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Abstract

Prurigo nodularis is an understudied, chronic inflammatory skin disease that disproportionately 

affects African-Americans and presents with intensely pruritic nodules of unknown etiology. To 

better characterize immune dysregulation in prurigo nodularis, peripheral blood mononuclear cells 

and skin biopsies were obtained from majority African American patients with prurigo nodularis 

and healthy subjects matched by age, race, and sex. Flow cytometric analysis of functional 

T-cell response comparing prurigo nodularis to healthy subjects identified increased γδT-cells 

(CD3+CD4−CD8−γδTCR+) with Vδ2+ γδT-enrichment. Activated T-cells demonstrated uniquely 

increased IL-22 cytokine expression in prurigo nodularis patients when compared to healthy 

controls. CD4+ and CD8+ T-cells were identified as the source of increased circulating IL-22. 

Consistent with these findings, RNA-sequencing of lesional prurigo nodularis skin compared to 

non-lesional prurigo nodularis skin and biopsy site matched control skin demonstrated robust 

up-regulation of Th22-related genes and signaling networks implicated in impaired epidermal 

differentiation. Th22-related cytokine upregulation remained significant with stratifications by 

race and biopsy site. Importantly, the expression of the IL-22 receptors IL22RA1/A2 was 

significantly elevated in lesional prurigo nodularis skin. These results indicate both systemic 

and cutaneous immune responses in prurigo nodularis patients are skewed towards a Th22/

IL-22 profile. Prurigo nodularis may benefit from immunomodulatory therapies directed at Th22

mediated inflammation.
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INTRODUCTION

Prurigo nodularis (PN) is a chronic inflammatory skin disease characterized by intensely 

pruritic nodules on the extremities and trunk (Kwatra 2020). PN disproportionately 

affects African Americans and is associated with multiple systemic conditions such as 

cardiovascular disease and type II diabetes (Boozalis et al. 2018; Huang et al. 2020b; Huang 

et al. 2019; Whang et al. 2019b; Whang et al. 2019a). Among chronic pruritic dermatoses, 

PN has the greatest itch intensity and most significant impairment of quality of life (Steinke 

et al. 2018; Kwatra 2020; Huang et al. 2020; Williams et al. 2020). Given PN's unknown 

etiology and the lack of U.S. Food and Drug Administration (FDA) approved treatments, 

current therapeutic strategies for PN remain largely ineffective (Huang et al. 2020a; Kwatra 

2020; Williams et al. 2020).

Prior investigations of PN have suggested roles for aberrant keratinocyte signaling, neuronal 

dysregulation, and cutaneous inflammation (Haas et al. 2010; Liang et al. 2000; Matsumura 

et al. 2015; Wong et al. 2020; Zhong et al. 2019). Targeted real-time polymerase 

chain (PCR) and immunohistochemical staining have demonstrated mixed evidence of 

dysregulation of neurotrophic factors and cytokines with studies suggesting PN to have 

variable amounts of Th2, Th17, or Th22 signaling (Bagci and Ruzicka 2018; Beck et al. 

2014; Fukushi et al. 2011; Park et al. 2011; Wong et al. 2020). Recent studies of atopic 
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dermatitis (AD), a chronic inflammatory pruritic skin disease that is comorbid in 11-19% of 

PN patients, have also revealed significant immune-based variations between racial groups 

(Boozalis et al. 2018; Iking et al. 2013; Noda et al. 2015; Sanyal et al. 2019). Notably, 

African American patients with atopic dermatitis display Th2/Th22 skewing (Sanyal et al. 

2019). Such Th2/Th22 cytokine polarization may explain why African American patients 

with AD experience a more severe AD phenotype with extensor body area involvement and 

increased papular clinical manifestations (McColl et al. 2020).

