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Bath Psoralen Plus UVA Therapy Suppresses
Keratinocyte-Derived Chemokines in
Pathogenetically Relevant Cells

Yoshifumi Kanayama', Kan Torii', Kyoko Ikumi' and Akimichi Morita'

Psoriasis is a chronic inflammatory proliferative skin disease involving various types of chemokines regu-
lating immune cell migration, localization, and activation. Bath psoralen plus UVA (PUVA) treatment is an
established phototherapy for psoriasis, but its effects on chemokine levels remain unknown. We investigated
the levels of 22 serum chemokines in 20 patients with psoriasis first treated with bath PUVA therapy between
2007 and 2011 in a single center and analyzed the associations between the chemokines and disease severity
(PASI) before and after therapy to investigate the mechanisms of action of bath PUVA therapy. Before bath
PUVA therapy, the PASI scores correlated with the serum levels of CCL17 (r = 0.581), CCL18 (r = 0.462), CCL19
(r =0.477), and CXCL16 (r = 0.524). After bath PUVA, the serum levels of CCL17, CCL22, CXCL1, and CXCL9
were significantly decreased. Heatmap clustering and network analysis based on statistically significant
Spearman correlations among the chemokines showed distinctive changes in the chemokine signature. Our
findings revealed that the levels of several chemokines correlated with the disease state of psoriasis.
Furthermore, bath PUVA therapy reduced the secretion of keratinocyte-derived chemokines that induce the
migration of immune cells important for psoriasis pathogenesis, partly revealing the mechanism of the

therapeutic activity.
JID Innovations (2021);1:100027 doi:10.1016/j.xjidi.2021.100027

INTRODUCTION

Chemotactic cytokines (i.e., chemokines) represent a large
group of small chemotactic proteins (generally 8—11 kDa in
size) that recruit circulating leukocytes to sites of inflamma-
tion. Approximately 50 different chemokines have been
identified, which are classified into four main subfamilies on
the basis of their structural differences: CXC, CC, CX3C, and
XC. These proteins bind to 7-transmembrane-domain G-
protein-coupled receptors on the cell surface to activate
signaling pathways (Charo and Ransohoff, 2006).

In psoriasis, various chemokine receptors and their cor-
responding chemokine ligands are involved in the migration
and localization of immune cells (e.g., T helper [Th] T,
Th17, dendritic cells [DCs], monocytes) (Mabuchi et al.,
2012). CCL20 is highly produced when keratinocytes
(KCs) are stimulated by IL-17, and it attracts CCR6'Th17
cells to local tissues (Furue et al., 2020). Th17 cells play a
pivotal role in psoriatic lesions by secreting IL-17, IL-22,
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and TNF-a (Lowes et al., 2008). IL-17 stimulates KCs not
only to promote proliferation and differentiation but also to
produce a variety of chemokines. CXCL1, CXCL2, and
CXCL8 recruit neutrophils involved in the formation of
intraepidermal microabscesses (Chiricozzi et al., 2018). Th1
cells, producing TNF-a. and IFN-y, are recruited by the
binding of CXCL9, CXCL10, and CXCL11 to CXCR3, which
are secreted mainly from KCs stimulated by IFN-y (Johansen
et al., 2017; Rottman et al., 2001). Cutaneous lymphocyte-
associated antigen (CLA)-positive T cells coexpressing CCR4
and CCR10 are induced by CCL17, CCL22, and CCL27
(Homey et al., 2002; Lonsdorf et al., 2009; Rottman et al.,
2001). Macrophages derived from monocytes are an
important source of TNF-a, a key mediator of chronic
inflammation. CCL2, amplified by TNF-a and IFN-y from
KCs, is a chemoattractant of monocytes (Behfar et al., 2018).
CCL19 is thought to be produced by DCs in psoriasis and
organizes DCs and T cells into formal (lymph node-like)
lymphatic tissue in psoriatic lesions (Mitsui et al., 2012).
Interestingly, most chemokines involved in psoriasis are
secreted by KCs.

Bath psoralen plus UVA (PUVA) therapy is one of the
treatment options for psoriasis. A randomized, open, pro-
spective, multicenter trial performed on an intention-to-treat
basis showed that bath PUVA reduced the median PASI score
by 74% (16.4 to 4.2) within 6 weeks in 38 patients with
psoriasis (Berneburg et al., 2013). However, the detailed
mechanisms of action of the therapeutic effects have
remained unclear. We have focused on elucidating the
mechanisms of action of bath PUVA therapy, particularly
with regard to regulatory T cells (Kubo et al., 2017; Saito
et al., 2009). To our knowledge, no studies to date have
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examined the changes in chemokine levels of patients with
psoriasis before and after bath PUVA therapy, although
some analyses of chemokine levels after narrowband UVB
(NB-UVB) therapy have been reported (Coimbra et al.,
2010; Ekman et al., 2013; Gao and Wang, 2015). Before
NB-UVB therapy, CCL17, CCL20, CCL22, CXCL9, and
CXCL10 levels are increased in patients with psoriasis
compared with those in healthy controls (Ekman et al.,
2013). CCL20 levels also correlate with disease severity.
Although NB-UVB therapy reduces skin symptoms at 12
weeks, the chemokine levels are not affected (Ekman et al.,
2013). After 15 sessions of NB-UVB phototherapy treat-
ment, serum CCL2 levels are significantly decreased (Gao
and Wang, 2015). Plasma IL-22, IL-17, IL-23, and CXCL8
levels are decreased along with a decrease in PASI scores at
12 weeks (Coimbra et al., 2010).

In this study, we evaluated the serum levels of 22 chemo-
kines previously reported to be associated with psoriasis and
analyzed the associations among the chemokines before and
after bath PUVA therapy to investigate the mechanisms of
action of the therapy.

RESULTS

Patient profiles and the efficacy of bath PUVA therapy

A total of 20 patients with psoriasis (14 men, 6 women; aged
27—75 [mean: 52.6] years; disease duration of 0.160—30
[median: 9.5] years) for whom bath PUVA therapy was first
initiated between 2007 and 2011 were included in the study
(Table 1). Of the 20 patients, 17 had psoriasis vulgaris, and 3
had psoriatic arthritis. The median PASI score before bath
PUVA therapy was 23.8 (range: 5.6—69.3). All patients
showed a decrease in the PASI score after the treatment
(median score: 2.0, range: 0—9.1). The median PASI score
was reduced by 91.2%. In total, 90% of the patients ach-
ieved PASI 75, 50% achieved PASI 90, and 5% achieved
PASI 100. The therapeutic efficacy of bath PUVA therapy in
patients with psoriasis was confirmed. We next examined
the serum chemokine levels before and after bath PUVA
therapy.

