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Abstract

Background: Hidradenitis suppurativa (HS) is an inflammatory skin disease with dysregulation
of the IL-17 axis. Recently we reported clinical benefit of brodalumab, a human anti-1L-17
receptor A (IL-17RA) monoclonal antibody, in moderate-to-severe HS.

Objectives: To characterize the molecular response to brodalumab in HS skin and serum, and to
identify biomarkers of treatment response.

Methods: Ten participants that received 210 mg/1.5mL brodalumab subcutaneously at week 0,
1, 2, 4 and every 2 weeks after were included in this molecular profiling study (NCT03960268).
RNA-sequencing and immunohistochemistry of nonlesional, perilesional and lesional HS skin
biopsies, and Olink high throughput proteomics of serum at baseline, week 4 and week 12 were
assessed.

Results: At week 12, brodalumab led to a decrease of overall inflammation, and improvement
of psoriasis-, keratinocyte- and neutrophil-related pathways. Despite perilesional and lesional skin
having no differentially expressed genes at baseline, treatment response was best assessed in
perilesional skin. In serum, brodalumab treatment decreased pathways involved in neutrophil
inflammation. Patients with higher baseline expression of neutrophil-associated Lipocalin-2
(LCN2) in the skin and IL-17A in the serum demonstrated greater decreases of HS-related
inflammatory cytokines as measured in skin biopsies at week 12.

Conclusions: IL-17RA inhibition by brodalumab impacts several pathogenic inflammatory axes
in HS. Perilesional skin provides a valid and robust assessment of treatment response. Expression
of LCN2 in skin and IL-17A in serum may be used as biomarkers to stratify patients that may have
a superior molecular response to brodalumab =.

INTRODUCTION:

Hidradenitis Suppurativa (HS) is a complex inflammatory skin disease presenting with
painful nodules and abscesses with progression to malodorous draining tunnels. HS has a
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significant disease burden and a more profound impact on patients’ quality of life compared
to other systemic skin diseases!=3. Effective therapeutics remain limited, with TNF inhibitor
adalimumab as the only U.S. Food Drug Administration (FDA) approved biologic for the
disease, however only achieving a clinical response (HiSCR) response of 42-59%%*. Despite
increased research progress in the past several years, identification and development of novel
therapeutics remains hindered by our relatively incomplete understanding of the molecular
pathogenesis of HS®. The morphologic heterogeneity of the disease (which include nodules,
abscesses, tunnels, and fibrotic regions) as well as a lack of a standardized consensus

in assessing the molecular response in therapeutic studies (i.e., which regions to biopsy)

add to the challenge of HS research®. Furthermore, molecular and cellular biomarkers of
disease activity have remained elusive in HS. One study identified a robust decrease in
transcriptomic B cell signature in HS lesional biopsies following treatment with adalimumab
and a decrease in B cell lymphocyte chemoattractant CXCL13, while another studied
identified a reduction in frequency of T-helper (Th) 17 cells”:8. However, other studies

of apremilast and ustekinumab did not identify a biomarker of treatment response despite
clinical efficacy®10.

Recent work identified increased expression of IL-17A and IL-17C and greater infiltration
of Th17 cells in HS11-18 19, Considering the evidence for the role of IL-17 signaling in
disease pathogenesis, therapeutic targeting of IL-17A pathway in HS has been explored in
small cohort studies?9-23. A recent phase 11 double-blind, placebo-controlled randomized
trial of bimekizumab, a monoclonal antibody targeting both IL-17A and IL-17F, also
showed efficacy, with 46% of treated patients achieving HISCR75 at week 1224, Given

the elevated levels of both IL-17A/C in HS, targeting IL-17 Receptor A (IL-17RA), a shared
subunit of the receptor complex, is another attractive therapeutic avenue2>-30, We have
recently conducted a clinical study of brodalumab, a human monoclonal antibody targeting
IL-17RA, in HS and reported promising clinical results, with 100% of participants reaching
HiSCR31-34 There were no grade 2/3 adverse events, and the treatment was well-tolerated,
despite previous reports of Crohn’s disease exacerbations and association with development
of infections)34:35,

Here, we characterize the molecular impact of IL-17RA antagonism in HS using a pathway
approach. This is the first study to systematically compare treatment response in lesional,
perilesional and nonlesional HS skin in the setting of a therapeutic intervention.