IL-22, a member of the IL-20 cytokine subfamily and larger IL-10 cytokine family, is 

a major pro-inflammatory cytokine produced by circulating lymphocytes, including Th17 

cells, Th22 cells, NK cells, and γδ T-cells (Mashiko et al. 2015; Rutz et al. 2014; Zheng 

and Li 2018). Elevated serum IL-22 is implicated in numerous chronic inflammatory 

conditions such as coronary artery disease (CAD) and type II diabetes (T2DM), both of 

which are highly associated comorbidities in PN patients (Gong et al. 2016; Rutz et al. 

2014; Zheng and Li 2018). A prior study demonstrated a correlation of IL-22 plasma 

levels with disease severity in psoriasis patients, a condition also with known CAD and 

T2DM associations, suggesting that systemic IL-22 expression may be a key contributor 

to both PN disease pathogenesis and these associated comorbidities. (Daudén et al. 2013; 

Lønnberg et al. 2016; Wolk et al. 2006). In the epidermis, elevated levels of IL-22 promote 

keratinocyte hyperplasia and acanthosis as well as function synergistically with IL-17 to 

upregulate antimicrobial peptides (Boniface et al. 2005; Sonnenberg et al. 2011; Zheng et 

al. 2007). Since PN is characterized both clinically and histopathologically by keratinocyte 

hyperplasia and impaired epidermal differentiation, we hypothesized that PN would display 

Th22 polarization.

Improved molecular immune characterization has led to major breakthroughs in the 

management of chronic inflammatory diseases, such as atopic dermatitis (AD), psoriasis, 

and rheumatoid arthritis (Florian et al. 2020; Hawkes et al. 2017; O’Dell 2004; Thijs et al. 

2017). When applied to PN, a similar strategy may better identify targeted therapies and 

guide the use of existing or emerging treatments. However, no study to date has performed 

circulating blood immunophenotyping and global cutaneous gene transcriptome analysis 

in PN patients. Therefore, to better characterize the immune response in patients with 

PN, we performed flow cytometry of peripheral blood mononuclear cells (PBMCs) along 

with RNA-sequencing and targeted immunohistochemistry of lesional PN, non-pruritic non

lesional PN, and healthy matched skin samples from majority African American patients 

(Table S1/S2). We observed that the systemic and cutaneous immune responses in patients 

with PN are skewed towards a Th22/IL-22 profile, and the degree of cutaneous upregulation 

correlates with itch severity.

RESULTS

Lesional PN skin is characterized histologically by marked inflammatory cell infiltrate and 
significant architectural changes

Histologic evaluation of lesional PN skin demonstrated significantly increased epidermal 

thickness as well as hyperkeratosis, hypergranulosis, acanthosis, spongiosis, increased 

vascularity and mild dermal fibrosis (Figure 1a-c) compared to non-lesional PN and healthy 
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skin samples. Lesional PN skin displayed significantly greater inflammation with increased 

neutrophil, eosinophil, mast cell, and plasma cell infiltrates (Figure S1) compared to 

matched healthy skin (Figure 1d). Only mast cell infiltration was appreciably greater in 

lesional PN compared to non-lesional PN skin (Figure 1d).

Lesional PN skin demonstrates a distinct pattern of mRNA expression from non-lesional 
PN and healthy skin

The skin transcriptome profile was performed in pruritic lesional PN skin, non-pruritic 

non-lesional PN skin, and matched healthy control skin (Figure 4a). We identified all 

differentially expressed genes (DEGs), defined as coding genes with a log2 fold change 

greater than 1 or less than −1 and a false discovery rate adjusted p-value less than 0.05 

(Figure 4b-d).

Lesional PN skin demonstrated a distinct pattern of mRNA expression compared to non

lesional PN and healthy skin (Figure 4e). A significant correlation in mRNA expression 

differences was observed between lesional PN versus non-lesional PN skin and lesional 

PN versus healthy skin (Figure 4f). Few significant differences in mRNA expression were 

observed between non-lesional PN and matched healthy skin (Figure 4e-h). Full lists of 

DEGs for all comparisons are provided in Tables S4-S8.

