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Abstract

Psoriasis is an immune-mediated inflammatory skin disease driven by

interleukin-17A (IL-17A) and associated with cardiovascular dysfunction. We

used a severe psoriasis mouse model of keratinocyte IL-17A overexpression
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(K14-IL-17Aind/+, IL-17Aind/+ control mice) to investigate the activity of neu-

trophils and a potential cellular interconnection between skin and vasculature.

Levels of dermal reactive oxygen species (ROS) and their release by neutrophils

were measured by lucigenin-/luminol-based assays, respectively. Quantitative

RT-PCR determined neutrophilic activity and inflammation-related markers in

skin and aorta. To track skin-derived immune cells, we used PhAM-K14-IL-

17Aind/+ mice allowing us to mark all cells in the skin by photoconversion of a

fluorescent protein to analyze their migration into spleen, aorta, and lymph

nodes by flow cytometry. Compared to controls, K14-IL-17Aind/+ mice exhib-

ited elevated ROS levels in the skin and a higher neutrophilic oxidative burst

accompanied by the upregulation of several activation markers. In line with

these results psoriatic mice displayed elevated expression of genes involved in

neutrophil migration (e.g., Cxcl2 and S100a9) in skin and aorta. However, no

direct immune cell migration from the psoriatic skin into the aortic vessel wall

was observed. Neutrophils of psoriatic mice showed an activated phenotype,

but no direct cellular migration from the skin to the vasculature was observed.

This suggests that highly active vasculature-invading neutrophils must origi-

nate directly from the bone marrow. Hence, the skin-vasculature crosstalk in

psoriasis is most likely based on the systemic effects of the autoimmune skin

disease, emphasizing the importance of a systemic therapeutic approach for

psoriasis patients.
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1 | INTRODUCTION

Psoriasis is an interleukin-17A (IL-17A) and IL-23
driven autoimmune skin disease mediated by the adap-
tive and innate immune system.1,2 This chronic inflam-
matory state affects 2%–3% of the world population.3,4

Its classic histological features are thickened epidermis
resulting from hyperproliferation of keratinocytes and
altered differentiation of keratinocytes combined with
infiltration of myeloid cells into the dermal layer.1,5,6

Besides skin inflammation, severe chronic psoriasis is
associated with several comorbidities like psoriatic
arthritis, metabolic syndrome, cardiovascular disease
(CVD), and non-alcoholic fatty liver disease
(NAFLD).7–9 The inflammatory skin disease was found
to be an independent risk factor for CVD and not only
secondary due to the increased occurrence of classical
cardiovascular risk factors in psoriasis.10 Indeed, psoria-
sis patients have a 57% higher probability of dying
from a cardiovascular event compared to the general
population.10,11 On a cellular and molecular level, the
cytokines IL-17A and IL-17F produced by T cells and
innate immune cells were identified as key players in

the pathology of psoriasis.12–14 Reactive oxygen species
(ROS)-activated proinflammatory signals in the skin
are of crucial relevance in the immunoregulation of
psoriasis contributing to inflammatory cell recruitment
and thus intensifying the inflammatory cascade.15,16

Both myeloid cells and keratinocytes are sources of oxi-
dative stress formation in the skin.16 In the vascula-
ture, oxidative stress leads to vascular dysfunction and
has an important prognostic implication for subsequent
cardiovascular events.17

Besides the endothelial cells, myeloid cells invading
into the vessel wall present a relevant ROS source in the
vasculature contributing to the progress of vascular
inflammation and atherosclerosis.18–20 Oxidative stress
formation is understood to have a key role in CVD
development in psoriasis patients linking skin and vas-
cular disease.21 We could show that dermal overexpres-
sion of IL-17A which results in a severe chronic
psoriasis-like skin inflammation (K14-IL-17Aind/+ psori-
atic mice, IL-17Aind/+ control mice) is associated with a
significant vascular dysfunction.22 The vascular pheno-
type was connected to the infiltration of immune
cells – majorly neutrophils – and increased ROS
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formation in the aortic vessel wall.23 This corroborates
data from the murine model of angiotensin II (AngII)
induced arterial hypertension, in which the ROS-
producing myeloid cells contribute to the development
of hypertension and vascular dysfunction.19 Of note,
patients with severe psoriasis display vascular inflam-
mation in multiple segments of the aorta.24 Non-
calcified plaque burden in coronary arteries in psoriasis
patients assessed by coronary computed tomography
angiography was described to correlate with skin disease
severity.25 Under biologic therapy for moderate to severe
psoriasis, coronary inflammation decreased in parallel.26

In total, this hints towards a correlation between skin
disease severity with the degree of vascular involve-
ment.27 Being aware of psoriasis as a cardiovascular risk
factor and of the life-limiting cardiovascular comorbid-
ity in psoriasis patients is of highest clinical importance
to improve patient care.28,29

To date, the mechanistic underpinnings between psori-
atic skin inflammation and the associated cardiovascular
dysfunction are lacking. Invading myeloid cells producing
ROS and pro-inflammatory cytokines could be a possible
linking factor between skin and vascular inflammation.
This work aims to analyze neutrophils and neutrophil
activity and further to elucidate the skin-vascular crosstalk
in severe chronic murine psoriasis. We aimed to especially
answer the question if inflammatory ROS-producing cells
migrate directly from the psoriatic plaque to the vasculature
or whether indirect and systemic effects of the inflamma-
tory circuits drive cardiovascular comorbidity in psoriasis.