Of the 22 chemokines evaluated, the serum levels of 4
correlated with the PASI score

We assessed the correlation between the serum levels of 22
chemokines and the PASI score. The PASI score before bath
PUVA therapy moderately correlated with the serum levels of
CCL17 (r = 0.581), CCL18 (r = 0.462), CCL19 (r = 0.477),
and CXCL16 (r = 0.524) (Figure 1). After bath PUVA therapy,
the serum levels of none of the chemokines evaluated
correlated with the PASI score (Table 2). CCL17, a CCR4
ligand expressed in Th2 cells, is a well-known biomarker for
atopic dermatitis (AD) that is widely used in clinical practice
(Kakinuma et al., 2001). Our results were consistent with
recent reports indicating that serum CCL17 levels in patients
with psoriasis (especially those with pustular psoriasis)
correlated with the PASI score (Kawasaki et al., 2020;
Shibuya et al., 2018). CCL19 is assumed to be produced in
DCs in psoriasis and induces DCs and T cells to form
lymphoid tissue in psoriatic lesions (Mitsui et al., 2012).
CXCL16, produced from KCs and antigen-presenting cells
(DCs and monocytes), mediates the migration of CD8" T
cells and neutrophils (Giinther et al., 2012; Steffen et al.,
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Table 1. Patient Demographics and Baseline
Characteristics

Characteristics Patients (n = 20)

Sex, n (%)
Female 6 (30)
Male 14 (70
Age, y
Mean (SD) 52.6 (13.4)
Range 27-75
Type of psoriasis, n (%)
PV 17 (85)
PsA 3 (15)
Duration since onset, y
Median (25-75%) 9.5 (3.3-13.5)
Range 0.16—30
PASI (0-72)
Median (before bath PUVA) (25-75%) 23.8 (13.6-31.3)
Range 5.6—69.3
Median (after bath PUVA) (25-75%) 2.0 (0.9-6.3)
Range 0-9.1
Radiation dose, )J/cm?
Mean (SD) 58.3 (18.4)
Range 34.5—106
Treatment response (PASI reduction), %
Median (25-75%) 91.2 (78.6-94.6)
Range 40.9—100
Therapy place, n (%)
Outpatient 1(5)
Inpatient 19 (95)

Body mass index, kg/m”

Median (25-75%) 25.5 (23.6-28.0)

Range 18.1-41.9
Smoking, n (%)
Current smoker 7 (35)
Previous smoker 1(5)
Never smoker 12 (60)
Previous treatment, n (%)
Steroid ointment 13 (65)
Vit. D ointment 8 (40)
UV treatment 3 (15)
Immunosuppressive agents 5(25)
Etretinate 2 (10)
Unknown 2 (10)

Abbreviations: PsA, psoriatic arthritis; PUVA, psoralen plus UVA; PV,
psoriasis vulgaris; Vit, vitamin.

2018). The roles of these two chemokines could explain the
correlation between the PASI score and the serum levels of
CCL19 and CXCL16 in patients with psoriasis. Comprehen-
sive gene expression analysis of psoriatic skin lesions
revealed an increase in the CCLT18 mRNA levels. This che-
mokine is produced by macrophages or DCs in lymph nodes
and acts as a chemoattractant for T cells (Zhou et al., 2003).
Expression of CCL18 mRNA in lesional skin is increased
compared with that in the nonlesional skin, not only in AD
but also in psoriasis (Kim et al., 2012). The results of this
study show a positive correlation between CCL18 and the
PASI score, although it is unclear how CCL18 affects psoriatic
lesions.
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Figure 1. Correlation of pretreatment serum chemokine levels with PASI score. Scatter plots of the pretreatment PASI scores against the levels of each serum
chemokine in 20 patients with psoriasis. Red frames indicate a correlation coefficient > 0.4.

Of the 22 chemokines evaluated, serum levels of 4 were

decreased after bath PUVA therapy

The median serum levels of all chemokines evaluated, except
for CCL5 and CCL18, were decreased after bath PUVA
therapy (Figure 2). The median serum levels of four

chemokines were significantly decreased: CCL17 (P

0.004), CCL22 (P = 0.027), CXCL1 (P = 0.004), and CXCL9

(P = 0.010). CCL17 was the only chemokine whose serum
levels correlated with the PASI score before bath PUVA
treatment.
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Table 2. Correlation between PASI Score and Serum Chemokines before and after Bath PUVA Therapy

Before Bath PUVA

After Bath PUVA

Correlation Adjusted Correlation Adjusted
Chemokines Coefficient (95% Cl) P-value Coefficient (95% CI) P-value
CCL2 0.284 (—0.195 to 0.653) 0.730 —0.122 (—0.545 to 0.351) 0.966
CCL3 —0.0948 (-0.526 to 0.375) 0.909 —0.00527 (-0.458 to 0.450) 0.982
CCL4 —0.0639 (—0.503 to 0.401) 0.909 —0.0580 (—0.499 to 0.406) 0.966
CCL5 —0.0519 (-0.494 to 0.412) 0.909 0.245 (—0.235 to 0.629) 0.966
CCL11 0.0730 (—=0.394 to 0.510) 0.909 0.0647 (—0.401 to 0.504) 0.966
CCL17 0.581 (0.173—0.819) 0.158 0.141 (-0.334 to 0.559) 0.966
CCL18 0.462 (0.0102—0.757) 0.222 —0.0233 (-0.472 to 0.435) 0.966
CCL19 0.477 (0.0295—0.765) 0.222 0.236 (—0.244 to 0.623) 0.966
CCL20 0.204 (—0.275 to 0.602) 0.909 0.227 (-0.253 to 0.617) 0.966
CCL21 0.0918 (—0.378 to 0.524) 0.909 —0.180 (—0.586 to 0.298) 0.966
CCL22 —0.0580 (—0.499 to 0.407) 0.909 —0.0474 (—0.491 to 0.415) 0.966
CCL27 0.136 (—0.339 to 0.556) 0.909 —0.229 (-0.618 to 0.251) 0.966
CXCL1 0.395 (—0.0717 to 0.720) 0.374 0.138 (—0.337 to 0.557) 0.966
CXCL2 —0.0150 (—0.466 to 0.442) 0.950 0.305 (—0.172 to 0.667) 0.966
CXCL5 0.192 (—0.287 to 0.594) 0.909 —0.0399 (-0.485 to 0.421) 0.966
CXCL8 0.0557 (—0.408 to 0.497) 0.909 0.0354 (—0.425 to 0.481) 0.966
CXCL9 0.0587 (—0.406 to 0.499) 0.909 0.0309 (—0.478 to 0.429) 0.966
CXCL10 0.280 (—0.199 to 0.651) 0.730 0.160 (—0.316 to 0.572) 0.966
CXCL11 0.218 (—0.262 to 0.611) 0.909 0.135 (—0.339 to 0.555) 0.966
CXCL12 —0.0399 (—0.485 to 0.421) 0.909 0.266 (—0.214 to 0.642) 0.966
CXCL16 0.524 (0.0925-0.790) 0.194 —0.0850 (-0.519 to 0.384) 0.966
CX3CL1 0.151 (—0.325 to 0.556) 0.909 —0.0595 (—0.500 to 0.405) 0.966

