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Laminin-332 pemphigoid is a rare and severe autoimmune blistering disease, caused by IgG autoantibodies targeting laminin-332 in the dermal-epidermal basement zone. Laminin-332 pemphigoid is characterized by variable inflammatory infiltrate and the predominance of non-complement-fixing antibodies. Given these findings, we hypothesized that IgG autoantibodies to laminin-332 directly resulted in keratinocyte expression of inflammatory factors. We performed RNA-seq on primary human keratinocytes treated with IgG from patients with laminin-332 pemphigoid. Genes for numerous cytokines and chemokines were upregulated, including CSF2, CSF3, CXCL1, CXCL5, CXCL3, CXCL8, CXCL10, CXCL1, IL6, IL7, IL15, IL23, IL32, IL37, TGFB2 as well as metalloproteases. Considering the pro-inflammatory and proteolytic effect of autoantibodies from patients with laminin-332 pemphigoid identified in our initial experiment, we next questioned whether the reactivity against specific laminin subunits dictates the inflammatory and proteolytic keratinocyte response. Then, we treated keratinocytes with IgG from a separate cohort of patients with reactivity against individual subunits of laminin-332. We identified upregulation of IL-1α, IL-6, IL-8, CXCL1, MMP9, TSLP, and GM-CSF at the protein level, most notably in keratinocytes treated with IgG from laminin β3-reactive patients. We for the first time demonstrated a pro-inflammatory response, similar to that described in keratinocytes treated with IgG autoantibodies from patients with bullous pemphigoid, providing novel insight into the pathogenesis of laminin-332 pemphigoid and laminin-332 biology.
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Introduction

Laminin-332 pemphigoid, a subtype of mucous membrane pemphigoid (MMP), is a rare and severe autoimmune blistering disease, caused by IgG autoantibodies targeting laminin-332 in the dermal-epidermal basement zone (BMZ) (1–3). Laminin-332 is an extracellular glycoprotein composed of the α3, β3, and γ2 subunits with a large G domain at the base containing epidermal growth factor-based repeats (4, 5). The α3 subunit is the most frequently targeted subunit in laminin-332 pemphigoid, followed by γ2 and β3 (6, 7). Laminin-332 pemphigoid has been associated with a more aggressive phenotype and with extensive laryngopharyngeal involvement (6, 8–11).

Several animal models have supported the pathogenicity of anti-laminin-332 IgG (12–14). The role of complement in inducing local inflammatory response and subsequent blistering remains unclear. For example, passive transfer experiments in neonatal mice demonstrate anti-laminin-332 IgG induced blistering, but a lack of local inflammation and significant mucosal involvement. In an adult mouse model of laminin-332 using anti-α3 antibodies, a more characteristic clinical phenotype with a local inflammatory response was appreciated in an Fc-dependent manner (14). Histologically, laminin-332 pemphigoid is characterized by variable inflammatory infiltrate (14, 15). It has also been reported that non-complement-fixing IgG antibodies against laminin 332 are the predominant class of autoantibodies deposited at the cutaneous BMZ in patients with laminin-332 pemphigoid (16). As such, it is likely that complement-independent inflammatory pathways exist in human disease.

Aside from their structural role, hemidesmosomal proteins may additionally regulate the local inflammatory response. For example, IgG autoantibodies to collagen XVII in bullous pemphigoid (BP) lead to internalization of collagen XVII in keratinocytes (17), with upregulation of the pro-inflammatory cytokines, IL-6 and IL-8. Genetic modification of collagen XVII additionally induces eosinophilia and keratinocyte expression of thymic stromal lymphopoietin (TSLP) (18). Notably, the presence of complement deposition in BP was inversely related to the presence of lesional neutrophils, thus suggesting a complement-independent inflammatory mechanism. As such, it is evident that numerous complement-independent pathways exist in BP (19).

Given the heterogeneity of cutaneous inflammation and the predominance of non-complement-fixing antibodies in laminin-332 pemphigoid, we hypothesized that IgG autoantibodies to laminin-332 directly resulted in keratinocyte expression of inflammatory factors.



