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Abstract

Background: Prurigo nodularis (PN) is a chronic neuroimmune skin disease characterized by
bilaterally distributed pruritic hyperkeratotic nodules on extremities and trunk. Neuroimmune
dysregulation and chronic scratching are believed to both induce and maintain the characteristic
lesions.

Obijective: To provide a comprehensive view of the molecular pathogenesis of PN at the single-
cell level to identify and outline key pathologic processes and the cell types involved. Features
that distinguish PN skin from the skin of patients with atopic dermatitis (AD) were of particular
interest. We further aimed to determine the impact of the interleukin-31 (IL-31) receptor alpha
antagonist, nemolizumab, and its specificity at the single-cell level.
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Method: Single-cell RNA-sequencing (scRNA-seq) of skin from 15 healthy donors and
nonlesional and lesional skin from 6 patients each with PN and AD, combined with spatial-
sequencing (spatial-seq) using the 10X Visium platform. Integration with bulk RNA-seq data from
patients treated with nemolizumab.

Results: Our results demonstrate that PN is an inflammatory skin disease characterized by

both keratinocyte proliferation and activation of profibrotic responses. We demonstrate that the
COL 11A1+fibroblast subset is a major contributor to fibrosis and is predominantly found in the
papillary dermis of PN skin. Activation of fibrotic responses is the main distinguishing feature
between PN and AD skin. We further show the broad effect of nemolizumab on PN cell types,
with a prominent effect driving COL 11A1+fibroblast and keratinocyte responses toward normal.

Conclusion: This study provides a high-resolution characterization of the cell types and cellular
processes activated in PN skin, establishing PN as a chronic fibrotic inflammatory skin disease. It
further demonstrates the broad effect of nemolizumab on pathological processes in PN skin.

Capsule Summary:

Prurigo Nodularis is characterized by immune shifts away from Th2 responses towards a pro-
fibrotic state involving COL11A1+ fibroblasts and keratinocyte cross-talk, which is normalized
upon targeting of the I1L-31 receptor by nemolizumab.

Keywords

Prurigo nodularis; nemolizumab; fibrosis; inflammation; single-cell RNA-sequencing; spatial-
sequencing

INTRODUCTION

Prurigo nodularis (PN) is a chronic neuroimmune skin disease characterized by chronic and
intense pruritus with a marked impact on quality of life (1). Clinically it is characterized

by multiple nodules that can cover large areas of the extremities and the trunk (2). The
pathogenesis of PN remains unclear, but previous studies have implicated immune and
neural dysregulation as critical circuits in its pathogenesis (3). PN has been suggested to
have a clinical and pathologic overlap with atopic dermatitis (AD) (4) by which it may share
a T helper 2 (Th2) polarization (5-7). However, a direct comparison of these two conditions
has not yet been performed at a single-cell level. Indeed, in a previous study, Bulk-RNASeq
analyses revealed that PN has a distinct molecular signature as compared to AD (8).

The best characterized immune mediator in PN is the cytokine 1L-31 (9) receptor alpha
(IL-31RA) and oncostatin M receptor beta (OSMRB) (10)Activated Th2 cells are considered
the main IL-31 source, but other cell types can also produce 1L-31, including eccrine sweat
glands (11), mast cells (12), basophils (13), eosinophils (14-16), monocytes/macrophages
(17, 18). A recent study in human PN lesions revealed that macrophages, in addition to

T cells, are major cellular sources of IL-31 (19). The critical importance of I1L-31 to

PN pathogenesis has been demonstrated with nemolizumab, an investigational monoclonal
antibody that inhibits IL-31RA (20) which leads to effective suppression of downstream
inflammatory responses, including Th2 responses and stabilization of extracellular matrix
(ECM) remodeling (8). Recently published evidence has indicated that fibrosis is a feature
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of PN (8) (21), but the source of this fibrosis in PN skin is unknown. The major fibroblast
populations in human skin have been described with the two major clusters characterized
by the expression of SFRP2 and FMO1, with five minor fibroblasts defined including
COL11A1+ fibroblast, with three (SFRP2+, FMO1+, and COL11A1+), based on their
gene expression profiles, suggested to have a role in matrix deposition, inflammatory cell
retention, and connective tissue cell differentiation (22).

Here we provide an in-depth exploration of PN pathogenesis to characterize the central
mechanisms involved and identify the target cells of nemolizumab treatment, and contrast its
pathogenesis with AD through a combination of single-cell RNA (scRNA) and spatial-RNA-
sequencing approaches.

MATERIALS AND METHODS

Human sample acquisition

6 prurigo nodularis, 6 AD patients, and 15 healthy donors were recruited for single-cell
RNA sequencing. 6mm punch biopsies were obtained from affected lesional and non-
lesional AD and PN skin. Patients were not on active topical treatment at least 2 weeks

prior to enrollment. No patient was on prior systemic treatment. Patients with PN did

not have concomitant active AD. The study was approved by the University of Michigan
Institutional Review Board (IRB), and all patients gave written consent. The study was
conducted according to the Declaration of Helsinki Principles. See patient demographics in
supplemental table 3. Patient cohort and data used from the nemolizumab clinical trial are as
described in Tsoi et al (8).

Single-cell RNA-seq library preparation, sequencing, and alignment

Generation of single-cell suspensions for SCRNA-seq was performed as follows: Skin
biopsies were incubated overnight in 0.4% dispase (Life Technologies) in Hank’s Balanced
Saline Solution (Gibco) at 4°C. The epidermis and dermis were separated. The epidermis
was digested in 0.25% Trypsin-EDTA (Gibco) with 10U/mL DNase | (Thermo Scientific)
for 1 hour at 37°C, quenched with FBS (Atlanta Biologicals), and strained through a

70uM mesh. The dermis was minced, digested in 0.2% Collagenase Il (Life Technologies)
and 0.2% Collagenase V (Sigma) in a plain medium for 1.5 hours at 37°C, and strained
through a 70uM mesh. Epidermal and dermal cells were combined in a 1:1 ratio, and the
libraries were constructed by the University of Michigan Advanced Genomics Core on the
10X Chromium system with chemistry v3. Libraries were then sequenced on the lllumina
NovaSeq 6000 sequencer to generate 150 bp paired-end reads. Data processing including
quality control, read alignment (hg38), and gene quantification was conducted using the 10X
Cell Ranger software. All transcriptomic data, including single-cell, is publicly available
(GEO# pending).