Abbreviations: Cl, confidence interval; PUVA, psoralen plus UVA.

Serum levels of some chemokines correlated with the
laboratory data

We analyzed the associations between the pretreatment
blood test values, chemokine levels, and PASI score (Table 3).
Neutrophil count positively correlated with the PASI score
(r = 0.572) and serum CCL17 (r = 0.672) and CXCL1 (r =
0.588) levels. The correlation between neutrophil count and
serum CCL17 levels is consistent with recently reported
findings (Kawasaki et al., 2020). Serum levels of the 22
chemokines evaluated did not correlate with lymphocyte or
eosinophil count. Hemoglobin levels inversely correlated
with serum CX3CL1 levels (r = —0.605). The serum levels of
CCL17 (r = 0.527), CCL20 (r = 0.515), CXCL1 (r = 0.625),
CXCL2 (r = 0.488), and CXCL9 (r = 0.578) positively
correlated platelet count. Erythrocyte sedimentation rate
correlated with serum CXCL1 (r = 0.530), CXCL2 (r = 0.566),
and CXCL12 (r = 0.459) levels. CRP protein levels correlated
with CCL11 (r = 0.536) and CXCL5 (r = 0.776) levels. No
comprehensive analysis of serum chemokines and laboratory
data in patients with psoriasis have been reported. Interest-
ingly, the serum levels of three neutrophil attractant chemo-
kines, CXCL1, CXCL2, and CXCL5, -correlated with
peripheral blood neutrophil count and inflammatory markers
(CRP protein and erythrocyte sedimentation rate). It is unclear
how changes in other serum chemokine levels reflect their
function or disease activity.

Changes in the chemokine patterns after bath PUVA therapy

We analyzed the intercorrelations of the 22 chemokines
before and after bath PUVA therapy. Heatmap showed that
CCL17, CCL18, CCL19, and CXCL16, whose serum levels
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correlated with the PASI score, and CXCL1 and CXCL9,
whose serum levels decreased after treatment, were all in one
cluster containing the PASI score (Figure 3). After bath PUVA
treatment, CXCL9 moved into another cluster that did not
contain the PASI score. CXCL9 is involved in the migration of
Th1 cells, which are lymphocytes that play a central role in
the pathogenesis of psoriasis. However, serum CXCL9 levels
did not correlate with the pretreatment PASI score in this
study. A heatmap showed CXCL9 in a cluster containing PASI
score before treatment. After treatment, the relationship with
the PASI score weakened, which may indicate an effect of
treatment.

Chemokines are intricately involved in the pathogenesis of
psoriasis

We examined the relationships between the serum chemo-
kine levels by network analysis on the basis of Spearman
correlations greater than an absolute value of r > 0.5
(Figure 4). The network graph is composed of edges and
nodes. Edges refer to the connections between the chemo-
kines, as illustrated by the lines. In this study, we defined
edges as connections between the chemokines with
Spearman correlations between the chemokines. Red edges
indicate a positive correlation (r > 0.5), and blue edges
indicate a negative correlation (r < —0.5). Nodes refer to
objects that are connected together, as illustrated by the cir-
cles. The size of each node represents the degree of centrality
(i.e., the number of edges from each node). The overall
number of network edges was 28. After treatment, the num-
ber of edges was reduced to 26, and the negative correlation
was increased from 1 to 3. Compared with the other
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Figure 2. Changes in serum chemokine levels after bath PUVA therapy. The serum levels of 22 chemokines before and after bath PUVA therapy. Red frames and
asterisks indicate a statistically significant change (adjusted P < 0.05). PUVA, psoralen plus UVA.
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Table 3. Correlation