2 | EXPERIMENTAL PROCEDURES

2.1 | Mice

All animals were housed in accordance with relevant laws
and institutional guidelines of the Central Animal Facility
of the University Medical Center Mainz, Germany. For all
experiments mice aged 7–10 weeks with mixed gender
were used. Mice were sacrificed in deep isoflurane anes-
thesia and cervical dislocation. For heart puncture, this
method was combined with i.p. injection of Fentanyl
(0.05 mg/kg) and Midazolam (5.0 mg/kg). All experiments
on mice were conducted after approval by the Animal
Care and Use Committee from the Land of Palatine,
approval numbers G17-1-076 and G21-1-039.

2.2 | Chemicals

All chemicals were of highest analytical grade from the
Sigma-Aldrich/Merck unless otherwise stated.

2.3 | Mouse model of psoriasis-like skin
disease with focus on inflammatory cell
migration and scoring

PhAMΔ/Δ (excised) mice were crossed to a K14-Cre
mouse line, followed by crossing to IL-17Aind/ind mice to
obtain PhAMΔ/+-K14-IL-17Aind/+ mice = PhAM-K14-IL-
17Aind/+.30,31 PhAMΔ/Δ mice ubiquitously express the
green fluorescent protein mito-Dendra2 in the mitochon-
dria, which photoconverts upon laser illumination
(λ = 405 nm) into a red fluorescing species.31 The severity
of psoriasis-like skin disease was determined by modified
PASI scoring from the age of 5 weeks on.23 The scores for
erythema and scaling of the skin (1=mild, 2= intermedi-
ate, 3 = severe, 4 = very severe) and percentage of the
inflamed skin were determined. The cumulative PASI
score was calculated as follows: (erythema score
+ scaling score) � affected area [%]/100. In the manu-
script, the cumulative PASI scores are depicted.

2.4 | Laser illumination

K14-Cre negative control mice were shaved and depilated
(Veet, Slough, UK) on the upper back area 1 day before
the illumination. Sick PhAM-K14-IL-17Aind/+ mice were
illuminated directly on the plaque skin. Mice were illu-
minated by a 405 nm laser (Soliton, Gilching, Germany)
on scaled/shaved skin and ears for 4–5 min per area
under isoflurane anesthesia.31 One day after illumination,
the mice were sacrificed and analyzed.

2.5 | Isolation of neutrophils from whole
blood

The venous blood of anesthetized K14-IL-17Aind/+ or
PhAM-K14-IL-17Aind/+ mice and controls was taken by
heart puncture and anticoagulated with EDTA (0.1%
v/v). To isolate neutrophils from the whole blood an
EasySep™ Mouse Neutrophil Enrichment Kit (STEMCELL
Technologies, Vancouver, Canada) was used according to
the manufacturer's instructions.

2.6 | Flow cytometry analysis

Spleens and lymph nodes (LNs) were mechanically dis-
rupted by pressing them through a 40 μm cell strainer
(Sarstedt, Nümbrecht, Germany). Erythrocytes of the
spleen were lysed with ACK buffer (150 mM NH4Cl,
10 mM KHCO3, 1 mM Na2EDTA˙2Na, pH 7.2). Ears were
separated into dorsal and ventral parts and transferred
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into digestion mix (0.12 mg/ml DNase I (Roche, Basel,
Switzerland), 0.25 mg/ml Liberase (Roche) in RPMI-1640
Medium (ThermoFisher Scientific, Waltham, MA)). The
tissue was cut into small pieces by scissors and incubated
for 1 h at 37�C. The cells were filtered through a 70 μm
cell strainer. Aortas were isolated and fatty tissue was
removed before the digestion with Liberase (1 mg/ml) for
30 min at 37�C. Subsequently, cells were filtered through
70 μm cell strainer.23 Single cell suspensions were treated
with Fc-Block (BioXCell, Lebanon, NH) and subse-
quently surface stained with the following monoclonal
antibodies: CD11b (clone: M1/70, eBioscience, San Diego,
CA), Gr-1 (clone: RB6-8C5, BD Bioscience, Franklin
Lakes, NJ), CD45.2 (clone: 104, eBioscience, San Diego,
CA), CD19 (clone: 6D5, Biolegend, San Diego, CA) and
CD90.2 (clone: 53-2.1, PE, eBioscience, San Diego, CA).
Fixable Viability Dye eFluor450 (eBioscience, San Diego,
CA) was used to exclude dead cells. The stained cells
were fixed in formaldehyde in phosphate-buffered saline
(2%) for 30 min at 4�C. All samples were acquired on an
Invitrogen™ Attune™ NxT flow cytometer (Thermo
Fisher, Waltham, MA) and analyzed using FlowJo soft-
ware (BD, Franklin Lakes, NJ).

