
NF-kB perturbation reveals unique immunomodulatory functions 
in Prx1+ fibroblasts that promote development of atopic 
dermatitis

Kang I. Ko1,#, Jean J. Merlet2,#, Brett P. DerGarabedian1, Huang Zhen1,3, Yoko Horiuchi4, 
Matthew L. Hedberg4, Eileen Hu1, Anh T. Nguyen1, Stephen Prouty4, Faizan Alawi5, 
Matthew C. Walsh6, Yongwon Choi6, Sarah E. Millar7, Ashley Cliff2, Jonathon Romero2, 
Michael R. Garvin8, John T. Seykora4,*,+, Daniel Jacobson8,*,+, Dana T. Graves1,*,+

1Department of Periodontics, School of Dental Medicine, University of Pennsylvania, Philadelphia, 
PA 19104, USA.

2Bredesen Center for Interdisciplinary Research and Graduate Education, University of 
Tennessee Knoxville, Knoxville, TN 37996, USA.

3Department of Periodontology, Peking University School and Hospital of Stomatology, Haidian 
District, Beijing, 100081, China.

4Department of Dermatology, Perelman School of Medicine, University of Pennsylvania, 
Philadelphia, PA 19104, USA.

5Department of Basic and Translational Sciences, School of Dental Medicine, University of 
Pennsylvania, Philadelphia, PA 19104, USA.

6Department of Pathology and Laboratory Medicine, Perelman School of Medicine, University of 
Pennsylvania, Philadelphia, PA 19104, USA.

7Black Family Stem Cell Institute, Icahn School of Medicine at Mount Sinai, New York, NY 10029, 
USA.

8Oak Ridge National Laboratory, Biosciences Division, Oak Ridge, TN 37830, USA.

Abstract

+Co-corresponding authors.
*Co-senior authors.
#These authors contributed equally.
Author Contributions. Study concept and design: K.I.K., J.J.M., D.J., J.T.S., D.T.G.; In vivo mouse experiments: K.I.K., B.P.D., 
H.Z., E.H., A.T.N.; In vitro experiments with primary mouse and human fibroblasts: K.I.K., M.L.H., RNAScope experiments: Y.H., 
S.P.; Data analysis: K.I.K, J.J.M., B.P.D., H.Z., Y.H., E.H., A.T.N., S.P., F.A., A.C., J.R., M.R.G., M.L.H., J.T.S., D.J., D.T.G.; 
scRNA-seq and bioinformatics analysis: K.I.K., J.J.M., A.C., J.R., M.R.G., D.J., D.T.G.; Supervision: D.J., J.T.S., D.T.G.; Funding 
acquisition: K.I.K., J.T.S., D.J., D.T.G.; Drafting of original manuscript: K.I.K, J.J.M., D.J., J.T.S., D.T.G.; Critical review and editing 
of draft: K.I.K., J.J.M., M.C.W., Y.C., S.E.M., A.C., J.R., J.T.S., D.J., D.T.G.

List of Supplementary Materials.
Materials and Methods.
Fig. S1 to S12
Table S1 to S3
Data files S1 to S5.
References (56–59).

Competing interest. None declared.

HHS Public Access
Author manuscript
Sci Transl Med. Author manuscript; available in PMC 2022 April 04.

Published in final edited form as:
Sci Transl Med. 2022 February 02; 14(630): eabj0324. doi:10.1126/scitranslmed.abj0324.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Skin is composed of diverse cell populations that cooperatively maintain homeostasis. 

Upregulation of the Nuclear factor-kappa B pathway may lead to the development of chronic 

inflammatory disorders of the skin, but its role during the early events remains unclear. Through 

analysis of single cell RNA sequencing data via iterative Random Forest Leave One Out 

Prediction, an explainable artificial intelligence method, we identified an immunoregulatory 

role for a unique Prx1+ fibroblast subpopulation. Disruption of Ikkb-NF-kB under homeostatic 

conditions in these fibroblasts paradoxically induced skin inflammation due to the overexpression 

of C-C Motif Chemokine Ligand 11 (CCL11, or eotaxin-1) characterized by eosinophil infiltration 

and a subsequent Th2 immune response. Because the inflammatory phenotype resembled that seen 

in human atopic dermatitis (AD), we examined validated human AD skin samples and found that 

human AD fibroblasts also over-expressed CCL11 and that perturbation of Ikkb-NFkB in primary 

human dermal fibroblasts upregulates CCL11. We also demonstrated that monoclonal antibody 

treatment against CCL11 was effective in reducing the eosinophilia and Th2 inflammation in a 

mouse model. Taken together, the murine model and human AD specimens point to dysregulated 

Prx1+ fibroblasts as a previously unrecognized etiologic factor that may contribute to the 

pathogenesis of AD and suggest targeting CCL11 as a way to treat AD-like skin lesions.

One sentence summary:

Disruption of the Ikkb-NF-kB axis in Prx1+ fibroblasts alters skin homeostasis, causing an 

inflammatory disorder that mimics human atopic dermatitis.

Introduction

Skin disorders affect 85 million people in the U.S. and globally amount to 41.6 million 

years lost due to disease and living with disability (1), representing a critical public health 

burden. The factors that initiate pathogenesis of psoriasis and atopic dermatitis (AD) include 

disruption of the epithelial barrier and altered immune responses (2, 3). However, despite 

recent advances, clinical therapies often fail to achieve adequate resolution of symptoms 

in moderate to severe cases (4). Because the skin must respond rapidly to physical and 

microbial challenges, resident cells in the skin must respond quickly to perturbations 

to maintain a fine balance between pro- and anti-inflammatory processes (5). Thus, an 

improved understanding of cutaneous homeostasis is essential to better understand the early 

events in dermatologic diseases and to develop therapeutics targeting these early events.

Fibroblasts are the principal cell type in the dermis and exhibit considerable heterogeneity, 

including scar-inducing subsets marked by En1 (6), Prrx1 (7), or Dpp4 (6, 8). Recent single 

cell RNA sequencing (scRNA-seq) studies on human AD skin have revealed fibroblast 

subsets with unexpected immuno-modulatory transcriptomes (9, 10), suggesting a potential 

role of these cells in the pathogenesis of inflammatory skin disorders. Synovial fibroblasts 

have been proposed to exhibit a pro-inflammatory phenotype to mediate joint destruction 

following induction of an autoimmune response in rheumatoid arthritis (11), whereas tumor-

associated fibroblasts have been linked to immune-suppression and poor survival outcomes 

(12). In each of these cases, fibroblasts play a secondary role of responding to their 

microenvironment to modulate the immune response. Whether skin fibroblasts contribute 

to immune homeostasis in skin inflammatory disorders remains unknown.
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Nuclear factor-kappa B (NF-kB) is a master inflammatory transcription factor that regulates 

immune-responsive genes (13). Canonical NF-kB proteins and their activator, the inhibitor 

of nuclear factor kappa B kinase complex, are ubiquitously expressed by cells including 

fibroblasts (14). In many dermatologic inflammatory conditions, upregulation of NF-kB 

activity is directly linked to pro-inflammatory events (15). Initiating events are not thought 

to be directly caused by NF-kB but rather by the response of cells to pro-inflammatory 

signals that activate NF-kB and upregulate the pathogenic process (16).

