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TO THE EDITOR

There is a functional circadian clock in
most of the skin’s cell types (Plikus
et al., 2015). In hairless mouse skin
studies, it has been shown that the time
of day of UVR exposure influences
erythemal response, sunburn-induced
apoptosis, p53 formation, and repair
of DNA photoproducts, suggesting that
the circadian clock plays a role in these
UVR-induced responses (Gaddameedhi
et al., 2015). In humans, we showed
earlier that after exposure to narrow-
band UVB, the summarized evening
erythema index (El) scores were higher
than the morning scores, thus suggest-
ing that human skin is more vulnerable
to UVR in the evening in vivo (Nikkola
et al., 2018). Diurnal preference (DP),
the behavioral trait for timing daily ac-
tivities, correlates with the intrinsic
period of the human circadian clock
(Duffy et al., 2001), and it might
thereby influence the timing of being
exposed to UVR.

Our current study reports the
outcome of narrow-band UVB minimal
erythema dose (MED) phototesting in
the morning versus evening, being
performed 12 hours apart, and defines
erythema response of the skin in 36
volunteers (aged 22—65 years) with
Fitzpatrick’s skin phototype Il to I
(Fitzpatrick, 1988). The Regional Ethics
Committee of Tampere University
Hospital District (Tampere, Finland)
approved the study protocol. All vol-
unteers gave their written informed
consent. We assessed their DP and
analyzed whether the DP was associ-
ated with narrow-band UVB erythema
24 hours after irradiations.

By applying a single (sixth) item of
the modified Morningness-Eveningness
Questionnaire for the assessment of
DP (Hatonen et al., 2008; Merikanto

et al.,, 2021), 25 participants were of
definitely or rather a morning type and
11 participants were of definitely or
rather an evening type. Further details
of the assessment are available in
Supplementary Materials and Methods.

MED testing to define erythema
sensitivity was performed twice, 12
hours apart, that is, between 7 and 9
AM and between 7 and 9 PM. The
standard MED testing included five
UVB doses, ranging from 1 standard
erythemal dose increased stepwise by
a factor i to 4 standard erythemal
dose. Twenty-four hours after expo-
sure, a faint and just perceptible
reddening without sharp borders or
corners was defined as MED
(Dornelles et al.,, 2004; Heckman
et al.,, 2013; Taylor et al., 2002).
MED was quantified by the naked eye
(H) and VN) using a five-point scale
as —, (+), +, ++, or +++, where (+)
was the MED. El of the test squares,
which represents the intensity of the
reflected wavelengths of red and green
(Ly et al., 2020), was measured using
reflectance spectrometry (DermaSpec-
trometer; Cortex Technology, Had-
sund, Denmark).

The human skin in vivo showed more
redness in the evening than in the
morning, and the results observed by
the naked eye were consistent with the
El readings (P < 0.001, Wilcoxon
signed-rank test with exact P-values;
Supplementary Table S1). Furthermore,
we found that morning larks appeared
to be more prone to evening UVB
exposure—induced skin burns than
night owls. El by morning or evening
type is shown in Figure 1.

In the evening, the difference in El be-
tween the two types of DPs was signifi-
cant (P < 0.001, generalized estimating
equations) (Figure 1). This may indicate

Abbreviations: DP, diurnal preference; El, erythema index; MED, minimal erythemal dose
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that the individual circadian time of
the morning types may compromise
skin protection against UVR in the eve-
ning. In MED testing during morning
sessions, no statistical difference be-
tween DPs was found in Els. It is possible
that the internal time in the evening type
is delayed but not to an extent that could
still affect the sensitivity of the skin to
narrow-band UVB exposure at 7 to 9 AM.
The results from the two alternative as-
signments to chronotype (morning vs.
intermediate vs. evening and morning vs.
intermediate + evening) were similar but

not significant (Supplementary
Figure S1).
It was shown earlier that human

proliferating epidermal cells from
healthy skin biopsies exhibited circa-
dian rhythms peaking at approximately
1 hour before midnight (the M-phase of
the cell cycle) and troughs at noon
(Mehling and Fluhr, 2006). In the ker-
atinocyte cell line HaCaT, proliferation
was influenced by melatonin, and
interestingly, expression in circadian
clock genes was modulated by low-
dose UVB irradiation (Kawara et al.,
2002). Accordingly, many skin func-
tions exhibit circadian rhythms, and the
skin seems to be more reactive toward
the late afternoon and evening than in
the morning and early afternoon (Le Fur
et al., 2001).

To conclude, the mechanisms pro-
tecting human skin against UVR are
proposed to be active in the morning
and daytime. However, our current re-
sults show that night owls appear to
have more active protective mecha-
nisms in the evening hours than morn-
ing larks. This may be linked to
differences in their circadian clock
functions. UVR-induced erythema is an
inflammatory response, and therefore,
our findings may also reflect time-of-
day influence on inflammation.