2.7 | Flow cytometric analysis of ROS
production in blood

We took venous blood of anesthetized K14-IL-17Aind/+

mice and control mice by heart puncture and anticoagu-
lated it with EDTA (0.1% v/v). Blood samples were trea-
ted with or without phorbol-12,13-dibutyrate (PDBu) for
15 min at room temperature, stained with CellROX™
Reagent (deep red, 5 μM, Thermo Fisher Scientific,
Waltham, MA) as published by Cossarizza et al.32 and
incubated for 30 min in a water bath at 37�C. For nega-
tive controls samples were incubated in the absence of
CellROX™ reagent. After a short centrifugation step
(10 s), the supernatant was preserved and the cell pellet
was stained with the following monoclonal antibodies:
CD45–eFluor 506 (Clone: 30-F11; Thermo Fisher, Wal-
tham, MA), CD11b–phycoerythrin-Cyanine 7 (PE-Cy7)
(Clone: M1/70; Thermo Fisher, Waltham, MA), Ly6G–
super bright 600 (Clone: 1A8; Thermo Fisher, Waltham,
MA), Ly6C-peridinin chlorophyll protein (PerCP)-Cy5.5
(Clone: KH1.4; Thermo Fisher, Waltham, MA) and Via-
bility Dye eFlour 780 (Thermo Fisher, Waltham, MA) for
20 min at room temperature. The conserved supernatant
was added and samples were diluted (final conc. 1:2000)
and immediately analyzed using the Invitrogen™
Attune™ NxT flow cytometer (Thermo Fisher Scientific,
Waltham, MA) and the Invitrogen™ Attune™ No-Wash

No-Lyse Filter Kit (Thermo Fisher Scientific, Wal-
tham, MA).

2.8 | Detection of reactive oxygen species
formation

2.8.1 | ROS measurement in the skin with
lucigenin

The plaque-affected back skin of K14-IL-17Aind/+ mice
and the healthy back skin of IL-17Aind/+ controls was iso-
lated and cut into pieces of 1 cm2 size. These were incu-
bated in PBS for 20 min on a thermocycler at 37�C. To
detect the formation of ROS especially superoxide, the
skin was added to a vial with lucigenin (5 μM in PBS)
and with a tube luminometer (Lumat LB 9507, Berthold
Technologies, Sprendlingen, Germany) the lucigenin-
enhanced chemiluminescence was measured. After the
measurement the skin was allowed to dry completely and
was weighed. The results shown here have been weight-
adjusted.33

2.8.2 | ROS measurement in isolated Ly6G+

neutrophils via chemiluminescence reaction

Neutrophils were isolated from EDTA-anticoagulated
whole blood by using the EasySep™ Mouse Neutrophil
Enrichment Kit (STEMCELL Technologies, Vancouver,
Canada) as described above. The same number of cells
(2.5 � 105 cells) was used for oxidative burst measure-
ment in neutrophils. Phorbol-12,13-dibutyrate (PDBu)
was added to stimulate the formation of an oxidative
burst in leukocytes. After the incubation for 10 min the
oxidative burst was measured by using the 8-amino-
5-chloro-7-phenylpyridol-(3,4-d) pyridazine-1,4-(2H,3H)-
dione sodium salt (L-012)-enhanced chemiluminescence
as previously described.33,34 The measured ROS are
mostly hydrogen peroxide, which reacts in a peroxidase-
catalyzed reaction with L-012 to generate a chemilumi-
nescence signal.35 Peroxidase activity comes from endog-
enous enzymes, for example, myeloperoxidase, in the
neutrophils. The chemiluminescence was detected by a
Spark™ Multimode Microplate Reader (Tecan Trading
AG, Männedorf, Switzerland).

2.9 | Blood analysis of bone marrow

Bone marrow was isolated from tibia and femur bones
of K14-IL-17Aind/+ or IL-17Aind/+ controls. The bone

4 SCHALLER ET AL.

 18728081, 0, D
ow

nloaded from
 https://iubm

b.onlinelibrary.w
iley.com

/doi/10.1002/biof.1949 by C
ochrane G

erm
any, W

iley O
nline L

ibrary on [24/07/2023]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



marrow was diluted in PBS and a complete blood cell
count was performed with a Vetscan HM5 (Abaxis
Europe GmbH, Griesheim Germany).36