Cell clustering and cell type annotation

The R package Seurat (v4.1.1) (23) was used to cluster the cells in the merged
matrix. Cells with less than 500 transcripts or 100 genes or more than 1e5 transcripts
or 10% of mitochondrial expression were first filtered out as low-quality cells. The
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NormalizeData function was used to normalize the expression level for each cell with
default parameters. The FindVariableFeatures function was used to select variable genes
with default parameters. The ScaleData function was used to scale and center the counts in
the dataset. Principal component analysis (PCA) was performed on the variable genes. The
RunHarmony function from the Harmony package was applied to remove potential batch
effects among samples processed in different batches. Uniform Manifold Approximation and
Projection (UMAP) dimensional reduction was performed using the RunUMAP function.
The clusters were obtained using the FindNeighbors and FindClusters functions with the
resolution set to 0.6. The cluster marker genes were found using the FindAllMarkers
function. The cell types were annotated by overlapping the cluster markers with the
canonical cell type signature genes. To calculate the disease composition based on cell

type, the number of cells for each cell type from each disease condition were counted. The
counts were then divided by the total number of cells for each disease condition and scaled
to 100 percent for each cell type. Differential expression analysis between any two groups
of cells was carried out using the FindMarkers function. All differential expression analyses
comparisons were displayed as average log2 fold-change, and corrected for multiple testing
using false-discovery-rate (FDR) adjustment.

Cell type sub-clustering

Sub-clustering was performed on the abundant cell types. The same functions described
above were used to obtain the sub-clusters. Sub-clusters that were defined exclusively

by mitochondrial gene expression, indicating low quality, were removed from further
analysis. The subtypes were annotated by overlapping the marker genes for the sub-clusters
with the canonical subtype signature genes. The module scores were calculated using the
AddModuleScore function on the intended gene lists. The ECM score was calculated on the
genes from the extracellular matrix pathway from the Gene Ontology database. The cytokine
score for fibroblast subtypes was calculated on induced genes in fibroblasts after stimulation
with TGF-B or IL-4. The Nemolizumab induced or reduced genes were obtained from the
previous bulk RNA-seq study by Tsoi et al. (8). Differentially expressed genes or cluster
marker genes were used for enrichment analysis to obtain the potential upstream regulators
using Ingenuity Pathway Analysis (QIAGEN Inc., https://www.qiagenbioinformatics.com/
products/ingenuity-pathway-analysis) or canonical pathways using Enrichr.

Ligand receptor interaction analysis

CellphoneDB (v3) (24) and CellChat (25) were applied for ligand-receptor analysis [REF].
Each cell type was separated by its disease classifications (healthy, nonlesional, and
lesional), and a separate run was performed for each disease classification. Pairs with
p-value> 0.05 were filtered out from further analysis. The number of interactions between
each cell type pair was then calculated for each condition. To compare the healthy and
lesional conditions, the pairs that showed higher interaction score in the lesional condition
were used to show the lesional-specific interactions.

Immunohistochemistry staining

Paraffin embedded tissue sections (lesional and healthy skin) were heated at 60°C for
30 minutes, de-paraffinized, and rehydrated. Slides were placed in PH9 antigen retrieval
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buffer and heated at 125°C for 30 seconds in a pressure cooker water bath. After cooling,
slides were treated with 3% H,0, (5 minutes) and blocked using 10% goat serum

(30 minutes). Overnight incubation (4°C) was then performed using anti-human primary
antibody. Antibodies used were anti-COL11A1 (ThermoFisher Scientific, cat#PA5-68410),
anti-SFRP2 (Lifespan Biosciences, cat#LS-C794043), anti-SFRP4 (Lifespan Biosciences,
cat#L.C-C408100), anti-TREM2 (ThermoFisher Scientific, cat#PA5-18763), anti-RAMP1
(Abcam, cat#AB64409), anti-CD4 (ThermoFisher Scientific, cat#14-244-82), anti-CD8
(ThermoFisher Scientific, cat#MA5-13473), anti-CD3 (Origene, cattUM500048). Slides
were then washed, and treated with secondary antibody, peroxidase (30 minutes), and
diaminobenzidine substrate. Counterstain with Hematoxylin and dehydration was done, and
slides were mounted and viewed under the microscope.

Spatial sequencing library preparation

Skin samples were frozen in OCT medium and stored at —80°C until sectioning.
Optimization of tissue permeabilization was performed on 20 um sections using Visium
Spatial Tissue Optimization Reagents Kit (10X Genomics) which established an optimal
permeabilization time to be 9 minutes. Samples were mounted onto a Gene Expression
slide (10X Genomics), fixed in ice-cold methanol, stained with hematoxylin and eosin,
and scanned under a microscope (Keyence). Tissue permeabilization was performed to
release the poly-A mRNA for capture by the poly(dT) primers that are precoated on

the slide and include an Illumina TruSeq Read, spatial barcode, and unique molecular
identifier (UMI). Visium Spatial Gene Expression Reagent Kit (10X Genomics) was used
for reverse transcription to produce spatially barcoded full-length cDNA and for second-
strand synthesis followed by denaturation to allow a transfer of the cDNA from the slide
into a tube for amplification and library construction. Visium Spatial Single Cell 3’ Gene
Expression libraries consisting of l1llumina paired-end sequences flanked with P5/P7 were
constructed after enzymatic fragmentation, size selection, end repair, A-tailing, adaptor
ligation, and PCR. Dual Index Kit TT Set A (10X Genomics) was used to add unique i7
and i5 sample indexes and generate TruSeq Read 1 for sequencing the spatial barcode and
UMI and TruSeq Read 2 for sequencing the cDNA insert, respectively. Libraries were then
sequenced on the Illumina NovaSeq 6000 sequencer to generate 150 bp paired-end reads.

