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Abstract

Aberrant responses to ultraviolet (UV) light frequently lead to formation of skin lesions

and activation of systemic disease in some autoimmune diseases, especially systemic lupus
erythematosus. While the effects of UV light on the skin have been studied for decades, only
recently have some of the mechanisms that contribute to abnormal responses to UV light in
autoimmune disease patients been uncovered. This review will discuss the biology of UV in the
epidermis and discuss the abnormal epidermal and inflammatory mechanisms that contribute to
photosensitivity. Further research is required to fully understand how to normalize UV-mediated
inflammation in autoimmune patients.
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INTRODUCTION

For many decades, ultraviolet (UV) light has been recognized as an inhibitor of antigen-
specific cell-mediated immunity (Kripke and Fisher, 1976). Mechanisms driving UVB-
mediated immunosuppression in the skin are complex and include suppression of effector
and memory T cell responses (Rana et al., 2008), activation of regulatory T cells (Bruhs
and Schwarz, 2017, Shreedhar et al., 1998), increase in suppressive B cell activation
(Byrne and Halliday, 2005), and recruitment of activated neutrophils that produce IL-10
(Piskin et al., 2005). However, UV light is also a well-recognized trigger for skin
inflammation in susceptible autoimmune patients, especially systemic and cutaneous
lupus and dermatomyositis. Understanding this dichotomy will inform preventative and
therapeutic avenues for individuals with autoimmune diseases and photosensitivity. This
review seeks to discuss the effects of UV light on the skin and contrast these effects in
healthy and autoimmune individuals with a primary focus on systemic and cutaneous lupus
patients as these diseases have the most data available for effects of UV light.

EFFECTS OF UV LIGHT

Damage to nucleic acids

UV light is classified based on wavelength into UVA (320-400nm), UVB (280-320nm),
and UVC (100-280nm), with shorter wavelengths possessing higher energy. Exposure to
both UVA and UVB light triggers a wide range of intracellular processes that results

in damage, repair, death, and inflammation with outcomes dependent on duration and
intensity of exposure. When DNA absorbs UVB photons, intra-strand linkages can

form photodimers including cyclobutane pyrimidine dimers (CPDs) and pyrimidine-6,4-
pyrimidone photoproducts (6,4PPs). UVA exerts the majority of its cellular effects
indirectly through generation of reactive oxygen species (ROS) that induce oxidation of
macromolecular structures (Pattison and Davies, 2006). These oxidants damage proteins and
lipids, resulting in modulation of cellular signaling pathways and membrane structures,
which has detrimental effects on the cell (Batista et al., 2009, Pattison et al., 2012).
Oxidative modification of DNA also promotes formation of oxidized bases such as 8-
hydroxy-2’-deoxyguanosine (8-OHdG). To limit mutagenicity, the oxidized guanine must be
repaired via oxyguanine glycosylase 1 (OGG1)-initiated base excision repair (Paz-Elizur et
al., 2008). Intriguingly, loss of Ogg1 in the pristane-induced mouse model of systemic lupus
erythematosus (SLE) results in dysregulated IFN responses and aggravated skin pathology,
including alopecia. Reduced expression of OGG1 is observed in lesional skin of patients
with discoid lupus (Tumurkhuu et al., 2020) and 8-OHdG is abundant in UV-induced

lupus skin lesions (Gehrke N. et al., 2013), suggesting a role for 8-OHdG signaling in