Here, we utilized a genetically modified mouse model in which NF-kB activation in 

fibroblastic cells was blocked by lineage-specific deletion of the NF-kB regulator, inhibitor 

of nuclear factor kappa-B kinase subunit beta (Ikkb). Inhibition of NF-kB in fibroblastic 

cells led to the formation of skin lesions, indicating that NF-kB played a key role in 

maintaining homeostasis and preventing excessive inflammation. With the use of scRNA-

seq, we identified that paired related homeobox-1 (Prx1) positive (Prx1+) cells containing 

Ikkb deletion played a key role in immune disruption by overexpressing the eosinophilic 

chemokine CCL11, which led to an inflammatory response. These results suggest that 

Prx1+ cells are essential for suppressing myeloid inflammation initiated by Ikkb under basal 

conditions and that the lack of Ikkb leads to skin inflammatory disease characterized by 

early eosinophilia and a type 2 immune response frequently seen in atopic dermatitis-like 

lesions.

Results

To investigate the role of NF-kB activation in skin fibroblasts, we deleted Ikkb, a gene 

needed for activation of the canonical NF-kB pathway (17), in Prx1Cre+.Ikkbf/f mice. 

Prx1-lineage cells are present exclusively in the ventral mesenchyme (fig. S1), consistent 

with their embryological origin (18, 19). We first examined NF-kB p65 nuclear localization, 

indicative of its activation, by immunofluorescence in vimentin+ fibroblasts and perilipin+ 

adipocytes in adult Prx1Cre+.Ikkbf/f and control littermates. 17% of fibroblasts and 20% 

of adipocytes from the wildtype mice had NF-kB nuclear localization under standard 

physiologic conditions, whereas less than 4% had nuclear NF-kB in the Ikkb-deleted mice 

(Fig. 1, A and B). We observed cutaneous lesions in the ventral but not dorsal skin of the 

Ikkb-deleted mice (Fig. 1C). The affected skin demonstrated hair loss, thickening, scaling, 

erythema or focal crusting with scab formation (n=6) that was not present in wildtype 

mice (n=6). The histology of skin from 4 out of 6 Prx1Cre+.Ikkbf/f mice demonstrated 

hyperkeratotic scale comprised of ortho- or para-keratin and acanthosis associated with 

spongiosis, which was pronounced in three experimental mice and not present in wildtype 

mice (Fig. 1D). In the experimental mice, inflamed lesions had a prominent inflammatory 

infiltrate containing lymphocytes, eosinophils and occasional neutrophils in all skin 

compartments (Fig. 1D), similar to those seen in human AD (20). Consistent with the 

distribution of skin lesions, Prx1-lineage cells were found in ventral but not dorsal skin, 

and their cell percentage found in the ventral dermis of control and Ikkb-deleted mice was 

similar (fig. S1, A to C). Epidermal and dermal widths were significantly increased in 

ventral but not dorsal skin of Prx1Cre+.Ikkbf/f mice compared to control group (P<0.05; Fig. 

1, E and F and fig. S1D). The skin with Ikkb deletion had decreased strength as measured by 

reduced stiffness and mechanical load to failure (Fig. 1G), despite the histological evidence 
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of fibroplasia and increased width of the dermis. The results suggest that the skin anomaly 

caused by the gene deletion is more complex than fibroplasia, possibly reflecting thickened 

dermis due to edema caused by inflammatory infiltrates.

To better understand the progression of the skin anomaly caused by Ikkb deletion, we 

tracked the lesion development throughout postnatal growth from young (4 weeks old) to 

adult (20 weeks old) phase. In the Ikkb-deleted mice, alopecia developed as early as 10 

weeks, always preceded ulceration (Fig. 2, A and B) and progressed without resolution (Fig. 

2C). Because the initial clinical phenotype was hair loss, we tested if the hair follicle niche 

was affected by the Ikkb deletion. The number of hair follicles and CD34+ hair bulges 

were not changed by Ikkb deletion (Fig. 2D), ruling out hair follicle niche disruption as an 

etiologic factor for the hair loss and alopecia.

To investigate early cellular events that may be responsible for the skin anomaly in adult 

mice, we examined neonatal (1 day after birth, P1) and young (4 weeks after birth) mice, 

time points at which no gross skin lesions were present. Histologically, the skin of P1 

mice in control and Ikkb deletion groups showed no signs of acanthosis or fibrosis (Fig. 

2E). Interestingly, 4-week-old mice with the Ikkb gene deletion exhibited an abundant 

subcutaneous and dermal leukocyte infiltration with multi-lobed or kidney shaped nuclei, 

consistent with myeloid cells (Fig. 2F), and an absence of dermal and epidermal thickening 

(Fig. 2G). We therefore sought to better characterize the type of inflammation and found 

significantly elevated numbers of myeloperoxidase (MPO)+ neutrophils and F4/80+ myeloid 

cells in both young and adult mice with Ikkb deletion, whereas the total number of CD4+ 

T cells was unchanged (P<0.05; Fig. 3, A and B and fig. S2A). Ikkb deletion did not alter 

the number of inflammatory cells in dorsal skin (fig. S2B), and there were no significant 

differences in MPO+ cells in the ventral skin of control and Ikkb-deleted P1 mice (P>0.05; 

Fig. 3C). Similar results were obtained by flow cytometry analysis; Gr-1high cells (equivalent 

to Ly6g+ neutrophils) and F4/80+ myeloid cells were significantly higher in the Ikkb-deleted 

mice whereas CD3+ T cell numbers did not change (P<0.05; Fig. 3, D and E). To rule 

out the possibility that the inflammation was caused by external irritation from the solid 

corn bedding, young mice were housed with soft paper bedding, which did not reduce 

skin inflammation (Fig. 3F). Taken together, Ikkb deletion in Prx1+ fibroblastic cells causes 

myeloid inflammation in the skin that precedes the clinical anomalies found in adulthood.

Since Prx1+ mesenchymal progenitors that line the bone marrow are critical for the 

maintenance of hematopoiesis (21), we tested if Ikkb deletion in Prx1-lineage cells had an 

impact on systemic inflammation. We found a significant increase in circulating monocytes 

and eosinophils from the peripheral blood whereas other cell metrics, including total 

red blood cell (RBC) count, were largely unchanged (P<0.05; Fig. 3G). Splenomegaly 

was always present in the Ikkb deletion group (Fig. 3H) with normal architecture of 

splenic germinal centers (Fig. 3I). There was a significant increase in myeloid splenocyte 

counts (neutrophils, monocytes, macrophages and eosinophils) (P<0.05; Fig. 3J), indicating 

systemic inflammation without abnormal erythropoiesis. A similar increase in myeloid cell 

numbers was found in axillary lymph nodes of Ikkb-deleted adult mice (fig. S3). However, 

the number of myeloid cells in the bone marrow was unchanged (Fig. 3K), suggesting that 

myelopoiesis was not affected by Ikkb deletion. Combined with the finding that dorsal skin 
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was unaffected by Ikkb deletion, the lack of change in myelopoiesis suggests that changes 

in circulating myeloid cells were likely the result of severe skin inflammation and not vice 

versa.

