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Abbreviations  57 

AD: Atopic dermatitis 58 

CVD: Cardiovascular disease 59 

DEP: Differentially expressed protein 60 

EASI: Eczema Area and Severity Index  61 

FABP4: Fatty acid binding protein 4 62 

 63 

FCH: Fold change  64 

FDR: False discovery rate  65 

GSVA: gene set variation analysis  66 

HMOX1: heme oxygenase-1 67 

 68 

IL: Interleukin 69 

IL-1RL1: IL-1 receptor-like 1/IL-33R 70 

 71 

LOX-1: Lectin-type oxidized LDL receptor 1 72 

 73 

LTBR: Lymphotoxin-beta receptor 74 

MCP-1: Monocyte chemoattract protein-1  75 

MPO: Myeloperoxidase 76 

 77 

OSM: Oncostatin M 78 

PEA: Proximity extension assay 79 

PGF: Platelet growth factor 80 
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RETN: Resistin 82 

 83 

SELE: E-selectin 84 

 85 

SCORAD: SCORing Atopic Dermatitis 86 

TNFSF10/TRAIL: TNF-related apoptosis inducing ligand 87 

 88 

VEGFA: Vascular endothelial growth factor A 89 

 90 

 91 

 92 

CAPSULE SUMMARY 93 

 94 

• Our proteomic data extend the “inflammation map” of atopic dermatitis, which 95 

was created largely through gene expression profiling. It also suggests that risk 96 

proteins found in blood are primarily derived from skin. 97 

 98 

• Early treatment of skin inflammation may lower systemic immune or 99 

cardiovascular-risk mediators in blood, potentially modifying disease co-100 

morbidities.  101 

 102 

  103 
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ABSTRACT  104 

Background: Moderate-to-severe atopic dermatitis/AD is increasingly recognized as a 105 

systemic disease, largely due to proteomic blood studies. There are growing efforts to 106 

develop AD biomarkers utilizing minimal tissues.  107 

Objective: To characterize the AD skin proteomic signature and its relationship with the 108 

blood proteome, and genomic skin profile in the same individuals.  109 

Methods: We evaluated lesional and non-lesional biopsies and blood from moderate-110 

to-severe AD (n=20) and healthy (n=28) individuals using OLINK proteomics (utilizing 111 

10µg/10µL for skin and blood) and RNAseq (skin). 112 

Results: The AD skin proteome demonstrated significant upregulation in lesional and 113 

even in non-lesional skin compared to controls in inflammatory markers (MMP12; 114 

Th2/IL1RL1/IL-33R, IL-13, CCL17; Th1/ CXCL10; Th17/Th22/PI3, CCL20, S100A12), 115 

and in cardiovascular-associated proteins (SELE, MMPs, PGF, MPO, FABP4, VEGFA; 116 

FDR<0.05). Skin proteins demonstrated much higher and significant upregulations (vs. 117 

controls) compared to blood, suggesting a skin source for the 118 

inflammatory/cardiovascular profile. Gene and protein expressions were correlated 119 

(r=0.410, P<0.001), with commonly upregulated inflammatory and cardiovascular-risk 120 

products, suggesting protein translation in skin. 121 

Limitations: Our analysis was limited to 354 proteins. 122 

Conclusions: The AD skin proteome shows an inflammatory and cardiovascular 123 

signature even in non-lesional skin, emphasizing the need for proactive treatment. Skin 124 

proteomics presents a sensitive option for biomarker monitoring.  125 

 126 

 127 
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INTRODUCTION 128 

Atopic dermatitis (AD) is increasingly recognized as associated with higher risk 129 

for cardiovascular comorbidities,1-5 likely due to persistent systemic inflammation.6-9  130 

Current efforts to develop minimally invasive AD biomarkers are ongoing.10-15 131 

Proteomic studies in blood using the OLINK Multiplex assay (requiring only 10µL serum) 132 

identified biomarkers reflecting AD severity and functional barrier measures,10, 11,12 133 

highlighting systemic immune activation in adult11 and even early-onset pediatric AD.10  134 

Nevertheless, the molecular understanding of AD pathomechanisms is primarily 135 

based on skin studies. A comprehensive proteomic study in skin, with appropriate 136 

correlations with blood, is lacking. Only two cutaneous proteomic studies in AD have 137 

been performed, using tape-strips to evaluate a limited panel of inflammatory mediators 138 

in the stratum corneum in AD children.13, 14 Furthermore, some hallmark AD biomarkers 139 

(i.e IL-4, IL-13), typically highly elevated in whole-skin AD genomic signatures, were 140 

either not detected or showed down-regulation in these tape-strip studies.14 Thus, a 141 

comprehensive proteomic profile of whole-skin biopsies in AD compared to controls is 142 

lacking.  143 

This study is the first to characterize the proteomic profile of lesional and non-lesional 144 

skin of moderate-to-severe adult AD patients, using a large panel of 354 markers 145 

measured with the high-throughput OLINK platform.  146 

 147 

METHODS 148 

Patients 149 

We enrolled twenty moderate-to-severe AD adults (9 females, 11 males; mean 150 

age 40.6yrs; mean SCORAD 61.8, range 40.9-78; mean EASI 27.4, range 8.7-42.4), 151 

and twenty-eight healthy controls (13 females, 15 males; mean age 37yrs) (Table I). 152 
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Patients did not use topical treatments (corticosteroids, calcineurin antagonists or 153 

crisaborole) for ≥2 weeks, and phototherapy or systemic treatment such as dupilumab 154 

or other investigational drugs for ≥4 weeks prior to enrollment. There were no significant 155 

differences in demographics between patients and controls. Patients and controls did 156 

not report cardiovascular comorbidities; healthy controls had no atopic-related 157 

conditions. Patients had chronic AD since childhood. Severity scores included SCORing 158 

of Atopic Dermatitis/SCORAD and Eczema Area and Severity Index/EASI.  159 

 160 

Biopsy collection 161 

Lesional, non-lesional AD, and healthy skin punch biopsies were obtained under 162 