Materials and Methods


Patients

All analyses of human materials were performed in accordance with the principles in the Declaration of Helsinki and approved by the ethical committee at the University of Illinois at Chicago, Rush University Medical Center, Philipps University, and Kurume University School of Medicine. Diagnosis of laminin-332 mucous membrane pemphigoid in the first cohort of patients was based on clinical presentation of MMP, direct immunofluorescence (DIF) demonstrating linear IgG deposition at the cutaneous BMZ, and with indirect immunofluorescence (IIF) against the dermal side of salt-split skin. All patients were screened and negative for BP180/BP230 antibodies (20). ELISA was performed using affinity purified native human laminin-332 (containing α3, β3, and γ2 subunits) from the squamous cell carcinoma cell line SCC25 as previously described (20). Diagnosis in the second cohort of patients was also based on DIF and salt-split IIF and/or immunoblots against each individual subunit of laminin-332. All sera were screened for the presence of BP180, BP230, and collagen 7 antibodies by ELISA, and p200 by immunoblotting. As epitope spreading is a common phenomenon, sera containing antibodies against BP180 or BP230 were not excluded from analysis as IIF showed only a dermal pattern. One patient additionally demonstrated autoantibodies to the p200 antigen, but this was considered to be epitope spreading, as the patient had aggressive mucous membrane disease, clinically most consistent with laminin-332 pemphigoid. Autoantibody profiles are shown in Table 1. Control human serum (Thermo Fisher Scientific, Waltham, MA, USA) was purchased.


Table 1 | Laminin-332 pemphigoid patients with IgG reactivity against a single subunit of laminin-332.





IgG Purification

IgG extraction was performed using Pearl IgG Purification Kits (G-Biosciences, St. Louis, MO, USA) according to manufacturer’s instructions. Isolated IgG was subsequently washed and concentrated using Amicon Ultra-15 centrifugal filter units with a 100kDa filter in PBS (Millipore Sigma, Burlington, MA, USA).



Cell Culture

Primary adult human keratinocytes (PHKs) (Thermo Fisher Scientific, Waltham, MA, USA) were cultured in EpiLife Medium with Human Keratinocyte Growth Supplement (Thermo Fisher Scientific, Waltham, MA, USA) in a humidified atmosphere of 5% CO2 at 37°. Fresh culture media were replaced every 48 h. When confluency reached 80-90%, cells were treated with the patients’ IgG (3.5 ug/ul) or normal human IgG for 24 h. Each sample represents a distinct culture. Finally, cells were washed twice with PBS and were stored at −80°C until RNA extraction. Culture supernatants were stored at −80°C until Luminex and ELISA assays were performed.



RNA-Purification and RT-qPCR

Total RNA from PHKs was isolated using miRNeasy Mini Kit following the manufacturer’s instructions (Qiagen Inc., Germantown, MD, USA). On-Column DNase I Digestion was performed to prevent genomic DNA contamination. The RT and real-time PCR were performed as previously described (21). Briefly 1 μg of total RNA was reverse transcribed to 100 μl of cDNA. Samples were run in duplicates, and the PCR were carried out using a Stratagene Mx3000 real-time PCR machine (Agilent Technologies, Inc., Santa Clara, CA, USA). GAPDH was used as the internal reference. The standard –ddCT method was used to measure the relative mRNA expression. 2-ΔΔCT values were compared using student’s T-test with significance defined as P < 0.05. Primers used in this study were synthesized by Integrated DNA Technologies Inc. (Coralville, IA, USA). Primers used are provided in Supplementary Table 1.



Next Generation Sequencing Library Preparation and Sequencing

Library preparation was performed as previously described (22). RNA quantity and quality were assessed using a Nanodrop 1000 spectrophotometer (Nanodrop, Thermo Fisher Scientific, Waltham, MA, USA), with RNA integrity number and concentration checked using an Agilent 2100 Bioanalyzer (Agilent Technologies, Inc., Santa Clara, CA, USA). Isolated RNA samples were subsequently prepared for construction of transcriptome libraries. Poly (A) mRNA was isolated and enriched from total RNA using oligo (dT)-attached magnetic beads according to the manufacturer’s (Illumina, San Diego, CA, USA) instructions. Enriched and purified mRNA was subsequently broken into approximately 200 nt short mRNA with random hexamers used as primers to synthesize first-strand cDNA. Second-strand cDNA was synthesized in a buffer containing dNTPs, DNA polymerase I, and RNaseH. Suitable fragments were isolated and enriched by PCR amplification. Finally, the constructed cDNA libraries of the samples were sequenced using an Illumina HiSeq sequencing platform (San Diego, CA, USA). Raw data was uploaded to the Gene Expression Omnibus under the accession number GSE182644.