Spatial sequencing data analysis

After sequencing, the reads were aligned to the human genome (hg38), and the expression
matrix was extracted using the spaceranger pipeline (10X Genomics). Seurat was then used
to analyze the expression matrix. Specifically, the SCTransform function was used to scale
the data and find variable genes with default parameters. PCA and UMAP were applied for
dimensional reduction. The FindTransferAnchors function was used to find a set of anchors
between the spatial-seq data and sScCRNA-seq data, which were then transferred from the
scRNA-seq to the spatial-seq data using the TransferData function. These two functions
construct a weight matrix that defines the association between each query cell and each
anchor. These weights sum to 1 for each spot and were used as the percentage of the cell
type in the spot. The ECM score was calculated using the AddModuleScore function on the
genes from the extracellular matrix pathway from the Gene Ontology database.
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Single-cell RNA-seq and spatial-seq reveal diverse cell types and their spatial locations in

PN skin

To understand the unbiased cellular composition and cell states of healthy (H) skin and
lesional PN (LPN) skin, we generated single-cell suspensions of skin biopsies from 15
healthy donors and 6 patients with PN. We also collected skin biopsies from peripheral
nonlesional sites from 4 out of the 6 PN patients (NPN), yielding a total 25 sScCRNA-seq
libraries. The resulting quality-controlled PN plus healthy single-cell atlas contained a
total of 72,782 cells, with an average of 2,379 genes and 10,417 transcripts detected per
cell. To study the heterogeneity of these cells, we selected variable genes and performed
uniform manifold approximation and projection (UMAP) dimensionality reduction and
cell clustering using the R package Seurat (23). Cluster annotation was corroborated

by overlapping the cluster markers with the canonical lineage-specific genes reported in
previous skin disease SCRNA-seq studies (26—30). We recovered 10 major cell types across
all the samples (Figure 1A), including keratinocytes, melanocytes, eccrine gland cells,
endothelial cells, fibroblasts, pericytes, nerve cells, T cells, myeloid cells, and mast cells.
Most of these cell types contained cells from the majority of the healthy, NPN, and LPN
libraries, suggesting that each cell type was associated with a common cell lineage rather
than derived from a specific condition. Two small cell populations, eccrine gland cells and
nerve cells were mainly derived from healthy samples. Interestingly, clear separations were
observed in the keratinocytes, fibroblasts, and endothelial cells among the healthy, NPN,
and LPN cells, suggesting major transcriptional differences (Figure 1B). Moderate shifts in
terms of the proportion of cell types were seen in LPN compared to NPN and healthy, with
the most pronounced shifts in mast cells, endothelial cells, T cells, and myeloid cells in LPN
skin (Figure 1C). Marker genes for each cell population showed a clear separation between
each cell type (Figure 1D).

To localize the major cell types detected by sScRNA-seq in PN skin, we performed spatial
sequencing (spatial-seq) on the PN skin sample using the 10X Visium platform. We detected
395 spatially defined spots with an average of 2,613 genes and 4,432 transcripts per

spot (Supplemental Figure 1). We deconvoluted the spatial spots by the major cell types
detected in SCRNA-seq using the Seurat anchor-based label transfer method (see Methods).
The prediction scores for each cell type were displayed on the tissue (Figure 1E) and
combined into a scatter-pie plot representing the relative cell type composition for each spot
(Supplemental Figure 1B). As expected, keratinocytes localized to the epidermis and the
hair follicle. Myeloid cells and T cells were primarily located in the superficial dermis in
proximity to the epidermis. Fibroblasts were distributed throughout a large proportion of the
spots in the dermis, and the pericytes were located close to the blood vessels (Supplemental
Figure 1B). These two cell types were the main producers of extracellular matrix (ECM)
components (Supplemental Figure 1C). The other cell types represent small populations and
were lowly detected in the spatial-seq sample.

J Allergy Clin Immunol. Author manuscript; available in PMC 2024 July 09.
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COL11A1+ fibroblasts are enriched for pro-fibrotic responses in PN skin

To characterize the heterogeneity of the fibroblasts, we sub-clustered all the fibroblasts
from the scRNA-seq dataset. Based on previously published marker genes (22), we
annotated the fibroblast sub-clusters into six subtypes, including SFRP2+ fibroblasts (FB),
APOE+ FB, RAMP1+ FB, COL11A1+ FB, TNN+ FB, and SFRP4+ FB (Figure 2A, and
Supplemental Figure 1). Interestingly, COL11A1+ FB were mainly derived from the LPN
samples compared to the healthy or NPN samples (Figure 2B, C). The COL11A1+ FB
expressed high levels of COL11A1, POSTN, and PRSS23, suggesting a profibrotic role

in PN skin (Figure 2D). To illustrate the capacity of ECM production by the different
fibroblast subtypes, we calculated the ECM module score using the gene list from the
extracellular matrix pathway from Gene Ontology and identified the highest ECM score

in the LPN COL11A1+ FB (p=4.4E-83) (Figure 2E). We then performed differential
expression analysis between the LPN and healthy COL11A+ FB and inferred the upstream
regulators driving the differential expression. High activation z-score of TGFB1, IL-5, and
IL-4 are likely reflective of pro-fibrotic responses, and high TNF, IFNG, and IL-6 activation
z-scores suggest inflammatory response in the LPN COL11A1+ FB compared to healthy
counterparts (Figure 2F). Enrichment analysis also revealed top fibrosis-related pathways
(i.e., extracellular matrix organization, collagen fibril organization) and inflammation-related
pathways (i.e., neutrophil degranulation, neutrophil activation involved in immune response)
(Figure 2G). The COL11A1+ FB had the highest expression pattern of the collagen

genes, including COL1A1, COL1AZ, COL3A1, COL5A1, COL5A2, COL6A1, COL6AZ,
COL6A3, COL11A1, COL12A1, COL14A1, and COL16A1 (Figure 2H). Taken together,
the above results suggest a strong fibrotic potential for COL11A1+ FB in LPN skin. We
confirmed the presence of the major fibroblast subtypes (SFRP4, SFRP2, RAMP1, and
COL11A1 (see Figure 21 and Supplemental Figure 2) and validated the fibrosis phenotype
by immunohistochemistry in PN skin. To compare the fibrosis-inducing capacity of the
fibroblasts in PN and AD, we combined our PN scRNA-seq dataset with a single-cell
dataset from AD skin and compared ECM scores among the fibroblast subtypes in healthy
(H), nonlesional AD (NAD), NPN, lesional AD (LAD), and LPN skin. Although the