IRB-approved protocols. Non-lesional biopsies were obtained from vicinity of lesions, 163 

but≥10cm away from active lesions. Biopsied sites showed no evidence of infections. 164 

Most biopsies in both patients and controls were taken from the extremities (as AD most 165 

commonly affects the folds) and only if not feasible, from the trunk. 166 

 167 

Skin and blood protein quantification 168 

Skin biopsies were embedded in Tissue-Tek® Optimal Cutting Temperature 169 

(OCT) compound, grinded and centrifuged. 10µg protein was used for OLINK Proseek® 170 

multiplex ultrasensitive platform, using 4 panels: inflammation, cardiovascular/CVD II, 171 

CVD III, and neuro-inflammation (354 established and exploratory markers), as 172 

reported.10, 11, 16-19 173 

Blood was collected from the same study participants; 10µL serum was analyzed 174 

using the same OLINK panels, as described.10, 11, 17-19 175 

 176 
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Gene expression analysis using RNA sequencing 177 

RNA was extracted from the same biopsies and RNA-Seq was performed using 178 

Illumina HiSeq4000, as described.20-24 179 

 180 

Statistical analyses 181 

Analyses were performed using R-language (R-project.org) and Bioconductor 182 

Project packages (www.bioconductor.org), as described.10, 11, 18, 24 Protein and gene 183 

expression profiles were modeled by linear models using R’s limma framework.25 P-184 

values from moderated (paired) t-tests were adjusted for multiple hypotheses using the 185 

Benjamini–Hochberg procedure to produce false discovery rates (FDRs). Proteins with 186 

fold changes (FCHs)>2.0 and FDR<0.05 were considered differentially expressed.  187 

A 21 protein subset linked with atherosclerosis-signaling,10, 11 was quantified using a 188 

gene-set variation analysis (GSVA).26 Correlations between mRNA, protein, and 189 

severity scores in skin and blood were evaluated by Spearman correlations. 190 

 191 

RESULTS 192 

The proteomic AD skin profile shows increases in inflammatory and pro-193 

atherogenic proteins 194 

Twenty moderate-to-severe AD adults and twenty-eight healthy controls were 195 

included (Table I). The OLINK high-throughput proteomic multiplex platform evaluated 196 

354 proteins from the inflammation, cardiovascular/CVD II, CVD III, and neuro-197 

immunology panels,10, 11, 18, 27 in lesional and non-lesional AD and control skin. 161 of 198 

the 354 proteins were differentially expressed (FCH>2 and FDR<0.05) in lesional and 199 

69 in non-lesional AD, compared to control skin (Supplementary Table I). The top 50 200 
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of these 161 differentially expressed proteins (DEPs) in AD skin are presented in a 201 

heat-map (Fig 1).  202 

We observed elevations in protein markers of inflammatory cells, including 203 

dendritic cells (TNFSF10/TRAIL) and T-cell/T-cell activation (IL-2RA, CD40) in both 204 

lesional and non-lesional AD (FDR<0.05). We also observed significant upregulation of 205 

proteins associated with general inflammation (MMP12) and multiple immune axes, 206 

including Th2 (IL-13, IL1RL1/IL-33R, CCL13/CCL17), Th1 (CXCL9/CXCL10), and 207 

Th17/Th22 (PI3, CCL20, S100A12) in non-lesional and/or lesional AD (FDR<0.05) 208 

compared to controls.  209 

The top significantly upregulated proteins in lesional and/or non-lesional AD skin 210 

compared to controls included multiple prognostic and/or therapeutic protein targets of 211 

atherosclerosis/cardiovascular risk (Fig 1, Supplementary Table I). These included 212 

potential biomarkers or therapeutic targets of atherosclerosis, such as E-selectin/SELE, 213 

matrix metalloproteinases/MMPs (MMP1/MMP3/MMP9), CCL19, CCL2, resistin/RETN, 214 

platelet growth factor/PGF, lectin-type oxidized LDL receptor 1/LOX-1 (or OLR1), 215 

myeloperoxidase/MPO, and fatty acid binding protein 4/FABP4 (FDR<0.05). We also 216 

found significant increases in innate cytokines/receptors (IL-6R, IL-8; FDR<0.05), which 217 

promote atherosclerosis.28-30 Transforming growth factor/TGF-β1, involved in cardiac 218 

hypertrophy, vascular remodeling, and renin-angiotensin regulation,31 the vascular 219 

endothelial growth factor A/VEGFA, which mediates angiogenesis, and heme 220 

oxygenase-1/HMOX1, which protects against atherosclerosis,32 and the pro-apoptotic 221 

and potential heart failure target, caspase-3/CASP3, were upregulated in non-lesional 222 

and/or lesional skin (FDR<0.05; Fig 1, Supplementary Table I).  223 

Remarkably, the non-lesional skin of AD patients demonstrated significant 224 

upregulation of inflammatory and atherosclerosis/cardiovascular risk proteins compared 225 
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to healthy skin (albeit smaller than in lesional skin), emphasizing the systemic nature of 226 

AD. This is emphasized by the gene-set-variation-analysis (GSVA) of 21 atherosclerosis 227 

signaling-specific proteins, showing significant upregulation of this subset10, 11 in both 228 

lesional and non-lesional AD versus control skin (P<0.05; Fig 2).  229 

In order to ascertain whether patients with AD and other atopic conditions have a 230 

different, and perhaps more inflammatory signature than patients with AD alone we also 231 

performed a sensitivity analysis comparing the two groups. This sensitivity analysis did 232 

not show significant differences between the two groups (Supplementary Table II). 233 

