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Patients with prurigo nodularis (PN) suffer from intractable itch and dramatic reduction in
quality of life. While there is significant clinical heterogeneity in the presentation of PN,

disease endotypes remain unknown. We assayed circulating plasma cytokine concentrations in
PN patients (n=20) along with matched healthy controls and utilized an unsupervised machine
learning algorithm to identify disease endotypes. We found two distinct clusters of PN patients
with non-inflammatory (Cluster 1) and inflammatory (Cluster 2) plasma profiles. Cluster 2 had
more African-Americans (82%, n=9 vs. 33%, n=3; P=0.028), higher worst-itch numeric rating
scale scores (9.5+0.9 vs. 8.3+1.2; P=0.036), and lower quality of life as reflected by higher
Dermatology Life Quality Index scores (21.9+6.4 vs. 13.0+4.1; P=0.015). In addition, Cluster

1 had a higher rate of myelopathy (67%, n=6 vs. 18%, n=2; P=0.028). Compared to Cluster

1, Cluster 2 had higher levels of IL-1a,, IL-4, IL-5, IL-6, IL-10, IL-17A, IL-22, IL-25, and
IFN-a.. With population-level analysis, African-American PN patients had higher erythrocyte
sedimentation rate, C-reactive protein, ferritin, eosinophils, and lower transferrin than Caucasian
PN patients. These findings indicate discrete clusters of PN patients with plasma biomarker
profiles corresponding to distinct demographic and clinical characteristics, potentially allowing for
precision medicine approaches to treat PN.

INTRODUCTION

Prurigo nodularis (PN) is a chronic inflammatory skin disease featuring intensely pruritic
nodules that are often symmetrically distributed on the extensor surfaces of the trunk and
limbs (Kwatra, 2020). PN has a tremendous impact on quality of life and is associated with
various psychiatric and systemic comorbidities, including cardiovascular disease, diabetes,
malignancies, and chronic kidney disease (Boozalis et al., 2018; Huang et al., 2020; Larson
etal., 2019; Whang et al., 2020; Sutaria et al., 2021; Whang et al., 2021; Wongvibulsin et
al., 2021). The pathogenesis of PN is largely unknown; however, given its strong association
with systemic inflammatory comorbidities, it is likely a systemic disease as well. Indeed,
PN was recently found to feature a systemic Th22 signature with increased IL-22 expression
by circulating CD4+ and CD8+ T-cells and increased y8T cells (Belzberg et al., 2021).

This study also suggested trends in immune polarization based on racial endotypes. The
heterogeneity of PN is further supported by significant variability in clinical presentation,
nodule morphology, and variable responses to immunomodulatory treatments (Huang et al.,
2020; Williams et al., 2020a; Williams et al., 2020b). There are currently no U.S. Food

and Drug Administration approved therapies for PN, often making treatment challenging
(Kwatra 2020; Williams et al., 2020a). The heterogeneity of PN suggests unique disease
endotypes, which may facilitate precision medicine approaches for improved treatment.

In the current study, we aimed to better understand systemic disease biomarkers in PN
patients by measuring circulating plasma cytokine levels of PN patients and validating

these findings in a multicenter cohort of PN patients. Based on the systemic nature and
clinical heterogeneity of PN, we hypothesized that discrete clusters of PN patients exist with
variable degrees of systemic inflammation. In addition, we employed an unbiased machine
learning approach to identify distinct clusters of PN patients based on biomarker profiles.
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RESULTS

The demographics of PN (n=20) and control patients (n=15) followed similar age (54.1 =
14.9 vs. 51.9 + 14.1 years, P=0.764), sex (75% vs 73% female, P=0.911), and race (40% vs.
33% Caucasian, P=0.686) distributions (Supplementary Table S2). PN patients had a mean
Worst Itch Numeric Rating Scale (WI-NRS) of 9.0 + 1.2 and a mean Investigator’s Global
Assessment (IGA) of 3.3 +0.7.

Clustering of PN patients

The mean silhouette width was maximized at two, indicating that the optimal number of
clusters was two (Figure 1a). The Gower dissimilarity matrix showed two groups of PN
patients with different plasma biomarker profiles (Figure 1b). Implementing the Partitioning
Around Medoids algorithm on the dissimilarity matrix resulted in two clusters of 9 (Cluster
1) and 11 patients (Cluster 2). A heatmap of biomarker values revealed that Cluster 2 had
higher plasma concentrations for most biomarkers (Figure 1c). The Jaccard stability indices
of the two clusters were 0.81 and 0.85, where an index of 0.75 to 0.85 indicates a stable

and reliable cluster. Representative images of patients from the two clusters can be found in
Figure 2.