In addition, independent of DP, eve-
ning UVB exposures seem to be more
dangerous considering the risk of skin
burns. Our results suggest that it might
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Figure 1. El by morning and evening type. On the left, the graph shows El as a function of SED of NB UVB after exposure in the morning and in the evening (n =
36). In the evening, the difference in El between the morning and evening types as assessed by DP was significant (P < 0.001, generalized estimating equations),
whereas no significant difference was found in the morning (P = 0.13, generalized estimating equations). On the right, the graph shows that 4 SED Els are higher
in the evening for both morning and evening types. DP, diurnal preference; El, erythema index; NB, narrow band; SED, standard erythemal dose.

be beneficial to assess DP of each pa-
tient before testing the photosensitivity
defining the MED. In this way, skin
burns related to diurnal variation in
photosensitivity could be avoided,
especially if phototherapy were to be
administered in the evening. Being
aware of the impact of DP on sunburn
sensitivity might be important in pro-
tecting the skin from sunlight when
traveling across time zones to sunny
destinations. Links between the circa-
dian clock of skin cells and the time of
UVR exposure may give a new insight
into this puzzle.
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TO THE EDITOR
How tissues recognize damage signals
and initiate the rearrangement of
epidermal stem cells and their niche is
a fundamental question in regenera-
tion. We previously showed that toll-
like receptor 3 (TLR3) signaling is acti-
vated by endogenous double stranded
noncoding RNAs (dsRNAs) released
from damaged tissues (Nelson et al.,
2015) and stimulates intrinsic retinoic
acid (RA) synthesis to synergistically
promote tissue regeneration (Kim et al.,
2019). These combined effects are
essential to understanding the mecha-
nisms that underlie regeneration.
However, the pathways that underlie
the synergistic effect between RA and
dsRNA are not known.

To investigate the molecular path-
ways that drive TLR3-mediated regen-
eration, we inquired how dsRNAs

released by damaged tissues activate
TLR3 to induce intracellular signaling.
We first examined proteins known to
participate in TLR3 signaling. In
particular, we identified MSR1, RFTN1,
RFTN2, ITGAM, and CD14 as potential
targets. Previous studies have shown
that these cell surface receptors are
able to bind to dsRNA or its synthetic
analog polyinosine:polycytidylic acid
(poly 1:C) and thereby facilitate TLR3
activation (Dansako et al., 2013; Lee
et al.,, 2006; Nguyen et al., 2017;
Watanabe et al.,, 2011; Zhou et al.,,
2013). Expression of CD14, a pattern-
recognition receptor in the innate im-
mune system, enhances TLR3-mediated
dsRNA sensing. Specifically, when
bone marrow—derived macrophages
were treated with poly 1:C, CD14 was
found to bind directly to small frag-
ments of dsRNA and promote cellular

Abbreviations: dsRNA, double-stranded noncoding RNA; K, keratin; KC, keratinocyte; poly I:C,
polyinosine:polycytidylic acid; RA, retinoic acid; siRNA, small interfering RNA; TLR3, toll-like receptor

3; WIHN, wound-induced hair neogenesis
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uptake and delivery to TLR3 (Lee et al.,
2006).

To begin to understand the nature of
the synergy between RA and poly I:C
(Kim et al., 2019), we first tested
whether the sequence of treatment with
either agent was superior for activating
IL6 and TLR3, transcripts known to be
activated by dsRNA. We compared
between a pretreatment with RA (1 pM)
followed by continued exposure to RA
(48 hours) after the delayed addition of
poly I:C (0.5 pg/ml, 48 hours) and pre-
treatment with poly I:C followed by
continued exposure to poly I:C after the
delayed addition of RA. Fascinatingly,
in both mRNA (Figure 1a) and protein
(Figure 1b) expressions, only pretreat-
ment with RA but not delayed addition
led to much higher levels of IL6 and
TLR3. We hypothesized that RA might
somehow enhance subsequent dsRNA
cellular internalization and signaling.
To test this, we applied fluorescein-
tagged poly I:C to keratinocytes (KCs)
and discovered that pretreatment with
RA dramatically enhanced dsRNA
cellular internalization (Supplementary
Figure S1). These results are consistent
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SUPPLEMENTARY MATERIALS AND

METHODS
Ethical consideration
The Regional Ethics Committee of

Tampere University Hospital District
(Tampere, Finland) approved the study
protocols (R16001). All volunteers gave
their written informed consent. The
study was conducted in accordance
with the Declaration of Helsinki and its
amendments.