 234 

AD skin demonstrates much higher expressions than blood  235 

 We next investigated whether the skin or blood compartments (via blood flow to 236 

skin) are the source of the upregulated inflammatory and 237 

atherosclerosis/cardiovascular-related proteins in AD skin, evaluating the relationship 238 

between skin and blood proteomics. 239 

Overall, the differences between lesional AD and healthy skin were much larger 240 

than those between AD and control blood, as visualized by the marked predominance of 241 

markers on the right side of the scatterplot (Fig 3). The FCHs in lesional skin were not 242 

only larger, but also more significant than in blood. While 161 DEPs were found in 243 

lesional skin, only 1 DEP in blood fulfilled the FCH>2 and FDR<0.05 criteria, similar to 244 

prior reports.10, 11, 12 With a looser criteria (FCH>1.3 and P<0.05), not accounting for 245 

multiple hypotheses, 220 DEPs were detected in lesional skin and 20 DEPs in blood of 246 

AD versus controls (Supplementary Table I). 17 of the 20 blood DEPs overlapped with 247 

skin DEPs, suggesting that while skin proteomics captures the majority of the blood 248 

signature; this does not hold in the opposite direction. Among the 17 overlapping DEPs 249 

were proteins associated with Th2 (CCL13/CCL17), Th1 (CXCL9/CXCL10), and Th17 250 
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(PI3, CCL20) immune pathways (P<0.05). MMP12 and IL-1RN, which binds IL-1R and 251 

inhibits IL-1α/β signaling (which has been associated with cardiac disease and is being 252 

targeted in clinical trials)33 were also differentially upregulated in both skin and blood 253 

(P<0.05).  254 

To understand how protein expression in skin and blood correlate, we conducted 255 

Spearman correlation analyses (Supplementary Table III). Proteins with significant 256 

skin-blood correlations were primarily those linked with cardiovascular risk. Markers of 257 

tissue remodeling (MMP3; r=0.544), Th1 (CXCL11; r=0.469), Th2 (CCL13; r=0.472), 258 

and lymphoid chemoattraction (CCL19; r=0.469) demonstrated significant correlations 259 

between blood and lesional expressions; endothelial cell adhesion (SELE; r=0.618), T-260 

cell activation (CD6, TREML2; r=0.514, r=0.547), and Th17-related (CCL20; r=0.644) 261 

products were significantly correlated between non-lesional skin and blood (P<0.05).  262 

We also correlated protein expressions in skin with clinical severity 263 

(EASI/SCORAD) (Supplementary Table IV).  In lesional, and particularly in non-264 

lesional skin, we found significant correlations between expressions of 265 

cardiovascular/atherosclerosis-related markers and disease severity, including IL-1828, 
266 

29 (r=0.448, p<0.05), angiotensin I converting enzyme 2/ACE2, which catalyzes 267 

cleavage of angiotensin and plays a role in regulation of cardiovascular and renal 268 

function (r=0.537, P<0.05) in lesional skin, and VEGFA (r=0.519, P<0.05) in non-269 

lesional skin. In blood, FABP4 (r=0.475), sortilin/SORT1 (r=0.552), and HMOX1 270 

(r=0.602), which mediate lipid metabolism and are associated with atherosclerosis,34-36 271 

significantly correlated with EASI (P<0.05).  272 

 273 

 274 

 275 
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Integrating protein and mRNA expression measures in AD skin  276 

Given that AD pathomechanisms were largely studied using transcriptomics,6, 16, 
277 

20, 24, 37, 38 we assessed the relationship between the AD skin proteome and 278 

transcriptome gene signature using RNAseq on the same biopsies. Since RNAseq 279 

covers many more genes, we limited our analysis to 339 markers, overlapping with 280 

OLINK measures.  281 

Overall, protein and mRNA differences between AD vs. healthy skin significantly 282 

correlated in lesional (r=0.410, P<0.001, Fig 4) and non-lesional skin (data not shown). 283 

Genes with increased mRNA expressions frequently demonstrated concordant elevated 284 

protein levels, indicating local translation into protein. In lesional skin compared to 285 

controls, 83 of the 339 genes were differentially upregulated in RNAseq, whereas 160 of 286 

the 339 proteins were upregulated in OLINK. 59 gene products were commonly 287 

upregulated (Supplementary Table I). The markers with parallel protein and mRNA 288 

increases in lesional and/or non-lesional skin included inflammatory (IL-13, oncostatin-289 

M/OSM) and cardiovascular risk/atherosclerosis measures such as IL-6, and MMPs, 290 

which also demonstrated significant protein and mRNA correlations (Supplementary 291 

Table V).  292 

 Several atherosclerosis/cardiovascular-related markers showed much higher 293 

protein than mRNA expressions in lesional versus control skin (Fig 4). These include 294 

SOD2, SELE, MPO, FABP4, CCL2, HMOX1, the serine protease PRSS27, and 295 

proteinase 3/PRNT3, which has pro-apoptotic and proinflammatory activity and is 296 

associated with heart failure post-myocardial infarction.39 Some innate (IL-8), Th1- 297 

(CXCL9/CXCL10) and Th2- (CCL13) related markers also demonstrated greater protein 298 

expressions. Conversely, higher mRNAs compared to protein expressions were seen in 299 
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some products  (FLT3LG, which regulates dendritic cells,40 IL-6, IL-10, IL-20, IL-300 

12/23p40, S100A12, CCL3).  301 

 302 

DISCUSSION 303 

This is the first evaluation of the proteomic signature of lesional and non-lesional 304 

skin in moderate-to-severe AD compared to healthy individuals. Two prior proteomic 305 

studies in tape-stripped skin from AD infants and children evaluated limited panels of 27 306 

and 28 inflammatory mediators, with detection rates of 19/27, and 13/28, respectively.13, 
307 