Comparing the two PN clusters, Cluster 2 had higher interleukin (IL)-1a, IL-4, IL-5, IL-6,
IL-10, IL-17A, IL-22, and IL-25 (Figure 3, Supplementary Table S3). Comparing the PN
clusters to control patients, Cluster 2 had higher IL-12, IL-5, IL-17A, interferon (IFN)-a.,
IL-10, and IL-4 levels than controls, and Cluster 1 had lower I1L-22 levels than controls
(Figure 3, Supplementary Table S4).

Cluster 2 had a greater percentage of AA patients compared to Cluster 1 (82% vs. 33%,
P=0.0227), with no significant difference in mean age or sex (Supplementary Table S5).
Cluster 2 had a higher mean WI-NRS (9.5 £ 0.9 vs. 8.3 + 1.2, P=0.0359) and Dermatology
Life Quality Index (DLQI) (21.9 £ 6.4 vs. 13.0 £ 4.1, P=0.0152). Cluster 1 had a greater
percentage of patients with myelopathy (67% vs. 18%, P=0.0277). There were no significant
differences in IGA, Beck’s Depression Inventory scores, or history of atopy. Rates of
inflammatory comorbidities and ongoing immuno- and neuro-modulating treatments at the
time of blood draw were relatively equivalent between the two clusters (Supplementary
Tables S5,S6).

Internal validation of PN clusters

For internal validation, principal component analysis (PCA) of plasma biomarkers in PN and
healthy patients was performed. The majority of variance (63.3%) was explained by the first
two principal components (Figure 4a). There were no major outliers after data cleaning and
transformation (Figure 4b). A PCA plot of the first two principal components showed good
cluster separation with no overlap (Figure 4c). All biomarkers trended in the same direction
with respect to the first principal component (Figure 4d).
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Population-level analysis

Based on the findings from our cohort, a population-level analysis of inflammatory markers
in a multicenter PN cohort was performed (Figure 5). A total of 5,475 AA PN and

14,117 Caucasian PN patients were identified and matched to 5,475 AA control and

14,117 Caucasian control patients. Clinical lab values within 3 months of the index

date were available for only a subset of these patients. Among AAs, PN patients had

higher erythrocyte sedimentation rate (ESR) (P<0.0001, n=343), C-reactive protein (CRP)
(P=0.0102, n=273), ferritin (P<0.0001, n=399), eosinophils (P<0.0001, n=2003), and
alpha-1-antitrypsin (A1A) (P=0.0018, n=23), and lower transferrin (P=0.0031, n=203)
compared to control patients. Among Caucasians, PN patients had higher ESR (P<0.001,
n=1115), CRP (P=0.0002, n=873), and eosinophils (P<0.0001, n=4803) than control
patients. AA PN patients had higher ESR (P<0.0001), CRP (P<0.0001), ferritin (P<0.0001),
and eosinophils (P<0.0001), and lower transferrin (P=0.0028) compared to Caucasian PN
patients.

DISCUSSION

PN has been described as a clinically heterogeneous disease, yet little is known about

the underlying mechanisms responsible for its diverse phenotypes (Aggarwal et al., 2021;
Huang et al., 2020). In this study, we describe heterogeneous plasma biomarker profiles in
relation to the clinical presentations in PN patients. We utilized a machine learning approach
to assess the levels of 12 biomarkers in PN patients and found two distinct clusters with
differing biomarker profiles. In addition, we identified an inflammatory cluster that had
more AA patients, greater itch intensity, and a larger effect on quality of life as measured by
the DLQI.

Our study of PN patients found that Cluster 2 had a more inflammatory profile than Cluster
1. Nine biomarkers were significantly higher in Cluster 2, including IL-1a, IL-4, IL-5, IL-6,
IL-10, IL-17A, IL-22, IL-25, and IFN-a, representing multiple immune axes including Thi,
Th2, Th17, and Th22 (Saravia, 2019). In contrast, Cluster 1’s plasma profile was similar

to control patients. Inflammatory cytokines, particularly those involved in the Th2, Th17,
and Th22 axes, have also been implicated in the pathogenesis of other chronic inflammatory
dermatoses, including psoriasis and cutaneous lichen planus (Baliwag et al., 2015; Pietschke
etal., 2021). In addition to systemic findings of IL-22 polarization, our findings suggest
significant clinical and molecular heterogeneity in PN, with the involvement of multiple
immune axes (Belzberg et al., 2021). For example, IL-6 is an inflammatory cytokine that
has been previously associated with PN and was also found to be elevated in this study
(Konda et al., 2015). Additionally, elevated IL-1a may induce and exacerbate cutaneous
inflammation in a variety of inflammatory skin diseases (Hanel et al., 2016; Jensen et

al., 2010). Other studies have also identified IFN-a as a potential therapeutic target in
inflammatory dermatoses such as AD and dermatomyositis (Klonowska et al., 2018; Kim et
al., 2018). Differential levels of these biomarkers among PN patients may therefore highlight
the heterogeneity of PN with variable levels of inflammation.