between Serum Chemokines

and Laboratory Data before

Bath PUVA Therapy

WBC Neutrophils Lymphocytes Monocytes Eosinophils Hemoglobin Platelets IL-6 CRP ESR
PASI 0.474 (0.0258 — 0.572 (0.160 — 0.157 (=0.319to 0.314 (=0.163 to —0.0331 (—0.480 —0.183 (=0.588 0.356 (—0.116 —0.0613 (—0.538 0.304 (—0.241 to —0.0939 (—0.536
0.764) 0.815) 0.570) 0.672) to 0.427) to 0.296) to 0.697) to 0.445) 0.703) to 0.389)
CCL2 0.108 (—0.364 to  0.226 (—0.254 to —0.0962 (—0.527 —0.00902 0.227 (—0.253 to  —0.231 (—0.620 0.318 (—0.159  —0.103 (—0.567  0.328 (—0.216 to  0.0863 (—0.395 to
0.535) 0.616) to 0.374) (=0.461 to 0.447) 0.617) to 0.249) to 0.674) to 0.410) 0.716) 0.531)
CCL3 0.370 (—=0.101 to  0.376 (—=0.0938 0.262 (—0.218 to  0.444 (—0.0127 —0.0406 (—0.485 0.422 (=0.0389 0.163 (—0.314 —0.0588 (—0.536 0.154 (—0.384 to 0.117 (—=0.369 to
0.705) to 0.709) 0.639) to 0.747) to 0.421) to 0.735) to 0.574) to 0.447) 0.613) 0.553)
CCL4 0.178 (—0.300 to  0.287 (—0.191 to —0.108 (—0.536 0.138 (—0.337 to 0.147 (=0.328 to 0.301 (=0.177 to  0.339 (—0.135 —0.0686 (—0.543 —0.0177 (—0.521 0.128 (—0.359 to
0.584) 0.656) to 0.363) 0.557) 0.563) 0.664) to 0.687) to 0.439) to 0.494) 0.560)
CCL5 —0.138 (=0.557 — 0.0466 —0.184 (—0.588 —0.0541 (—0.496 —0.171 (=0.580 0.257 (=0.223 to 0.0527 (=0.411 —0.302 (—0.691 0.112 (=0.419to  0.0247 (—0.446 to
to 0.337) (=0.490 to 0.416) to 0.295) to 0.410) to 0.306) 0.636) to 0.495) to 0.224) 0.587) 0.485)
CCL11  0.278 (—0.201 to  0.310 (—0.168 to 0.134 (—0.341 to 0.202 (—0.278 to  0.0165 (—0.441 —0.361 (—=0.700 0.358 (=0.114 —0.125 (—0.582 0.536 (0.0391 — 0.369 (—0.116 to
0.650) 0.669) 0.554) 0.600) to 0.467) to 0.111) to 0.698) to 0.392) 0.821) 0.712)
CCL17 0.537 (0.110 — 0.672 (0.314 — 0.0872 (—0.382 0.343 (—=0.131 to 0.334 (—=0.141 to —0.434 (—0.742  0.527 (0.0959 0.382 (—0.136 to 0.498 (—0.0133 to  0.397 (—0.0848 to
0.797) 0.863) to 0.520) 0.689) 0.684) to 0.0242) —0.791) 0.736) 0.803) 0.728)
CCL18 0.153 (—0.323 to  0.202 (—0.278 to —0.0346 (—0.481 —0.119 (—=0.543  0.0827 (—0.386 —0.0625 (=0.502 0.317 (—=0.160 0.00980 (—0.485 —0.0118 (—0.516 —0.0960 (—0.538
0.567) 0.600) to 0.426) to 0.354) to 0.517) to 0.403) to 0.674) to 0.500) to 0.499) to 0.387)
CCL19 0.281 (—0.198 to  0.457 (0.00428 —0.165 (—=0.576 0.108 (—=0.363 to 0.143 (—0.332to —0.217 (—=0.610 0.424 (—0.0364 0.260 (—0.267 to  0.273 (—=0.272 to 0.198 (—0.295 to
0.651) — 0.754) to 0.312) 0.536) 0.560) to 0.263) to 0.736) 0.667) 0.686) 0.608)
CCL20 0.339 (—0.135to  0.420 (—0.0422 —0.0436 (—0.488 0.0752 (—0.392  0.429 (—0.0313  —0.442 (—0.746  0.515 (0.0795 0.378 (—0.141 to  0.387 (=0.150 to  0.432 (—0.0424 to
0.687) to 0.734) to 0.418) to 0.511) to 0.739) to 0.0149) — 0.785) 0.734) 0.748) 0.747)
CCL21  0.152 (—=0.324 to  0.0376 (—0.423  0.296 (—=0.182 to —0.0211 (—=0.470 0.305 (—0.172 to —0.0459 (—0.489 0.0421 (—0.420 —0.0319 (=0.516 —0.301 (—=0.702 to —0.120 (=0.555 to
0.567) to 0.483) 0.661) to 0.437) 0.667) to 0.417) to 0.487) to 0.468) 0.244) 0.366)
CCL22  0.158 (—0.319to 0.104 (—0.367 to 0.104 (—0.367 to 0.108 (—0.363 to 0.206 (—0.273 to —0.213 (—0.608 0.257 (—0.222 —0.0343 (—0.518 —0.0148 (—0.519 0.238 (—0.256 to
0.571) 0.532) 0.532) 0.536) 0.603) to 0.266) to 0.637) to 0.466) to 0.497) 0.633)
CCL27  —0.320 (—=0.676 —0.247 (—0.630 —0.229 (—0.618 —0.513 (=0.784 0.286 (—0.193 to —0.0474 (—0.491 —0.00677 —0.0392 (—-0.522 —0.207 (—0.647 to —0.214 (—=0.618 to
to 0.156) to 0.233) to 0.251) to 0.0769) 0.655) to 0.415) (=0.459 to to 0.462) 0.336) 0.279)
0.448)
CXCL1 0.458 (0.00545 0.588 (0.183 — 0.0376 (—0.423  0.289 (—0.190to  0.0617 (—0.403  —0.313 (—0.671 0.625 (0.239 — 0.206 (—=0.319to  0.282 (—0.263 to 0.530 (0.0848 —
— 0.755) 0.822) to 0.483) 0.656) to 0.501) to 0.164) 0.841) 0.634) 0.691) 0.798)
CXCL2  0.195 (—0.284 to 0.253 (—0.227to  —0.00752 —0.0391 (—0.484 0.0466 (—0.416 —0.354 (—0.696 0.488 (0.0444 —0.0882 (—0.557 0.412 (~0.121t0  0.566 (0.136 —
0.596) 0.634) (—0.460 to 0.448) to 0.422) to 0.490) t0 0.119) —0.771) to 0.423) 0.761) 0.816)
CXCL5 0.379 (=0.0902  0.382 (—0.0868 0.205 (=0.275to 0.374 (—0.0955 —0.00752 —0.355 (—0.697 0.349 (=0.124 0.250 (—=0.277 to 0.776 (0.442 — 0.451 (—=0.0184 to
to 0.711) to 0.712) 0.602) to 0.708) (—0.460 to 0.448) to 0.117) to 0.693) 0.661) 0.921) 0.758)
CXCL8 0.160 (—=0.317 to 0.278 (=0.201 to  0.0301 (—=0.430  0.0737 (=0.393 0.287 (—0.191 to 0.294 (—0.185to 0.147 (—0.329 0.260 (=0.267 to —0.0857 (=0.569  0.0388 (—0.435 to
0.572) 0.650) to 0.477) to 0.510) 0.656) 0.659) to 0.563) 0.667) to 0.441) 0.495)
CXCL9 0.243 (—0.237 to  0.385 (—0.0833  —0.199 (—0.598 0.0346 (—0.426 0.337 (—0.138 to —0.169 (—0.578 0.578 (0.168 — 0.304 (=0.222 to  0.421 (=0.110 to 0.298 (—0.195 to
0.628) to 0.714) to 0.281) to 0.481) 0.686) to 0.309) 0.817) 0.693) 0.765) 0.670)
CXCL10 —0.0226 (—0.471 0.114 (—0.358 to —0.209 (—0.605 —0.187 (—0.590 0.438 (—0.0202 —0.0580 (—0.499 0.0655 (—0.400 —0.0172 (—=0.505 0.127 (—0.407 to  —0.189 (—0.602 to
to 0.436) 0.540) to 0.270) to 0.292) to 0.744) to 0.406) to 0.504) to 0.479) 0.596) 0.303)
CXCL11 0.177 (=0.301 to  0.385 (—0.0833 —0.161 (—0.573 —0.0391 (—0.484 —0.248 (=0.631 0.132 (—0.342 to 0.202 (—0.277  0.0931 (—0.419 0.464 (—0.0574 to  0.0943 (—0.388 to
0.584) to 0.714) to 0.316) to 0.422) to 0.232) 0.552) to 0.601) to 0.560) 0.786) 0.536)
CXCL12 —0.0613 (—0.501 —0.0873 (—0.520 0.0346 (—0.426 —0.0527 (—0.458 —0.00827 —0.422 (—0.735 0.0414 (=0.420 —0.191 (—0.625 —0.0480 (—0.543 0.459 (—0.00813
to 0.404) to 0.382) to 0.481) to 0.450) (=0.460 to 0.447) to 0.0387) to 0.486) to 0.332) to 0.471) to —0.762)
CXCL16 0.185 (—0.293 to 0.343 (—0.131to —0.155 (—=0.569 —0.0376 (—0.483 —0.205 (=0.602  0.0940 (—0.376 0.411 (—=0.0527 —0.118 (—=0.577 0.0532 (—0.467 to —0.136 (—=0.566 to
0.589) 0.689) to 0.321) to 0.423) to 0.275) to 0.525) to 0.729) to 0.398) 0.546) 0.352)
CX3CL1  —0.163 (=0.574 —0.0466 (—0.490 —0.218 (=0.611 —0.164 (—0.575 —0.158 (—0.571 —0.605 (—0.831 —0.0572 —0.101 (—0.565 —0.0842 (—0.568  0.263 (—0.230 to
to 0.314) to 0.416) to 0.262) to 0.313) t0 0.319) to —0.209) (—0.498 to t0 0.412) to 0.442) 0.649)
0.407)