14 Furthermore, tape-stripping is limited to detection of biomarkers present in the 308 

outermost epidermis. In fact, key AD biomarkers (IL-4, IL-13), which are highly 309 

upregulated in transcriptomic analyses of AD whole-skin biopsies, 6, 16, 20, 24, 37, 38 were 310 

either not detected or showed lower protein expression in AD compared to control tape-311 

strips.13, 14  312 

Congruent with gene expression (or transcriptome) skin studies, that established AD 313 

pathomechanisms,6, 16, 20, 37, 38 our proteomic AD skin profile captures the inflammatory 314 

millieu in AD skin, including significant elevations in markers related to Th2 (IL-13, 315 

CCL17), Th22 (S100A12, Th1 (CXCL10) and Th17 (CCL20) pathways. 316 

Among the top upregulated proteins in both lesional and non-lesional AD, we found 317 

increases in multiple atherosclerosis-associated proteins,10, 11 including CCL2, CCL19, 318 

SELE, PGF, LOX-1/OLR1, FABP4, MPO, MMPs, RETN, CASP3, TGF-β1, and VEGFA. 319 

CCL2 or monocyte chemoattract protein-1 (MCP-1), is released from macrophages and 320 

endothelial cells, and overexpressed in atherosclerotic plaques.41, 42 The lymphoid-321 

organizing chemokine, CCL19, has been shown to be upregulated in atherosclerotic 322 

plaques.43, 44 Levels of endothelial cell adhesion molecule, SELE, were associated with 323 

coronary artery disease (CAD),45 PGF, a homologue of VEGF, has been linked to CAD 324 



 14 

prognosis,30 and anti-PGF antibodies inhibited atherosclerotic plaques in mice.46 LOX-325 

1/ORL1,is involved in critical steps of atherosclerosis.47, 48 Several anti-atherosclerotic 326 

drugs (statins, metformin, calcium channel blockers) inhibit LOX-1 signaling. 47, 48  327 

FABP4, a lipid metabolism mediator, is targeted in atherosclerosis and diabetes.48, 49 328 

MPO is produced by neutrophils, monocytes, and macrophages, and catalyzes LDL 329 

modification. Elevated MPO levels are associated with CAD,50 and plasma MPO is an 330 

early risk predictor of myocardial infarction.51 MMPs are implicated in vascular tissue 331 

remodeling,52 and atherosclerosis. RETN, is associated with obesity, type 2 diabetes 332 

and cardiovascular disease.53 Caspase-3 inhibition is investigated for 333 

treatment/prevention of heart failure.54 TGF-β1 is involved in cardiac hypertrophy, and 334 

renin-angiotensin regulation.31 TGF-β1 polymorphisms are correlated with 335 

hypertension,55 and hypertensive patients have higher TGF-β1.56 VEGFA, a mediator of 336 

angiogenesis, was also increased in AD.57  337 

Several key atherosclerosis/cardiovascular risk-associated proteins in lesional 338 

and/or non-lesional skin were also significantly correlated with disease severity, 339 

including IL-18, VEGFA, and ACE2, which regulates cardiovascular and renal 340 

function.58 The significant upregulations in inflammatory and 341 

atherosclerosis/cardiovascular-associated proteins in non-lesional AD skin, together 342 

with the more significant correlations between severity and non-lesional compared with 343 

lesional protein expressions, emphasize the systemic nature of AD. 344 

To investigate the primary origin of these inflammatory, and atherosclerosis/ 345 

cardiovascular risk proteins (whether they originate from the skin and then leak to blood, 346 

or initiate in blood and are distributed to skin through the blood supply), we evaluated 347 

the relationship between lesional skin and blood proteomics. Our findings suggest that 348 

the skin is likely the source of these upregulated proteins, as their protein expressions in 349 
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AD lesions were significantly larger compared to blood levels. Further, the skin 350 

proteomic signature captured many more markers than the blood profile, consistent with 351 

prior serum reports.21,22 The limited number of correlations between blood and skin 352 

proteomics also implies that the elevated skin proteins are not simply deposited by the 353 

blood supply. Instead, it is more likely that the protein is leaking from skin into blood.  354 

 We also evaluated the differences between mRNA and protein expressions in 355 

lesional AD. Although the transcriptomic AD profile was extensively studied,6, 16, 20, 21, 37, 
356 

38, 59, 60 there has been no investigation into whether the mRNA is ultimately translated 357 

into protein. Overall, mRNA and protein expressions were significantly correlated, 358 

indicating local translation of protein in the skin. This again suggests skin as the primary 359 

source for the upregulated proteins. Many protein and gene products were differentially 360 

upregulated in lesional skin in both OLINK and RNAseq platforms. These included 361 

atherosclerosis-related proteins such as IL-6, MMPs, SELE, Oncostatin-M/OSM, and 362 

the IL-33 receptor, ST2/IL1RL1. OSM was suggested as a biomarker of atherosclerosis, 363 

with elevated OSM serum levels significantly correlated with coronary stenosis.61, 62 The 364 

IL-33/ST2 pathway plays a dual role in Type 2 inflammation and in cardiovascular 365 

disease.63 Clinical trials for IL-33 (NCT03533751) and OSMR (NCT03754309) showed 366 

preliminary efficacy in moderate-to-severe AD adults,64, 65 and may also benefit patients 367 

at risk for cardiovascular comorbidities.  368 

 Several atherosclerosis/cardiovascular markers showed much higher protein 369 

rather than mRNA expression, including SELE, MPO, FABP4, HMOX1, and PRNT3, 370 

which is associated with heart failure.39 This could be attributed to accumulation of 371 

protein due to a longer half-life or an amplifying effect leading to increased translation. 372 