LAD fibroblast subtype exhibited a higher ECM score compared to healthy or peripheral
nonlesional fibroblasts, LPN fibroblast subtypes expressed a strikingly higher ECM score
than the LAD cells (p=1.8x10-15) (Figure 2J), particularly in COL11A1+ FBs which was
the FB subset most prominently increased in PN skin (p=2.2x10-9) (Figure 2K).

Endothelial cells and pericytes demonstrate fibrotic and inflammatory responses in PN

skin

We next investigated the heterogeneity of the endothelial cells and clustered these cells into
six sub-clusters (Figure 3A, B). Disease composition analysis identified that endothelial
sub-cluster 2 and 5 were enriched in LPN compared to healthy or NPN samples (Figure

3C, D, p=0.0014 and 2.1x10-22, respectively). Sub-cluster 2 represented the activated
endothelial cells with high expression of /CAMI and E-selectin (SELE), which also

display inflammatory features such as 7TAMFA/P3and /L 6. Sub-cluster 5 expressed high
levels of several collagen genes (i.e., COL4AIand COL15A1), suggesting potential
involvement in fibrosis (Figure 3B). To study these two LPN-specific sub-clusters, we
performed enrichment analysis using their cluster marker genes. Sub-cluster 2 marker genes
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implicated proinflammatory cytokines (i.e., TNF, IL1B, IFNG, IL6) and pathways (i.e.,
cytokine-mediated signaling pathway, cellular response to cytokine stimulus) (Figure 3E, F).
Sub-cluster 5 marker genes were regulated by profibrotic upstream regulators (i.e., TGFB1,
angiotensinogen (AGT), epidermal growth factor (EGF), IL-5) and enriched in ECM-related
pathways (i.e., extracellular matrix organization, extracellular structure organization) (Figure
3G, H). These results suggest that endothelial cells were actively involved in both fibrotic
and inflammatory responses in PN skin.

Similarly, we sub-clustered the pericytes and obtained nine sub-clusters (Supplementary
Figure 3A, D). Composition analysis identified that sub-cluster 3 and sub-cluster 8 were
enriched in LPN samples compared to healthy or NPN samples (Supplementary Figure 3B,
C). We calculated the ECM score and plotted all the collagen genes across the pericyte
subtypes. Cells in sub-cluster 3 had the highest ECM score in LPN and displayed the
highest expression pattern of the collagen genes (Supplementary Figure 3E, F). LPN cells in
sub-cluster 7 also revealed a much higher ECM score than the healthy cells, and expressed
the second-highest pattern of collagen genes (Supplementary Figure 3E, F). We then
performed enrichment analyses using the marker genes for sub-cluster 3 and sub-cluster 7
and found that both sub-clusters implicated in profibrotic upstream regulators (i.e., TGFB1,
AGT, prolactin (PRL)) and pathways (i.e., extracellular matrix organization, collagen fibril
organization) (Supplementary Figure 2G-J). Sub-cluster 3 also illustrated inflammatory
response driven by interferon (Supplementary Figure 2, G, 1). Taken together, these results
demonstrate that endothelial cells and pericytes may actively contribute to fibrotic and
inflammatory responses in lesional PN skin.

Keratinocyte responses in PN skin

We sub-clustered the keratinocytes and obtained six keratinocyte subtypes: basal,

spinous, supraspinous, granular, follicular, and inflammatory keratinocytes (Figure 4A,
D). The inflammatory keratinocytes were primarily derived from LPN samples (Figure
4B, C). Enrichment analysis using the inflammatory keratinocyte markers implicated
proinflammatory upstream regulators and mitochondrial respiratory pathways, suggesting
high energy consumption in PN Kkeratinocytes during inflammation (Figure 4E). Upstream
regulators of the inflammatory subtype of keratinocytes included the Th2 cytokines (IL-4,
IL-5, IL-33), along with TGFB1 (Figure 4F), supportive of an enriched Th2 response in
lesional PN skin.

scRNA-seq reveals immune subtype heterogeneity in PN skin

Given the strong inflammatory response observed in fibroblast, endothelial cells, and
pericytes, the heterogeneity of immune cells was investigated. We sub-clustered and
annotated the myeloid cells into nine subtypes, including cycling myeloid cells, Langerhans
cells (LC), plasmacytoid dendritic cells (pDC) -, classical type 1 dendritic cells (cDC1),
classical type 2 dendritic cells subset A (cDC2A), classical type 2 dendritic cells subset

B (cDC2B), interstitial macrophages (IM), perivascular macrophage, and lipid-associated
macrophages (LAM, also called TREM2 macrophage) (Supplemental Figure 4A-E, p-
values for pDC, cDC2A, IM, PVM, and LAM were 1.30x10-13, 3.33x10-8, 1.72x10-12,
9.41x10-5, and 4.5%x10-11, respectively). We observed an increased proportion of pDCs,

J Allergy Clin Immunol. Author manuscript; available in PMC 2024 July 09.
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cDC2A, and macrophage subpopulations (IM, PVM, and LAM/TREM2) in lesional PN

skin compared to non-lesional and healthy (Supplemental Figure 4D-E). The prominence of
LAM/TREM2 macrophages in lesional PN skin was confirmed using immunohistochemistry
(Supplemental Figure 4). For T cells and other lymphoid cells, we obtained seven subtypes:
cycling T cells, innate lymphoid cells (ILC), natural killer cells (NK), CD8+ T cells

(CD8T), tissue-resident memory T cells (Trm), CD4+ T cells (CDA4T), and regulatory T

cells (Treg). Several NK and T cell populations showed increased proportion in lesional PN
skin including cycling, NK, CD8, and T regulatory cells. We confirmed the presence of T
cells in lesional PN skin by IHC staining for CD8 and CD4 (Supplemental Figure 4).