Lesional PN skin shows Th17/22 skewing

mRNA-sequencing revealed that lesional PN samples expressed significantly increased 

levels of Th17/Th22 associated S100 genes (S100A7/A8/A9/A12), LOR, and IL36G 

compared to non-lesional PN and healthy control skin samples. We also observed 

significantly increased expression of Th22/IL-22 associated genes, including SERPINB4, 
CALML5, MMP3, CCL7, CXCL5, IL-1β, as well as IL-22 receptors IL22RA1/A2 (Figure 

5a,b, and Figure S4). We subsequently observed significantly increased expression of 

affected downstream genes such as IL-1β induced KRT6/17 and SERPINB4 induced IL1A. 
Increased SERPINB4 and IL-1α in lesional PN compared to matched healthy skin were 

also observed with immunofluorescence (Figure 1e). Increased expression of Th17/IL-17 

induced genes was observed. Th2 associated genes STAT4 and CCL13 expressions were 

significantly decreased while no significant differences in expression were observed for 

several Th2-related genes, including IL-4/13, STAT6, CCL17/22, and CCR5 (P>0.05) 

(Figure S4).

Gene set variation analyses (GSVAs) were performed to compare the expression of Th1, 

Th2, Th17, and Th22 markers. Lesional PN skin demonstrated robust increased Th22

related gene expression. Additionally, we observed a significantly increased Th17-marker 

expression, mildly yet statistically significant increase in Th1-marker expression and no 

significant differences in Th2 related genes (Figure 5c). To correlate clinical findings with 

the degree of immune dysregulation, we compared itch severity with GSVA for Th1, Th2, 

Th17, and Th22 related genes in pruritic lesional PN skin and biopsy matched non-pruritic 

healthy control skin (Figure S5). Among these gene families, itch severity most strongly 

correlated with the degree of Th22 related gene dysregulation (R 0.89 p<0.001). GSVA by 

race subgroups revealed significant Th22/Th17 skewing to be present in both European and 
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African Americans (Figure S7). We only observed a trend towards greater Th2 skewing 

in Europeans, with decreased expression of Th2 cytokines IL-4, IL-5, IL-13, and IL-31 in 

African Americans compared to Europeans (Table S7). GSVA by biopsy site subgroups 

(arms, legs, back) revealed only Th22 skewing to be consistent across all sites (Figure S8). 

Interestingly, no single anatomic site was clearly the most pruritic across patients.

Vδ2+ γδ T-cells and iNKT-cells are enriched in PN

To immunophenotype T-cells and their cytokine expression in PN, peripheral blood 

mononuclear cells (PBMCs) from PN and healthy controls were stimulated with a pan-T-cell 

cocktail containing phorbol 12-myristate 13-acetate (PMA) and Ionomycin for 4 hours at 

37°C. The stimulated cells were evaluated for T-cell responses and their cytokine profile by 

flow cytometry. Cells were stained with surface T-cell markers, including CD3, CD4, CD8, 

γδTCR, and CD56, along with intracellular cytokine markers, including IL-22, TNF, IL-4, 

TGF-β, IFN-γ, IL-17, IL-10 and IL-13 respectively. T-cell populations were assayed (flow 

cytometry gating strategy is shown in the online supplemental data, Figure S2a-d).

γδ T-cells (CD3+CD4−CD8−gdTCR+) were increased (Figure 2a,b), and within the γδ 
T-cells Vd2+ γδ T-cells were enriched upon stimulation in PN subjects when compared 

to healthy controls (Figure 2c,d). Interestingly, iNK T-cells (CD3+CD4−CD8−CD56+) were 

also significantly increased in PN (Figure 2e,f). The absolute numbers for cell populations 

γδ T-cells and iNKT cells are shown in online supplemental data, Fig S9 a-c. There 

were reduced CD4+ T-cells in PN samples compared to controls (Figure 2g). The CD4 

(CD3+CD4+) and CD8 (CD3+CD8+) ratio and its corresponding absolute numbers are 

presented in Figure 2d-g. Naïve CD8 T-cells (CD3+CD8+CD45RA+) were significantly 

increased in PN subjects (Figure 2h,i). There were no differences in CD8+ memory T-cells 

(CD3+CD8+CD45RO+) or the expression of CD8+ T-cells in PN when compared to healthy 

controls (Figure 2g-i).

