prior to treatment with P3H9-2.
Finally, cells were washed with PBS twice and stored at —80°C until RNA extraction was
performed.

3.2 3D human skin equivalents

3D human skin equivalents (HSE) were initiated and propagated as described previously
using primary neonatal human keratinocytes.4? Three independent cell lines derived

from three donors were used for 3D HSEs. 3T3-J2 fibroblasts were used as previously
described.%0 After nine or eleven days of growth at the air-liquid interface, 3D cultures were
treated with anti-laminin a3 Clone P3H9-2 at a concentration of 10 ug/ml or control vehicle
for 72 or 24 h respectively. All cultures were harvested on day 12.

3.3 RNA-purification

Utilizing the miRNeasy Mini Kit, total RNA was extracted from PHKs using the
manufacturer’s instructions (Qiagen Inc.). On-Column DNase | Digestion was used to
prevent genomic DNA contamination.

3.4 Library preparation and sequencing

The quantity and quality of RNA were determined utilizing a Nanodrop 1000
spectrophotometer (Nanodrop), with RNA integrity number and concentration was
confirmed using an Agilent 2100 Bioanalyzer (Agilent Technologies, Inc.). Isolated RNA
samples were prepared for the development of transcriptome libraries. Poly (A) mMRNA
was extracted and enriched from total RNA utilizing oligo (dT)-attached magnetic beads
according to the manufacturer’s (Illumina) instructions. Enriched and purified mRNA was
fragmented into approximately 200 nt short mRNA. First-strand cDNA was synthesized
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using random hexamers as primers. Second-strand cDNA was constructed in a buffer
containing dNTPs, DNA polymerase | and RNaseH. Appropriate fragments were isolated
and enriched by PCR amplification. Lastly, the newly synthesized cDNA libraries of the
samples were sequenced using an lllumina HiSeq sequencing platform.

3.5 Data processing and visualization

HISAT2 was used to map filtered clear reads to the reference genome. Mapped reads

were converted to Fragments Per Kilobase of transcript per Million mapped reads (FPKM),
and subsequently quantified with Cuffquant and Cuffnorm. DESeq was used to analyse
differentially expressed genes. Screening criteria were established at fold change =2 and
FDR <0.05. Gene Ontology (GO) was assessed using the topGO package, utilizing the gene
ontology database (http://geneontology.org/). Heat maps were generated based on FPKM
values using the heatmapper server (http://www.heatmapper.ca/).

4 RESULTS

4.1 Keratinocyte treatment with P3H9-2 results in transcriptional changes compatible
with differentiation

To determine the major cellular response to blockade of laminin a3, we performed RNA-seq
on cultured PHKs. RNA-seq revealed upregulation of numerous desmosomal genes (DSGI,
DSG3, DSC1, DSC3, DSP) as well as KRT1and KRT10. Additionally, P3H9-2-treated cells
demonstrated downregulation of fibronectin, as well most laminins and integrins except
LAMBA4 and ITGB8, which were overall expressed to a much lower level than other
laminins and integrins respectively. COL 17A1 expression was notably unaffected (log,FC
=0.02, P-adj = 0.65). Notable differentially expressed structural genes are shown in a heat
map in Figure 1A. A pro-inflammatory transcriptome was not appreciated, with significant
downregulation of all detected CXCL chemokines, as well as /L1B, IL1A, IL23A and
IL36B. Interestingly MMP9 was significantly downregulated as well. A complete list of
differentially expressed genes is provided in Table S1.

We next performed GO analysis to provide an unbiased enrichment of gene sets, which
demonstrated profound enrichment of genes involved in epidermal development and
extracellular structures as expected (Figure 1B, Figure S1). KEGG pathway annotation
demonstrated enrichment of signal transduction molecules (Figure S2).

4.2 Blockade of laminin a3 results in delayed blistering in 3D culture

In light of the significant downregulation of hemidesmosomal genes, we next hypothesized
that these transcriptional effects may alone be capable of inducing physiologic blistering,
rather than by physical blockade of laminin-a.3/integrin interactions. Traditional cryosection
models do not utilize active keratinocyte signalling and thus have failed to demonstrate
consistent complement-independent blistering pathways with autoantibodies against
laminin-332. We thus utilized 3D HSEs. While blistering was not appreciated at 24 h,
blistering was noted at 72 h, thus suggesting that steric hindrance of laminin-integrin alone
did not cause the blistering, but rather alterations in keratinocyte interaction at the BMZ
(Figure 2).
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4.3 PKC and NOTCH regulate laminin a3 maintenance of basal keratinocytes

Given the profound effect of PKC on regulation of keratinocyte differentiation,41-43

we next investigated whether cell signalling resulting from laminin a3 blockade was
ultimately regulated by PKC. PHKSs were pretreated with the PKC inhibitor GO6983
followed by the addition of P3H9-2 mAb. Overwhelmingly, PKC inhibition prevented
P3H9-2-mediated keratinocyte transcriptional changes, preventing upregulation of KR71,
KRT10, and desmosomal genes, as well as the downregulation of hemidesmosomal genes.
Notably, inhibition of PKC had no effect on COL17a1 expression, consistent with our initial
observation that blockade of laminin a3 did not affect COL 17a1 expression (Figure 3A).

Lastly, given the transcriptional upregulation of NOTCHI and NOTCH3 we observed in our
samples, the required role of PKC in NOTCH activation,** and the involvement of NOTCH
signalling on keratinocyte differentiation,*>: 46 we explored this mechanism further. We
utilized DAPT, a -y-secretase inhibitor that indirectly inhibits NOTCH. Like PKC blockade,
inhibition of notch signalling prevented P3H9-2 induced keratinocyte differentiation (Figure
3B).