lesion development. Intriguingly, a role for UVB-mediated damage of RNA in generating
inflammatory responses has also been reported. UV-induced changes in non-coding RNAs,
which are secreted by keratinocytes after UV exposure, facilitate inflammatory signaling and
release of TNFa and IL-6 through triggering of TLR3(Bernard et al., 2012).
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Cells can initiate apoptosis as a protective mechanism when there is irreparable DNA
damage. Apoptosis is a form of programmed cell death that is generally mediated by
caspases and occurs through either the intrinsic pathway (mediated by mitochondrial
dysfunction) or the extrinsic pathway (mediated by activation of external death receptors).
During apoptosis, cells undergo morphological changes, but the plasma membrane remains
intact to prevent release of inflammatory cellular contents, making this an immunologically
silent process (EImore, 2007). Accumulation of apoptotic cells has been noted in the
epidermis of SLE patients after UV exposure (Kuhn et al., 2006) which may be secondary
to increased cell death and/or decreased clearance. Reduced clearance of apoptotic cells is
associated with decreased levels of serum complement proteins C1q, C4, and C3 (Bijl et
al., 2006, Ren et al., 2003). Importantly, photosensitivity is more common among patients
with deficiencies of C4A (Sturfelt et al., 1990) and C2 (Chen et al., 2015). Other forms of
cell death have been reported in cutaneous lupus. Necroptotic cell death has been reported
in interface dermatitis, such as CLE and dermatomyositis, but whether this is the primary
method of cell death after UVB exposure is unknown(Lauffer et al., 2018). Increased
caspase-1 and inflammasome mediators have also been noted in CLE lesions, but whether
caspase-1 mediated pyroptosis plays a role after UVB also requires further investigation(Liu
etal., 2017).

Autoantigens

UVB exposure induces translocation of intracellular antigens including Ro/SSA and La/SSB
to the surface of apoptotic keratinocytes, rendering cells susceptible to being bound by
circulating autoantibodies (Furukawa et al., 1990, Jones, 1992, Lawley et al., 2000, Wang
et al., 1999). These autoantigens tend to cluster in close proximity to sites of increased
ROS generation, leaving them vulnerable to oxidative modifications that further enhance
their immunogenicity (Casciola-Rosen et al., 1994). The presence of anti-Ro and anti-La
autoantibodies as well as increased expression of Ro/SSA and La/SSB on keratinocytes
correlate with patient photosensitivity (loannides et al., 2000, McHugh et al., 1990,
Menéndez et al., 2013, Mond et al., 1989). UVB can also increase autoantibody binding

to other autoantigens including Sm, RNP, Ku, and ribosomal-P (Caricchio et al., 2003,
Golan et al., 1992, Shi et al., 2015), and this is associated with photosensitivity in lupus
patients (Fredi et al., 2014, Gerli et al., 2002, Shi et al., 2015). Importantly, deposition

of antibodies at the dermal-epidermal junction can be induced by UV stimulation (Fabre
et al., 1991). These antibodies, when bound to antigen, form immune complexes that can
amplify the inflammatory response through a variety of mechanisms. Autoantibodies in
complex with RNA or DNA fragments can be internalized by FcyRIl on pDCs resulting in
activation of endosomal Toll-like receptor (TLR)7/9 and production of interferon (IFN)-a
(Barrat et al., 2005, Means et al., 2005, Meller et al., 2005). Immune complexes can also
stimulate inflammasome activation (Shin et al., 2012, Shin et al., 2013) and B cell expansion
(Berggren et al., 2017), which may further perpetuate the cycle of inflammation in the skin
following UV exposure in predisposed individuals.
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Langerhans cells

Cytokines

UV exposure results in the activation of epidermal growth factor receptor (EGFR), a
transmembrane protein involved in regulating proliferation, differentiation, and survival

of keratinocytes. EGFR activation enhances keratinocyte replication leading to epidermal
hyperplasia that protects against subsequent UV-induced skin injury (EIl-Abaseri et al.,
2006). Langerhans cells (LCs), a population of antigen-presenting cells in the epidermis,
activate EGFR via the actions of LC-expressed a disintegrin and metalloprotease 17
(ADAML17) (Shipman et al., 2018), which limits UV-induced keratinocyte apoptosis. LCs
play a further role in limiting skin injury following UV radiation through their phagocytosis
of apoptotic keratinocytes (Hatakeyama et al., 2017). Importantly, reduced numbers of LCs
are found in SLE skin compared to healthy control skin and this coincides with reduced
epidermal EGFR phosphorylation (Shipman et al., 2018).