Abbreviations: ESR, erythrocyte sedimentation rate; FDR, false discovery rate; WBC, white blood cell.
The P-values were adjusted using an FDR procedure and the bold showed an adjusted P < 0.05.
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Figure 3. Heatmaps of chemokine correlations before and after bath PUVA therapy. Heatmaps and hierarchical cluster analytics (Ward’s method) were
performed to depict the overall correlation profiles of chemokines and PASI scores on the basis of Spearman correlation matrices before and after bath PUVA

therapy. PUVA, psoralen plus UVA.

chemokines, the serum levels of CCL17, CCL18, CCL19, and
CXCL16, which correlated with the PASI score before treat-
ment, also correlated with the levels of the most other che-
mokines. Serum CCL19 levels strongly correlated with
CCL17, CCL18, CCL20, CXCL1, CXCL8, CXCL9, and
CXCL16 levels before treatment, which was the greatest
number of chemokines correlated with a single chemokine.
After bath PUVA therapy, serum CCL19 levels correlated only
with four chemokines: CCL17, CXCL1, CXCL8, and CXCL16.
Although serum CCL19 levels were not decreased by treat-
ment, the correlations between the serum CCL19 levels
decreased and changed. The largest decrease in the number
of correlated chemokines before and after treatment was

Before bath PUVA therapy

CXCL16
CX3CL1

C

observed in CCL19 and CCL20 by three; two decreases were
observed in CCL4, CCL27, and CXCL2. CCL20 and CCL27
correlated with the serum levels of three chemokines (CCL17,
CCL19, CXCL9) and two chemokines (CCL2 and CXCL10).
After treatment, the correlation coefficients decreased to
below 0.5, and CCL20 and CCL27 did not map with any of
the other factors. Bath PUVA therapy changed the correlation
patterns between the chemokines. This finding suggests that a
complex relationship exists among the chemokines involved
in psoriasis. The relationship between the actual changes of
each chemokine after bath PUVA therapy with psoriasis
pathophysiology is difficult to explain on the basis of network
analysis alone.
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Figure 4. Network analysis of chemokine correlation before and after bath PUVA therapy. Network analysis revealed Spearman correlations between the
chemokines. Red edges indicate a positive correlation (r > 0.5), and blue edges indicate a negative correlation (r < —0.5). The size of each node represents

degree centrality. PUVA, psoralen plus UVA.
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DISCUSSION

Psoriasis is a T-cell-mediated autoimmune disease charac-
terized by increased KC proliferation leading to the formation
of distinct erythematous plaques with silver—white large
scales (Boehncke and Schoén, 2015). Although the patho-
physiology of psoriasis is not yet fully elucidated, several
studies have shown significant roles of chemokines, immune
cells, KCs, and cytokines in the disease.

This study comprehensively examined the serum levels of
22 chemokines in patients with psoriasis treated with bath
PUVA therapy. The PASI score before bath PUVA therapy
correlated with the serum levels of CCL17, CCL18, CCL19,
and CXCL16. Although CCL18, CCL19, and CXCL16 are
involved in the pathogenesis of psoriasis, their correlation
with the PASI score has not been evaluated. Comprehensive
gene expression analysis of psoriatic skin lesions revealed
increased mRNA levels of nine chemokines, including
CCL18, CCL19, CCL21, and CXCL12 (Zhou et al., 2003).
CCL18 is mainly secreted by antigen-presenting cells such as
DCs and monocytes and recruits CLA-positive memory T
cells in AD (Gunther et al., 2005). Immunostaining of biopsy
skin tissue shows CCL18" cells in AD and psoriatic lesions
(Kim et al., 2012). CCL19, secreted mainly from DCs, likely
recruits CCR7" T cells and DCs from the blood to the su-
perficial dermis and may create the same environment for the
expansion of effector memory T cells from central memory T
cells (Mitsui et al., 2012). Administration of anti-TNF bi-
ologics decreases CCL19 gene expression and abolishes
dermal lymphoid-like tissue (Bose et al., 2013). However,
Mitsui et al. (2012) reported that CCL21 transcript level and
CCL21 protein level are relatively low in psoriatic dermal
aggregates. CXCL16 mediates the homing of CXCR6" CD8 T
cells to human skin (Gunther et al., 2012). CXCL16 is
secreted by monocytes and DCs by toll-like receptor stimu-
lation and could mediate neutrophil migration through
CXCLS8 (Steffen et al., 2018).