5 CONCLUSIONS AND PERSPECTIVES

The aim of this study was to test the hypothesis that autoantibodies to laminin-332

trigger a pro-inflammatory response in keratinocytes and induces immune-independent
blistering. While we did not identify a pro-inflammatory transcriptome, we noted significant
keratinocyte differentiation, with downregulation of most hemidesmosomal genes. This
antibody-mediated transcriptional change could be reversed with both a PKC and NOTCH
inhibitor. Functionally, this was sufficient to induce blistering in an ex-vivo 3D culture
model at 72 h, but not 24 h, suggesting that integrin-mediated signalling rather than steric
hindrance of laminin a.3/integrin was sufficient to induce blistering. As laminin-332 globular
domains 1-3 are known to interact with integrin a3p1 as well as a6p4, we cannot determine
whether monoclonal antibody treatment resulted in blockade of a3p1, which has been
previously described, but also a.6p4.3% 47

Recently, an inducible knockout of laminin a3 in basal keratinocytes has been shown to
induce blistering in vivo.*8 This loss of laminin a.3 resulted in significant alterations in
cytokeratin, cell stress and cornified envelope expression. This is in line with our findings
of blockade induced differentiation and blistering. Notably, this model utilized a knockout
towards the N-terminus of laminin a3, presumably affecting laminin binding to a larger
number of protein-binding partners than just our monoclonal antibody approach.

While in BP complement-independent mechanisms of blistering and inflammatory response
have been well described,31 49 it has not been studied in laminin-332 pemphigoid. Previous
studies have provided conflicting evidence regarding complement-independent blistering
mechanisms. We have recently studied the subunit-dependent responses of keratinocytes
treated with 1gG from a series of patients with antibodies against only the laminin

a3,B3, or 2.5 Here, we identified a pro-inflammatory effect, particularly in patients

with antibodies against laminin B3. Likewise, keratinocyte-treated antibodies from a small
cohort of patients with antibodies against laminin a.3 did not demonstrate significant
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differentiation markers. Given laminin a.3’s interaction with numerous binding partners,
itis likely that these patients did not express antibodies targeting the same globular domain
epitope as in the present study utilizing a monoclonal antibody. As such, this phenomenon
appears epitope dependent, whereby blockade of the G2 domain contributes towards
keratinocyte differentiation, which in itself can induce differentiation but not upregulation
of inflammatory markers. This represents a potential mechanism that may account for
complement-independent blistering in laminin-332 pemphigoid.

Several study limitations must be noted. As DAPT is a y-secretase inhibitor, NOTCH

is only indirectly inhibited. Other potential targets include amyloid precursor protein,
E-cadherin and ErbB4. Notably, P3H9-2 did not affect gene expression of APP, CDH1
or ERBB4 genes, though non-transcriptional alternative regulation of these signalling
molecules cannot be ruled out. Similarly, while we demonstrated that PKC and NOTCH
prevented downregulation of most hemidesmosomal genes in 2D culture, we did not test
this in 3D culture, given the effect of these pharmacologics on keratinocyte differentiation,
which would presumably affect stratification of 3D HSEs. Lastly, while it is known that
a majority of patients have autoantibodies targeting the globular domain of laminin a3,
the functional ability of patient autoantibodies to block laminin a3 and integrin a.3p1
interactions is unclear.

In conclusion, we have characterized the keratinocyte transcriptome as a response to
blockade of laminin a3. While we did not identify a pro-inflammatory transcriptional effect,
we identified a complement-independent mechanism of blistering through direct blockade
of laminin a3 leading to cell differentiation. Further characterization of patient samples
targeting different epitopes of laminin a3 will provide more insight into direct pathologic
effects on keratinocytes.
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FIGURE 1.

Blockade of laminin alpha-3 alters the keratinocyte transcriptome. Primary human
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keratinocytes were incubated with laminin alpha-3 blocking antibody (clone: P3H9-2) or
Isotype control (n=3/condition). RNA-seq was subsequently performed. Fold change >2 and
FDR <0.05 were set as screening criteria. A) Select differentially expressed epithelial genes

Exp Dermatol. Author manuscript; available in PMC 2023 March 01.

are shown as a heat map, revealing upregulation of desmosomal genes and downregulation
of hemidesmosomal genes. B) Gene ontology for biologic processes of all significantly
differentially expressed genes reveals marked enrichment of epidermal genes
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P3H9-2 (24 h)

FIGURE 2.
Blocking laminin alpha-3 results in delayed blistering at 72 h. Ex vivo 3D human skin

equivalents were treated with laminin alpha-3 blocking antibody (clone: P3H9-2) or vehicle
control (n=3/condition). Cultures were harvested for histology at 24 and 72 h, revealing
blistering at 72 h, but not 24. Scale bars =50 um
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FIGURE 3.

Inhibition of PKC and NOTCH mitigates laminin alpha-3 transcriptional changes to key
desmosomal and hemidesmosomal genes. Primary human keratinocytes were incubated with
laminin alpha-3 blocking antibody (clone: P3H9-2) or isotype control in the following
pretreatment with the PKC inhibitor GO6983 and the NOTCH inhibitor DAPT at a
concentration of 5uM and 10uM respectively (n=3/condition). RNA-seq was subsequently
performed. Expression of select A) desmosomal and B) hemidesmosomal genes is shown for
each condition expressed as normalized fragments per kilobase million (FPKM), revealing
PKC and NOTCH-dependent inhibition of P3H9-2-mediated keratinocyte differentiation
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