Ligand-receptor analysis reveals cell type-specific networks in PN

To address the observed shifts in cell type composition and transcriptional changes, we
analyzed how cell-cell communication changes in PN compared to healthy skin. To do

this, we performed separate ligand-receptor analyses on the healthy, NPN, and LPN cell
types using CellphoneDB and CellChat. The greatest number of interactions were observed
in LPN (Figure 5C) compared to the healthy (Figure 5A) or NPN skin (Figure 5B),
particularly among fibroblasts, endothelial cells, pericytes, myeloid cells, and keratinocytes.
To study the specific ligand-receptor pairs in PN, we selected the pairs that had higher
interaction scores in LPN compared to healthy or NPN, which uncovered various signaling
pathways implicated in PN arising from both immune (T cell, myeloid) and stromal cell
populations (fibroblasts, endothelial cells, and pericytes). Several validated proinflammatory
cytokines, such as /FNG, IL1, IL6, and TIVF, were also involved in PN pathogenesis.
Notably, our analysis revealed several other proinflammatory mediators, including CCLZ,
CCL3 CXCL2, CXCL12, and /L7, that were expressed by various cell types in PN skin
(Figure 5D, E). The emergence of fibroblast growth factor (FGF2, FGF7), platelet-derived
growth factor (PDGFB), transforming growth factor beta (7GFB1, TGFB2, TGFB3), and
vascular endothelial growth factor (VEGFB) corroborated involvement of fibrosis in PN
pathogenesis. A robust signaling network was observed related to the TGFB signaling
pathway in lesional PN skin with the source of TGFB observed in multiple cell types and
the main target cell in LPN skin being fibroblasts (Figure 5F). Taken together, these data
illustrate profibrotic and proinflammatory shifts within the interactome in PN skin.

Comparison between epithelial responses in PN versus AD skin by single-cell analyses.

As mentioned previously, lesional PN skin showed an expansion of COL11A1 fibroblasts
as compared to lesional AD skin, suggesting a more pro-fibrotic signature in PN
pathophysiology (Figure 2J and Supplemental Figure 2B). We further compared keratinocyte
responses in PN and AD skin and compared gene expression changes in each compartment
(Supplemental Figure 5A-D). Both PN and AD skin had an expansion of KCs in cluster

3 which corresponded to an “inflammatory” phenotype with prominent expression of
several inflammatory markers including KR76 and KRT16, SI00A8/A9, along with IFN
signature genes such as /F/27, IFITM3, and the inflammasome gene PYCARD encoding
apoptosis-associated speck-like protein containing a CARD (ASC) (Supplemental Figure
5A, D, E). Assessing enriched gene ontology categories in each KC compartment using

a threshold of FC>2, and FDR<0.05, demonstrated fairly consistent changes across the
“inflammatory”, basal, spinous, supraspinous, and follicular keratinocytes, with AD having
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enriched inflammatory responses such as “defense response to bacterium” and “neutrophil
degranulation” (p=2.8xE-07 and p=3.8xE-05, respectively), in “inflammatory” KCs), and T-
cell chemotaxis in basal, and spinous AD KCs (p=3.5x10E-05, p=4.1x10E-5, respectively)
compared to PN skin (Supplemental Figure 5F). In contrast, terms associated with altered
epidermal differentiation were enriched in “inflammatory” and spinous keratinocytes from
PN as compared to AD skin (Supplemental Figure 5F). Consistent in all KC subtypes was
higher expression of the chemokine CCL27, S100A7, and S100A9in AD compared to PN.

Comparison of immune cell responses in PN versus AD skin by single-cell analyses.

The proportion of T cell subsets was overall similar between PN and AD skin, across
several T cell subsets including CD8, and CD4 effector T cells, Tregs, and cycling T cells.
In addition, prominent ILC and NK cell subsets were present in both NPN, LPN, NAD,

and LAD skin (Supplemental Figure 6A-D). Most prominent differences between LAD and
LPN skin were found in CD4+ effector T cells, with LAD CD4+ cells having increased
expression of /L13(2.7-fold higher, FDR=8.5x10-24), and /L22 (4.7-fold, FDR=6.0x10-
21) (Supplemental Table 1). Very Few /L4 positive T cells were observed in LAD skin
(Supplemental Figure 7). In contrast, LPN CD4+ T cells had higher expression of CCL5
(2.4-fold, FDR=2.8x10-16). There was a trend towards increased expression of /L17A and
/L17Fin LPN compared to LAD skin, but this was not significant (Supplemental Figure 7).

We identified the same 9 myeloid cell subsets as above in PN, AD, and healthy skin

with several subsets being more prominent in LPN skin compared to LAD (Supplemental
Figure 6 E-H). This included pDCs, interstitial macrophages (IM), and lipid-associated
macrophages (LAM, TREMZ2"). Most prominent differences in gene expression were found
in PN IM macrophages, which had increased expression of CCL3and CCL4 (2.7-fold

for both, FDR=2.0x10-9 and 3.9x10-5, respectively). In contrast, LAD IM macrophages
had increased expression of MHC class 11 molecules including HLA-DRBI1, HLA-DQAI,
and HLA-DQBI (2.2-, 2.3-, and 2.7-fold, and FDR=2.7x10-10, =8.6x10-14, =9.8x10-13,
respectively) (Supplemental Table 2).