Activated T-cells show Th22 skewing in PN

To determine the cytokine profile of T-cells in PN, stimulated PBMCs were stained for 

intracellular cytokine markers, including IL-22, TNF, IL-4, TGF-β, IFN-γ, IL-17, IL-10 and 

IL-13. T-cell populations and their cytokine profile were assayed. Activated T-cells showed 

increased IL-22 cytokine expression in PN compared to healthy controls (Figure 3a,b). 

CD4+ and CD8+ T-cell populations were identified as the source of increased circulating 

IL-22 (Figure 3c). The expression of TNF was marginally increased in PN subjects (Figure 

3d,e). Among T-cell populations, iNK T-cells showed increased expression of TNF cytokine 

when compared to healthy controls (Figure 3f). There was no difference in the expression 

of IL-4 cytokine between PN and healthy controls (Figure 3g,h). However, there was a 

modest increase in IL-4 cytokine expression observed in iNK T-cells in PN subjects (Figure 

3i). The absolute numbers for cell populations expressing IL-22, TNF and IL-4 are shown 

in Figure S10a-c. Interestingly, TGF-β expression in γδ T-cells was markedly reduced in 

PN subjects (Figure S3a). Furthermore, no differences in cytokine expression of IFN-γ, 

IL-17, IL-10, and IL-13 between PN and healthy controls were observed upon stimulation 

(Figure S3b-e). Interestingly, PBMCs from PN subjects did not express significant amounts 

of IL-17. To validate our flow expression of IL-17, PBMCs from patients with bacteremia 

Belzberg et al. Page 5

J Invest Dermatol. Author manuscript; available in PMC 2022 September 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



showed increased IL-17 expression (Figure S11), suggesting that there were indeed less 

amounts of IL-17 expression from PN subjects.

DISCUSSION

Our results demonstrate that PN is characterized by distinct circulating and cutaneous Th22 

immune dysregulation. We also identified circulating CD4+ and CD8+ T-cell populations as 

the source of increased IL-22 secretion. While AD and psoriasis have been grouped into 

dominant Th2 and Th17 immune phenotypes, respectively, similar analyses have not been 

explored in PN, a condition with equally severe comorbidities and greater pruritus intensity 

(Boozalis et al. 2018; Gudjonsson et al. 2010; Huang et al. 2019; Sanyal et al. 2019; Schedel 

et al. 2014; Suarez-Farinas et al. 2013; Whang et al. 2019a; Zhong et al. 2019).

The cytokine IL-22 is important in the modulation of tissue responses during skin 

inflammation and wound healing. Specifically, IL-22 is known to increase expression 

of epidermal differentiation complex related S100 genes (S100A7/A9/A12), matrix 

metalloproteinase (MMP3), chemokines (CCL7, CXCL5), serine proteinase inhibitors 

(SERPINB1/4), and proinflammatory cytokines like IL-1β (Boniface et al. 2005; 

Eyerich et al. 2009; Zheng and Li 2018). Activation of these genes drives numerous 

inflammatory processes such as IL-1β induced KRT6/17, known to be involved in 

cutaneous inflammation, wound repair, and keratinocyte hyperproliferation, as well as 

SERPINB4 induced IL-1α, known to increase expression of epidermal differentiation 

complex genes, proteases and antimicrobial transcripts (Komine et al. 2001; Mee et al. 

2007; Titapiwatanakun et al. 2005; Zhang et al. 2019). Lesional skin among PN patients in 

our study demonstrated significantly increased mRNA levels of each of these genes. PN’s 

nodular clinical presentation, as well as our histological findings of epidermal hyperplasia, 

acanthosis, and significant inflammatory infiltrate in PN lesional skin, are highly reflective 

of Th22/IL-22 immune activation (Boniface et al. 2005; Eyerich et al. 2009; Zheng et al. 