2.10 | Quantitative real time PCR

2.10.1 | In skin and aortic tissue

With the help of the TissueLyser II (Qiagen, Hilden,
Germany) skin and aortic tissue was pulverized or
homogenized to isolate RNA. This was suspended in GIT
buffer (4 M guanidinium-isothiocyanate, 25 mM Na-
citrat, 0.5% N-lauroylsarcosine, 7.2% mercaptoethanol)
and afterwards the RNA was extracted with phenol-chlo-
roform.37 To measure the RNA concentration a
NanoDrop™ spectrophotometer (Thermo Fisher, Wal-
tham, MA) or a Spark™ Multimode Microplate Reader
(Tecan Trading AG, Männedorf, Switzerland) was used.38

With 0.5 μl of total RNA a TaqMan® Gene Expression
Assay (Applied Biosystems™, Waltham, MA) was per-
formed as described in the manufacturer's protocol. The
following TaqMan® primers were used: C-X-C motif che-
mokine 2 (Cxcl2; Mm00436450_m1, FAM marked;
Thermo Fischer, Waltham, MA) and Nuclear factor ery-
throid 2-related factor 2 (Nrf2; Mm00477784_m1
(Nfe2l2), FAM-marked; Thermo Fischer, Waltham, MA).
The gene expression was normalized to TATA box bind-
ing protein (Tbp; Mm00446973_m1, VIC-marked;
Thermo Fischer, Waltham, MA) mRNA as an endoge-
nous control. To analyze 1.0 μg of cDNA the QuantiTect
SYBR Green RT-PCR was used. To quantify mRNA
expression the comparative delta CT method was used.
As an endogenous control, the gene expression was nor-
malized to glyceraldehyde 3-phosphate dehydrogenase
(Gapdh) mRNA. For the QuantiTec-SYBR Green RT-
PCRs the following primers were used: S100 calcium-
binding protein A9 (S100a9, forward 50-AATGGTG-
GAAGCACAGTTGG-30, reverse 30-CTGGTTTGTGT
CCAGGTCCTC-50), Superoxide dismutase 1 (Sod1, forward
50-AACCAGTTGTGTTGTCAGGAC-30, reverse 30-CCAC-
CATGTTTCTTAGAGTGAGG-50) Superoxide dismutase
2 (Sod2, forward 50-CAGACCTGCCTTACGACTATGG-30,
reverse 30-CTCGGTGGCGTTGAGATTGTT-50), Superoxide
dismutase 3 (Sod3, forward 50-CCTTCTTGTTCTACGGC
TTGC-30, reverse 30-TCGCCTATCTTCTCAACCAGG-50),
Solute carrier family 41 member 3 (Scl41a3, forward 50-
CTCAGCCTTGAGTTCCGCTTT-30, reverse 30-GCAGGA-
TAGGTATGGCGACC-50), and glyceraldehyde 3-phosphate
dehydrogenase (Gapdh, forward 50-TACCCCCAATGTG
TCCGTCGTG-30, reverse 30-CCTTCAGTGGGCCCTCA-
GATGC-50).

2.10.2 | In isolated Ly6G+ neutrophils

Neutrophils were isolated from EDTA-anticoagulated whole
blood by using the EasySep™ Mouse Neutrophil Enrich-
ment Kit (STEMCELL Technologies, Vancouver, Canada)
as described above. The RNA was isolated with the help of
a RNeasy Plus Micro Kit (Quiagen, Hilden, Germany) as
described in the manufacturer's protocol. After the cDNA
synthesis the Maxima™ SYBR Green qPCR Master Mix
(Thermo Fischer, Waltham, MA) was used to analyze 2.5 μl
of cDNA. The comparative delta CT method was used to
quantify the mRNA expression. Relative mRNA levels were
normalized to β-Actin mRNA as an endogenous control.
Afterwards control cells were set to 1 and the relative
mRNA induction is calculated of the mRNA levels in con-
trol cells (shown as the mean log ratio). The following
primer sequences were used: Interleukin 1β (IL-1b, forward
50- AGCTGAAAGCTCTCCACCTC-30, reverse 30- GCTTGG
GATCCACACTCTCC-50), Myeloperoxidase (Mpo, forward
50- GGAGGCCCGGAAGATTGTAG-30, reverse 30- CGTTG
GTGAAGACATTGGCG-50), Neutrophil Elastase (Elane,
forward 50- ACCCAGTGTGCTACAAGAGC-30, reverse 30-
GTGCATACGTTCACACGACG-50), Proteinase 3 (Prtn3,
forward 50-CAGCTAAACCGGACAGCCTC-30, reverse 30-
GTTCCCGGCATAGGAAGGTG-50), Actin (forward 50- AG
GAGTACGATGAGTCCGGC-30, reverse 30- GGTGTAAA
ACGCAGCTCAGTA-50).