IL-31 receptor alpha blockade with nemolizumab reverts the transcription profile in LPN
fibroblasts and keratinocytes toward healthy

We have previously demonstrated transcriptomic changes using a bulkRNA-seq approach

in PN skin following treatment with the IL-31 receptor alpha antagonist, nemolizumab

(8). To determine where the biological response of nemolizumab is most prominent, we
plotted the expression of the two genes encoding for the heterodimeric 1L-31 receptor, i.e
IL-31RA and OSMRB (Figure 6A, B). /L31RA was specifically expressed in fibroblasts and
keratinocytes. In contrast, OSMRB was more widely expressed in fibroblasts, keratinocytes,
pericytes, and endothelial cells. Strikingly, genes that were differentially upregulated

with nemolizumab treatment compared to baseline lesional were predominantly found

in the fibroblast cluster, whereas genes that were differentially downregulated localized
more broadly to keratinocytes and immune cell subsets, consistent with attenuation of
hyperkeratosis and decreased inflammatory responses with treatment (Figure 6C, D). To
study the effects of nemolizumab on the gene expression levels down to the single-cell level
in PN skin, we generated a list from a recently published bulk RNA-seq study, containing
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genes significantly downregulated by nemolizumab as compared to placebo (8). We then
calculated module scores using the gene list across all major cellular subtypes in PN

skin (Figure 6D), KC subsets (Figure 6E), and FB subsets (Figure 6F). Consistent with

the expression of IL31RA and OSMR, the most pronounced changes were observed in
keratinocytes and fibroblasts, particularly inflammatory KCs and the COL11A1+ fibroblasts.
These results indicate that nemolizumab treatment reverts the transcription profile from

PN towards healthy skin in a broad range of both stromal and immune cell populations,
particularly in fibroblasts and keratinocytes, the cell types responsible for the most
pronounced histopathologic changes in lesional PN skin.

DISCUSSION

This study provides a detailed insight into the pathogenesis of PN, and the associated tissue-
specific and cell-type specific changes that occur in PN skin. Strikingly, changes in PN skin
are observed across both immune and stromal cell populations, including keratinocytes,
endothelial cells, and most profoundly fibroblasts and fibroblast subpopulations, with
increased profibrotic responses being the key distinguishing features of PN from AD,
accompanied by an immune shift away from IL-13 and IL-22 responses.

A characteristic histopathologic feature of PN is fibrosis of the papillary dermis with
vertically arranged collagen fibers (31). Our findings are consistent with this well-known
characteristic, showing a marked increase in dense collagen in the papillary dermis

in lesional PN skin by trichrome staining and increased expression of pro-collagen |

in the papillary dermis. Moreover, through our single-cell analyses, we identified the

COL 11A1+fibroblast subset as the major source of activated and enriched profibrotic
responses, including increased mRNA expression of both collagen | and collagen IlI.
Consistent with their profibrotic function, COL11A1+fibroblasts were primarily found in
the papillary dermis, where the fibrotic response was most marked with either trichrome

or pro-collagen I staining indicative of active collagen | biosynthesis. This expansion

of the COL11A1+fibroblast subpopulation is unique to PN and not seen in AD skin.
Furthermore, the profibrotic effect of this population was not observed in AD COL11A1+
fibroblasts. Recently a subset of cancer-associated fibroblast (CAF)-like-phenotype was
described in AD skin (32) characterized by the expression of WNT5a, tenascin (TCN),
and periostin (POSTN) amongst several other genes. In alignment with this publication,
periostin (POSTN) and WNTS5A were expressed in COL11A1+ fibroblasts in our dataset,
along with fibroblast activation protein (FAP), a hallmark marker of CAF (33). Another
recently published paper described CXCL14- 1L24+ secretory-papillary dermis fibroblast as
being unique to PN skin (34). We observe similar IL24+ CXCL14- negative FBs as a small
subset with SFRP2+ FBs, and observed their enrichment in PN skin, but detectable levels
in both lesional AD and healthy skin. These FBs expressed increased levels of MMP1 but
lower levels of COL1A1 and COL1A2, suggesting that they do not contribute to fibrosis in
PN skin.

Of the two components of the heterodimeric IL-31 receptor, /L31RA expression was
detected on both keratinocytes and fibroblasts, whereas OSMRB expression was found to
be more widespread in different cell populations. This suggests that the two key cell types

J Allergy Clin Immunol. Author manuscript; available in PMC 2024 July 09.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Ma et al.

Page 12

responding to IL-31 in PN are likely fibroblasts and keratinocytes, which is in keeping with
our previous observation of the transcriptomic shifts driven by nemolizumab that can be
attributed to those two cell types (8).

Notably, we observed evidence that other cell types including endothelial cells and pericytes
also contribute to fibrosis in LPN skin. Endothelial changes are known in LPN (31) but the
nature of these shifts has not been previously detailed. Our data suggest that endothelial
cells, likely under the action of proinflammatory and profibrotic cytokines such as TGFB,
contribute to extracellular matrix reorganization. Whether TGFb is the critical upstream
promoter of fibrosis in PN remains to be determined but we observed TGFb being expressed
in a wide range of cell types in PN skin including endothelial cells, fibroblasts, and nerve
cells for 7TGFB1, and fibroblasts and pericytes for 7TGFB2and TGFB3. Notably, TGFB2
and TGFB3 have been more strongly implicated in fibrosis than TGFB1 based on recently
published work (35).

One of the most characteristic histologic features of PN is the presence of compact
orthohyperkeratosis, with irregular epidermal hyperplasia (31). As expected, keratinocytes
demonstrated marked transcriptomic changes in lesional PN skin with the most marked
shifts seen in inflammatory keratinocytes, defined by KR76, KRT16, and KRT17along
with S100A8and S100A9expression, and with our analyses indicating a key role of IL-13
and IL-22 cytokines in this transition, consistent with previous observations (36). The

most enriched biological categories in the inflammatory keratinocyte subset had to do with
mitochondrial function and protein translation suggesting the generation of reactive oxygen
species and cellular stress that can contribute to inflammatory responses in the skin (37).