2007). Additionally, elevated IL-22 has been observed in patients with coronary artery 

disease and type II diabetes, suggesting a pathophysiologic link between PN and its 

associated increased risk of metabolic and coronary diseases (Boozalis et al. 2018; Gong 

et al. 2016; Huang et al. 2020b; Huang et al. 2019; Whang et al. 2019b; Whang et al. 

2019a).

We observed significantly increased Vδ2+ γδ T-cells in PBMCs of PN patients and 

found that activated T-cells showed Th22 polarization. Previous studies have also observed 

γδ T-cells to be significant sources of IL-22; however, the role of circulating γδ T

cells in cutaneous disease pathogenesis remains poorly understood (Ness-Schwickerath 

and Morita 2011). Additionally, we observed elevated expression of IL-22 receptors 

IL22RA1/2 in lesional PN skin. As IL-22R expression is largely confined to epithelial 

cells, implying tissue specificity, our results suggest persistently elevated systemic IL-22 

drives PN in combination with cutaneous IL-22R up-regulation with downstream cutaneous 

immunomodulation resulting in epidermal differentiation and accompanying severe pruritus 

(Lou et al. 2017; Wolk et al. 2004).
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In addition to elevated Th22-markers in lesional PN skin, GSVAs showed Th17-marker 

elevation, relatively less up-regulation of Th1 associated genes, and no significant change 

in Th2 associated genes. Of note, elevated Th17-markers in PN skin were observed without 

corresponding elevations in circulating IL-17 or IFN-γ cytokine expression among PBMCs 

from patients with PN. The observed increase in localized Th17 associated genes in PN 

patients may, therefore, result from shared cutaneous Th17/22 gene signatures (Nograles 

et al. 2008). Alternatively, increased cutaneous Th17 related markers may reflect localized 

IL-17-mediated hyperkeratosis as observed in keloid pathogenesis or mast cell secreted 

IL-17 as seen in koebnerization among patients with psoriasis (Ji and Liu 2019; Lee et 

al. 2020). Previous studies have shown that mast cells are among the predominant cell 

types containing IL-17 in human skin, and consistent with previous studies, we observed 

notably increased mast cell infiltration in lesional PN compared to both non-lesional PN 

and healthy skin (Liang et al. 1998; Lin et al. 2011). Proteinase activated receptor (PAR)-2, 

which provoked mast cell accumulation in murine models, and IL-1β, known to induce 

human mast cell degranulation, were also significantly elevated in our lesional PN skin 

samples (Lin et al. 2011; Liu et al. 2016). Additionally, the effects of IL-22 are known to 

be context-dependent (Sonnenberg et al. 2011). IL-22, in combination with IL-17, promotes 

inflammation, inhibits keratinocyte differentiation, and increases keratinocyte proliferation 

(Deng et al. 2016; Sonnenberg et al. 2011). Therefore, the elevated cutaneous Th17-related 

markers may act as local catalysts to drive principally Th22 mediated inflammation.

Interestingly, our unstratified analyses did not observe significant IL-31 upregulation, a key 

mediator previously implicated in PN (Mikhak et al. 2019; Sonkoly et al. 2006). As IL-31 is 

primarily expressed on nerve tissue in the epidermis and spinal cord, IL-31 expression may 

be reduced in bulk RNA-Seq techniques such as used in our study (Cevikbas et al. 2014; 

Feld et al. 2016). However, when stratified by race, we observed increased IL-31 expression 

in Europeans compared to African Americans. Indeed, previous studies showing IL-31 
upregulation consisted largely of European American PN patients (Mikhak et al. 2019; 

Sonkoly et al. 2006). This immune heterogeneity may be particularly important as a recent 

trial of the IL-31 inhibitor nemolizumab significantly reduced pruritus in PN patients, yet 

97% of the patients were European Americans, highlighting the need for greater diversity in 

future clinical trials (Ständer et al. 2020).