Data Processing and Visualization

Filtered clear reads were mapped to the reference genome by HISAT2 (23). Mapped reads were converted to Fragments Per Kilobase of transcript per Million mapped reads (FPKM), and subsequently quantified with Cuffquant and Cuffnorm (24). DESeq was used for normalization and to analyze differentially expressed genes (25). Fold change ≥ 2 and false discovery rate <0.05 were set as screening criteria. Gene Ontology was assessed using the topGO package (26), utilizing the gene ontology database (http://geneontology.org/). Heat maps were generated using FPKM values using the Morpheus online server (https://software.broadinstitute.org/morpheus).



Luminex and ELISA Assays

Luminex multiplex kits for IL-1a, IL-6, IL-8, CXCL1, matrix metalloproteinase 9 (MMP9), and TSLP were purchased from R&D systems (Minneapolis, MN, USA). Supernatants were diluted per manufacturer recommendations using a Flexmap 3D system (Luminex, Austin, TX, USA), performed at the Rush University Medical Center Biomarker Development Core. GM-CSF and HSPA5 ELISA were purchased from Thermo Fisher Scientific (Waltham, MA, USA) and MyBioSource (San Diego, CA, USA), respectively. Samples in Luminex and ELISA assays were run in duplicate. ELISAs were performed per the manufacturer’s instructions and read on a Tecan Spark plate imager (Tecan Group Ltd., Männedorf, Switzerland). Standard curves were calculated for all markers. To compare concentrations between controls and each laminin-subunit reactive, we used a one-way ANOVA with Tukey’s test (GraphPad Prism 6). Significance was set at P < 0.05. ClustVis was used to perform principal component analysis (27). Expression heat map was generated by normalizing protein concentrations and subsequently visualized using the heatmapper server (28).




Results


IgG From Patients With Laminin-332 Pemphigoid Results in Upregulation of Numerous Pro-Inflammatory Genes as Identified by RNA-Seq

Whole transcriptome sequencing was used to profile expression of primary keratinocytes treated with IgG from patients with untyped laminin-332 pemphigoid (n=4) or control serum (n=3). We obtained an average of 40.1 million clean reads per sample. An average of 96% genes mapped to the human genome. Principal component analysis demonstrates two distinct clusters between keratinocytes treated with laminin-332 IgG or control IgG (Figure 1). 3,228 genes are differentially expressed (2,050 up, 1,179 down). The top 50 most significantly differentially expressed genes by false discovery rate are shown in (Figure 1). Supplementary Table 2 summarizes all significantly differentially expressed genes.




Figure 1 | Primary human keratinocytes were treated for 24 hours with 3.5μg/μL of IgG from patients with laminin-332 pemphigoid (n=4), or control IgG. 3 different cultures were used for control IgG treatments. RNA-seq was performed on keratinocytes, resulting in (A) 3,228 genes to be differentially expressed (2,050 up, 1,179 down) as shown on a Volcano plot. (B) Principal component analysis demonstrating discrete clusters between laminin-332 IgG autoantibody treated keratinocytes (Lam.pt) as compared to health control (H.IgG). (C) Expression heat map of selected cytokines, chemokines, heat shock proteins, proteases, and structural proteins. (D) Top 50 differentially expressed genes as sorted by false discovery rate, shown from most highly upregulated down regulated.