MATERIALS AND METHODS:

Study cohort

This study was conducted following approval by the Institutional Review Board. Informed
consent in accordance with the Declaration of Helsinki was obtained from all patients.
Samples were included from an open-label cohort study (NCT03960268). Ten patients with
moderate-to-severe (Hurley Stage 2 and 3) who completed 12 weeks of treatment were
enrolled in this molecular characterization study, with complete inclusion and exclusion
criteria as previously described3?. Patients with HS =18 years of age were eligible to
participate. Patients were required to have a negative result for hepatitis B virus surface
antigen, hepatitis C virus antibody, Human Immunodeficiency Virus (HIV), QuantiFERON
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Gold tuberculosis and pregnancy tests. Patients with inflammatory bowel disease were
excluded from this study. Patients were required to undergo a washout period of 5 half-
lives from previous immunomodulating/biologic therapies. Brodalumab 210 mg/1.5mL was
administered at week 0, 1, 2, 4 and every two weeks after until the study end point.

Skin biopsy analysis

Punch biopsies of nonlesional, perilesional and lesional HS skin were collected under
ultrasound guidance as previously described14:34:36, Biopsies were collected prior to
treatment (baseline) and at week 12, with an optional week 4 biopsy. Biopsies were
processed and IHC was performed as previously described!4. Epidermal thickness and

the number of positive cells per field were counted using ImageJ, V1.42 software. RNA

was extracted using Qiagen miRNeasy Mini kit (Qiagen). RNA-sequencing (RNA-seq) was
performed using NovaSeq 6000 (lllumina), and reads were aligned to the reference genome
(GRCh37), (GEO#GSE189266). Differential expression was estimated with DESeq2 and
VST to log2 transform the normalized counts3’. Differentially expressed genes were defined
as fold change (FCH) of = |1.5| and false discovery rate <0.5.

Serum analysis

Blood samples were centrifuged, and serum was stored at —80°C. Samples were
analyzed using Olink high throughput proteomics (Cardiometabolic, Cardiovascular 11,
Cardiovascular 111 and Inflammation panels) as previously described!3. Quality control
of Olink data was performed using the standard quality control pipeline38. Differentially
expressed proteins were defined as fold change (FCH) of = |1.5] and p value <0.05.

Statistical analysis

RNA-seq and Olink statistical analysis were performed in R language (www.R-project.org;
R foundation, Vienna, Austria) using publicly available packages (www.bioconductor.org).
Means of each group and differences between the groups were estimated using least

square means. Hypothesis testing was undertaken using the general framework for linear
mixed-effect models of limma package. Timepoint and tissue were considered as fixed
factors while random effect related to subjects was included. Unsupervised clustering

was performed with the Euclidean distance and average agglomeration. RNAseq data

p values were corrected for multiplicity using Benjamini-Hochberg procedure while for
OLINK data p value adjustment was not performed. Correlation between differentially
expressed genes (DEGS) in perilesional and lesional skin was accomplished using Pearson
correlation on log2-transformed expression values. Correlation between mRNA expression
in skin and Olink expression in serum with the decrease in molecular markers in skin (in
logFCH) was achieved using Spearman correlations on log2-transformed expression values.
Correlation among Olink expression in serum was performed using Pearson correlations on
log2-transformed expression values. Enrichment analyses were completed using Ingenuity
Pathway Analysis and PANTHER. Statistical significance between IHC cellular infiltration
at baseline, week 4 and week 12 was assessed using a 2-way ANOVA in perilesional and
lesional HS skin. Dunnett statistical hypothesis testing was used to correct for multiple
comparisons.
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RESULTS

To ascertain the molecular response following brodalumab treatment, we studied biopsy
tissues and serum from 10 patients who completed 12 weeks of treatment. We collected
nonlesional, perilesional and lesional biopsies from patients prior to treatment (baseline),
at week 4 (optional for skin biopsies) and week 12. Lesional skin was biopsied at an edge
of an active inflammatory nodule, while perilesional and nonlesional skin were biopsied
on visually relatively healthy appearing skin 2cm and 10cm away in the same anatomic
region38. Details of the clinical results from this study have been previously described34. A
cohort of 10 HS subjects allowed us to detect post- vs pre-treatment effect size equal to 1
with 95% significance level and 80% power using a two-tail related samples t-test, which is
smaller than the effect size equal to 1.64 (p-value=0.0056) for IL-17A previously reported
for the comparison of HS to healthy controls3®.