Assessing the demographic and clinical characteristics of the two clusters, Cluster 2
predominantly consisted of AAs, suggesting that this PN population may harbor greater
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systemic inflammation compared to Caucasian PN patients. Cluster 2 also had a higher
mean WI-NRS and DLQI, reflecting a greater reduction in quality of life. Population-

level analysis of AA and Caucasian PN patients demonstrated that AAs had greater

levels of systemic inflammatory markers such as CRP and ESR and lower levels of anti-
inflammatory markers, further reinforcing the hypothesis that AA PN is characterized by
greater systemic inflammation. These molecular differences occur in the context of notable
clinical differences in the presentation of prurigo nodularis, with lesions often appearing
more nodular and firmer in African Americans (McColl et al., 2020).

Notably, Cluster 1 had a higher rate of myelopathy, suggesting a greater role for neural
sensitization in these patients. Emerging evidence has suggested PN is neuroimmune
mediated, with varying degrees of overexpression of downstream mediators of the Th1,
Th2, and Th22 axes, as well as nerve growth factor (Belzberg et al., 2021; Fukushi

et al., 2011; Williams et al., 2020a). In murine models, similar neurotrophic factors

are elevated following spinal cord injury (Murakami et al., 2002). Therefore, these two
clusters may represent distinct endotypes of PN with biases toward either immune or
neural dysregulation. The clinical implications of multiple endotypes may guide further
research on appropriate initial treatment with neural- or immune-modulating therapies. This
strategy has proven effective in treating asthma, in which subgroups of patients with certain
inflammatory marker levels respond best to different targeted therapies (Thijs et al., 2017).

Other studies have also demonstrated endotypes of diseases that may be tied to race.
Clusters with distinct cytokine profiles correlating with unique clinical characteristics have
been described for atopic dermatitis (AD), asthma, chronic obstructive pulmonary disease,
and chronic rhinosinusitis (Thijs et al., 2017). Among AD patients, AA individuals are more
likely to have increased papular morphology and a treatment-resistant lichenoid phenotype
(Czarnowicki et al., 2019). In addition to Th2 polarization, prior molecular profiling studies
have shown upregulation of Th17, and Th22-related markers in AA patients (Sanyal et

al., 2019), which is linked to keratinocyte and epidermal hyperplasia (Fujita et al., 2013;
Wongvibulsin et al., 2021). Although the PN patients in this study did not have concomitant
AD, the observed racial patterns are consistent with those in AD. In addition, PN in

AA patients frequently features larger, firmer nodules that are often more acanthotic and
hyperkeratotic on histology (Huang et al., 2020). As we demonstrate in this study, these
unique clinical and histopathological features may be due to greater systemic inflammation
in AA patients. This differential systemic inflammation, along with unique molecular
characteristics in black skin, may explain the epidemiological and morphological patterns of
PN with respect to race (McColl et al., 2020). Regardless of the mechanism, however, the
existence of endotypes in PN suggests that patients may benefit from personalized therapies
with immunomodulating or neuromodulating treatments. Further neuroimmune phenotyping
studies of PN may pave the way for a future precision medicine management approach.

Our findings confirm our original hypothesis that there exist discrete subgroups of PN with
variable systemic inflammation. They also confirm our clinical observations of disease
heterogeneity, with nodules in AA patients appearing larger, firmer, and often more
recalcitrant to treatment. We avoided introducing bias from our clinical observations by
utilizing an unsupervised machine model for our analysis. Such models can be advantageous
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when attempting to delineate disease subgroups without knowing the features that define
them. Clinicians must be mindful of clinical heterogeneity in disease presentation and
look towards unbiased analytical approaches to identify patterns that may uncover disease
endotypes.