As hypothesized, genes for numerous cytokines and chemokines were significantly upregulated, including CSF2, CSF3, CXCL1, CXCL5, CXCL3, CXCL8, CXCL10, CXCL1, IL6, IL7, IL15, IL23, IL32, IL37, TGFB2. Only TGFB3 and IL34 genes were downregulated. Interestingly, numerous heat shock genes were differentially expressed with HSP90B1, HSP90B2P, HSP90B3P, and HSPA5 highly upregulated, while HSPA2, HSPA4L, HSPA14, HSPB8, HSPE1P2, and HSPA6 were down regulated. Numerous proteases were additionally upregulated including MMP1, MMP2, MMP9, MMP10, MMP12, MMP14, MMP15, MMP19, MMP24, ADAM8, ADAM12, ADAM19, and ADAM21. Of these, MMP9 and ADAM19 were most highly upregulated. Lastly, hemidesmosomal genes COL17A1, COL7A1, LAMA3, LAMB3, and LAMC2 were upregulated. Heat map of select proteases, heat-shock proteins, cytokines, chemokines, and structural proteins are shown in (Figure 1).



qPCR Validation of Select Genes Identified by Next Generation Sequencing

To confirm next generation sequencing findings, RT-qPCR was performed on a subset of genes from the same samples. These genes covered several functional clusters such as proteases, structural proteins, inflammatory molecules, and heat shock response. RT-qPCR confirmed significant upregulation (P < 0.05) in all assessed genes: ADAM19, MMP9, COL17A1, LAMA3, VIM, ICAM-1, CSF2, CSF3, IL23a, IL-32, HSPA5, and HSP90B1 (Figure 2).




Figure 2 | RT-PCR was performed to confirm next generation sequencing findings in several gene classes including cytokines, chemokines, heat shock proteins, proteases, and structural proteins. RT-PCR was performed in duplicates of laminin (n=4) or control cultures (n=3). Upregulation of ADAM19, MMP9, COL17A1, LAMA3, VIM, ICAM1, CSF2, CSF3, IL23A, IL32, HSPA5, and HSP90B1. Values indicate fold-change of laminin treated keratinocytes (n=4) relative to control treated cultures (n=3). Student’s T-test was used. All genes were confirmed as significant with P < 0.05.





Functional Enrichment

Gene ontology assessment for biologic processes demonstrated significant enrichment of extracellular structures, epidermal development, and inflammasome activation (response to lipopolysaccharide), as well as various aspects of DNA replication. Functional enrichment for cellular components demonstrated enhancement in notable pathways including extracellular matrix genes and basement membranes genes, while enrichment for molecular function demonstrated notable effects on glycosaminoglycan binding, cytokine binding, integrin binding, and transmembrane receptor protein kinase activity pathways (Supplementary Figure 1).



Treatment of Primary Human Keratinocytes With IgG From Laminin-332 Pemphigoid Specific to Each Subunit

Considering the pro-inflammatory and proteolytic effect of IgG autoantibodies from patients with laminin-332 pemphigoid on keratinocytes identified in our initial experiment, we next looked to validate several of the key findings in a larger cohort of patients with laminin-332 pemphigoid. Additionally, we questioned whether the reactivity against specific laminin subunits affects the inflammatory and proteolytic keratinocyte response. We treated PHK with IgG from a separate cohort of patients with reactivity against only either laminin α3 (n=5), laminin β3 (n=4), or laminin γ2 (n=5). Patient demographics are shown in Table 1.

We next evaluated IL-1α, IL-6, IL-8, CXCL1, MMP9, GM-CSF protein expression using Luminex and ELISA assays, confirming overall upregulation. We additionally evaluated TSLP as a pro-inflammatory marker which has been described in BP; this too was elevated at the protein level, though not significantly increased at the mRNA level by RNA-seq. Inflammatory markers were consistently most elevated in patients with reactivity against the laminin β3 subunit (Figure 3). We did not find a difference in HSPA5 expression among different groups. Protein expression heat map demonstrates heterogeneity within responses from each subunit, however, heatmap and principal component analysis demonstrate striking distinction between laminin β3 reactivity, and both control and laminin α3 (Figure 4). Given the limited sample size and records, we were unable to identify significant association between pro-inflammatory effect of patients’ IgG with their histologic or clinical presentations.




Figure 3 | Primary human keratinocytes were treated for 24 hours with 3.5μg/μL of IgG from patients with laminin-332 pemphigoid with autoreactivity against either laminin α3 (n=4-5), laminin β3 (n=4), laminin γ2 (n=4-5), or control (n=4). Luminex and ELISA assays were performed to quantify supernatant protein expression.  Bar charts demonstrate significant upregulation of IL-1a, IL-6, IL-8, CXCL1, MMP9, TSLP, and GM-CSF by one way ANOVA (P < 0.05). Bars indicate Tukey’s test for multiple comparisons between groups (*P <0.05, **P < 0.01, ***P < 0.001). HSPA5 levels did not significantly differ. Values shown are for a single experiment.