Studies of patients with AD, widely accepted as Th2 centric, have revealed variation in 

cytokine predominance between racial groups, including the predominance of Th2/Th22 

molecular phenotype in African American patients (Brunner and Guttman-Yassky 2019; 

Noda et al. 2015; Nomura et al. 2018; Sanyal et al. 2019). Our results reveal Th22 skewing 

in both African American and European patients. Given previously observed increased 

expression of IL-22 in two smaller studies of Asian patients with PN, our findings suggest 

Th22-related cytokine upregulation in PN may be independent of race (Park et al. 2011; 

Wong et al. 2020). In contrast, we observed significantly increased expression of Th2 

cytokines including IL-4, IL-5 and IL-13 as well as greater Th2 activation by GSVA 

among European but not African American patients. Fukushi et al. previously showed Th2 

as a principal driver of PN in a Japanese cohort (Fukushi et al. 2011). Similarly, case 

reports of PN responding to dupilumab, a monoclonal antibody targeting IL-4Rα, involved 

predominantly European or Hispanic patients (Calugareanu et al. 2019; Rambhia and Levitt 
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2019; Tanis et al. 2019). We observed cutaneous upregulation of IL-4Rα, without significant 

concomitant upregulation in cutaneous Th2-associated genes and minimal circulating IL-4 

upregulation. It is therefore possible that dupilumab may be most effective in certain 

endotypes of PN patients with associated atopy, that IL-4Rα may also be involved in 

the signaling of other pruritogens in PN, or that our observed nonsignificant changes in 

Th2 expression in our African American cohort may represent a characteristic molecular 

phenotype of this specific population. Additionally, although prior studies have shown 

cutaneous inflammatory activation varies anatomically, we observed lesional Th22 skewing 

across all body sites (Del Duca et al. 2019).

In summary, our results indicate both the cutaneous and systemic immune responses in 

PN subjects exhibit a predominant Th22/IL-22 profile. These results suggest patients with 

PN may benefit from Th22/IL-22 inflammation modulating therapies. Limitations include 

sample size and a predominantly African American patient study population without atopy. 

Consequently, our results may be limited to this specific population of patients with PN. 

Future studies should assess the levels of IL-22 and Th22-associated genes at varying time 

points of PN progression. Furthermore, studies should determine immune polarization in PN 

patients of different races and genders.

MATERIALS & METHODS

A prospective Johns Hopkins IRB approved study was performed comparing PBMCs and 

skin biopsies from patients with PN and race-, sex- and age-matched healthy patients 

(Tables S1/S2). Written, informed consent was obtained from each study participant. Body 

site-matched skin biopsies were collected from healthy control skin (n=13) and pruritic 

lesional (n=13) and non-pruritic, non-lesional (n=13) skin from patients with PN. Lesional 

PN skin biopsy was obtained from the most pruritic nodule as self-reported by the patient. 

Non-lesional PN skin biopsy was obtained at least 10 cm from the PN lesional site on 

normal appearing skin; healthy control skin biopsy was body site-matched with PN biopsies. 

Informed consent was obtained from each study participant. A schematic of the study 

design is diagramed in Figure S6. Inclusion criteria for PN patients consisted of clinically 

diagnosed PN by an experienced dermatologist and pruritus greater than 7 on the Itch 

Numeric Rating Scale (Phan et al. 2012). Patients with a known underlying or history of 

atopic or cutaneous diseases such as psoriasis or AD were excluded from the study. Adult 

patients with clinically determined healthy skin were included as controls and were matched 

to participating PN patients by sex, race, and age.