Limitations of this study include potential selection bias from recruiting patients from a
tertiary medical center. As this was a real-world cohort, some patients were also on immuno-
modulating and neuro-modulating treatments at the time of blood draw. The small sample
size and observation of only AA and Caucasian patients also limits broad generalizations,
particularly about other races. The cross-sectional design precludes inferences about
causality. Finally, this biomarker panel may not fully capture the spectrum of circulating
biomarkers involved in PN pathogenesis. Despite these limitations, we present two clusters
of PN patients based on inflammatory and non-inflammatory plasma profiles that also

had differing demographic and clinical characteristics. These findings highlight significant
disease heterogeneity, implicating that there are distinct endotypes in PN that may enable
precision medicine approaches to the treatment of PN.

MATERIALS AND METHODS

An overview of the study design can be found in Figure 6.

Patient population

This study was approved by the Johns Hopkins Institutional Review Board (IRB00119007).
A prospective study was performed comparing circulating plasma biomarkers from adult
patients with PN and healthy controls. Inclusion criteria were modeled after previous clinical
trials of PN, including diagnosis of PN by a board-certified dermatologist, at least 20
nodules on bilateral regions of the body, and a worst-itch numeric rating scale (WI-NRS)
score of at least 7 (Stéander et al., 2020). Patients with clinically healthy skin and no

pruritus were included as controls. Demographic and clinical characteristics of patients were
collected at the time of blood draw. Severity was assessed with the Investigator’s Global
Assessment (IGA) (Zeidler et al., 2021). History of atopy was defined as 2 out of 3 of the
following atopic diatheses: asthma, allergic rhinitis, or AD/eczema (however, no patients had
concurrent AD or signs of atopy at the time of blood draw). In addition, myelopathy (spinal
stenosis, spinal trauma, degenerative disc disease, or disc herniation) was documented due to
prior association of PN with a neuropathic etiology (Johansson et al., 2002; Williams et al.,
2020a). Written, informed consent was obtained from each study participant after the nature
and possible consequences of the studies had been explained.

Plasma biomarker measurement

The Bioplex 200 platform (Biorad, Hercules CA) was used to determine the concentration
of multiple target proteins in the extracted specimens. Luminex bead-based immunoassays
(Millipore, Billerica NY) were performed following Immune Monitoring Core SOPs,

and concentrations were determined using 5 parameter log curve fits (using Bioplex
Manager 6.0) with vendor-provided standards and quality controls. A broad range of 12
inflammatory biomarkers was measured, encompassing various roles in helper T-cell axes,

J Invest Dermatol. Author manuscript; available in PMC 2023 May 01.
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pro-inflammatory, and chemotactic capabilities (Supplementary Table S1). The specific
biomarkers were chosen based on existing literature demonstrating their dysregulation in
PN and other inflammatory dermatoses, such as AD and psoriasis (Takahashi et al., 2010;
Vakirlis et al., 2011).

Population-level analysis

We used TriNetX, a global federated health research network of electronic medical records
from approximately 69 million patients in 49 healthcare organizations. Patients with PN
were identified with the International Classification of Disease, Tenth Revision (ICD-10)
code L28.1. The primary years of analysis were from 1995 to 2020, and diagnoses prior

to the introduction of ICD-10 were mapped to ICD-10 by TriNetX using SNOMED-CT
concepts (Donnelly, 2006). Only patients with =2 ICD-10 codes for PN were used for
diagnostic accuracy. To further increase accuracy, we restricted the cohort to patients with
at least one ICD-10 code after October 2015. Control patients were identified by searching
for individuals with no diagnostic codes for PN. Among PN and control patients, labs for
inflammatory markers were explored, including ESR, CRP, ferritin, eosinophils, A1A, and
transferrin. Labs closest to the initial PN diagnosis date were used and restricted to + 3
months from the diagnosis date to identify only clinically relevant values. To control for
inherent racial differences in inflammatory markers, AA and Caucasian PN patients were
compared to AA and Caucasian controls patients, respectively.

Statistical analysis

All statistical analyses were performed in R version 4.0.3. Power calculations were
performed to determine the required sample size. Effect sizes were estimated based on prior
studies investigating serum cytokines in AD and psoriasis (Takahashi et al., 2010; Vakirlis et
al., 2011). With a power of 90%, two-tailed alpha of 0.05, and estimated effect size of 1.5 to
2 for most biomarkers, approximately 10 patients per comparator group would be required.
This number was doubled to 20 to allow for comparisons between PN subgroups.

The cleaning/imputation, clustering, and analysis methods were adopted from a previous
study investigating inflammatory endotypes of chronic rhinosinusitis (Tomassen et al.,
2016). Briefly, biomarkers with >33% of samples below the detection limit (DL) were
dichotomized into binomial variables with values below the DL as negative and values above
the DL as positive (Supplementary Table S1). For all other biomarkers, values below the DL
were imputed with half the DL.