Bath PUVA treatment significantly decreased the serum
levels of CCL17, CCL22, CXCL1, and CXCL9. Among these,
CCL17 was the only chemokine whose serum levels corre-
lated with the pretreatment PASI score and were decreased
further by phototherapy. CCL17, a CCR4 ligand expressed in
Th2 cells, is a well-known biomarker for AD (Kakinuma
et al., 2001). Serum CCL17 levels in patients with psoriasis
(especially those with pustular psoriasis) correlate with PASI
score (Kawasaki et al., 2020; Shibuya et al., 2018). Immu-
nohistologic staining showed that epidermal KCs in skin bi-
opsy tissues obtained from patients with psoriasis are slightly
positive for CCL17 but not at the same level as in AD
(Kakinuma et al., 2001), and CCL17 mRNA expression is
increased in psoriasis lesions compared with that in nonle-
sional areas (Rottman et al., 2001). In normal epidermal KCs
from patients without psoriasis, IFN-y combined with TNF-a
stimulation significantly increases CCL17 concentration in
the culture supernatant (Vestergaard et al., 2000) and the
CCL17 mRNA expression in cultured dermal vascular endo-
thelial cells (Rottman et al., 2001). CCR4 is also expressed on
Th17 cells (Lim et al., 2008). On the other hand, CCL17 is
abundant in platelets, and platelet activation leads to the
release of a-granule chemokines, such as CCL3, CCL5, CCL7,
CCL17, CXCL1, CXCL5, and CXCL8, which attract
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leukocytes and further activate other platelets (Fujisawa et al.,
2002; Gear and Camerini, 2003). In this study, serum CCL17
levels correlated with platelet count before and after treat-
ment. We cannot rule out the effects of CCL17 on platelets.
Skin-tropic memory T cells are positive for CLA and skin-
homing receptors such as CCR4, CCR6, CCR8, and CCR10
(Casciano et al., 2020; Homey et al., 2000; Hudak et al.,
2002; Schaerli et al., 2004). In patients with psoriasis, CLA,
CCR4, and CCR6 expressions are decreased, and CXCR3 and
CCL5 expression is significantly increased because
CCR7"CD45RA™CD41/CD8" central memory T cells differ-
entiate into CCR7"CD45RA™ effector memory T cells
(Casciano et al., 2020).

Similar to CCL17, CCL22 is a CCR4 ligand. In patients with
psoriasis, plasma CCL22 levels are increased (Ekman et al.,
2013). CCL22 is thought to be secreted from KCs and
endothelium by stimulation with IFN-y and TNF-a and to
mediate the migration of CLA™ T cells (Rottman et al., 2001).
CCL17 and CCL22 may play important roles in the migration
of circulating central memory T cells from the blood to the
skin. CXCL1 is secreted by epidermal KCs by IL-17 stimula-
tion and promotes CXCR2" neutrophil migration (Gillitzer
et al.,, 1996; Takei-Taniguchi et al., 2012). Neutrophils
migrate into the epidermis through proinflammatory medi-
ator signaling, including IL-17, and form Munro’s micro-
abscesses. Our study showed that serum CXCL1 levels
correlated with neutrophil counts. CXCL2, CXCL5, and
CXCL8 have similar neutrophil migration—promoting func-
tions (Chiricozzi et al., 2018; Lorscheid et al., 2019), but bath
PUVA treatment did not significantly decrease these
chemokines.

Th1 cells expressing chemokine receptor CXCR3 have a
crucial role in the pathogenesis of psoriasis and are recruited
by CXCL9, CXCL10, and CXCL11 from KCs by IFN-y and
TNF-a0 (Johansen et al., 2017; Rottman et al., 2001). How-
ever, serum levels of CCL3, CCL4, CCL5, and CX3CL1, which
are also involved in Th1 cell migration (Dai et al., 2014;
Fraticelli et al., 2001; Giustizieri et al., 2001), were
unchanged.

Although serum levels of CCL20 and CCL27 were not
significantly decreased, their correlation with the disease
state (r > 0.5) before and after treatment disappeared. CCL20
is secreted by epidermal KCs in response to IL-17 stimulation
and recruits CCR6™" Th17 cells (Furue et al., 2020). Resident
memory T cells are implicated in the maintenance and
recurrence of psoriatic lesions. In the epidermis of never-
lesional skin from patients with psoriasis, CCR6"CD4-
resident T cells, which produce IL-17, IFN-y, and IL-22, are
enriched, in addition to CD1037CD49a"CD8 T cells. KCs
from never-lesional skin have an increased CCL20 response
to microbial organisms, leading to the accumulation of
CCR6™ T cells able to produce disease-inducing cytokines.
As a result, new psoriatic lesions develop (Gallais Sérézal
et al., 2019).