Molecular resolution of HS transcriptome with brodalumab treatment

We investigated brodalumab-induced changes in HS transcriptome (HSTR). RNA-
sequencing was performed on whole-tissue skin biopsies and criteria of FCH>|1.5| and
FDR < 0.05 was utilized for differentially expressed genes (DEGS). HS transcriptome was
defined as the DEGs between lesional (HSTR-LS) or perilesional (HSTR-PL) skin and
healthy appearing nonlesional skin. HSTR-LS had 923 down- and 913 up-regulated DEGs,
whereas HSTR-PL had 819 down- and 835- upregulated DEGs. Lesional and perilesional
samples were both highly inflamed at baseline and no DEGs were detected between lesional
and perilesional skin (Figure 1A-D). We identified a significant correlation between genes
in lesional and perilesional skin (r=0.94, p<1E-04, Figure 1A). Treatment yielded an 88.3%
reduction in HSTR-PL compared to 55.1% reduction in HSTR-LS week 12 (p<0.001)
(Figure 1E-F). At 12 weeks, the odds ratio of HS lesional compared to perilesional
transcriptome reduction was 6.11.

Given that treatment response was better detected in HSTR-PL, we focused subsequent
analysis on perilesional skin. DEGs modulated with treatment included neutrophilic (CSF3,
CD177), Thl (CXCL11, STAT4), Th17 (IL21R), Th2 (GATA3) and innate interferon
pathway related (IFI116, IL18, MX1, MX2, IFITM3, 1SG20) markers as well as B cell
chemoattractant CXCL13 (Supplemental Figure S1). Using gene-set variation analysis
(GSVA) we quantified the behavior of previously curated gene-sets and observed decreases
in the general inflammatory response and pathways related to psoriasis, Thl, Th17 and
IL-12/1L-23 signaling (Figure 2A). IL-17 signaling is involved in keratinocyte proliferation,
differentiation and feed-forward inflammation in which Th17-derived IL-17A/F can lead

to increased production of other inflammatory cytokines including 1L-36, CCL20, CXCL
chemokines and S100 proteins while keratinocyte derived IL-17C can amplify this signaling
by leading to increased secretion of IL-17A by Th17 cells82740:41 We thus asked whether
previously defined keratinocyte signaling pathways are also decreased with treatment and
observed a reduction of multiple keratinocyte-related axes (Figure 2A). Clinically, patients
had a reduction in purulent drainage from dermal tunnels34. Given that tunnels are involved
in neutrophilic inflammation, we asked whether neutrophilic related pathways are also
downregulated with brodalumab treatment and observed a significant decrease of neutrophil-
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related pathways in perilesional skin1314 (Figure 2B). By Ingenuity Pathway Analysis (IPA),
the top down-regulated pathways with brodalumab treatment included T-cell activation,
phagosome formation, pattern recognition of bacteria and virus, wound healing, STAT3 and
GM-CSF signaling, neuroinflammation, and the role for IL-17A in psoriasis (p < 0.00001) A
strong reduction in B-cell receptor signaling was also detected (Supplemental Figure S2).

Treatment response is better appreciated in perilesional skin

Treatment improvement measures the extent to which posttreatment perilesional and
lesional skin transcripts approach baseline nonlesional levels, wherein 100% improvement
corresponds to baseline nonlesional level of transcripts in posttreatment perilesional and
lesional skin.

We thus calculated the improvement for pathways modulated with treatment4°. There

was modest improvement from baseline at Week 4. No significant differences between
improvement in perilesional and lesional skin were observed (Supplemental Figure S3). At
week 12, there was a significantly higher improvement observed in perilesional compared

to lesional skin (Figure 3A). Given that perilesional and lesional skin were equally inflamed
and had no DEGs at baseline, this data further suggests that a better treatment response is
observed in perilesional skin. There was a gradual increase of improvement from week 4

to week 12 in multiple pathways in perilesional skin, including neutrophil-related pathways
(neutrophil chemotaxis, neutrophil migration, degranulation), psoriasis related pathways and
the atherosclerosis signaling pathway (Figure 3B).