The 12 biomarkers were then used for cluster analysis of PN patients. Continuous
biomarkers were first natural log-transformed, and a Gower dissimilarity matrix was
calculated, allowing input of both continuous and binomial biomarkers (Gower, 1971). The
optimal number of clusters was determined using the silhouette method (Rousseeuw, 1987).
The clusters were computed using the unsupervised machine learning algorithm Partitioning
Around Medoids, which is more resistant to outliers than the k-means algorithm (Kaufman
and Rousseeuw, 1990). Cluster reliability was assessed with the Jaccard stability index

and bootstrap resampling (Hennig, 2007). Finally, PCA of PN and healthy patients was
performed with log-transformed, scaled, and centered biomarkers.

J Invest Dermatol. Author manuscript; available in PMC 2023 May 01.
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For the population-level analysis, PN patients were matched to control patients by age,

sex, and race using 1:1 propensity score matching. A greedy nearest neighbor matching
algorithm with a caliper of 0.1 pooled standard deviations was used. Mean laboratory values
were compared using the Student’s t-test. The normality of distributions was assumed under
the Central Limit Theorem (Rosenblatt, 1956).

For all analyses, all continuous variables were compared using the Mann-Whitney Utest,
and categorical variables were compared using Pearson’s Xz test.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Clustering of prurigo nodularis (PN) patients. (a) Mean silhouette width for different

numbers of clusters, with the peak occurring at 2 clusters. (b) Gower dissimilarity matrix
of PN patients. (c) Heatmap of z-score transformed biomarker levels for each patient,
delineated by cluster. Biomarkers were grouped with agglomerative hierarchical clustering.
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Cluster 1

Figure 2.
Representative images of prurigo nodularis lesions from two patients in Cluster 1 and two

patients in Cluster 2.
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Control PN PN
Cluster 1 Cluster 2

Control PN P
Cluster 1 Cluster 2

Control PN PN
Cluster 1 Cluster 2

Plasma biomarker levels in each prurigo nodularis (PN) cluster and healthy controls. 1L-4,
IL-22, and IL-6 were dichotomized to binomial (positive/negative) variables using their
detection limits as the cutoff. Biomarkers are expressed as violin plots with median +
interquartile range or bar plots with proportion + standard error. PN — prurigo nodularis; * —
P <0.05; ** - P < 0.01; *** - P < 0.001.

J Invest Dermatol. Author manuscript; available in PMC 2023 May 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuely Joyiny

Sutaria et al.

50

Percentage of variance explained

4 5 6 7 8 9 10
Principal Components

1
I

-1

012

-2

NED
S
PC1 3 R
R s
3,00 PC2 g o o )
v La s || e
ooy S e ™
oo 5L
PC3 X i
AN -
R PC4 VR
- .
I PC5
Sy '.' o5
T i ERRRE
-4 02 4 -2 012 -15 00 15

C
¢ D PN Cluster 1
PN Cluster 2
Healthy Control
2
g
)
5 _______________ -
a o
1%
10%
9%
El 8%
7%
6%
2
-5 -2.5 0 25 i 05 1.0
PC1 (47.9%) PC1 (47.9%)
Figure 4.

Internal validation of prurigo nodularis (PN) clusters with principal component analysis.
(a) Scree plot of principal components. (b) Pairs plot of principal components. (c) Cluster
plot PN and healthy patients on the first two principal components. (d) Loadings plot of
biomarkers with percent contribution to the first principal component.
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Figure 5.

Population-level analysis of prurigo nodularis (PN) clusters using a multicenter PN

cohort. Values for erythrocyte sedimentation rate (ESR) (AA: n=343, Caucasian: 1155),
C-reactive protein (CRP) (AA: n=273, Caucasian: n=873), ferritin (AA: n=399, Caucasian:
n=839), eosinophils (AA: n=2003, Caucasian: 4803), alpha-1-antitrypsin (A1A) (AA: n=23,
Caucasian: 31), and transferrin (AA: n=203, Caucasian: 247) were compared between PN
and 1:1 matched control patients.
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A schematic of the study design. Plasma was collected from prurigo nodularis (PN)
and healthy control patients and assayed for a panel of inflammatory biomarkers. An
unsupervised machine learning algorithm was used on the biomarker concentrations to
identify distinct clusters of PN, which were validated using a large multi-center cohort.
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