2.11 | Immunohistochemistry

Bone samples were fixed in 4% paraformaldehyde (Carl Roth
GmbH + Co. KG, Karlsruhe, Germany) for 48 h at room
temperature and transferred to Decalcifier soft (Carl Roth
GmbH + Co. KG, Karlsruhe, Germany) for 48–72 h.
Completely decalcified bones were paraffin embedded. A
2 μm sections were prepared and stained with Ly6G IHC
antibody (BD Bioscience, clone 1A8, 1:800, rat). Incubation
in Bond™ Primary Antibody Diluent (Leica Biosystems Nus-
sloch GmbH, Nussloch, Germany) and staining was per-
formed on a BOND-MAX Automated IHC/ISH Stainer
(Leica Biosystems Nussloch GmbH, Nussloch, Germany).
Slides were scanned using an Aperio AT2 scanner (Leica Bio-
systems Nussloch GmbH, Nussloch, Germany). Automated
counting of Ly6G positive cells was performed on 8–10 repre-
sentative areas in the bone with QuPath version 0.3.2.39

2.12 | Statistical analysis

Statistical analysis was performed with GraphPad Prism
software (version 9.3.1; GraphPad Software, Inc., San

SCHALLER ET AL. 5

 18728081, 0, D
ow

nloaded from
 https://iubm

b.onlinelibrary.w
iley.com

/doi/10.1002/biof.1949 by C
ochrane G

erm
any, W

iley O
nline L

ibrary on [24/07/2023]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



Diego, CA). Data were tested for outliers identified by
using the ROUT method at a stringency of 1% and ana-
lyzed for normal distribution using the Kolmogorow–
Smirnow test. For normal distribution the unpaired stu-
dent's t-test or the 2-way ANOVA test with Bonferroni
post-test was applied. If data were not normally distrib-
uted, we performed the Mann–Whitney test as indicated
in the figure legends. P values of <0.001, <0.01, and
<0.05 were considered statistically significant and
marked by 3, 2, and 1 asterisks (*). Data are presented as
mean ± SEM.

3 | RESULTS

To better understand the inflammatory reaction observed
in mice with severe psoriasis, we first measured the levels
of ROS species in the skin. We found that the inflamed
skin of K14-IL-17Aind/+ psoriatic mice exhibited signifi-
cantly increased ROS, or more precisely superoxide, com-
pared to the healthy skin of IL-17Aind/+ control mice
(Figure 1A). This matched the severe skin inflammation
due to the IL-17A-driven influx of myeloid cells, as previ-
ously described.22 Further analysis of neutrophil granulo-
cytes isolated from K14-IL-17Aind/+ mice also showed
increased oxidative burst formation upon PDBu stimula-
tion compared with neutrophils isolated from control
mice (Figure 1B), confirmed by flow cytometric analysis
(Figure 1C). In agreement, we found a significant
increase in expression levels of Neutrophil elastase
(Elane) and Proteinase 3 (Prtn3) mRNA in isolated
K14-IL-17Aind/+ neutrophils compared to neutrophils of
control mice (Figure 1D). Expression of Myeloperoxidase
(Mpo) mRNA was also increased in isolated K14-IL-
17Aind/+ neutrophils compared to neutrophils from con-
trol mice, whereas there was no difference in Interleukin-
1β (IL-1b) expression (Figure 1D). These results under-
score the increased reactivity of K14-IL-17Aind/+ neutro-
phil granulocytes due to the continuous IL-17A exposure.

Next, we set to investigate levels of pro-inflammatory
mediators in the skin and aorta of the psoriatic mice. We
found increased mRNA expression of the Chemokine (C-
X-C motif ) ligand 2 (Cxcl2) and the S100 calcium-binding
protein A9 (S100a9) in the skin of K14-IL-17Aind/+ mice
compared to control mice (Figure 2A), two factors that
were previously found to contribute to leukocyte recruit-
ment.40,41 Interestingly, mRNA expression of Cxcl2 and
S100a9 was not only increased in the skin but also in the
aortic tissue of psoriatic animals (Figure 2A). This was in
accordance with the previously described invasion of
neutrophils into the aortic vessel wall in K14-IL-17Aind/+

mice parallel to the existing skin inflammation.23 More-
over, mRNA expression of Nuclear Factor Erythroid

2 Related Factor 2 (Nrf2), a transcription factor that regu-
lates protection against oxidative stress,42 as well as
mRNA expression of the antioxidant enzymes Superoxide
dismutase1, 2 and 3 (Sod1-3)43,44 and Solute Carrier Fam-
ily 41, Member 3 (Scl41a3)45 were not increased, neither
in skin, nor in the aorta (Figure 2B,C).