Prx1-lineage cells in the adult skin include dermal fibroblasts and subcutaneous adipocytes 

(19, 22). We therefore generated mice that had Ikkb-specific deletion in adipocytes (Adipoq-
Cre+.Ikkbf/f) and pan-fibroblasts (Col1a2CreER+.Ikkbf/f) and examined whether skin lesions 

developed. Adipocyte-specific deletion of Ikkb failed to elicit myeloid inflammation in the 

skin, spleen, or bone marrow of young mice (Fig. 4, A to C), indicating that skin adipocytes 

were not the source of immune dysregulation caused by the NF-kB inhibition. In contrast, 

induced Ikkb deletion in Col1a2+ fibroblasts resulted in histological changes characterized 

by a mild increase in myeloid and eosinophilic cells, as well as enhanced F4/80+ cell 

numbers without inducing myeloid cell changes in the spleen or bone marrow (Fig. 4, 

D to F). These results rule out skin adipocytes as the source of immune dysregulation 

caused by the NF-kB inhibition. We further tested if postnatal Prx1+ (pnPrx1+) cells are 

responsible for maintaining immune homeostasis. In neonatal mice, pnPrx1+ cells represent 

early mesenchymal progenitors, and lineage tracing demonstrated that they became skin 

fibroblasts and subcutaneous adipocytes at 4 weeks (Fig. 4G). Induced deletion of Ikkb 
in P1 mice elicited mild skin inflammation at 4 weeks (Fig. 4H and I) whereas induced 

Ikkb deletion in 8-week-old mice failed to produce inflammation in mice aged 12 or 24 

weeks despite the similar pnPrx1+ cell frequency for each induction time points (fig. S4). 

These results indicate that there is a critical perinatal growth period during which immune 

homeostasis is established in the skin and that Prx1+ skin fibroblasts, not adipocytes, are 

essential for this to occur through basal Ikkb activity.

To investigate the transcriptomic shift caused by the Ikkb deletion in Prx1-lineage cells, we 

performed scRNA-seq on skin cells from 4-week-old Prx1Cre+.Ikkbf/f mice (4,485 cells) 

and controls (6,599 cells). We applied iterative Random Forest Leave One Out Prediction 

(iRF-LOOP) (23), an explainable-AI method, to the combined samples by using each cell’s 

gene expression as a feature vector to create a predictive cell expression network. Next, 

Markov Clustering (MCL) (24) was applied at 1.30 inflation to the top 0.4% of edges in 

this network to create 316 separate clusters of cells (fig. S5), in which the gene expression 

profile of each cell within a cluster was highly predictive of the other cells in that cluster 

(data file S1). Cell types were probabilistically assigned to each cell via their marker genes 

by applying the CellAssign R package (25). This cell typing was projected onto the iRF-

LOOP+MCL clusters and visualized using Cytoscape (26) (Fig. 5A). This high-granularity 

separation of the cells enabled us to identify group-based distributions between the control 

and Ikkb-deleted conditional knockout (cKO) groups (Fig. 5B).

To determine inter-cluster relatedness, we performed hierarchical clustering analysis with 

Ward’s linkage method (27) on the mean expression vectors of each iRF-LOOP+MCL 

cluster and projected this separation onto a t-distributed stochastic neighbor embedding 

(t-SNE) plot of these vectors. Among the three major fibroblast groups identified by the 

hierarchical clustering (Fig. 5C), fibroblast group 2 was largely found in the Ikkb deletion 

group (Fig. 5D), indicating a substantial change in the transcriptome in fibroblasts caused 

by the Ikkb deletion. Fibroblasts from the control group had subtypes similar to those based 
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on Joost et al. (28), while the majority of fibroblasts from the Ikkb-deleted group exhibited 

a transcriptome profile similar to hypodermal fibroblasts (Fig. 5E). Furthermore, we used 

each iRF-LOOP+MCL cluster identity as a class label and utilized iRF to obtain an ordered 

list of genes predictive of each cluster. The largest fibroblast clusters were predicted by the 

expression of Palld, a microfilament gene ubiquitously expressed in mesenchymal cells (29) 

and by Pi16, a gene that regulates neuropathic pain (30) (Fig. 5F). In contrast, the top two 

fibroblast clusters from the Ikkb-deleted mice were predicted by Col6a5 and Coch, which 

are highly upregulated in human AD and in the inner ear, respectively (31, 32) (Fig. 5F). 

These results suggest that the fibroblast phenotypes in the Ikkb deletion and control groups 

are functionally distinct.

We next hypothesized that Ikkb deletion in Prx1-lineage fibroblasts caused a severe 

immune cell infiltration by aberrant chemokine expression. Pairwise differential expression 

comparisons between all fibroblast clusters in the control and Ikkb deletion groups were 

examined using the DESeq2 R package (33), resulting in 88 such comparisons (data file 

S2). Several chemokines were upregulated in fibroblasts with Ikkb deletion, including Ccl7, 
Cxcl12, Ccl8, Ccl19 and Ccl11 (Fig. 6A). Among these, three chemokines (Cxcl12, Ccl11, 

and Ccl7) were upregulated in Ikkb-deleted fibroblasts with high Prrx1 unique molecular 

identifier (UMI) count (constituting 42% of fibroblasts) compared to those in control group 

(48% of fibroblasts) (Fig. 6A and fig. S6A; full data in data file S3). Gene ontology 

analysis revealed an upregulation of biological processes related to cell migration, cytokine 

response, and inflammatory response in the Prx1hi fibroblasts of the Ikkb-deleted group 

(Fig. 6B). Projecting gene expression heatmaps of Cxcl12, Ccl11, and Ccl7 onto the t-SNE 

visualization of the iRF-LOOP+MCL clusters revealed that Cxcl12 and Ccl7 are highly 

expressed by endothelial cells and macrophages, respectively. In contrast, Ccl11 expression 

was exclusive to fibroblasts and enhanced in the Ikkb deletion clusters (Fig. 6C and fig. 

S6B). Upregulation of Ccl11 in fibroblasts from the Ikkb-deleted mice was verified by 

the Seurat pipeline (34) (Fig. 6D and fig. S6, C to H). Immunofluorescence experiments 

demonstrated that CCL11+ cells with fibroblastic morphology were enriched in the ventral 

skin of the Ikkb-deleted group and were localized to the border between the dermis 

and subcutaneous adipose layer (Fig. 6E). Because CCL11 is a potent chemoattractant 

for eosinophils, we quantified the number of eosinophils in ventral skin and found that 

Ikkb deletion caused a marked increase in F4/80+Siglec-F+ eosinophil numbers (Fig. 6F). 