Flow cytometry was performed using PBMCs from patients with PN (n=5) and matched 

healthy control subjects (n=5) were obtained (Table S2). Thirteen adults with histologically 

and clinically diagnosed PN and thirteen matched control subjects (13 lesional samples, 

13 non-lesional samples and 13 healthy control samples) were included in the analysis 

(Table S1). Details of H&E staining, Immunofluorescence staining, Flow cytometry and 

mRNA-sequencing materials and methods are provided in the Supplemental Materials and 

Methods File.
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Analyses were performed using Excel (Microsoft, Redding WA). Standard two-tailed t-tests 

were used to assess significant differences across continuous variables. In all analyses, a 

p-value threshold of <0.05 was considered statistically significant. FACS data are presented 

as mean ± standard error of the mean (SEM), and violin plots expressed with median and 

interquartile range (IQR). Mann-Whitney U test was performed between the healthy controls 

and PN samples. Statistics were analyzed in Prism 9.0. Normalization and differential 

expression of mRNA data were carried out using the DESeq2 Bioconductor package with 

the R statistical programming environment (Huber et al. 2015; Love et al. 2014). Paired 

or matched sample modeling included pairID as a cofactor. The false discovery rate was 

calculated to control for multiple hypothesis testing. Immune dysregulation of gene sets was 

assessed using GSVAs conducted with the GSVA R Bioconductor package using R version 

3.6.3 (Hänzelmann et al. 2013). P values from paired t-tests were adjusted for multiple 

hypotheses using the Benjamini-Hochberg procedure (Benjamini and Hochberg 1995).

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. PN lesional skin is characterized histologically by marked inflammatory cell infiltrate, 
robust architectural changes, and greater immunofluorescence signal intensity of IL1A and 
SERPINB4.
a, H&E staining of lesional PN, non-lesional PN, and matched healthy control skin tissue 

biopsies from African American females. b, Average epidermal thickness as measured at 

the thickest suprapapillary epidermal plate. c, Blinded dermatopathologist assessed degree 

of inflammation (0 = no, 3 = severe). d, Blinded dermatopathologist assessed presence 

(1) or absence (0) of specific inflammatory cell infiltrate across different skin samples 

with the average value shown. e, Immunofluorescence staining (IF) of DAPI, IL1A, and 

SERPINB4 in lesional PN and matched healthy skin from African American females with 

overlapping areas highlighted in gold. *p-value < .05, ** p-value < .01, and *** p-value < 

.001. PML, polymorphonuclear leukocyte; L, lymphocytes; N, neutrophils; E, eosinophils; 
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M/H, macrophages / histiocytes; MC, mast cells; PC, plasma cells. 5x scale bar = 200um; 

10x scale bar = 100um; 20x scale bar = 50um; 40x scale bar = 20um; IF scale bar = 200um.
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Figure 2. Vδ2+γδ T and iNKT-cells are enriched in PN patients.
PBMCs from PN (n=4) and healthy subjects (n=5) (67% African American) were stimulated 

with PMA and Ionomycin in combination with protein transport inhibitor for 4hrs. The 

differentiation of T-cell subtypes was assessed by flow cytometry. a, Representative 

flow cytometry plots for γδ T-cells (CD3+CD4− CD8−γδTCR+ cells). b, Percentage 

of CD3+ γδ T-cells (median ± ICR). c, Representative flow cytometry plots for Vδ1+ 

and Vδ2+ subsets of γδ – T cells. d, Percentage of sub-population of γδ-T cells 

(CD3+γδ-TCR+Vδ1+ or Vδ2+) (median ± ICR). e, Representative flow cytometry plots 

for iNKT-cells (CD3+CD4−CD8−CD56+). f, Percentage of CD3+ iNKT – cells (median 

± ICR). g, Heat map representing geometric mean expression of T-cell populations from 

healthy and PN subjects as represented by CD4+ T helper (CD3+CD4+CD8−) cells, CD8+ 
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T cytotoxic cells (CD3+CD8+ CD4−), γδ T-cells (CD3+CD4−CD8− TCR+ cells), iNKT