There were also some gene products that showed higher mRNA rather than protein 373 

expression, including FLT3LG, IL-6, IL-10, IL-20, IL-12/23p40, S100A12, and CCL3. 374 
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These proteins may be either less stable than the mRNAs and thus degrade quickly, or 375 

are being consumed through binding and uptake by receptors. In this case, a lack of 376 

protein would not necessarily imply lack of function; they could be mediating strong 377 

signaling through receptor binding, which subsequently results in decreased levels.  378 

One limitation of our study is the fact that our proteomic analysis was limited to 379 

354 markers. Nevertheless, this is the first proteomic study in biopsies, and the largest 380 

in skin. Another limitation is that blood mRNA is not available; however, the proteomic 381 

studies in blood support the skin as the primary source of inflammatory proteins. 382 

Overall, this study identified the adult AD proteomic signature in skin biopsies. 14 383 

Future studies should attempt to also validate this method in children and in longitudinal 384 

studies. The increased atherosclerosis/cardiovascular risk-associated proteins in AD 385 

lesional and even in the “visibly normal-appearing” (non-lesional) skin emphasize the 386 

importance of proactive treatment. Our data suggest that the skin rather than blood is 387 

the primary source for the inflammatory and atherosclerosis/cardiovascular signature. 388 

The proteomic skin profile can be valuable for future studies requiring close biomarker 389 

monitoring. This is particularly important considering that OLINK platform requires as 390 

little as 10µg per tissue, which can be easily acquired through as little as a 1mm punch 391 

biopsy (or 10µL serum).   392 
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 398 

Table I. Baseline patient demographics.  

Characteristics Atopic 
dermatitis 

Controls P-value 

No. of patients 20 28  
Age (years) 
   Mean (±SD) 40.6 (±15.5) 37 (±11.1) 0.39 
   Median, (Range) 37 (23-66) 38.5 (18-57) 
Sex, no.  
   Female    9 13 0.1 
   Male  11 15 
Clinical Severity Scores  
SCORAD 
   Mean (±SD)  61.8 (±12.3)   

   Median, (Range) 62 (40.9-78)   

EASI    

   Mean (±SD) 27.4 (±9.9)   

   Median, (Range) 27.4 (8.7-42.4)   

IgE  
   Mean (±SD) 3572 (±10682)   

   Median, (Range) 355 (12-48390)   
No. of patients with other 
atopic conditions 

8   

AD, atopic dermatitis; SCORAD, SCORing of atopic dermatitis; EASI, Eczema Area 
and Severity Index; SD, standard deviation. 

 

 399 

 400 

 401 

 402 

 403 

  404 



 18 

REFERENCES  405 

1. Hjuler KF, Bottcher M, Vestergaard C, Deleuran M, Raaby L, Botker HE et al. 406 

Increased Prevalence of Coronary Artery Disease in Severe Psoriasis and Severe 407 

Atopic Dermatitis. The American journal of medicine 2015;128:1325-34.e2. 408 

2. Silverberg JI. Comorbidities and the impact of atopic dermatitis. Annals of allergy, 409 

asthma & immunology : official publication of the American College of Allergy, Asthma, 410 

& Immunology 2019. 411 

3. Silverberg JI. Association between adult atopic dermatitis, cardiovascular disease, 412 

and increased heart attacks in three population-based studies. Allergy 2015;70:1300-8. 413 

4. Ivert LU, Johansson EK, Dal H, Lindelof B, Wahlgren CF , Bradley M. Association 414 

Between Atopic Dermatitis and Cardiovascular Disease: A Nationwide Register-based 415 

Case-control Study from Sweden. Acta dermato-venereologica 2019. 416 

5. Silverwood RJ, Forbes HJ, Abuabara K, Ascott A, Schmidt M, Schmidt SAJ et al. 417 

Severe and predominantly active atopic eczema in adulthood and long term risk of 418 

cardiovascular disease: population based cohort study. BMJ (Clinical research ed) 419 

2018;361:k1786. 420 

6. Ungar B, Garcet S, Gonzalez J, Dhingra N, Correa da Rosa J, Shemer A et al. An 421 

Integrated Model of Atopic Dermatitis Biomarkers Highlights the Systemic Nature of the 422 

Disease. The Journal of investigative dermatology 2017;137:603-13. 423 

7. Czarnowicki T, Esaki H, Gonzalez J, Malajian D, Shemer A, Noda S et al. Early 424 

pediatric atopic dermatitis shows only a cutaneous lymphocyte antigen (CLA)(+) 425 

TH2/TH1 cell imbalance, whereas adults acquire CLA(+) TH22/TC22 cell subsets. The 426 

Journal of allergy and clinical immunology 2015;136:941-51 e3. 427 

8. Czarnowicki T, Gonzalez J, Bonifacio KM, Shemer A, Xiangyu P, Kunjravia N et al. 428 

Diverse activation and differentiation of multiple B-cell subsets in patients with atopic 429 



 19 

dermatitis but not in patients with psoriasis. The Journal of allergy and clinical 430 

immunology 2016;137:118-29 e5. 431 

9. Czarnowicki T, Gonzalez J, Shemer A, Malajian D, Xu H, Zheng X et al. Severe 432 

atopic dermatitis is characterized by selective expansion of circulating TH2/TC2 and 433 

TH22/TC22, but not TH17/TC17, cells within the skin-homing T-cell population. The 434 

Journal of allergy and clinical immunology 2015;136:104-15 e7. 435 

10. Brunner PM, He H, Pavel AB, Czarnowicki T, Lefferdink R, Erickson T et al. The 436 

blood proteomic signature of early-onset pediatric atopic dermatitis shows systemic 437 

inflammation and is distinct from adult long-standing disease. Journal of the American 438 