UV exposure influences cytokine production in a highly context-dependent manner. UV
induces the production of inflammatory cytokines such as type | IFN, TNFa, IL-6 and
IL-1B, and these can feed forward to prime for additional inflammatory responses to
UVB(Bashir Muhammad M. et al., 2009, Stannard et al., 2017a). In WT mouse skin,
exposure to UVB radiation enhances stimulator of interferon genes (STING)-dependent
production of type I IFNs in a bimodal fashion, with early production likely by keratinocytes
(Skopelja-Gardner et al., 2020, Stannard et al., 2017b) and later production by infiltrating
immune cells, including inflammatory monocytes (Sontheimer et al., 2017). Wild-type
mice with type | IFN receptor (IFNAR)-knockout displayed decreased inflammation after a
single exposure of UVB but more severe skin inflammation after multiple doses of UVB,
suggesting that type | IFNs could play a protective role in healthy skin (Sontheimer et al.,
2017). This suppressive effect may occur via IFN-induced upregulation of the RNA-binding
protein tristetrapolin, which limits expression of pro-inflammatory genes such as TNFa and
IL-6 (Sauer et al., 2006).

Cell recruitment

Neutrophils are considered first responders of the immune system and, as such, are among
the first cells to be recruited into the skin following UVB irradiation (Cela et al., 2015,
Fisher et al., 2001, Hawk et al., 1988, Schornagel et al., 2004, Sontheimer et al., 2017,
Takeuchi et al., 2010). In healthy skin, these responding neutrophils express high levels

of 1L-10 that contributes to an immunosuppressive environment (Piskin et al., 2005).
Intriguingly, neutrophil infiltration after UVB exposure is significantly reduced in the skin
of patients with photosensitive disorders such as polymorphous light eruption, and this likely
limits immunosuppression (Schornagel et al., 2004). Other innate cell populations including
mast cells, via keratinocyte-derived IL-15 and CCL5 (Van Nguyen et al., 2011) and
plasmacytoid dendritic cells (pDCs), via dermal fibroblast production of the chemoattractant
chemerin (Yin et al., 2014) are also recruited after UV exposure

Human skin has a large population of resident T cells that provides surveillance and repair
functions following exposure to UV light. Specifically, UVB radiation induces release of
ATP from keratinocytes (Takai et al., 2011) that can activate these skin-resident T cells and
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increase their production of IL-17 (MacLeod et al., 2014). This upregulates keratinocyte
expression of two DNA damage associated genes, TNF related weak inducer of apoptosis
(TWEAK) and Growth arrest and DNA damage associated gene 45 (GADDA45) (Hildesheim
etal., 2002, Sabour Alaoui et al., 2012), and thus, limits DNA damage in the keratinocytes
(MacLeod et al., 2014). Local type | IFN production triggered by UV light enhances
production of Th1-associated chemokines CXCL9, CXCL10, and CXCL11 which supports
T cell recruitment into the skin (Di Nuzzo et al., 1996, Meller et al., 2005). This influx of
CDA4+ T cells is followed by induction of regulatory T cells (Tregs) with immunosuppressive
functions (Bruhs and Schwarz, 2017).

B cells also play a role in UV-induced immunosuppression in healthy skin. Specifically,
UVB irradiation activates regulatory B cells in skin-draining lymph nodes, potentially via
IL-10, that can inhibit dendritic cell-mediated activation of T cell immunity (Byrne and
Halliday, 2005). Intriguingly, new roles for skin-associated B cells in both driving and
suppressing cutaneous inflammation have recently been identified (Debes and McGettigan,
2019). Elevated numbers of B cells have been observed in lesional DLE skin relative to
controls (Hussein et al., 2008, O’Brien et al., 2017, Wouters et al., 2004, Xie et al., 2011);
however, the disease specific functions of these B cells have yet to be determined. As such, it
is not currently known if differential activation of regulatory or inflammatory B cells by UV
is involved in development of autoimmune photosensitive responses.