Immune cell infiltrate was prominently observed in lesional PN skin and was characterized
by shifts in specific immune cell populations. The most pronounced shifts were observed

in macrophage populations, particularly lipid-associated macrophages characterized by the
expression of APOE and TREMZ. The lipid metabolic products from lipid-associated
macrophages have been shown to trigger the production of proinflammatory cytokines in
atherosclerosis, which in turn amplify inflammatory responses (38). These macrophages
have recently been implicated in the pathogenesis of acne (30). T cells were also prominent
in PN lesions, with an increased number of cycling T cells, as well as NK, CD8", and
Tregs. The role of these T cell populations in PN skin has not been previously characterized.
Furthermore, various stromal cell populations, particularly endothelial and pericytes, had
increased expression of various proinflammatory cytokines, chemokines, and adhesion
molecules, suggesting an active role in immune trafficking and immune amplification in
PN. This includes increased expression of the adhesion molecule /CAM1(39), E-selectin
(SELE), and /L6in endothelial cells, and CCL2, CCL3, CCL4, CCL13, CCL18, CXCL2,
and CXCL12that were expressed by myeloid, pericytes and endothelial cells in PN skin.

It is noteworthy that CCL2 and IL-6 have established roles in the development of fibrosis
(40). CCL2 is the most potent profibrotic chemokine; through CCR2, CCL2 acts directly
on fibroblasts stimulating collagen synthesis. Likewise, IL-6 trans-signaling enhances lung
fibroblast proliferation and extracellular matrix protein production (41).
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Our data further outline differences between PN and AD. Notably, the shifts in cell
populations in the epidermis are highly similar between both PN and AD with both diseases
having a prominent “inflammatory” keratinocyte subset characterized by the expression

of pro-inflammatory molecules including S100A8 and SZ00A9along with increased
expression of the inflammatory keratins KR76 and KRT16. Changes in the expression of
S100A8(42), S100A9 (42, 43), and KRT16 (44) have been described in AD skin, but their
expression has not been addressed in PN skin. Interestingly, the epidermal changes were
accompanied by subtle changes in the gene expression in PN vs. AD skin, with immune-
related processes such as antimicrobial responses, and regulators of T cell trafficking only
observed in LAD, but not LPN keratinocytes. We also observed changes in T cell phenotype
between LPN and LAD skin, particularly within the CD4 effector T cell population, where
MRNA expression of /L13and /L22was markedly lower in LPN skin compared to LAD
skin. 1L-22 is known to promote epidermal proliferation and activate innate immune and
antimicrobial responses in the skin (45). IL-13 is a key effector cytokine in AD skin

(46), and the therapeutic target of three biologics, IL4Ra blocker dupilumab, and the
anti-1L13 lebrikizumab and tralokinumab mAbs (47). These data suggest, that while PN is
an inflammatory-driven disease, it may not be centered around IL-13/IL-22 responses to the
same degree as AD.

These data also provide information regarding the mechanisms of action of the 1L-31
receptor antagonist, nemolizumab. In a previously published study, we performed a
bulkRNA-seq analysis of LPN skin from patients treated with nemolizumab and observed
transcriptomic shifts indicating stabilization of extracellular matrix remodeling and
normalization of epidermal differentiation (8). Through cross-referencing the single-cell data
with the nemolizumab bulkRNA-seq data we mapped out the broad effect of nemolizumab
on the abnormal transcriptomic activation of various cell types in PN skin. Thus, the
therapeutic effect and normalization of the pathologic transcriptomic signatures we observe
in the COL11A1+ fibroblasts, and the inflammatory keratinocyte subset, likely reflect

the observed clinical improvement of PN skin lesions during nemolizumab treatment

(20). These results also validate our previous observations on the molecular and cellular
impact of nemolizumab treatment on pathophysiological pillars of PN disease including,
inflammation, altered epidermal differentiation, and fibrosis (20). Recently, treatment with
the anti-1L-4R biologic dupilumab has been shown to be effective for the treatment of PN
(48) suggesting that targeting Th2 inflammation in PN is effective. However, its molecular
mechanisms in PN remain unexplored preventing a direct comparison against nemolizumab.

In summary, these data provide a unique insight into the pathogenesis of PN, highlighting
PN as a chronic neuroimmune skin disease with complex immune-stromal cell crosstalk,
promoting and likely driving abnormal keratinocyte proliferation and activation. This is
accompanied by a marked shift towards a profibrotic response primarily within the papillary
dermis involving activation of COL11A1+fibroblasts, endothelial cells, and pericytes.
Remarkably, these changes are reversible by blocking IL-31 receptor alpha. Therefore, these
novel insights expand our understanding of the pathogenesis of PN and the mode of action
of anti-IL-31R therapy for this debilitating disease.
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cDC1 classical type 1 dendritic cell
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cDC2B classical type 2 dendritic cell, subset B
CCL C-C motif chemokine

COL Collagen

ECM extracellular matrix

CXCL C-X-C motif chemokine ligand

FGF fibroblast growth factor

FMO1 flavin-containing dimethylaniline monooxygenase 1
H Healthy

IFN interferon

IL Interleukin

IM Interstitial macrophages

KRT keratin

LAM lipid-associated macrophages
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Key Messages

. Prurigo nodularis (PN) is an inflammatory skin disease with a shift away from
Th2 responses.

. COL11AL1 fibroblasts have the largest contribution to fibrotic responses in PN
skin

. Nemolizumab, an IL-31R alpha blocker reverts the transcription profile
toward healthy in PN fibroblasts and keratinocytes
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Fig. 1. Cell types observed in PN skin and their spatial locations.
A. UMAP plot showing 72,782 cells colored by cell types.

B. UMAP plot showing the cells colored by skin conditions. H: healthy control; NPN:
nonlesional samples from patients with PN; LPN: lesional samples from patients with PN.
C. Bar plot showing the abundance composition across the skin conditions for each cell type
in sScCRNA-seq.