Given the presence of ROS-producing neutrophils in
the skin and aorta of K14-IL-17Aind/+ psoriatic mice,23 we
wanted to investigate whether we could find evidence of a
direct interaction between inflamed skin and blood vessels
by following a possible migration of inflammatory cells
from the psoriatic plaque into the aortic vessel wall. To
this end, we crossed the mouse model of K14-IL-17Aind/+

mice with the PhAMexcised line so that these mice con-
stantly produce the green fluorescent protein Dendra2 in
their mitochondria.31 The color of the Dendra protein
changes from green to red fluorescence under laser illumi-
nation with a wavelength of 405 nm making it possible to
track immune cells from the psoriatic skin (Figure 3A).
PhAM-K14-IL-17Aind/+ mice showed a severe psoriasis-
like skin phenotype seen by cumulative PASI score
(Figure 3B) as described for the conventional K14-IL-
17Aind/+ mice.22,23 We therefore exposed 9–10 weeks old
PhAM-K14-IL-17Aind/+ mice to laser light and 24 h later
isolated skin, brachial LNs, spleen and aorta for flow
cytometric analysis. In line with the severe skin inflam-
mation and previous corroborating reports,22,23 signifi-
cantly elevated levels of Gr-1+ cells in the skin, brachial
LNs, spleen and aorta compared to the controls were
apparent in the K14-IL-17Aind/+ model with PhAM back-
ground (Figure 4A). This indicates that the PhAM back-
ground does not impact on the (skin and systemic)
inflammatory phenotype. By flow cytometric gating on
Dendra2-red cells (Figure 4B), a higher absolute count of
red cells was detectable in skin, brachial LNs and spleen
of the illuminated PhAM-K14-IL-17Aind/+ mice as well as
in illuminated PhAM-IL-17Aind/+ control mice compared
to unilluminated animals (Figure 4B,C). However, nei-
ther group's aortic vessel wall showed a red cell popula-
tion (Figure 4B,C). We could therefore exclude a direct
cellular trafficking from the skin to the aortic vessel wall.
Since the psoriatic skin is not the only source for poten-
tially invading reactive myeloid cells, we also analyzed
neutrophil and monocyte numbers in the bone marrow
of K14-IL-17Aind/+ mice compared to controls. Signifi-
cantly increased values for neutrophils in the bone mar-
row of K14-IL-17Aind/+ mice compared to control mice
were found and monocytes were increased by trend
(Figure 5A,B) as potential and obvious source of the
immune cells invading the vasculature underlining the
systemic effect of the chronic severe skin disease.

In summary, we tracked immune cells from the psori-
atic skin to other tissues, analyzed soluble factors, and
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ROS. We found an increased reactivity of neutrophils
detectable in murine IL-17A driven psoriasis-like skin
disease contributing to increased ROS formation in the
skin and as previously shown the vasculature.23 How-
ever, ROS-producing myeloid cells did not directly
migrate from the inflamed psoriatic plaque to the aortic
vessel wall leading us to the conclusion that vascular
inflammation in murine IL-17A driven psoriasis-like skin
disease is most likely driven by systemic effects of the

chronic inflammatory environment including activated
bone marrow.

4 | DISCUSSION

The skin-vasculature crosstalk in severe psoriasis leads to
cardiovascular comorbidity and is of high clinical impor-
tance.10,21,23,46 When confronted with the associated

FIGURE 1 Increased reactive oxygen species (ROS) formation in the psoriatic skin is paralleled by a higher activation. (A) Photometric

analysis of superoxide levels in healthy skin of IL-17Aind/+ mice and in plaque-affected skin of K14-IL-17Aind/+ mice after incubation with

Lucigenin (bis-N-methylacridinium nitrate), n = 5 mice per group, 4 experiments, unpaired Student's t-test. (B) Oxidative burst

measurement of isolated neutrophils of K14-IL-17Aind/+ or PhAM-K14-IL-17Aind/+ mice and controls. 2.5 � 105 cells per sample were

incubated with PDBu (Phorbol-12,13-dibutyrate) for 10 min at 37�C, n = 4–6 mice, partially pooled blood samples of three independent

experiments, Mann–Whitney test. (C) ROS flow cytometric analysis of living CD45+ CD11b+ Ly6G+ Ly6C+ neutrophil granulocytes of

K14-IL-17Aind/+ and control mice. n = 9–10 mice per group, four experiments, Mann–Whitney test. (D) qRT-PCR analysis of neutrophils

isolated from the blood of K14-IL-17Aind/+ or PhAM-K14-IL-17Aind/+ mice and Cre-negative controls, n = 10–13 per group, partially pooled

blood samples of two independent experiments with 13–16 mice in total, unpaired Student's t-test.

SCHALLER ET AL. 7
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cardiovascular comorbidity in psoriasis, the main ques-
tion is: How are both diseases interconnected? Mean-
while, it has been recognized that severe psoriasis is an
independent cardiovascular risk factor.10 In 2011, the sys-
temic inflammation in severe psoriasis was assumed to
be one relevant connecting factor between skin inflam-
mation and vascular dysfunction.47 Nowadays, we know
much more about cytokines such as IL-17A and tumor

necrosis factor alpha (TNF-α) contributing to vascular
inflammation and dysfunction, thus paving the way for
the interconnecting skin and vessel inflammation in pso-
riasis.23,48,49 We have previously demonstrated that the
psoriasis-like skin inflammation in K14-IL-17Aind/+ pso-
riatic mice was accompanied by vascular inflammation,
specifically by invasion of neutrophil granulocytes into
the aortic vessel wall combined with increased aortic

5 6 7 8 9
0

1

2

3

4

5

Age [weeks]

C
um

ul
at

iv
e

PA
SI

sc
or

e

✱✱✱✱✱✱✱✱✱✱✱✱✱✱✱

✱

(A) (B)

405 nm
5 min/area
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FIGURE 3 Schematic illustration of experimental procedure for cell tracking with PhAM-K14-IL-17Aind/+ psoriasis mouse model.