Academy of Dermatology 2019;81(2):510-519. 439 

11. Brunner PM, Suarez-Farinas M, He H, Malik K, Wen HC, Gonzalez J et al. The 440 

atopic dermatitis blood signature is characterized by increases in inflammatory and 441 

cardiovascular risk proteins. Sci Rep 2017;7:8707. 442 

12. Brunner PM, Israel A, Leonard A, Pavel AB, Kim HJ, Zhang N et al. Distinct 443 

transcriptomic profiles of early-onset atopic dermatitis in blood and skin of pediatric 444 

patients. Annals of Allergy, Asthma and Immunology 2019;122(3):318-330. 445 

13. Hulshof L, Hack DP, Hasnoe QCJ, Dontje B, Jakasa I, Riethmuller C et al. A 446 

minimally invasive tool to study immune response and skin barrier in children with atopic 447 

dermatitis. The British journal of dermatology 2018;180(3):621-630. 448 

14. McAleer MA, Jakasa I, Hurault G, Sarvari P, McLean WHI, Tanaka RJ et al. 449 

Systemic and stratum corneum biomarkers of severity in infant atopic dermatitis include 450 

markers of innate and T helper cell-related immunity and angiogenesis. The British 451 

journal of dermatology 2018;180(3):586-596. 452 



 20 

15. Clausen ML, Slotved HC, Krogfelt KA , Agner T. Measurements of AMPs in stratum 453 

corneum of atopic dermatitis and healthy skin-tape stripping technique. Sci Rep 454 

2018;8:1666. 455 

16. Ewald DA, Malajian D, Krueger JG, Workman CT, Wang T, Tian S et al. Meta-456 

analysis derived atopic dermatitis (MADAD) transcriptome defines a robust AD 457 

signature highlighting the involvement of atherosclerosis and lipid metabolism 458 

pathways. BMC medical genomics 2015;8:60. 459 

17. Lind L, Arnlov J, Lindahl B, Siegbahn A, Sundstrom J , Ingelsson E. Use of a 460 

proximity extension assay proteomics chip to discover new biomarkers for human 461 

atherosclerosis. Atherosclerosis 2015;242:205-10. 462 

18. Bissonnette R, Maari C, Forman S, Bhatia N, Lee M, Fowler J et al. The Oral 463 

JAK/SYK Inhibitor ASN002 Demonstrates Efficacy and Improves Associated Systemic 464 

Inflammation in Patients with Moderate-to-Severe Atopic Dermatitis: Results from a 465 

Randomised, Double-Blind, Placebo-Controlled Study. The British journal of 466 

dermatology 2019. doi: 10.1111/bjd.17932. 467 

19. Assarsson E, Lundberg M, Holmquist G, Bjorkesten J, Thorsen SB, Ekman D et al. 468 

Homogenous 96-plex PEA immunoassay exhibiting high sensitivity, specificity, and 469 

excellent scalability. PloS one 2014;9:e95192. 470 

20. Sanyal RD, Pavel AB, Glickman J, Chan TC, Zheng X, Zhang N et al. Atopic 471 

dermatitis in African American patients is TH2/TH22-skewed with TH1/TH17 472 

attenuation. Annals of allergy, asthma & immunology : official publication of the 473 

American College of Allergy, Asthma, & Immunology 2018;122(1):99-110. 474 

21. Suarez-Farinas M, Ungar B, Correa da Rosa J, Ewald DA, Rozenblit M, Gonzalez J 475 

et al. RNA sequencing atopic dermatitis transcriptome profiling provides insights into 476 



 21 

novel disease mechanisms with potential therapeutic implications. J Allergy Clin 477 

Immunol 2015;135:1218-27. 478 

22. Dobin A, Davis CA, Schlesinger F, Drenkow J, Zaleski C, Jha S et al. STAR: 479 

ultrafast universal RNA-seq aligner. Bioinformatics 2013;29:15-21. 480 

23. Law CW, Chen Y, Shi W , Smyth GK. voom: Precision weights unlock linear model 481 

analysis tools for RNA-seq read counts. Genome Biol 2014;15:R29. 482 

24. Pavel AB, Song T, Kim HJ, Del Duca E, Krueger JG, Dubin C et al. Oral JAK/SYK-483 

inhibition (ASN002) suppresses inflammation and improves epidermal barrier markers 484 

in atopic dermatitis. The Journal of allergy and clinical immunology 2019;S0091-485 

6749(19)30961-3. 486 

25. Smyth GK. Linear models and empirical bayes methods for assessing differential 487 

expression in microarray experiments. Statistical applications in genetics and molecular 488 

biology 2004;3:Article3. 489 

26. Hänzelmann S, Castelo R , Guinney J. GSVA: gene set variation analysis for 490 

microarray and RNA-Seq data. BMC Bioinformatics 2013;14:7. 491 

27. Soderlund S, Christiansson L, Persson I, Hjorth-Hansen H, Richter J, Simonsson B 492 

et al. Plasma proteomics in CML patients before and after initiation of tyrosine kinase 493 

inhibitor therapy reveals induced Th1 immunity and loss of angiogenic stimuli. Leukemia 494 

research 2016;50:95-103. 495 

28. Gerdes N, Sukhova GK, Libby P, Reynolds RS, Young JL , Schonbeck U. 496 

Expression of interleukin (IL)-18 and functional IL-18 receptor on human vascular 497 

endothelial cells, smooth muscle cells, and macrophages: implications for 498 

atherogenesis. The Journal of experimental medicine 2002;195:245-57. 499 



 22 

29. Mallat Z, Corbaz A, Scoazec A, Besnard S, Leseche G, Chvatchko Y et al. 500 

Expression of interleukin-18 in human atherosclerotic plaques and relation to plaque 501 

instability. Circulation 2001;104:1598-603. 502 

30. Zakynthinos E , Pappa N. Inflammatory biomarkers in coronary artery disease. J 503 

Cardiol 2009;53:317-33. 504 

31. Azhar M, Schultz Jel J, Grupp I, Dorn GW, 2nd, Meneton P, Molin DG et al. 505 

Transforming growth factor beta in cardiovascular development and function. Cytokine 506 