Because the F4/80+ myeloid cells we detected in Fig. 3 could be either macrophages 

or eosinophils, we examined the co-expression of markers associated with classically or 

alternatively activated macrophages (CD80 and CD206, respectively) and Siglec-F for 

eosinophilic identity, and found that over 80% of F4/80+ cells were identified as eosinophils 

in the ventral skin of Ikkb deletion mice (Fig. 6G). Thus, Ikkb deletion in skin fibroblasts 

causes aberrant expression of CCL11, which is associated with overt eosinophilia in early 

skin inflammation.

We next explored possible mechanisms by which Ikkb-deletion prevents NF-kB activation to 

paradoxically induce inflammation. ScRNA-seq data pointed to Cebpb (CCAAT/enhancer-

binding protein beta), a basic leucine zipper domain transcription factor implicated in 

inflammation (35), as highly upregulated in fibroblasts with Ikkb-deletion (Fig. 6H). 

Increased CEBPB protein expression by the fibroblasts with Ikkb-deletion was validated 
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by immunofluorescence studies (Fig. 6I). To test direct modulation of Cebpb and Ccl11 
expression, we examined Prx1+ fibroblasts from 2-week-old Prx1Cre+.RosadTomato mice and 

found that Ikkb knockdown with small interfering RNA (siRNA) enhanced CEBPB and 

CCL11 mRNA and protein expression in vitro (Fig. 6, J and K). We then used a publicly 

available ChIP-seq database [Signaling Pathways Project, (36)] and noted high binding 

scores of CEBPB to CCL11 promoter/enhancer region in mesenchymal stromal cells (table 

S1), suggesting direct transcriptional regulation. Concomitant knockdown of Ikkb and 

Cebpb by siRNA significantly reduced CCL11 upregulation as noted by the diminished 

numbers of CCL11+Prx1+ fibroblasts compared to Ikkb knockdown alone (P<0.05; Fig. 

6L), indicating that CEBPB is an important mechanistic link between Ikkb deletion and 

CCL11 upregulation in these cells. To show relevance with human fibroblasts, we examined 

CCL11 expression after IKBKB and CEBPB knockdown in two independent neonatal 

human fibroblast cell lines and found analogous results (Fig. 6M and fig. S6I).

We next examined the alteration in immune cell profiles by Ikkb deletion in fibroblasts. 

Within scRNA-seq data, type 2 lymphocytes (Th2) constituted the largest proportion of 

lymphocytes in mice with Ikkb deletion, and their absolute numbers were also elevated (Fig. 

7A). The largest leukocyte cluster (Cluster 3) was mostly derived from the Ikkb deleted 

group, , and the formation of this cluster by iRF-LOOP+MCL was predicted by transcripts 

representing type-2 immunity (Il5, Areg and Il13) (Fig. 7B and fig. S7A). Seurat analysis 

verified this result and identified type-2 cytokines (Il5, Areg, Il13), Il1rl1 (encoding for 

ST2 receptor) and transcription factor Gata3 as upregulated transcripts in Ikkb-deleted group 

(Fig. 7, C and D and fig. S7, B to F). Other notable findings included myeloid cells from the 

cKO mice exhibiting increased pro-inflammatory Il1b gene and reduced pro-resolving Tgfb1 
gene signatures (Fig. 7E), and mast cells from the cKO group with increased expression of 

Hdc and Fcer1a (fig. S8, A to C), which are genes encoding for histamine decarboxylase and 

the Fc-IgE receptor, respectively, that are implicated in pruritus (37). Additionally, serum 

IgE concentration was significantly higher in mice with Ikkb-deletion (P<0.05; fig. S8D), 

a characteristic finding in patients with AD (20). Based on the scRNA-seq results, we next 

hypothesized that early skin lesions are characterized by Th2 in addition to eosinophils, 

which worsens as mice age from 4 weeks (young) to 20 weeks (adult). We found that 

high eosinophil counts from young Ikkb-deleted mice were reduced with time (Fig. 7F). 

In contrast, CD3+CD4+IL4+ Th2 cells increased significantly as the mice aged (P<0.05; 

Fig. 7F) although there was no overall increase in CD4+ lymphocytes (Fig. 3B). Because 

type-2 immunity and eosinophilia are classic signs of human atopic dermatitis (20), we 

investigated if CCL11 is overexpressed by the fibroblasts in human AD lesions. Using 

RNAScope, we examined validated human AD skin with sex- and age-matched control 

and found that AD skin had a significant increase in the absolute and relative numbers of 

CCL11-expressing fibroblasts (CCL11+PDGFRA+) per total PDGFRA+ fibroblasts (P<0.05; 

Fig. 7, G and H and fig. S9A). Moreover, human AD skin had significantly higher numbers 

of CCL11+CEBPB+ cells (P<0.05; Fig. 7J and fig. S9B). This was consistent with our 

murine model of dysregulated fibroblasts as a source of CCL11 for early disease progression 

in AD-like lesions. We further examined published scRNA-seq data from human AD skin 

(10) for potential chemokine dysregulation by PRRX1+ mesenchymal cells and found that 
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IKBKB was downregulated whereas CEBPB and CCL11 were upregulated (P<0.05; table 

S3 and data file S4), in agreement with our observations.

To test if the aberrant upregulation of CCL11 by Ikkb-deleted fibroblasts is responsible for 

downstream events of inflammation, we performed an in vivo neutralization experiment by 

injecting a monoclonal CCL11 antibody into 2-week-old mice (Fig. 8A) and examined the 

effect on preventing eosinophilia and Th2 responses. Antibody treatment effectively reduced 

the number of eosinophil infiltrations by >50% in the skin of the Ikkb-deleted mice (Fig. 

8B–D). Subsequently, the number of Th2 cells was significantly abrogated when CCL11 

was inhibited in the skin of Ikkb-deleted mice (P<0.05; Fig. 8, E to F), demonstrating a 

therapeutic effect of CCL11 neutralization on the degree of eosinophilia and Th2 response in 

early atopic dermatitis-like skin lesions.

Discussion

Epithelial barrier disruption and immune dysregulation are thought to be the primary 

etiologic factors in chronic inflammatory skin conditions such as atopic dermatitis (2, 20), 

based on the classical experimental models utilizing tape-stripping, ectopic allergen, and/or 

gene deletion for immune function (38). Here, we show that skin fibroblasts, in addition to 

their traditional role in skin repair, are also critical regulators of immune homeostasis during 

early perinatal growth, which is regulated by Ikkb under basal physiologic conditions. 

Fibroblasts in which activation of the canonical NF-kB pathway is blocked by Ikkb gene 

deletion resulted in a skin phenotype that mirrors human atopic dermatitis-like skin lesions 

that exhibit eosinophilia and large numbers of type 2 immune cells (2, 20, 39). The lesion 

was specific to Prx1+ fibroblast-enriched ventral skin, an area where mice have limited 

ability to directly scratch. Because regular corn bedding can be abrasive to murine skin 

(40), we housed mice in a soft bedding material to reduce exogenous irritation but found 

it had no rescue effect. Thus, our mouse model likely reflects an “inside-out” mechanism 

of AD (20), where dysregulation of endogenous fibroblasts initiates a subsequent immune 

cascade, as opposed to external stimulation (“outside-in”, for example, byscratching). 