Treatment with brodalumab leads to a decreased inflammatory infiltration in skin

We then assessed the histopathologic changes following brodalumab treatment. Consistent
with our previous investigations, we did not find a significant difference between
histological properties of lesional and perilesional skin at baseline*2. We observed a
reduction in epidermal thickness in both lesional and perilesional skin at week 4 and week
12. There was a significant reduction of CD3 and CD11c infiltrates compared to baseline in
both perilesional and lesional skin. Epidermal infiltration of CD11c observed in lesional skin
at baseline resolved with treatment (Figure 4).

Brodalumab leads to a decrease of granulocyte-related pathways in serum

Using Olink high throughput proteomics, we assessed 368 inflammation-, cardiovascular-
and cardiometabolic-related biomarkers in serum. Increases in several inflammatory
cytokines in HS were detected at baseline, including TNF, IL-6, and IL-8 elevations. TNF
and IL-8 were strongly decreased by 12 weeks of treatment. As many of the measured
proteins are inter-correlated (Supplementary Figure S4) due to cytokine interactions, we
analyzed the brodalumab treatment response mainly by pathways to establish statistical
significance of protein changes. This pathway analysis of all downregulated proteins at both
week 4 and week 12 showed an enrichment (ie improvement) in pathways related to TNF
response, neutrophil (granulocyte chemotaxis, neutrophil migration, granulocyte migration)
and general inflammatory responses (myeloid leukocyte migration, leukocyte chemotaxis,
inflammatory response) (Figure 5, Supplemental Figure S5). We note that IL-17A levels
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were markedly elevated after brodalumab administration, likely reflecting reduced receptor
binding mediated by brodalumab.

Higher expression of LCN2 in skin and IL-17A in serum correlates with a greater decrease
of inflammatory cytokines with treatment

HS heterogeneity presents a challenge to both therapeutic management and molecular
assessment of a treatment response. We therefore asked whether we could identify a
biomarker to stratify patients that may have a superior molecular response to IL-17RA
blockade. Given the decrease of neutrophilic signatures in both skin and blood following
treatment with brodalumab, we focused on neutrophil-associated biomarkers. Neutrophil
gelatinase-associated lipocalin-2 (LCNZ2) is expressed in neutrophils and can be used to
identify a more inflamed and neutrophilic subtype in skin and serum#2-44, Consistent with
this, patients with higher LCN2 levels in lesional skin at baseline had a greater decrease
of inflammatory markers implicated in HS pathogenesis (IL1B, 1L36G, LCN2, TNF) in
perilesional skin at Week 12 (Figure 6A). IL-17A is an inducer of LCN24547_ Since that
IL-17A serum quantification is commercially available, we asked whether we could use
baseline IL-17A expression to stratify patients that will have a greater molecular response
in the skin. Patients with higher IL-17A expression in serum had a greater decrease in
inflammatory cytokines in perilesional skin at week 12 (Figure 6B,). Taken together, these
data suggest that patients with high baseline expression of neutrophil-related LCN2 in the
skin or IL-17A in the serum may have a greater molecular response to treatment with
brodalumab.

DISCUSSION

A pathogenic role for IL-17 and Th17 T-cells is suggested by preliminary studies

conducted with secukinumab, bimekizumab, and brodalumab, which demonstrated clinical
improvements20-23.26.34.48 24 || _17 effects on epithelial cells in epidermis and tunnels may
be particularly important in HS as there are marked upregulation of products including
IL-17C, CXCLS8/IL-8 and IL-36 isoforms that are produced by IL-17 activated epithelial
cells12.14.49-52 However, in the context of the disease that displays connective tissue
pathology and significant B cell infiltration, IL-17 may also have important effects on these
cell types®3-61, We identify several pathways significantly modulated by brodalumab in

HS including an overall decrease of inflammatory response and psoriasis-related pathways.
In addition to decreased neutrophil pathways in the skin, we also observed a reduction in
granulocyte and neutrophil chemotaxis and migration pathways in the serum with treatment.
Dermal IL-17 can lead to neutrophil migration towards affected areas and IL-17 pathway
antagonists have been shown to be effective in patients with generalized pustular psoriasis, a
disease that is also dominated by neutrophilic inflammation®2 60,