D. Dot plot showing representative marker genes for each cell type. The color scale
represents the scaled expression of each gene. The size of the dot represents the percentage
of cells expressing each gene of interest.

E. Spatial plot showing the deconvolution score for each cell type. The coordinates of the
spot correspond to the location in the tissue.
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Fig.2. Identification of fibroblast subtypes.
A. UMAP showing 15,084 fibroblasts colored by subtypes.

B. UMAP plot showing the fibroblasts colored by skin conditions.

C. Bar plot showing the abundance composition across the skin conditions for each
fibroblast subtype.

D. Dot plot showing the top marker genes for each fibroblast subtype. The color scale
represents the scaled expression of each gene. The size of the dot represents the percentage
of cells expressing the gene of interest.

E. Violin plots showing the extracellular matrix module score in the fibroblast subtypes split
by the skin conditions.
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F. Dot plot showing the upstream regulators for the DEGs identified in COL11A+ FB by
comparing LPN to healthy cells. The color scale represents the -log10(p-value) from the
enrichment analysis. The size of the dot represents the number of differentially expressed
genes downstream of the upstream regulator.

G. Bar plot showing the top10 pathways enriched using the up-regulated DEGs identified in
COL11A+ FB by comparing LPN to healthy cells

H. Dot plot showing the expression of all the collagen genes across the fibroblast subtypes.
The color scale represents the scaled expression of each gene. The size of the dot represents
the percentage of cells expressing the gene of interest.

I. Immunohistochemistry staining for Trichrome, Pro-collagen | and COL11A1 in PN and
healthy tissues. The size bar indicates 100um.

J. Violin plots showing the extracellular matrix module score in the fibroblast subtypes split
by the healthy, PN, and AD skin conditions.

K. The proportion of FB subtypes in healthy (H), non-lesional AD (NAD), non-lesional PN
(NPN), lesional AD (LAD), and lesional PN (LPN).
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Fig.3. Identification of the endothelial subtypes.
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A. UMAP plot showing 3,840 endothelial cells colored by sub-clusters.
B. Dot plot showing the top marker genes for each endothelial sub-cluster. The color scale
represents the scaled expression of each gene. The size of the dot represents the percentage

of cells expressing the gene of interest.

C. UMAP plot showing the endothelial cells colored by skin conditions.

D. Bar plot showing the abundance composition across the skin conditions for each

endothelial sub-cluster.
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E. Dot plot showing the upstream regulators for the cluster marker genes for endothelial
sub-cluster 2. The color scale represents the -log10(p-value) from the enrichment analysis.
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The size of the dot represents the number of differentially expressed genes downstream of
the upstream regulator.

F. Bar plot showing the top10 pathways enriched using the cluster marker genes for
endothelial sub-cluster 2.

G. Dot plot showing the upstream regulators for the cluster marker genes for endothelial
sub-cluster 5. The color scale represents the -log10(p-value) from the enrichment analysis.
The size of the dot represents the number of differentially expressed genes downstream of
the upstream regulator.

H. Bar plot showing the top10 pathways enriched using the cluster marker genes for
endothelial sub-cluster 5.
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Fig. 4. Identification of the keratinocyte subtypes.
A. UMAP showing 40,277 keratinocytes colored by subtypes.

B. UMAP plot showing the keratinocytes colored by skin conditions.
C. Bar plot showing the abundance composition across the skin conditions
keratinocyte subtype.

for each

D. Dot plot showing the top marker genes for each keratinocyte subtype. The color scale
represents the scaled expression of each gene. The size of the dot represents the percentage

of cells expressing the gene of interest.

E. Bar plot showing the top 10 pathways enriched using the cluster marker genes for the

inflammatory keratinocytes.

F. Dot plot showing the upstream regulators for the cluster marker genes for the
inflammatory keratinocytes. The color scale represents the -log10(p-value) from the
enrichment analysis. The size of the dot represents the number of differentially expressed

genes downstream of the upstream regulator.
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Fig 5. Cell-cell interactions revealed by ligand-receptor analysis.
A. Heatmap showing the number of ligand-receptor pairs in the healthy samples. Row, cell

type expressing the ligand; column, cell type expressing the receptor. Color scale, number of
ligand-receptor pairs.

B. Heatmap showing the number of ligand-receptor pairs in the NPN samples. Row, cell
type expressing the ligand; column, cell type expressing the receptor. Color scale, number of
ligand-receptor pairs.

C. Heatmap showing the number of ligand-receptor pairs in the LPN samples. Row, cell
type expressing the ligand; column, cell type expressing the receptor. Color scale, number of
ligand-receptor pairs.

D. Dot plots showing the expression of specific ligands (left) and receptors (right) that

have a higher LPN interaction score than healthy samples. Color scale indicates the level of
expression in the cells, whereas dot size reflects the percentage of cells expressing the gene.
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E. Cell-cell interactions based on interaction weights/strengths using CellChat.

F. Heatmap of the TGFb signaling pathway network in healthy, NPN, and LPN skin
outlining source (sender) and target cell (receiver, mediator, influencer). The mediator score
measures a group of cells’ capability as gatekeepers to control communication flow between
any two cell groups. The influencer is a hybrid measure based on information centrality — a
higher value indicates a greater influence on the information flow.
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Fig. 6. Nemolizumab effects in keratinocyte and fibroblast subtypes.
A. UMAP plot showing the expression of IL31RA mainly in keratinocytes and fibroblasts.

B. UMAP plot showing the expression of OSMR mainly in keratinocytes, fibroblasts,
endothelial cells, and pericytes.

C. UMAP showing overlay of DEGs decreased with nemolizumab treatment.

D. Violin plot showing the nemolizumab downregulated gene module score across major
cell types in in healthy, nonlesional, and lesional PN skin.

E. Violin plot showing the nemolizumab downregulated gene module score in the
keratinocyte subtypes in healthy, nonlesional, and lesional PN skin.

F. Violin plot showing the hemolizumab downregulated gene module score in the fibroblast
subtypes in healthy, nonlesional, and lesional PN skin.
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