cells (CD3+CD4−CD8− CD56+). h, Representative flow cytometry plots for CD8 Naïve 

(CD3+CD8+CD45RA+) cells and CD8 Memory (CD3+CD8+CD45RO+) cells. i, Percentage 

of CD8 Naïve and CD8 Memory cells (median ± ICR). *P<0.05, healthy controls versus PN 

subjects, as calculated by a non-parametric Mann Whitney U-test. ns = non-significant.
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Figure 3. Activated T-cells exhibit an IL-22 phenotype in PN.
PBMCs from PN (n=4) and healthy subjects (n=5) were stimulated with PMA and 

ionomycin combined with protein transport inhibitor for 4hrs. The cells were analyzed 

for intracellular cytokine expression by flow cytometry. a, Representative flow cytometry 

histograms of intracellular IL-22 cellular expression versus unstained control (Ctrl). b, Mean 

fluorescence intensity (MFI) of IL-22 expressing CD3+ cells (median ± ICR). c, Percentage 

of IL-22 expressing T-cell subsets including CD4, CD8, γδ T-cells, and iNKT – cells ± 

SEM. d, Representative flow cytometry histograms of intracellular TNF cellular expression 

versus unstained control (Ctrl). e, Mean fluorescence intensity (MFI) of TNF expressing 
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CD3+ cells (median ± ICR). f, Percentage of TNF expressing T-cell subsets including CD4, 

CD8, γδ T-cells, and iNKT-cells ± SEM. g, Representative flow cytometry histograms of 

intracellular IL-4 cellular expression versus unstained control (Ctrl). h, Mean fluorescence 

intensity (MFI) of IL-4 expressing CD3+ cells (median ± ICR). i, Percentage of IL-4 

expressing T-cell subsets including CD4, CD8, γδ T-cells, and iNKT-cells ± SEM. *P<0.05, 

healthy controls versus PN subjects, as calculated by a non-parametric Mann Whitney U- 

test. ns = non-significant.
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Figure 4. Analyses of differentially expressed genes (DEGs) in lesional PN (n=13), non-lesional 
PN (n=13), and matched healthy skin (n=13).
DEGs defined as coding genes with a log base 2 fold change value less than −1 or greater 

than 1 and FDR adjusted p value less than 0.05 (−1 > logFc > 1, p<0.05). a, Heatmap of all 

DEGs by RNA-seq in lesional PN, non-lesional PN, and matched healthy control skin. Red, 

greater expression; blue, lower expression. b-d, Volcano plot compared gene expression in 

lesional to non-lesional PN skin (b) lesional to healthy skin (c) and non-lesional to healthy 

skin (d). e, Venn diagram comparison of DEGs. f-h, Plot comparison of DEG fold changes. 

L/H / L/NL (f). NL/H / L/NL (g). NL/H / L/H (h). L, lesional PN samples; NL, non-lesional 

PN samples; H, matched healthy control samples.
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Figure 5. Cutaneous mRNA analyses indicate Th22 immune polarization.
a, A heat map of cutaneous mRNA expression of select Th22/IL-22 related genes. Red, 

greater expression; blue, lower expression. Fold change shown is log base 2 fold-change. 

p-value shown is a false discovery rate adjusted p value. b, GeneMANIA functional 

association gene network for Th22-associated genes. The co-expression and physical 

interaction between genes are expressed as purple and green lines, respectively. Stronger 

associations are shown with thicker lines. Gene names shown in red are upregulated, while 

names in black show no significant difference in expression in PN lesional skin compared to 

healthy controls. c, Gene Set Variation Analyses (GSVA) comparison of immune mediators 

in lesional PN (n=13) to non-lesional (n=13) and healthy skin (n=13) found lesional PN 
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skin is characterized by significantly increased expression of Th17/Th22-markers, mildly 

elevated Th1, and no significant difference in expression of Th2 related genes. *p-value < 

.05, ** p-value < .01, and *** p-value < .001. L, lesional PN samples; NL, non-lesional PN 

samples; H, matched healthy control samples.
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