Figure 4 | (A) Principal component analysis of supernatant protein concentrations spatially represents control IgG versus each laminin subunit, with greatest distinction between laminin β3 autoreactivity and control IgG. Only samples with protein levels for all markers were included in PCA. (B) Normalized concentrations of supernatant proteins presented as a heat map demonstrate upregulation of inflammatory markers in laminin β3-IgG treated keratinocytes followed by laminin γ2-IgG treated keratinocytes.






Discussion

Local inflammatory responses in laminin-332 pemphigoid vary significantly in human disease and in different in vivo models (13–15, 28). Though complement activation can account for a portion of the inflammatory response and is required in some animal models (14), this is at odds with the finding of a predominance of non-complement fixing IgG autoantibodies in patients with laminin-332 pemphigoid (16). The aim of this study was to test the hypothesis that IgG autoantibodies to laminin-332 trigger a pro-inflammatory response in keratinocytes. While in BP, this phenomenon has been well described and accounts for part of the complement-independent mechanism of blistering and inflammatory response (29, 30), it has not previously been described in laminin-332 pemphigoid. We herein demonstrate upregulation at both the mRNA and protein levels of numerous pro-inflammatory cytokines and chemokines in keratinocytes treated with anti-laminin-332 IgG. We additionally demonstrate significant transcriptional upregulation of heat shock proteins and metalloproteases, which have been described to have a contributory mechanism in other autoimmune blistering disorders (31–34). We have identified IgG autoantibodies against the laminin β3 subunit as having the most pro-inflammatory effect, followed by anti-γ2, and anti-α3 laminin. Interestingly, anti-laminin β3 autoantibodies are the least prevalent autoantibodies in laminin-332 pemphigoid (6, 7).

A few limitations must be noted. We selected patients with IgG autoantibodies to each subunit specifically. However, patients often harbor IgG autoantibodies to several domains of laminin-332 concurrently. As such, synergistic effects of autoantibodies targeting different subunits were not identified in this approach. Additionally, the presence of concomitant autoantibodies may contribute a small degree to these findings. For example, BP180 antibodies are known to induce a pro-inflammatory response. As these antibodies were detected by ELISA, but no epidermal staining was appreciated on IIF, two samples were included.

We did not exclude patients who had positive ELISA for BP180/BP230 when looking at laminin subtype. It should be noted that IIF was only positive on dermal side for all of these, so BP180/BP230 autoantibodies are likely at a far lower concentration relative to laminin sub-unit specific antibodies or are not against pathogenic epitopes. Patient LAMA3-IgG3 had antibodies to BP180/BP230 but did not appear to significantly differ from other LAMA3 sera on PCA analysis. When evaluating the protein expression heatmap, the presence of BP180 antibodies do not appear to affect the inflammatory response. In fact, patient LAMB3-IgG1, and LAMA3-IgG3 do not demonstrate particularly high expression relative to the other LAMB3. Thus, the presence of these antibodies appears insufficient to explain our pro-inflammatory findings. While patient LAMC2-IgG3 additionally had autoantibodies against the p200 antigen detected by immunoblot, the patient’s clinical presentation was consistent with laminin-332 mucous membrane pemphigoid. Nevertheless, we cannot rule out a contributory role of p200 antibodies. Analysis of LAMC2 treated patient does not reveal comparable clustering to other subunits. Yet, the most notable ‘outlier’ is patient LAMC2-IgG2, who only expressed autoantibodies to LAMC2. Lastly, we were unable to correlate histopathological findings with keratinocyte cytokine expression levels due to a limited number of specimens with histology.