Recent work has reported the attenuation of a B cell response following anti-TNF
therapy®0.:61, Involvement of B cells, plasma cells and fibroblasts only recently

became acknowledged as potentially important in HS pathogenesis®®23:60.61.63 Qur data
demonstrates a decrease in infiltration of naive B cells following treatment with brodalumab.
The multitude of pathways modulated by IL-17RA blockade suggests that IL-17RA may
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be a critical node in the multidimensional axis underlying HS pathogenesis. Furthermore,
previous mechanistic studies of skin and/or serum following treatment with apremilast,
infliximab and ustekinumab in HS were not able to identify a significant singular biomarker
of treatment response®10.64.65 Beyond interaction of I1L-17 pathway with innate cytokines,
inflammation in HS may also be contributed by B cells and complement activated cascades,
making the identification of cohesive treatment biomarkers more difficult than it is in
psoriasis which is driven by a dominant Th17 inflammatory axis. As such, a pathway
approach, such as the one we have utilized, may have more power to determine disease
associated or treatment associated changes in inflammation.

Further work is needed to determine whether innate cytokines interact with IL-17 to produce
a feed forward inflammatory pathway as is the case in psoriasis, or whether these are
independent inflammatory pathways that may be dominant in different subset of patients,
leading to the question of whether targeted treatment based on HS subtypes or endotypes
may be needed in HS. In our cohort, patients with high LCN2 in lesional skin had greater
decreases in neutrophil-related cytokines (IL36G, IL1B) following treatment, suggesting that
brodalumab likely targets the neutrophil-related component of HS in this HS subtype. Future
larger scale studies are needed to link these observations with outcomes but reduction in the
overall inflammation in skin would be expected to lead to a decreased clinical burden.

The decision of which site to biopsy is also critical for assessment of molecular response

in therapeutic trials. Biopsying a target nodule may hasten its resolution unrelated to the
use of a therapeutic agent'0. Additionally, due to the cyclical nature of HS, the regression
to the mean phenomenon must be considered at an individual level10:66.67 At a given time,
a lesion may spontaneously improve, and thus biopsying the index or the lesional site may
produce a false positive treatment result. Our biopsy methods are based on proposed lesional
definitions and are the only suggested biopsy guidelines for therapeutic trials in HS. Biopsy
of perilesional skin which displays molecular and cellular pathology comparable to the
main inflammatory lesion, may be preferable and the results of this study show that better
treatment responses can be assessed in sequential biopsies of the larger area of perilesional
skin.

The limitations of our study include a small cohort size and a lack of a placebo-controlled
group. Another limitation is that kinetics of IL-17RA saturation by brodalumab have not
been established and it is possible that our posttreatment biopsies were performed at a
timepoint when IL-17 receptor saturation was incomplete as patients tended to have an
increase of clinical symptoms towards the end of a two-week treatment cycle, which is
when biopsies were collected. Receptor mediated clearance of brodalumab in HS might be
increased due to the high neutrophil production and relatively short lifespan of neutrophils,
as neutrophils express high levels of IL-17RA34. Furthermore, the decision to biopsy active
inflammatory nodules during brodalumab treatment may have limited the ability to define
change as active lesions regressed at other sites.

Treatment with brodalumab modulates several pathways consistent with multi-axis disease
pathogenesis. Our data demonstrates that neutrophil-related biomarkers can be used to
identify patients that may have a better molecular response to brodalumab. Furthermore,
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this study establishes that perilesional skin may be used to better assess molecular response
in therapeutic trials of HS. Given that perilesional skin is roughly ten times the area of a
lesional nodule, this allows for a greater area for biopsying without the concern of a biopsy
hasting resolution of an active inflammatory nodule.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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What’s already known about this topic

Hidradenitis suppurativa (HS) is a chronic inflammatory disease with upregulation of
several inflammation and keratinocyte proliferation related pathways. IL-17 is a known
modulator of these pathways and has been implicated in the pathogenesis of HS. We have
recently reported a clinical improvement in HS with brodalumab, a monoclonal antibody
targeting the IL-17 receptor A.