The AD-like lesions we observed in Prx1-driven Ikkb-deleted mice is corroborated by a 

recent study with Nestin-driven Ikkb in facial mesenchymal cells, both of which target 

phenotypically similar fibroblastic cells (41). Although the latter study did not identify any 

mechanisms that led to the dermal lesions, Nestin+ and Prx1+ fibroblastic cells are thought 

to have several similarities (42). Moreover, we found that Ikkb deletion in adipocytes had 

minimal effect on subcutaneous inflammation in young mice as it did in another study that 

examined 16-weeks-old adult mice (43). We showed that Ikkb-deleted fibroblasts aberrantly 

expressed CCL11 to initiate an eosinophilic and Th2 inflammation, and that blocking 

CCL11 effectively reduced eosinophilia and type 2 immune response. Collectively, these 

data demonstrate that Prx1+ fibroblasts may have a unique role in maintaining homeostasis 

during development and that disruption of Ikkb in these cells may lead to the formation of 

dermal lesions that share many similarities to human AD. Moreover, the results suggest 

that blocking CCL11 is a potentially important therapeutic approach to treating early 

inflammatory skin conditions.
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Pediatric patients have a propensity for atopic dermatitis and other inflammatory skin 

conditions (44), suggesting a disease mechanism linked to early development. We were able 

to detect histologic changes prior to the gross formation of skin lesions in mice, providing 

new insight into the etiologic factors. Skin inflammation caused by Ikkb deletion occurred 

during perinatal development. The changes were not due to age-dependent reduction in 

pnPrx1+ cells, as their frequency in the skin dermis was similar in both neonatal and 

adult mice. Rather, these findings suggest that early perinatal growth is a critical time 

period during which skin fibroblasts with basal NF-kB activity are essential for their 

immuno-regulatory function, consistent with the AD susceptibility for children (20, 44, 

45). Our findings highlight the previously unknown immune-regulatory function of young 

fibroblasts without which skin immunity fails to stabilize and causes severe inflammatory 

skin condition that closely mimics human atopy.

NF-kB activation is critical in modulating inflammatory immune responses (13), and its 

inhibition in chronic inflammatory conditions such as diabetes and autoimmunity alleviates 

the disease outcome (46, 47). However, we demonstrate that preventing NF-kB activation 

in skin fibroblasts paradoxically induces severe skin inflammation, contrary to the expected 

anti-inflammatory outcome. Despite the well-established pro-inflammatory role of NF-kB, 

there are recent examples where conditional deletion of Ikkb interferes with homeostasis. 

This has been shown in hepatocytes for glucose homeostasis (48) and for steady-state 

function of migratory dendritic cells (49). Thus, our results further strengthen the concept 

that in addition to mediating inflammatory responses, NF-kB plays an essential role in 

maintaining homeostasis under physiologic conditions. In the dermis, NF-kB specifically 

is needed in Prx1+ fibroblasts to prevent the overexpression of factors that generate a 

dermal inflammatory condition. For example, CEBPB was highly upregulated when Ikkb 
was deleted or knocked down in Prx1+ fibroblasts in vivo and in vitro. CEBPB enhances 

transcription of inflammatory cytokines (50) and is predicted to directly bind to Ccl11 
promoter region in stromal cells (table S1). Moreover, CEBPB may interact with STAT 

proteins to indirectly upregulate CCL11 in fibroblasts (51). Importantly, double knockdown 

of Ikkb and Cebpb rescued Ccl11 upregulation induced by Ikkb knockdown alone, 

suggesting a modulatory role of Ikkb-NF-kB axis on CEBPB and subsequent upregulation 

of CCL11 expression by neonatal fibroblasts.

Here we have focused on aberrant CCL11 expression as a potent etiologic factor for 

eosinophil recruitment. We did not capture eosinophils in the scRNA-seq experiments due 

to our initial exclusion of high side-scatter granulocytes through cell sorting. Nevertheless, 

using other approaches we observed that the eosinophil population made up to 20–40% of 

cells obtained from the skin of young Ikkb-deleted mice, and that eosinophil dominance 

was substantially reduced in 20-week-old mice. In contrast, Th2 population increased with 

age in adult Ikkb-deleted mice, consistent with the overt type-2 immune response seen in 

human AD (20). Upregulation of CCL11 had been implicated in human atopic skin (52), 

though the cellular source is not well understood. In results similar to our findings, dermal 

fibroblasts from human atopic skin have been shown to exhibit higher CCL11 mRNA 

expressioncompared to control groups in response to IL4 stimulation in vitro (53). The 

etiology of human AD has been elusive, possibly because of the difficulty in detecting the 

subclinical phase of AD. The current therapeutics for moderate to severe AD utilize topical 
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immunosuppressive drugs or monoclonal antibody against IL4Rα (dupilumab) to suppress 

Th2 response (54). Our data suggest that alternative approaches to block eosinophilia 

through chemokine antagonists will reduce Th2 response. In this regard, clinical trials 

are ongoing using bertilimumab, a humanized antibody against CCL11, to treat bullous 

pemphigoid [NCT02226146], an autoimmune skin disorder characterized by eosinophilia 

(55). Neutralization of CCL11 in early AD may be a key to preventing emergence of clinical 

AD symptoms and possibly atopic march.

ScRNA-seq studies on human AD samples have recently been reported (9, 10). When 

PRRX1+ mesenchymal cells were specifically examined, results consistent with our studies 

were observed, including a decrease in IKBKB and increases in CEBPB and CCL11. In 

contrast, another human study had CCL11 values that were too low to analyze (9). We 

also found in human specimens that CEBPB was highly upregulated in AD skin and in 

mice with Ikkb deletion. These studies support an immuno-modulatory role of Prx1+ cells 

for eosinophil trafficking to the skin. Interestingly, fibroblasts in developing human skin 

exhibit more pronounced inflammatory gene signatures than adult skin (10), suggesting an 

age-dependent mechanism. Our data indicate that the Ikkb-NF-kB signaling axis plays a role 

in CEBPB-dependent CCL11 production in dermal fibroblasts. However, additional immune 

mechanisms may also contribute to lesion formation.

Our study has limitations. We found that reduced Ikkb-NF-kB signaling through gene 

deletion triggered AD-like lesion formation in mice and that human fibroblasts from AD-

lesions had reduced IKBKB expression. However, the mechanisms that may be responsible 

for reduced Ikkb-NF-kB signaling in human dermal fibroblastic cells are unknown. One 

possibility is AD susceptibility due to genetic mutation in IKBKB, similar to that of 

filaggrin loss-of-function mutation (20). We were able to trigger pre-clinical etiologic events 

in mice and temporally follow the steps that occur prior to the formation of established 

dermal lesions. Whether the same temporal sequence of events occurs in human AD lesions 

is not known and will be difficult to establish because of their pre-clinical nature. However, 

the studies provide insight into the cellular dysregulation that can lead to a type-2 lesion in 

the skin.