CCL27, secreted from KCs by IL-1p and TNF-a stimulation,
mediates the migration of CCR10*/CLA* lymphocytes to the
epidermis (Homey et al., 2002). Serum CCL27 levels are
increased in patients with psoriasis vulgaris compared with
those in healthy people (Kakinuma et al., 2003) and correlate
with PASI score (Chen et al., 2019). On the other hand, the
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Table 4. A Review of the 22 Chemokines Analyzed in this Study

Secreted Stimulation

Chemokine Receptor  (In Vitro or In Vivo) Putative Functions Reference
Secreted from KCs
CCL2 CCR2 IFN-v, TNF-o. Monocyte and macrophage trafficking Behfar et al. (2018)
CCL3 CCR5 Unknown Th1 cell trafficking Dai et al. (2014)
CCL4 CCR5 Unknown Th1 cell trafficking Dai et al. (2014)
CCL5 CCR5 TNF-a, IFN-y Th1 cell trafficking Dai et al. (2014); Giustizieri et al.
(2001)
CCL11 CCR3 Unknown Unknown No papers
CCL17 CCR4 TNF-o, IFN-y Skin homing and T-cell trafficking Rottman et al. (2001)
CCL20 CCR6 TNF-a, IL-17 Th17 cell and DC trafficking Furue et al. (2020)
CCL22 CCR4 TNF-0, IFN-y Skin homing and T-cell trafficking Rottman et al. (2001)
CCL27 CCR10 TNF-o,, IL-1 Skin homing and T-cell trafficking Chen et al. (2019); Homey et al.
(2002); Kakinuma et al. (2003)
CXCL1 CXCR2 IL-17 Neutrophil trafficking Gillitzer et al. (1996); Takei-Taniguchi
et al. (2012)
CXCL2 CXCR2 IL-17, IL-36 Neutrophil trafficking Chiricozzi et al. (2018)
CXCL5 CXCR2 IL-17, IL-36 Neutrophil trafficking Chiricozzi et al. (2018)
CXCL8 CXCRT1,2 IL-17 Neutrophil trafficking Takei-Taniguchi et al. (2012)
CXCL9 CXCR3 TNF-a, IFN-y Th1 cell trafficking Rottman et al. (2001)
CXCL10 CXCR3 TNF-a, IFN-y Th1 cell trafficking Rottman et al. (2001)
CXCL11 CXCR3 IFN-o Th1 cell trafficking Johansen et al. (2017)
CXCL16 CXCR6 TNF-a, IFN-y CD8" T-cell trafficking Giinther et al. (2012); Steffen et al.
Neutrophil trafficking (2018)
Secreted from DCs
CCL18 CCR8 Unknown T-cell trafficking Zhou et al. (2003)
CCL19 CCR7 Unknown DC and T-cell trafficking and promoting the ~ Mitsui et al. (2012); Zhou et al. (2003)
formation of secondary lymphoid tissue
CCL21 CCR7 Unknown DC and T-cell trafficking and promoting the Zhou et al. (2003)
formation of secondary lymphoid tissue
CXCL16 CXCR6 Type-l IFN, TNF-o CD8" T-cell trafficking Giinther et al. (2012); Steffen et al.
Neutrophil trafficking (2018)
Secreted from
monocytes/
macrophages
CCL18 CCR8 Unknown T-cell trafficking Zhou et al. (2003)
CXCL16 CXCR6 Type-I IFN, TNF-ou CD8" T-cell trafficking Giinther et al. (2012); Steffen et al.
Neutrophil trafficking (2018)
Secreted from ECs
CCL17 CCR4 TNF-0, IFN-y Skin homing and T-cell trafficking Rottman et al. (2001)
CX3CL1 CX3CR1 TNF-0, IFN-y Th1 polarization, NK cells trafficking Fraticelli et al. (2001)
Secreted from
fibroblasts
CXCL12 CXCR4 Unknown Keratinocyte proliferation Quan et al. (2015)

Abbreviations: DC, dendritic cell; EC, endothelial cell, KC, keratinocyte; Th, T helper.

CCL27-CCR10 axis, which regulates the activation of y3T
and afT cells, however, is severely suppressed in patients
with psoriasis (Li et al., 2021; Riis et al., 2011).

Considering the multiple chemokine receptors reduced by
bath PUVA therapy in this study, Th22 cells, which comprise
a subset of CCR4*CCR6"CCR10"CD4 T cells that secrete IL-
22 but not IL-17 or IFN vy (Duhen et al., 2009), may also be
reduced by bath PUVA therapy. Th22 cells are increased in
the peripheral blood (Kagami et al., 2010) and skin lesions
(Nograles et al., 2009) of patients with psoriasis. Th22 cells as
well as Th17 cells produce IL-22, which upregulates signal
transducer and activator of transcription 3, thereby promoting
the proliferation of dermal KCs (Zheng et al., 2007). Bath
PUVA therapy may also inhibit Th22 migration.

Chemokines whose serum levels were reduced after bath
PUVA therapy (CCL17, CCL22, CXCL1, CXCL9) are pro-
duced by epidermal KCs and act as immune cell chemo-
attractants (Tables 4 and 5), suggesting that decreasing the
serum levels of these chemokines by bath PUVA would
reduce immune cell recruitment (Figure 5). CCR4, chemo-
kine receptor—binding chemokines reduced by bath PUVA
therapy, is expressed in central memory. Therefore, bath
PUVA therapy may reduce disease recurrence. Although bi-
ologics have made remarkable contributions to the treatment
of psoriasis, phototherapy should still be considered an
essential treatment option.

Previous researchers revealed a decrease in plasma CXCL8
levels and serum CCL2 levels in patients with psoriasis after
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Table 5. Receptors Expressed in Immune Cells
Associated with Psoriasis

Receptor Immune Cells
CXCR2 Neutrophils
CXCR3 Th1, Tem cells
CCR4 Tem cells, Th17, Th22
CCR6 Th17, DCs
CCR7 Tem cells
CCR8 CLA" T cells
CCR10 Tem cells, Th17, Th22
CX3CR1 Th1, NK cells

Abbreviations: CLA, cutaneous lymphocyte-associated antigen; DC,
dendritic cell; Tcp, central memory T cell; Ty, effector memory T cell;
Th, T helper.

NB-UVB therapy (Coimbra et al., 2010; Gao and Wang,
2015). Our results showed no significant decrease in the
serum CXCL8 and CCL2 levels after bath PUVA therapy.
Considering the neutrophil migration—promoting functions of
CXCL8, both NB-UVB and bath PUVA therapy may have
similar suppressive effects on neutrophil recruitment in the
skin lesion. In addition, the type of KC-derived chemokines
that are suppressed by the therapies may differ depending on
the wavelength. On the other hand, plasma CCL17, CCL20,
CCL22, CXCL8, CXCL9, and CXCL10 levels were not
changed significantly at 12 weeks after NB-UVB (Ekman
et al., 2013). Contrary to NB-UVB, UVA reaches the dermis
in normal human skin (Meinhardt et al., 2008). Therefore,
even in psoriatic rashes with a thick stratum corneum, bath
PUVA therapy may more fully reach the epidermal KCs, DCs,
and monocytes in the dermis.