(A) Illustration of the experimental procedure for photoconverting green-fluorescing Dendra2 into red-fluorescence using a 405 nm laser on

the psoriatic plaque. (B) Cumulative PASI-scores of PhAM-K14-IL-17Aind/+ and PhAM-IL-17Aind/+ mice are shown consisting of erythema

and scaling scores multiplied by affected area [%] ([erythema score + scaling score] � affected area [%]/100), n = 4 mice per group,

1 representative experiment, 2-way ANOVA with Bonferroni post hoc test.

FIGURE 2 Expression of markers for neutrophil migration or oxidative stress protection in skin and aorta of K14-IL-17Aind/+ psoriatic

mice. (A) Quantitative RT-PCR analysis of Cxcl2 (n(skin) = 3–6 and n(aorta) = 10–12 mice per group; 1–2 independent experiments),

S100a9 (n(skin) = 8–11, n(aorta) = 10 mice per group; 2 independent experiments) in aorta and skin of K14-IL-17Aind/+ mice and controls,

Mann–Whitney test. (B,C) Quantitative RT-PCR analysis of Nrf2 (n(skin) = 3–6, n(aorta) = 12–14 mice per group, 1–2 independent
experiments), Sod1 (n(skin) = 3–6, n(aorta) = 4–6 mice per group, 1 independent experiment), Sod2 (n(skin) = 3–6, n(aorta) = 4–6,
1 independent experiment), Sod3 (n(skin) = 3–6, n(aorta) = 4–6, 1 independent experiment) and Scl41a3 (n(skin) = 3–6, n(aorta) = 4–6,
1 independent experiment) in aorta and skin of K14-IL-17Aind/+ mice and controls, Mann–Whitney or unpaired Student's t-test (Nrf2 in

aorta). Data is presented as mean ± SEM. ***P < 0.001; **P < 0.01; *P < 0.05.
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ROS formation.23 This is in line with reports of vascular
inflammation in human psoriasis patients24 and contrib-
utes to the cardiovascular comorbidity found in severe
psoriasis. This study demonstrates increased reactivity
and ROS production of neutrophils in K14-IL-17Aind/+

psoriatic mice most likely due to the continuous IL-17A
stimulation. Both ROS levels in the skin and the neutro-
philic oxidative burst were detected by lucigenin and
luminol assays, respectively.50,51 The lucigenin electro-
chemiluminescence method has previously been com-
pared to other superoxide detection methods and tested
by specific inhibition, revealing a good correlation with
other methods of superoxide detection.52–54

Notwithstanding, these methods can be associated
with artifacts.50 Besides, the clear detection of O2

•�

remains vague, but it can be used as general indicator of
increased ROS production.51 Increased ROS formation in
neutrophils of K14-IL-17Aind/+ psoriatic mice compared to
control mice was also confirmed by flow cytometric analy-
sis. Taken together, our data indicate a generally increased
ROS formation in the skin associated with higher neutro-
phil activation in K14-IL-17Aind/+ psoriatic mice. In
future, additional methods to quantify oxidative damage
markers induced by neutrophils in autoimmune diseases
will be needed to corroborate these data. In accordance
with increased ROS formation, we did not find signifi-
cantly increased levels of Nrf2 and of the downstream tar-
gets of Nrf2 such as Superoxide dismutases 1-3 (Sod1-3)43,44

and Solute Carrier Family 41, Member 3 (Scl41a3)45 on
mRNA expression level in skin and aorta. The

FIGURE 4 Tracking of skin-derived

immune cells in the PhAM-K14-IL-

17Aind/+ psoriasis mouse model shows

no inflammatory cells migrating from

the inflamed skin into the vasculature.

(A) Flow cytometric analysis of Gr-1+

cells in the skin, brachial lymph nodes

(LNs), spleen, and aorta of PhAM-

K14-IL-17Aind/+ mice compared to Cre-

negative PhAM-IL-17Aind/+ mice. Cells

were pre-gated on living CD45.2+ cells,

n = 4 mice per group, 1 individual

experiment, Mann–Whitney test.

(B) One representative flow cytometry

plot pre-gated on living CD45.2+ cells is

shown per organ and group of

6 experiments. Cell counts of the gates

are shown. (C) Laser illuminated PhAM-

K14-IL-17Aind/+ and PhAM-IL-17Aind/+

mice and unilluminated control were

analyzed for red-fluorescing mito-

Dendra2 cells via flow cytometry.