In summary, there is similarity between our mouse model of AD-like lesions and human 

AD, demonstrating the participation of the immunoregulatory transcriptome of Prx1+ skin 

fibroblasts in lesion formation. Because AD-like lesions arise from Ikkb-NF-kB perturbation 

in murine fibroblasts, it will be important to investigate similar mechanism in the early 

stages of human AD.

Materials and Methods

Study design.

The objective of this study was to investigate pathogenic mechanisms by which perturbation 

of Ikkb-NF-kB signaling in skin fibroblasts causes an inflammatory skin disorder that 

closely mirrors human AD. Mice that lacked Ikkb gene in Prx1+ mesenchyme were 

examined from neonatal to adult stages to identify initial event that preceded skin lesion 

development. Fibrotic etiology was assessed by biomechanical testing. The extent and 
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type of skin inflammation was examined by flow cytometry and immunofluorescence, and 

systemic inflammation was examined by complete blood count with differential analysis and 

by multicolor flow cytometry of splenic and bone marrow cells. To test if the inflammatory 

effects were due to Prx1-derived skin fibroblasts or adipocytes, mice with lineage-specific 

deletion of Ikkb in pan-fibroblasts or adipocytes were examined. Prx1+ fibroblasts were 

further examined by scRNA-seq and iRF-LOOP analyses, which revealed a dramatic shift in 

chemotactic transcripts by the skin fibroblasts that lacked Ikkb gene. Further bioinformatics 

and flow cytometry analyses validated CCL11 as a primary component responsible for 

early eosinophilia that later transitioned to type 2 immunity, both of which are implicated 

in human AD. To establish clinical linkage, we used vetted human skin specimens to 

investigate if human AD lesions overexpressed CCL11 in fibroblasts by using in situ 

hybridization. We further tested for translational value of targeting CCL11 by preclinical 

treatment with neutralizing antibody in young mice and examined its impact on early 

eosinophilia and type-2 immunity. The study was carried out following ARRIVE guidelines. 

Study size was calculated by power analysis using each animal as an experimental unit. 

Animals were randomly allocated to either control or experimental group. Results were 

analyzed in a blinded fashion, such that the researcher was unaware of group designations. 

Validation of Ikkb deletion in animal models and flow cytometry gating strategies are 

provided in fig. S10 and fig. S11, respectively.

Animal studies.

All animal experiments were carried out conforming to a protocol approved by the 

University of Pennsylvania Institutional Animal Care and Use Committee (IACUC 

#804855). The following mice were purchased from Jackson Laboratory: B6.Cg-Tg(Prrx1-
cre)1Cjt/J (Prx1Cre), B6.Cg-Tg(Prrx1-cre/ERT2,-EGFP)1Smkm/J (Prx1CreER), B6.Cg-
Gt(ROSA)26Sortm9(CAG-tdTomato)Hze/J (R26TdTomato), Tg(Adipoq-cre)1Evdr (Adipoq-Cre), 
Tg(Col1a2-cre/ERT,-ALPP)7Cpd/J (Col1a2-CreER). Floxed Ikkβ mice (Ikkβf/f) were 

obtained from M. Karin (University of California, San Diego). Ikkb-deletion by Cre-

mediated recombination was validated as in fig. S10. Mice were housed in regular corn 

bedding and were euthanized at 1-day, 4-week, and 16–20-week-old time points. In another 

set of experiments, animals were housed in Cellu-nest™ (Shepherd Specialty Papers) soft 

bedding from birth to the 4th week euthanasia time point.

Statistical analysis.

Statistical analysis was performed using Prism software (GraphPad-ver.9). All data are 

expressed as the mean ± SEM. Power analysis with alpha=0.05 and 40% effect was used 

to determine the sample size. Unpaired Student’s t-test was performed in comparing two 

groups (wildtype versus Ikkb-deleted mice) under the assumption of normal Gaussian 

distribution. For experiments comparing among three or more groups, one-way analysis 

of variance (ANOVA) or two-way ANOVA followed by Tukey’s posthoc analysis was 

used as indicated in the figure legends. P<0.05 was considered statistically significant. The 

individual animal was used as a unit of measurement (n), replicated twice or thrice as 

indicated in the figure legends, and sex was not considered as a factor in the analyses.

Further details are provided in the Supplementary Materials.
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Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. 
Preventing basal NF-kB activation in Prx1+ mesenchymal cells leads to ventral skin 

anomalies. A. Representative immunofluorescent images of ventral skin stained with NF-

kB (p65) antibody and vimentin (fibroblast marker) or perilipin (adipocyte marker) in 

16-week-old control (WT) or experimental (Prx1Cre+Ikkbf/f) mice. White arrows point to 

fibroblasts or adipocytes with nuclear NF-kB expression. Scale bar, 50um; insert scale bar, 

5um). B. Quantification of double-positive vimentin+/nuclear NF-kB+ fibroblasts per total 

vimentin+ cells (left), and perilipin+/nuclear NF-kB+ adipocytes per total perilipin+ cells 

(right), comparing between WT and Prx1Cre+Ikkbf/f (conditional knockout, cKO) group. 

n=7–8 mice in each group. C. Representative photograph images of ventral and dorsal skin 

in 16–20-week-old WT and Prx1Cre+Ikkbf/f mice; scale bar, 1cm. D. Hematoxylin and eosin 

(H&E) and trichrome images of ventral skin from WT or cKO mice; d, dermis, ad, adipose 

layer. Scale bar, 0.5mm. Insert, red arrows point to eosinophils. Scale bar, 50um. E and 
F. Epidermis, dermis and adipose width in ventral (E) or dorsal (F) skin of WT and cKO 

mice. n=6–10 mice in each group. H. Mechanical testing of ventral skins from WT and cKO 

mice; stiffness and maximum load until failure (tear) were quantified. n=4–5 each. Data are 

represented as mean ± SEM of biological replicates. Animal experiments were repeated two 

to three times. *P<0.05; Student’s t-test comparing WT to cKO groups.
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Fig. 2. 
Progressive dermatitis by Ikkb deletion worsens with aging. A. Representative images of 

clinical lesion from Prx1Cre+Ikkbf/f (cKO) mice over 15- to 19-week period in age. Scale 

bar, 1cm. B. Quantification of percent control (WT) or cKO animals affected by alopecia 

(solid line) and/or ulceration (dashed line) in function of age over 4- to 21-week time 

points. C. Lesion area quantified in mm2 over the observational period. D. Representative 

immunofluorescent images of CD34+ hair follicle bulge from WT or cKO groups (left, 

dotted line) and quantification of hair follicle numbers from H&E images or by CD34+ 

staining (right) in 20-week-old mice. Scale bar, 50um. E. H&E images of ventral skin in 