In summary, several chemokines correlated with the dis-
ease state of psoriasis in our patient population. In addition,
chemokines secreted by KCs, which induce the migration of
immune cells important for the pathogenesis of psoriasis,
were reduced by bath PUVA therapy, partly revealing the
mechanism of action of the therapy.

Figure 5. Schematic model of the a
effect of bath PUVA therapy on
chemokines and immune cells in
psoriatic lesions. (a) In psoriatic skin
lesions, various types of immune cells
with specific chemokine receptors are
recruited by the corresponding
chemokine ligands secreted from KCs.
(b) After bath PUVA therapy, the
serum levels of chemokines secreted
from KCs are reduced, which
suppresses the recruitment of immune
cells. KC, keratinocyte; PUVA,
psoralen plus UVA; Th1, T helper

type 1.
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MATERIALS AND METHODS

Human study

All experiments with human samples were conducted in accordance
with the ethical principles of the Declaration of Helsinki. The
Institutional Review Board of Nagoya City University Graduate
School of Medical Sciences (Japan) approved our protocols
(approval numbers 312, 325-4, and 325-5). All participants provided
written informed consent for the use of their serum. This single-
center, retrospective cross-sectional observational study was con-
ducted at Nagoya City University Hospital (Japan).

Study design and blood samples

A total of 20 patients with psoriasis (mean age of 52.6 years, range:
27-75 years; 14 men) for whom bath PUVA therapy was initiated
between 2007 and 2011 were enrolled in the study (Table 1). Of the
20 patients, 17 had psoriasis vulgaris, and 3 had psoriatic arthritis.
Only 1 patient was treated as an outpatient, and the other 19 pa-
tients were treated in the hospital. We obtained some peripheral
blood before beginning the bath PUVA therapy and after approxi-
mately 20 radiation sessions. Serum was purified from blood.

Bath PUVA therapy protocol

During hospitalization, the patients were bathed with a 0.0001% 8-
methoxy psoralen dilution at 37 °C for 15 minutes, followed by
systemic UVA radiation immediately thereafter, five sessions per
week. The UVA radiation was applied using a Dermaray TS (Eisai-
Toshiba, Tokyo, Japan) with FLRTO0HBL/A/DMR fluorescent tubes.
UVA radiation was started at 0.5 J/cm? and was increased by in-
crements of 0.5 J/cm? with a maximum dose of 4.0 J/cm?. When
symptoms such as strong erythema, erosion, or skin pain occurred
during UVA radiation, the UVA dose was not further increased, and
UVA radiation was continued at a dose below 4.0 J/cm?. In the
outpatient clinic, UVA radiation was conducted for one session per
week. UVA radiation was initiated at 0.2 J/cm?, and radiation doses
were increased as follows: 0.5 J/cm?, 0.8 J/cm?, 1.1 J/cm?, 1.5 )/cm?,
1.9 J/em?, 2.3 J/cm?, 2.8 J/cm?, 3.3 J/cm?, and 4.0 J/cm?.

Chemokine analysis
Chemokine analysis was performed on the blood serum of 20 pa-
tients. A total of 13 chemokines—CCL2 (MCP-1), CCL3 (MIP-1a),
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CCL4 (MIP-1P), CCL5 (RANTES), CCL11 (Eotaxin), CCL17 (thymus
and activation-regulated chemokine), CCL20 (MIP-3a), CXCL1
(GROua), CXCL5 (ENA-78), CXCLS8 (IL-8), CXCL9 (MIG), CXCL10 (IP-
10), and CXCL11 (I-TAC)—were analyzed using a flow cytometry
bead-based immunoassay (LEGENDplex Human Proinflammatory
Chemokine Panel [13-plex], BioLegend, San Diego, CA, #740003)
according to the manufacturer’s instructions. Nine other chemokines
were analyzed using a flow cytometry bead-based immunoassay
(Aimplex Premixed Analyte Kit, Human CCL21, 6Ckine; AimPlex
Biosciences, Pomona, CA, #B112464) and a human custom 8-Plex
panel, including CCL18 (PARC), CCL19 (MIP-3B), CCL22 (MDC),
CCL27 (CTACK), CXCL2 (GROB), CXCL12 (SDF-1), CXCL16, and
CX3CL1 (fractalkine) (AimPlex Biosciences, #T1C080627). The
samples were acquired on a FACSVerse equipped with BD FACSuite
Software (BD Bioscience, San Jose, CA) and were analyzed with
FCAP Array Software Version 3.0 (BD Bioscience).

Laboratory data

Peripheral blood from the same study-enrolled participants was
collected before starting the bath PUVA therapy as part of a routine
blood test. White blood cell counts; the number of circulating
neutrophils, lymphocytes, monocytes, eosinophils, hemoglobin, and
platelets; CRP protein; erythrocyte sedimentation rate; and IL-6 were
measured in the central laboratory at our hospital.

Statistical analyses

All statistical analyses were performed using Prism 8.4.1 (GraphPad
Software, San Diego, CA). Before applying parametric analysis
methods, we examined the normality of the data using the Shapiro—
Wilk normality test. Normally distributed numerical data are sum-
marized using mean and SD, and non-normally distributed data are
summarized using median and 25—75% percentile (Table 1). Serum
chemokines and laboratory data mainly deviated from the normal
distribution; therefore, nonparametric methods were used. Data
shown in Figure 1 and Tables 2 and 3 were analyzed by Spearman
rank correlation coefficients to examine the associations between
pretreatment/post-treatment serum chemokine levels, laboratory
data, and PASI scores. Data shown in Figure 2 were analyzed by
Wilcoxon matched-pairs signed-rank test. P-values were adjusted
using the Benjamini—Hochberg procedure to produce a false dis-
covery rate. Significant results were determined on the basis of a
false discovery rate—adjusted P < 0.05.

The heatmaps and network analysis presented in Figures 3 and 4
were generated from Spearman correlation matrices containing
values of serum chemokine levels before and after bath PUVA
treatment. The heatmaps were generated with Prism (GraphPad
Software), and hierarchical clustering was carried out using Ward'’s
method with R language, version 3.6.3 (www.r-project.org). The
network among serum chemokines was visualized with Cytoscape
software, version 3.8.0 (https:/cytoscape.org/). In the network
graphs, edges were limited to Spearman correlations greater than an
absolute value of r > 0.5.
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