Counts of red-fluorescing (Dendra2-red)

living CD45.2+ cells for skin, brachial

LN, spleen and aorta calculated for the

whole organ are shown, n = 3–4 mice

per group plus one unilluminated

background control, 1 representative

experiment of 6 individual experiments,

Mann–Whitney test. n.d., not

determinable.
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transcription factor Nrf2 is considered a central regulator
of cellular defense mechanisms against oxidative stress.42

One might speculate that in our murine model of psoriasis
the anti-oxidant system associated with Nrf2 is mainly
inactive or not fully activated, possibly thus contributing
to the increased ROS formation detected in the aorta23

and skin.
Further detailed analysis of the Nrf2 activation state,

expression of downstream targets, as well as nuclear frac-
tion extraction to investigate phosphorylation on Ser40 of
Nrf2 (responsible for translocation into the nucleus)55

providing a better insight into the Nrf2 activity have to
follow in the K14-IL-17Aind/+ psoriatic mice. Up to now,
data on Nrf2 in psoriasis patients is controversial: Upre-
gulated mRNA levels of Nrf2 were detected in the skin of
psoriasis patients56 but in another patient cohort also a
reduced dermal Nrf2 expression was described in psoria-
sis vulgaris.57 Further studies with more patients also
focusing on gender differences58,59 as well as the severity
of skin disease need to follow to gain further insights in
the role of Nrf2 in psoriasis.

However, we must be aware that besides the inflam-
matory skin vasculature crosstalk, severe psoriasis is
associated with extensive water loss via the inflamed skin
leading to compensatory mechanisms associated with
arterial hypertension which vice versa contributes to the
cardiovascular risk profile.60 Overall, we are faced with a
multi-dimensional and highly complex problem.

The pro-inflammatory protein S100a9 is upregulated
in the skin of psoriasis patients and psoriatic-like mouse
models61,62 activating the inflammatory response in
innate immune cells via TLR4-dependent signaling.63,64

The increased Cxcl2 and S100a9 mRNA expression in the
skin and the aorta of K14-IL-17Aind/+ compared to con-
trol mice might indicate that there are similar neutrophil
recruiting mechanisms in both the skin and the vascula-
ture. In steady state neutrophil elastase and proteinase 3
reside inside the granules of neutrophils and are released
to the environment only upon activation.65 Therefore,
these serine proteinases' upregulated mRNA level state in
the K14-IL-17Aind/+ mice might hint towards an enhanced
neutrophilic activity.

Interestingly, there was no direct migration of mye-
loid cells from the inflamed skin into the vasculature
detectable in the PhAM-K14-IL-17Aind/+ mice, displaying
the psoriatic phenotype previously described for the
K14-IL-17Aind/+ mice combined with the possibility to
directly track cells.23,31 The irreversibility of the photo-
conversion reaction of Dendra2 from green to red makes
the PhAM system very robust.66 Previous in vivo studies
successfully used the PhAM system for immune cell
tracking in other disease models detecting converted cells
after 24 h and even after 3 days.67,68

Similar to the murine model of Angiotensin II driven
vascular dysfunction and hypertension which is based on
the invasion of ROS-producing myeloid cells into the

FIGURE 5 Analysis of

monocytes and neutrophils in

the bone marrow of K14-IL-

17Aind/+ mice. (A) Percentages

of monocytes or neutrophils in

the bone marrow of K14-IL-

17Aind/+ mice and Cre-negative

littermates analyzed via VetScan

HM5, n = 7–8 mice per group,

four individual experiments,

Mann–Whitney test (monocytes)

and unpaired Student's t-test

(neutrophils). (B) Ly6G staining

and quantification on bone

paraffin sections of IL-17Aind/+

and K14-IL-17Aind/+ mice.

n = 4–5, scale bar: 200 μm. Data

were analyzed with Mann-

Whitney test. Data are shown as

mean ± SEM. ***P < 0.001;

**P < 0.01; *P < 0.05.

10 SCHALLER ET AL.

 18728081, 0, D
ow

nloaded from
 https://iubm

b.onlinelibrary.w
iley.com

/doi/10.1002/biof.1949 by C
ochrane G

erm
any, W

iley O
nline L

ibrary on [24/07/2023]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



vessel wall,19 our murine model of severe psoriasis con-
comitant with vascular dysfunction is associated with
vascular inflammation especially based on the influx of
ROS producing neutrophils to the vessel walls.23 In
both models, ROS-producing myeloid cells are most
likely bone marrow derived, as indicated by increased
levels of neutrophils and monocytes in the bone mar-
row of K14-IL-17Aind/+ mice compared to controls. This
highlights the systemic components of vascular and
psoriatic skin disease. The systemic character of severe
psoriatic inflammation must be kept in mind when
treating psoriasis patients, as it is responsible for most
relevant comorbidities highlighting the importance of a
multidimensional treatment approach.
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