1-day old (P1) neonatal WT and cKO mice (left) and quantification of epidermis and dermis 

thickness in each group (right). Scale bar, 0.5mm. F. H&E images of ventral skin in 4-week-

old young WT or cKO mice (left; scale bar, 0.5mm), with insert images showing overt 

inflammatory infiltrate in the skin of cKO mice (right; scale bar, 50um). G. Quantification 

of epidermis, dermis and adipose layer thickness between WT versus cKO mice at 4 weeks 

of age. Dashed lines demarcate dermal (d) and adipose (ad) borders in E and F. Data are 

represented as mean ± SEM of biological replicates. Animal experiments were repeated 

three times. n=6–10 each. *P<0.05, ns = not significant; Student’s t-test comparing WT to 

cKO groups.
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Fig 3. 
Skin inflammation in Ikkb-deleted mice is characterized by excessive myeloid cell 

infiltration. A. Representative immunofluorescent images with myeloperoxidase antibody 

(MPO, a neutrophil marker) and F4/80 antibody (a pan-macrophage marker) in 4-week-

old wildtype (WT) or Prx1Cre+Ikkbf/f (cKO) mice, scale bar, 50um. B. Quantification of 

immunopositive cells for MPO, F4/80, or CD4 expression in 4-week (left) or 20-week-old 

(right) mice between WT and cKO groups; IF = immunofluorescence experiment. n=6–8 

each. C. Quantification of MPO+ cells in the ventral skin of 1-day-old (P1) mice between 

WT and cKO groups. n=4–6 each. D. Representative flow cytometry plot on myeloid cell 

gating (live, CD45+CD11b+ cells) to analyze Gr-1Hi neutrophils and F4/80+ myeloid cells 

in 4-week-old mice. E. Quantification of neutrophils (CD45+CD11b+F4/80−Gr-1Hi), F4/80+ 

myeloid cells (CD45+CD11b+F4/80+Gr-1−) and CD3 T cells (SSClowCD45+CD3) per total 

live cells in 4-week (left) or 20-week-old mice (right) by flow cytometry analysis (FC). F. 
Quantification of neurophils and F4/80+ myeloid cells from 4-week- old mice that were 

weaned in soft paper cage bedding. G. Quantification of circulating hematopoetic cells from 
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retro-orbital blood samples of the control (WT) or Prx1Cre+Ikkβf/f (cKO) mice aged at 

20 weeks old by complete blood count/differential analysis. WBC: white blood cell, RBC: 

red blood cell, n=6–9 each. H. Representative micrograph of spleen from 20-week-old WT 

and cKO mice (left; scale bar, 1cm). Right, quantification of spleen weight per weight. 

I. Spleen cryosections stained for T cells (CD3 antibody) and B cells (B220 antibody) 

demonstrating intact germinal centers in both WT and cKO mice. Scale bar, 0.5mm. 

J and K. Quantification of neutrophils (Neut; CD45+CD11b+Gr-1Hi), monocytes (MO; 

CD45+CD11b+CD115+), macrophages (MΦ; CD45+CD11b+F4/80+) and eosinophils (Eos; 

CD45+CD11b+Siglec-F+) per total live cells from splenocyte preparations (J) and from bone 

marrow preparations (K) of WT and cKO mice; n=5–6 each. Data are represented as mean ± 

SEM of biological replicates. Animal experiments were repeated three times. *P<0.05, ns = 

not significant; Student’s t-test comparing WT to cKO groups.
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Fig. 4. 
Ikkb deletion in skin fibroblasts, not adipocytes, is responsible for myeloid inflammation 

during perinatal growth. A. H&E images of ventral skin in 4-week-old control group 

(WT) or adipocyte-specific Ikkb deletion (Adipoq-Cre+Ikkbf/f) mice. Scale bar, 50um. 

B. Flow cytometry analysis of neutrophils (CD45+CD11b+Gr-1Hi) and F4/80+ myeloid 

cells (CD45+CD11b+F4/80+) from enzymatically digested ventral skin of WT or Adipoq-
Cre+Ikkbf/f mice. C. Quantification of neutrophils and F4/80+ myeloid cells per total live 

cell count in ventral skin (left), spleen (middle), and bone marrow (right) comparing WT 

versus adipocyte-specific deletion of Ikkb group. n=7–8 each. D. H&E images of ventral 

skin in 4-week-old WT or experimental mice that had induced deletion of Ikkb in Col1a2-

expressing fibroblasts (Col1a2CreERT+Ikkbf/f). Mice received tamoxifen twice at P1 and 

P3 (50ug/dose) and were euthanized at 4 weeks of age. Red arrows point at monocytic 

and/or eosinophilic cells. Scale bar, 50um. E. Flow cytometry plot for neutrophils and 

F4/80+ myeloid cells in WT or mice with Ikkb-deleted in Col1a2+ fibroblasts. Tamoxifen 

was administered at P1 and P3 (intragastric, 50ug/dose). F. Quantification of neutrophils 

and F4/80+ myeloid cells per total live cell count in ventral (left), spleen (middle) and bone 

marrow (right) comparing WT versus Ikkb deletion in Col1a2-expressing pan-fibroblasts. 

n=5–8 each. G. Perinatal induction of dTomato reporter gene in postnatal Prx1+ cells 

(Prx1CreERT+R26RdTomato), labeling dermal mesenchymal cells and some subcutaneous 

adipocytes (insert, arrows; scale bar, 20um) after 4-week tracing period. Scale bar, 0.5mm. 
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H. Immunofluorescent images of F4/80+ cells in the ventral skin of 4-week-old WT mice 

and Prx1CreERT+Ikkbf/f mice that had perinatal deletion of Ikkb (left), and quantification of 

F4/80+ cells per mm2 (right). IF=immunofluorescence analysis. n=8–10 each. Both WT and 

Prx1CreERT+Ikkbf/f mice received tamoxifen. Scale bar, 50um. I. Flow cytometry analysis 

(FC) for F4/80+ myeloid cells from ventral skin of WT and Prx1CreERT+Ikkbf/f mice. n=5–

10 each. Data are represented as mean ± SEM of biological replicates. Animal experiments 

were repeated three times. *P<0.05, ns=not significant; Student’s t-test comparing WT to 

each respective experimental group.
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Fig. 5. 
Single cell RNA sequencing reveals marked changes in fibroblast transcriptome by the 

Ikkb gene deletion. A. iRF-MCL (iterative random forest-Markov clustering) of 11084 cells 

from enzymatically digested ventral skin of WT and Prx1Cre+Ikkbf/f mice with cell type 

designation based on putative gene expression. Clusters with >50 cells are shown. B. WT 

(blue) and cKO (Prx1Cre+Ikkbf/f, red) group designation demonstrating even distribution of 

sample (3566 cells from WT, 2510 cells from cKO are shown). C. Hierarchical partitioning 

of Markov clusters and cell type designation, using Ward’s linkage method between Pearson 

correlations of mean expression vectors of the clusters. The groups generated by this 

partitioning have been t-SNE projected in Figure 5D and share the same color legend. D. 
t-SNE plot with cell type designation (left) and WT/cKO designation (right) demonstrating 

clear separation of fibroblast clusters (encircled in dashed line) derived from Ikkb-deleted 

group. Mixed WT/cKO cluster threshold was determined at <0.90 cutoff. E. Fibroblast 
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subtyping based on (36) demonstrating a transcriptomic shift towards that of hypodermal 

fibroblasts when Ikkb is deleted (left of the dashed line). F. Importance score for genes that 

determined the formation of top 2 clusters from WT and cKO groups as characterized in A 
and B.
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Fig. 6. 
Ikkb deletion causes excessive Ccl11 expression by the fibroblasts and leads to subsequent 

eosinophilia. A. Pairwise comparisons of chemokine genes from each fibroblast clusters 