Growth Factor Rev 2003;14:391-407. 507 

32. Kishimoto Y, Ibe S, Saita E, Sasaki K, Niki H, Miura K et al. Plasma Heme 508 

Oxygenase-1 Levels in Patients with Coronary and Peripheral Artery Diseases. Disease 509 

markers 2018;2018:6138124. 510 

33. Szekely Y , Arbel Y. A Review of Interleukin-1 in Heart Disease: Where Do We 511 

Stand Today? Cardiol Ther 2018;7:25-44. 512 

34. Floresta G, Pistara V, Amata E, Dichiara M, Marrazzo A, Prezzavento O et al. 513 

Adipocyte fatty acid binding protein 4 (FABP4) inhibitors. A comprehensive systematic 514 

review. Eur J Med Chem 2017;138:854-73. 515 

35. Furuhashi M. Fatty Acid-Binding Protein 4 in Cardiovascular and Metabolic 516 

Diseases. Journal of atherosclerosis and thrombosis 2019;26:216-32. 517 

36. Kjolby M, Nielsen MS , Petersen CM. Sortilin, encoded by the cardiovascular risk 518 

gene SORT1, and its suggested functions in cardiovascular disease. Current 519 

atherosclerosis reports 2015;17:496. 520 

37. Zhou L, Leonard A, Pavel AB, Malik K, Raja A, Glickman J et al. Age-specific 521 

changes in the molecular phenotype of patients with moderate-to-severe atopic 522 

dermatitis. The Journal of allergy and clinical immunology 2019;144:144-56. 523 



 23 

38. Esaki H, Brunner PM, Renert-Yuval Y, Czarnowicki T, Huynh T, Tran G et al. Early-524 

onset pediatric atopic dermatitis is TH2 but also TH17 polarized in skin. The Journal of 525 

allergy and clinical immunology 2016;138:1639-51. 526 

39. Ng LL, Khan SQ, Narayan H, Quinn P, Squire IB , Davies JE. Proteinase 3 and 527 

prognosis of patients with acute myocardial infarction. Clinical science (London, 528 

England : 1979) 2011;120:231-8. 529 

40. Sathaliyawala T, O'Gorman WE, Greter M, Bogunovic M, Konjufca V, Hou ZE et al. 530 

Mammalian target of rapamycin controls dendritic cell development downstream of Flt3 531 

ligand signaling. Immunity 2010;33:597-606. 532 

41. Lin J, Kakkar V , Lu X. Impact of MCP-1 in atherosclerosis. Current pharmaceutical 533 

design 2014;20:4580-8. 534 

42. Wang F, Zhang Z, Fang A, Jin Q, Fang D, Liu Y et al. Macrophage Foam Cell-535 

Targeting Immunization Attenuates Atherosclerosis. Frontiers in immunology 536 

2018;9:3127. 537 

43. Salem MK, Butt HZ, Choke E, Moore D, West K, Robinson TG et al. Gene and 538 

Protein Expression of Chemokine (C-C-Motif) Ligand 19 is Upregulated in Unstable 539 

Carotid Atherosclerotic Plaques. European journal of vascular and endovascular 540 

surgery : the official journal of the European Society for Vascular Surgery 2016;52:427-541 

36. 542 

44. Damas JK, Smith C, Oie E, Fevang B, Halvorsen B, Waehre T et al. Enhanced 543 

expression of the homeostatic chemokines CCL19 and CCL21 in clinical and 544 

experimental atherosclerosis: possible pathogenic role in plaque destabilization. 545 

Arteriosclerosis, thrombosis, and vascular biology 2007;27:614-20. 546 

45. Hwang SJ, Ballantyne CM, Sharrett AR, Smith LC, Davis CE, Gotto AM, Jr. et al. 547 

Circulating adhesion molecules VCAM-1, ICAM-1, and E-selectin in carotid 548 



 24 

atherosclerosis and incident coronary heart disease cases: the Atherosclerosis Risk In 549 

Communities (ARIC) study. Circulation 1997;96:4219-25. 550 

46. Roncal C, Buysschaert I, Gerdes N, Georgiadou M, Ovchinnikova O, Fischer C et 551 

al. Short-term delivery of anti-PlGF antibody delays progression of atherosclerotic 552 

plaques to vulnerable lesions. Cardiovascular research 2010;86:29-36. 553 

47. Kataoka H, Kume N, Miyamoto S, Minami M, Moriwaki H, Murase T et al. 554 

Expression of lectinlike oxidized low-density lipoprotein receptor-1 in human 555 

atherosclerotic lesions. Circulation 1999;99:3110-7. 556 

48. Xu S, Ogura S, Chen J, Little PJ, Moss J , Liu P. LOX-1 in atherosclerosis: 557 

biological functions and pharmacological modifiers. Cellular and molecular life sciences 558 

: CMLS 2013;70:2859-72. 559 

49. Tian K, Ogura S, Little PJ, Xu SW , Sawamura T. Targeting LOX-1 in 560 

atherosclerosis and vasculopathy: current knowledge and future perspectives. Ann N Y 561 