In addition to identifying potential complement-independent inflammatory mechanisms in laminin-332 pemphigoid, these findings shed light on laminin-332 as an active regulator of cell signalling and function. Extracellular matrix proteins not only serve as structural proteins but affect cell signalling through protein-protein interactions (35). Blockade of laminin α3 and integrin α3β1 interactions are known to lead to keratinocyte differentiation (36). We have recently identified this keratinocyte differentiation to sufficiently induce blistering in 3D skin equivalents, through a protein kinase C and NOTCH dependent pathway (Bao et al., in submission). Notably, RNA-seq in our samples of laminin-332 IgG treated keratinocytes failed to demonstrate keratinocyte differentiation, but rather showed restorative upregulation of hemidesmosomal genes. Whether patient IgG autoantibodies failed to block laminin α3 and integrin α3β1 interaction seen in studies using monoclonal antibodies, or whether IgG autoantibodies to multiple differing epitopes prevent this keratinocyte differentiation requires further study. This does, however, point the importance of polyclonality in patient samples which may be missed when using a monoclonal antibody. We additionally identified distinct inflammatory responses to antibodies against the laminin β3 and γ2 subunit that were absent in patients with laminin α3 autoantibodies. This suggests these subunits may have discrete signalling partners in the BMZ homeostasis from laminin α3.

While we were unable to confirm upregulation of heat shock proteins at the protein level, transcriptional upregulation of HSP90B1, HSP90B2P, HSP90B3P, and HSPA5 was notable. Heat shock protein activation in pemphigoids is well described, and heat shock proteins can be overexpressed in keratinocytes, fibroblasts, or leukocytes. Activation of HSP90, cHSP70, and HSP27 has been described in the stroma of ocular pemphigoid. HSP47 is activated in fibroblasts from MMP and ocular cicatricial pemphigoid (37, 38). However, studies in BP have noted strong Hsp90 overexpression in the epidermis. Similarly, stimulation of keratinocytes with BP-IgG can induce HSP90 expression (39). Inhibition of keratinocyte Hsp90 led to a decrease in BP-IgG induced IL-6 and IL-8 expression (40). Inhibition of Hsp90 has also demonstrated therapeutic efficacy in in vivo models of epidermolysis bullosa acquisita, though its mechanism of action appears to be tied towards neutrophil function (41, 42). Thus, the discovery of significant upregulation of Hsp90 genes HSP90B1, HSP90B2P, HSP90B3P in laminin-332 pemphigoid IgG treated may present a possible therapeutic approach.

The role of laminin-332 in carcinogenesis warrants further discussion. Laminin-332 pemphigoid is thought to arise more commonly in patients with underlying malignancy (43). Additionally, laminin-332 is known to play a significant role in tumorigenesis (5, 44–46). Significant research has implicated laminin-332 and integrin signalling in cell migration and invasion in cancer (46). Our study demonstrated direct induction of several inflammatory cytokines by keratinocytes treated with laminin-332 autoantibodies reactive against the β3 and γ2 subunits. While laminin-332 can regulate numerous aspects of tumorigenesis through binding with other BMZ components (47), its ability to regulate local inflammation remains unclear in cancer and is primarily described in inflammatory bowel disease (48–50).

In conclusion, we have characterized the keratinocyte transcriptome as a response to laminin-332 pemphigoid IgG. We for the first time have demonstrated a pro-inflammatory response, similar to that described in keratinocytes treated with IgG autoantibodies from patients with BP. These insights improve our understanding of laminin-332 pemphigoid pathogenesis and laminin-332 biology.
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OEBPS/Images/table1.jpg
ID Age Sex IIF Dermal Laminin Domain reactivity Other autoantibodies

LAMAB-IgG1 85 M +40 o3 -
LAMAS-IgG2 61 M +10 o3 -
LAMAG-IgG3 63 M +10 o3 BP180/BP230
LAMAS-IgG4 50 F +10 o3 N
LAMB3-IgG 1 NR NR +10 B3 BP180
LAMB3-IgG2 NR NR +10 B3 =
LAMB3-IgG3 49 F +10 B3 -
LAMB3-IgG4 78 M +10 B3 =
LAMC2-IgG1 56 F - 2 -
LAMC2-IgG2 74 M +10 2 -
LAMC2-IgG3 84 M +10 ) P200
LAMC2-IgG4 69 M +10 2 =

lIF, indirect immunofiuorescence; NR, No record. IIF was performed on salt split human skin with serial dilution to 1:10 and 1:40. Laminin subunit reactivity was determined by
immunoblotting. The presence of BP180, BP230, and collagen 7 antibodies was assessed by ELISA. Notably, neither patient with BP180 antibodies demonstrated epidermal staining.
Immunoblotting was used to screen sera for reactivity against p200.