(top) and from Prx1high fibroblasts, comparing WT to Prx1Cre+Ikkbf/f (cKO) group. Notable 

upregulated chemokine genes were Cxcl12, Ccl11, and Ccl7. LFC2: log2 fold-change. B. 
Gene ontology (GO) analysis for biological process related to chemotaxis and inflammation 

based on genes upregulated in Prx1high fibroblasts from cKO group compared to that of 

WT. C. tSNE plots of iRF-MCL clusters with Cxcl12, Ccl7 and Ccl11 gene expression with 

notable upregulation of Ccl11 in fibroblast clusters derived from cKO group. D. Volcano 

plot of genes upregulated in WT and cKO groups using each fibroblast as a datapoint 

through single cell analysis pipeline established by Seurat and DESeq2 packages. E. In vivo 

validation of CCL11 protein upregulation by immunofluorescence with CCL11 antibody in 

ventral skin of 4-week-old WT and cKO mice. Scale bar, 200um. Insert images (orange 
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box) show CCL11+ cells at the border of dermis and subcutaneous layers, as indicated by 

the arrows. Scale bar: 50um. Representative images are from n=7 each. Isotype IgG control 

shows autofluorescence in hair follicles. F. Flow cytometry analysis of eosinophil count 

(CD45+CD11b+F4/80+Siglec-F+) per total live cells, comparing WT versus cKO groups. 

G. Percentage of Siglec-F+ eosinophils, classically activated macrophages (M1, CD80+), 

and alternatively activated macrophages (M2, CD206+) per total CD45+CD11b+F4/80+ 

cells. H. t-SNE plot for 5,136 fibroblasts (3,609 WT and 1,527 cKO) in the scRNA-seq 

dataset, comparing both WT versus cKO (left) and Cebpb UMI expression (normalized 

and log10-transformed) (right). I. Immunofluorescence with antibodies specific to CEBPB 

and PDGFRA in 4-week-old WT and experimental mice (left) and quantification of 

CEBPB+PDGFRA+ fibroblasts. Scale bar, 50um. J. Quantitative real-time PCR (RT-qPCR) 

for Ikkb, Cebpb and Ccl11 mRNA in skin fibroblasts with no treatment (sham), scrambled 

siRNA control (Scr), or Ikkb siRNA (20nM). Cells were isolated from ventral skin of 

2-week-old Prx1Cre+R26RdTomato mice and stimulated with low-dose IL4 (5ng/ml) for 12–

16h before analysis. K. Flow cytometry analysis of Prx1+ fibroblasts for mean fluorescent 

intensity of CEBPB (left) or CCL11+ fibroblast numbers (right). Cells were gated for live/

dTomato+ expression. L. Quantification of CCL11+ fibroblasts after knockdown with Cebpb 
siRNA alone, Ikbkb siRNA alone, and Cebpb+Ikbkb siRNA. M. Quantification of CCL11 
mRNA by RT-qPCR with IKBKB knockdown alone or IKBKB+CEBPB knockdown in 

human neonatal fibroblasts without IL4 treatment. F to G. n=6 each. J to M. n=3 each. Data 

are represented as mean ± SEM of biological replicates. In vitro experiments were repeated 

twice, and animal experiments were repeated three times. *P<0.05, ns: not significant; 

Student’s t-test comparing WT to cKO groups (F and G) or one-way ANOVA followed by 

post-hoc test (J to M).
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Fig. 7. 
Ikkb deletion in fibroblasts causes a shift in inflammatory phenotype towards type-2 

immune response, mimicking atopic skin in humans. A. Leukocyte frequency distribution 

between control (WT) and Prx1Cre+Ikkbf/f (cKO) groups demonstrating marked increase in 

Th2 proportion in cKO group. B. Importance scores of genes that determined the largest 

immune cell cluster (Cluster 3) that is predominated by cells of cKO group. Il5, Areg and 

Il13 are classic type 2 immune cytokines. C. Seurat clustering of immune cells from WT 

(blue) and cKO (red) mice; myeloid and lymphoid cell designation was determined by 

their putative gene expression as shown in fig. S7. D. Volcano plot of genes upregulated 

in lymphocyte population of WT and cKO groups using Seurat and DESeq2 packages. E. 
Violin plot of Il1b and Tgfb1 in myeloid cell population between WT and cKO mice. F. 
Flow cytometry analysis of skin eosinophils and CD3+CD4+IL4+ Th2 cells from young 

(4-week-old) and adult (20-week-old) WT and cKO mice. n=6–8 each. G. Representative 

RNAScope images of human control and atopic skin specimens detecting CCL11 (red) 

and PDGFRA (green dots) signals in dermis. Dashed line demarcates epidermal-dermal 

junction. Black arrows point to some PDGFRA+ fibroblasts and red arrows to CCL11+ cells. 

Scale bar, 50um. H. Quantification of double CCL11+PDGFRA+ cells per total spindle-

shaped cells (left) and percentage of CCL11+ expressing fibroblasts by normalizing to total 

PDGFRA+ cells. I. Quantification of CCL11+CEBPB+ spindle-shaped cells in matched 

control versus human AD skin. n=8 each. Data are represented as mean ± SEM of biological 
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replicates. Animal experiments were repeated three times, and RNAScope was repeated 

twice. *P<0.05; F, two-way ANOVA followed by Tukey’s post-hoc test; H and I, Student’s 

t-test.
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Fig. 8. 
CCL11 neutralizing antibody treatment in young experimental mice with Ikkb deletion 

reduces eosinophil infiltration and Th2 cell numbers. A. Experimental design for CCL11 

neutralization in young (2–4-weeks-old) mice. B. Flow cytometry plot of eosinophils 

(F4/80+Siglec-F+) from enzymatically digested ventral skin of control (WT) that received 

isotype IgG, Prx1Cre+Ikkbf/f (cKO) mice that received either isotype IgG or CCL11 

neutralizing antibody. C. Quantification of eosinophils per total live cells comparing 

WT+IgG, cKO+IgG and cKO+CCL11 neutralizing antibody group. D. H&E images of 

ventral skin from WT mice that received control IgG, cKO mice that received IgG or CCL11 

neutralizing antibody. Scale bar, 0.5mm. Red arrows point to eosinophils. Insert scale bar, 

50um. E. Flow cytometry plot of Th2 cells (CD4+IL4+) on live CD45+CD3+ gated cells. F. 
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Quantification of Th2 percent per total CD3+ T cells (left) and that of Th2 absolute count 

per 104 cells (right). Data are represented as mean ± SEM of biological replicates. Animal 

experiments were repeated three times. *P<0.05; one-way ANOVA followed by Tukey’s 

post-hoc test. Ab: antibody, FMO: fluorescence-minus-one control.
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