Participants

The study was carried out in the
Department of Dermatology and Aller-
gology, Pdijat-Hame Central Hospital
(Lahti, Finland). Narrow-band (NB) UVB
irradiations of minimum erythema dose
(MED) testing were performed from
January to April in 2016 and in mid-
winter in 2018—2019. The study was
open equally to men and women, but
more women than men volunteered.
Altogether 36 participants, 33 women
and 3 men, aged 22—65 years (mean
age 42 years) participated in the study,
and 16 of them had anamnestic skin
phototype 1l and 20 had skin phototype
Il (Fitzpatrick, 1988) as described in
Supplementary Table S1. Their mean
body mass index was 24.7 kg/m’
(ranging from 18.8 to 41.6 kg/m?). None
of them reported a history of skin can-
cer. No exposure to UVR in the 3 pre-
ceding months was allowed. Pregnant
or lactating women were not included
in the study. During the study, p-pills;
thyroxin, proton pump inhibitors; and
medication for asthma, hypercholester-
olemia, and hypertension were allowed.

Assessment of the chronotype

Morningness-Eveningness  Question-
naire (MEQ) is among the most
commonly applied scales for measuring
chronotype (Horne and Ostberg, 1976).
A number of large studies have reported
MEQ to be a reliable measure across
several countries. MEQ has received
some criticism for the scale containing
19 items and has been considered
lengthy. These criticisms underpinned
the development of three shorter ver-
sions  with either six (modified
Morningness-Eveningness ~ Question-
naire [IMMEQ)]), five (reduced MEQ), or
four (shortened MEQ) items. The cor-
relation between the original MEQ and
short versions ranges from satisfactory
to excellent (Kanagarajan et al., 2018).
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In this study, each participant filled in
mMEQ once right in the beginning of
the study. mMEQ is based on the orig-
inal MEQ and contains items 4, 7, 9, 15,
17, and 19 of the original MEQ, which
explain about 83% of the variance in
full MEQ scale (Hatonen et al., 2008).
We used a single item, the (6th) item of
the 6-item mMEQ, which is equal to the
19th item of the original MEQ for
assessment of diurnal preference. The
item asks the question, “Which one of
these types do you consider yourself to
be?” The morning types were composed
of those who answered to be “definitely
a morning type, or rather a morning
type,” and the evening types were
composed of those who answered to be
“definitely an evening type, or rather an
evening type.” This single item has been
widely used for the assessment of
diurnal preference (Cheng et al., 2021;
Cook et al.,, 2021; Jones et al., 2019;
Kalmbach et al., 2017; Koskenvuo et al.,
2007; Merikanto and Partonen, 2020;
Merikanto et al., 2021; Simpkin et al.,
2014).

For sensitivity analysis, we assigned
the participants to their chronotype by
dividing them into two (morning and
intermediate + evening chronotypes)
and three (morning, intermediate, and
evening) groups on the basis of the sum
score  on the six-item mMMEQ
(Supplementary Figure S1). The ratio-
nale for combining intermediate and
evening chronotypes was that the in-
termediate chronotypes are much more
similar to the evening chronotypes than
the morning chronotypes in terms of
health hazards they have (Knutson and
von Schantz, 2018; Partonen, 2015).

Definition of MED

Skin erythema from sunlight is pre-
dominantly a consequence of UVB
rays. For MED testing, we used an NB
UVB phototherapy device (Waldmann
UV  801KL; Herbert Waldmann,
Villingen-Schwenningen,  Germany),
which was equipped with four TL20W/
01 tubes. The device and NB UVB
radiation (311 nm) are commonly used
for light therapy and so forth for pso-
riasis and eczemas in the Departments
of Dermatology in Finland. Before the
study, the Nuclear Safety Authority of
Finland (LY) measured spectral irradi-
ance using Ocean Optics 52000
spectroradiometer  (Ocean  Optics,

Dunedin, FL), and the time to irradiate
MED test squares was determined on
the basis of these measurements. Un-
certainty (20) of the measurement of
Ocean Optics S2000 was estimated to
be approximately 14% (Ylianttila
et al.,, 2005). The measurements are
traceable to the National Institute of
Standards and Technology (Gaithers-
burg, MD). A majority of the rays from
the NB UVB lamp have an emission
peak at 311-nm as shown in
Supplementary Figure S2. According to
the measurements, in this NB UVB
phototherapy  device, 1 standard
erythemal dose is equal to erythemal
effective radiant exposure of 10 mj/
cm? or nonweighted physical UV dose
of 172 mJ)/cm?. Before use, the device
was always preheated for a total of 4
minutes.