Acad Sci 2019;1443:34-53. 562 

50. Zhang R, Brennan ML, Fu X, Aviles RJ, Pearce GL, Penn MS et al. Association 563 

between myeloperoxidase levels and risk of coronary artery disease. Jama 564 

2001;286:2136-42. 565 

51. Brennan ML, Penn MS, Van Lente F, Nambi V, Shishehbor MH, Aviles RJ et al. 566 

Prognostic value of myeloperoxidase in patients with chest pain. The New England 567 

journal of medicine 2003;349:1595-604. 568 

52. Raffetto JD , Khalil RA. Matrix metalloproteinases and their inhibitors in vascular 569 

remodeling and vascular disease. Biochemical pharmacology 2008;75:346-59. 570 

53. Menzaghi C, Bacci S, Salvemini L, Mendonca C, Palladino G, Fontana A et al. 571 

Serum resistin, cardiovascular disease and all-cause mortality in patients with type 2 572 

diabetes. PloS one 2014;8:e64729. 573 



 25 

54. Yang B, Ye D , Wang Y. Caspase-3 as a therapeutic target for heart failure. Expert 574 

opinion on therapeutic targets 2013;17:255-63. 575 

55. Cambien F, Ricard S, Troesch A, Mallet C, Generenaz L, Evans A et al. 576 

Polymorphisms of the transforming growth factor-beta 1 gene in relation to myocardial 577 

infarction and blood pressure. The Etude Cas-Temoin de l'Infarctus du Myocarde 578 

(ECTIM) Study. Hypertension (Dallas, Tex : 1979) 1996;28:881-7. 579 

56. Suthanthiran M, Li B, Song JO, Ding R, Sharma VK, Schwartz JE et al. 580 

Transforming growth factor-beta 1 hyperexpression in African-American hypertensives: 581 

A novel mediator of hypertension and/or target organ damage. Proceedings of the 582 

National Academy of Sciences of the United States of America 2000;97:3479-84. 583 

57. Nagy JA, Dvorak AM , Dvorak HF. VEGF-A and the induction of pathological 584 

angiogenesis. Annual review of pathology 2007;2:251-75. 585 

58. Oudit GY, Crackower MA, Backx PH , Penninger JM. The role of ACE2 in 586 

cardiovascular physiology. Trends in cardiovascular medicine 2003;13:93-101. 587 

59. Gittler JK, Shemer A, Suarez-Farinas M, Fuentes-Duculan J, Gulewicz KJ, Wang 588 

CQ et al. Progressive activation of T(H)2/T(H)22 cytokines and selective epidermal 589 

proteins characterizes acute and chronic atopic dermatitis. J Allergy Clin Immunol 590 

2012;130:1344-54. 591 

60. Esaki H, Ewald DA, Ungar B, Rozenblit M, Zheng X, Xu H et al. Identification of 592 

novel immune and barrier genes in atopic dermatitis by means of laser capture 593 

microdissection. J Allergy Clin Immunol 2015;135:153-63. 594 

61. Li X, Zhang X, Wei L, Xia Y , Guo X. Relationship between serum oncostatin M 595 

levels and degree of coronary stenosis in patients with coronary artery disease. Clinical 596 

laboratory 2014;60:113-8. 597 



 26 

62. Gruson D, Ferracin B, Ahn SA , Rousseau MF. Elevation of plasma oncostatin M in 598 

heart failure. Future cardiology 2017;13:219-27. 599 

63. Tu X, Nie S, Liao Y, Zhang H, Fan Q, Xu C et al. The IL-33-ST2L pathway is 600 

associated with coronary artery disease in a Chinese Han population. American journal 601 

of human genetics 2013;93:652-60. 602 

64. Chen Y, Gutowska-Owsiak D, Westmoreland M, Mackenzie T, Cifuentes L, Lloyd-603 

Lavery A et al. First-in-class phase 2a study of anb020 (anti-il-33) in the treatment of 604 

moderate-to-severe atopic dermatitis. Allergy 2018;73:77-. 605 

65. Mikhak Z, Bissonnette R, Siri D, Tyring SK, Tessari E, Gandhi R et al. KPL-716, 606 

anti-Oncostatin M receptor beta antibody, reduced pruritus in atopic dermatitis. J Invest 607 

Dermatol 2019;139:S96-S. 608 

 609 

 610 

  611 



 27 

Figure Legends 612 

Figure 1. Heatmap representing the top 50 of 161 differentially expressed proteins 613 

(DEPs) in atopic dermatitis (AD) lesional skin compared to healthy skin, using 614 

criteria of FCH>2 and FDR<0.05. Table shows up-regulated markers and respective 615 

fold changes in non-lesional (NL) AD and lesional (LS) AD versus normal skin, and in 616 

LS AD versus NL AD skin. *FDR<0.05; **FDR<0.01. 617 

 618 

Figure 2. Atherosclerosis signaling pathway. A gene-set-variation-analysis (GSVA) 619 

of 21 atherosclerosis signaling-specific proteins, showing significant increases in z-620 

scores of atherosclerosis proteins in non-lesional and lesional AD compared to normal 621 

skin. *P<0.05; ***P<0.001. Black stars: significance of comparison between AD skin and 622 

normal skin; red star: significance of comparison between AD lesional skin versus non- 623 

lesional skin.  624 

 625 

Figure 3. OLINK proteomics in blood compared to skin from moderate-to-severe 626 

AD patients. Scatter plots depicting log2 fold-change proteomic differences in blood (y-627 

axis) and lesional skin (x-axis) from AD patients compared to healthy controls; the size 628 

of the circles represents the absolute difference (in log2 fold-changes) between protein 629 

expressions of AD vs control subjects in skin and blood. 630 

 631 

Figure 4. OLINK proteomics versus gene expression analysis using RNA-632 

sequencing in lesional atopic dermatitis (AD) vs. control skin. Scatter plots 633 

depicting log2 fold-changes in the same AD patients compared to their respective 634 

controls using OLINK proteomics and RNAseq gene expression profiling; the size of the 635 
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circle represents the absolute difference (in log2 fold-changes) between AD and control 636 

subjects in OLINK and RNA-sequencing. 637 

 638 

 639 











CAPSULE SUMMARY 
 

• Our proteomic data extend the “inflammation map” of atopic dermatitis, which 

was created largely through gene expression profiling. It also suggests that risk 

proteins found in blood are primarily derived from skin. 

 

• Early treatment of skin inflammation may lower systemic immune or 

cardiovascular-risk mediators in blood, potentially modifying disease co-

morbidities.  

 