What does this study add?:

This study details the molecular response to brodalumab using RNA-sequencing, high
throughput proteomics and immunohistochemistry. This research identifies lipocalin-2 in
skin and IL-17A in serum as potential predictive biomarkers for treatment response. This
may be useful in guiding physicians in choosing the appropriate therapy for patients with
moderate-to-severe HS.

What is the translational message:

IL-17RA blockade with brodalumab is an effective treatment for patients with moderate-
to-severe HS. Assessing pathways that respond to treatment, rather than individual
biomarkers, may be a superior approach to molecular characterization of treatment
response in HS therapeutic studies. Brodalumab modulates neutrophil-related pathways
in the skin and blood, and known psoriasis-pathways in the skin. We demonstrate that
patients with high baseline expression of IL-17 regulated neutrophil-created Lipocalin-2
(LCN2) in the skin and IL-17A in the serum have a superior molecular response to
treatment, allowing the possibility for physicians to select therapeutic treatment based on
molecular profiles baseline.
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Figure 1: Perilesional hidradenitis suppurativa (HS) skin shares overlapping transcriptomic
profile with lesional skin at baseline but exhibits more changes with treatment response

A) Correlation of differentially expressed genes (DEGS) as defined by fold change > |1.5]
and false discovery rate < 0.05. Red circles indicate upregulated DEGs while blue circles
indicate downregulated DEGs in baseline (BL) lesional (LS) and perilesional (PL) skin
relative to nonlesional (NL) skin. r is Pearson correlation. Grey circles indicate genes
that are not differentially expressed. Volcano plot of differentially expressed genes in B)
lesional versus perilesional skin C) perilesional versus nonlesional skin and D) lesional
versus nonlesional skin at baseline. Modulation of DEGs by brodalumab at week 12 in E)

perilesional and F) lesional versus baseline nonlesional skin.
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Figure 2: Decreased inflammatory pathways in hidradenitis suppurativa (HS) perilesional and
lesional skin following treatment with brodalumab.

A) Decrease of overall inflammatory pathways, known psoriasis pathways and pathways
involved in keratinocyte proliferation at week 4 and week 12 following treatment B)
Decrease of neutrophil-associated pathways following treatment with brodalumab. W=week,
BL=baseline, NL=nonlesional PL= perilesional LS=lesional skin. The size of the bubble
diameter is proportional to the gene-set variation analysis (GSVA) score and the bubble
color intensity indicates significance (p value) while red and blue indicates up or down

regulation respectively.
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Figure 3: Treatment response is best observed in perilesional skin at week 12.
Means of percentage improvement at A) week 12 between perilesional and lesional skin, and

B) improvement in perilesional skin between week 4 and week 12. N (%) = number of genes
in the hidradenitis suppurativa transcriptome shared with pathway (percentage of total gene
in pathway). Stars denote significance with * p < 0.05 ** p < 0.01 *** p < 0.001.
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Figure 4: Histological analysis demonstrates decreased inflammatory infiltration in hidradenitis
suppurativa (HS) lesional and perilesional skin following treatment with brodalumab

A) Hematoxylin and Eosin (H&E) stain demonstrates a mild reduction in epidermal
thickness in lesional skin. There is also comparable reduction of B) CD3" infiltration,
and C) CD11c* infiltration in both perilesional and lesional skin. Scale bar = 100 uM. D)
Quantification of total inflammatory infiltration across the patient cohort (n=10 patients).
Dashed line represents infiltrate quantification of nonlesional skin at baseline. Error

bars show standard error of mean (SEM), with two-way ANOVA analysis. Stars denote
significance with * p < 0.05 ** p < 0.01 *** p < 0.001.
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Figure 5: Assessment of pathways modulated in serum by brodalumab treatment
Enrichment analysis of all proteins downregulated with treatment at week 4 and 12 based on

PANTHER-SIim Gene Ontology biological processes. Stars denote significance with * p <
0.1**p<0.05***p<0.01 ****p<0.001
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Figure 6: Correlation of biomarkers with molecular disease activity at week 12.
A) Expression of baseline LCN2 expression in lesional skin correlated with changes in

inflammatory markers at week 12 in perilesional skin. B) expression of IL-17A in serum
correlate with a decrease of inflammatory markers at week (W) 12 in perilesional skin. r is
Spearman correlation. X axis is log2(Expression).
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