According to spectral UV irradiance
of the NB UVB device, the skin had to
be kept at a distance of 21 cm from the
UVB tubes. The skin of the buttocks
was exposed to the desired dose of
UVB radiation trough 1 cm? holes
which had been precut in a black
plastic impermeable material (Taylor
et al., 2002). A timer was used to
determine the correct irradiation time,
and when the desirable UVB dose was
reached, the square was covered with a
piece of black plastic. During irradia-
tions, the surrounding skin was pro-
tected against any UVR.

Because the purpose was to ascertain
whether the time of day made a differ-
ence to erythema reaction, the MED
test series had to be performed twice,
once in the morning (between 7 and 9
AM) and once in the evening (between
7 and 9 PM). In each MED series, the
erythemal responses in each square
were assessed 24 hours after irradia-
tion. The MED test series were per-
formed in duplicate 12 hours apart
from each other. The NB UVB dose
series was composed of five standard
erythemal doses as follows: 1, 1.4, 2,
2.8, and 4 standard erythemal dose.
The reading was taken 24 hours after
irradiation and separately for the two
MED test series 12 hours apart. MED
was defined as just-perceptible ery-
thema without definite sharp borders or
corners (Taylor et al., 2002). Erythema
detected by the naked eye by the two
authors (HJ and VN) was scored using a
five-point scale as follows: —,
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(+), +, ++, or +++. In this study, a
MED value of (+) indicated the lowest
UVB dose needed to produce minimal or
just perceptible erythema 24 hours after
exposure (Supplementary Table S1).
Quantification of erythema (ery-
thema index) was assessed with reflec-
tance spectrometry (Diffey et al., 1984;
Farr and Diffey, 1984; Jemec and
Johansen, 1995; Qian et al., 2015;
Tejasvi et al., 2007; Wengstrom et al.,
2004) using a calibrated DermaSpec-
trometer (Cortex Technology, Hadsund,
Denmark). Each time, the device was
calibrated according to manufacturer’s
instructions. Each MED test square was
read out a total of three times, and the
mean value of the three readings was
used in calculations.
Statistical methods
Changes within the participants were
analyzed by applying permutation type
(10,000 replications) generalized esti-
mating equations and  Wilcoxon
signed-rank test with exact P-values.
Generalized estimating equations were
developed as an extension of the gen-
eral linear model (e.g., ordinary least
squares regression analysis) to analyze
longitudinal and other correlated data.
Generalized  estimating  equation
models take into account the correla-
tion between repeated measurements
in the same individual. A permutation
type test was used because the sample
size was small (Manly, 2007). Adjust-
ment for multiple comparisons was
considered  unnecessary.  Statistical
package Stata version 16.1 (StataCorp,
College Station, TX) was used for anal-
ysis of the dataset.
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Supplementary Figure S1. El as a function of SED of NB UVB after exposure in the morning and in the evening (n = 36). (a) Figure shows participants who
were divided into three groups on the basis of the sum score on the six-item mMEQ. (b) Figure shows participants who were divided into two groups on the basis
of the sum score on the six-item mMEQ. The results are similar to our primary results with division done on the basis of diurnal preference, but owing to a limited
number of volunteers in the groups, the results are not statistically significant. El, erythema index; mMEQ, modified Morningness-Eveningness Questionnaire;
NB, narrow band; SED, standard erythemal dose.
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Supplementary Figure S2. Calibration measurement. TL20W/01 tubes emit almost solely UVB around 311 nm as shown by the author’s (LY) calibration
measurement of the study device.
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Supplementary Table S1. Fitzpatrick’s Skin Phototypes and MED of the Volunteers

Fitzpatrick’s Skin
Phototypes (I1-111)

Volunteer ID Number

MED (SED) Morning

A Raita et al.

Diurnal Preference and UVB Radiation Sensitivity

MED (SED) Evening

28 Il 1N ol el o el e

36.

1l
I}
1]
1

2.8
1.4
4.0
4.0
4.0
2.8
4.0
4.0
2.8
2.8
2.8
4.0
4.0
2.8
2.8
>4.0
2.8
4.0
4.0
2.8
2.8
2.8
2.8
4.0
1.4
4.0
2.0
4.0
4.0
2.0
2.8
2.0
4.0
2.0
2.8
2.0

2.8
1.4
2.8
2.8
2.8
2.0
2.8
2.8
2.0
2.8
2.0
2.8
2.0
2.0
2.0
4.0
2.0
2.8
2.0
2.8
2.0
2.0
2.0
2.8
1.4
>4.0
2.8
2.0
2.0
2.0
2.8
2.0
4.0
2.8
2.8
2.0

Abbreviations: MED, minimal erythemal dose; SED, standard erythemal dose.

MED was observed by the naked eye as just perceptible faint erythema in the morning and in the evening. Wilcoxon signed-rank test with exact P-values: P

< 0.001 (>4.0 SED = there were no erythema visible to the naked eye within the tested doses).
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