UV-induced STING activation

UVB-induced activation of nucleic acid sensing results in UVB-mediated IFN production
through activation of the cyclic GMP-AMP synthase (cGAS)-STING pathways. /n vivo,
acute upregulation of type I IFNs in the skin is dependent on cGAS(Skopelja-Gardner et
al., 2020). Upon binding to cytosolic DNA, cGAS enzymatically generates CGAMP, an
upstream STING agonist (Ablasser et al., 2013, Li X. et al., 2013). Following activation,
STING induces tank binding kinase 1 (TBK1)-driven phosphorylation of interferon
regulatory factor 3 (IFR3) and NF-kB, which activates type | IFN and proinflammatory
cytokine expression (Hopfner and Hornung, 2020) (Abe and Barber, 2014, Fitzgerald et al.,
2003, Motwani et al., 2019). Sources of cytosolic DNA that activate cGAS-STING signaling
originate from viral and bacterial infection, chromosomal damage and micronuclei, and
mitochondrial DNA leakage (Li X. D. et al., 2013), (Prantner et al., 2010), (Watson et al.,
2015), (Harding et al., 2017), (Mackenzie et al., 2017), (White et al., 2014), (Rongvaux et
al., 2014). Moreover, UV-induced DNA damage generates more immunostimulatory forms
of nucleic acids including 8-OHdG, which demonstrates resistance to three prime repair
exonuclease 1 (TREX-1)-mediated degradation, resulting in the cytosolic accumulation
and consequent STING-dependent immune recognition (Gehrke N. et al., 2013). Of note,
the oxidized base 8-OHdG is abundant in the epidermis of UV-induced lupus lesions,
where it colocalizes with the IFN-induced gene MxA (Gehrke N. et al., 2013), suggesting
UV-induced modification of DNA is one mechanism by which IFNs are upregulated in
lupus skin. Further, UV irradiation-induced apoptosis may result in Bax/Bak-mediated
mitochondrial DNA release into the cytosol that also activates STING-dependent type |
IFN expression (White et al., 2014), (Rongvaux et al., 2014), (Barber, 2015). UV-induced
apoptotic signaling also depletes ULK1, a negative STING regulator, which upregulates
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STING-dependent IRF-3 phosphorylation (Kemp et al., 2015). In sum, UVB induced
cellular changes result in type | IFN production through cGAS-STING activation.

DYSREGULATED ULTRAVIOLET RESPONSES IN AUTOIMMUNE PATIENTS

While UVB exposure suppresses immune responses in healthy individuals, it is a well-
described trigger of skin manifestations in numerous autoimmune diseases including
systemic and cutaneous lupus erythematosus (SLE, CLE), dermatomyositis (DM), and
Sjogren’s syndrome (SS). In lupus, it’s been reported that up to 93% of patients experience
photosensitivity depending on underlying disease pathology (Hasan et al., 1997, Kuhn and
Landmann, 2014, Sanders et al., 2003), while up to 50% of DM patients are reported to
have photosensitive skin disease (Dourmishev et al., 2004). Exact mechanisms governing
UV-mediated cutaneous inflammation in these diseases remain poorly described; ongoing
studies to elucidate such mechanisms are reviewed below.

Systemic lupus erythematosus

SLE is a heterogeneous autoimmune disorder characterized by a high rate of sensitivity to
UV light whereby patients develop skin lesions, termed cutaneous lupus erythematosus
(CLE), following UV exposure. While the precise mechanisms leading to UVB

mediated inflammation are poorly understood, most evidence points to overproduction of
inflammatory mediators and increased cell recruitment as likely contributors.

UV light triggers production of several pro-inflammatory cytokines, including TNFa, IL-6,
and IL-1a/p (Avalos-Diaz et al., 1999, Bashir M. M. et al., 2009, Brink et al., 2000,
Clingen et al., 2001, Kdock et al., 1990, Takashima and Bergstresser, 1996, Yarosh et al.,
2000), that contribute to cutaneous inflammation provoked during sun-induced lupus flares.
These cytokines can, in turn, promote production of inflammatory chemokines such as
CCL5, CCL20, CCL22, and CXCLS8 by epidermal keratinocytes and enhance leukocyte
recruitment into the skin (Meller et al., 2005). Supporting a role for UV-induced injury

in the inflammatory phenotype of cutaneous lupus, CCL5 and CXCLS8 are among the

most differentially regulated chemokines in CLE (Meller et al., 2005). CCL27, a skin-
specific chemokine that is produced in response to TNFa and IL-1p stimulation increases
recruitment of memory T cells into the skin that can release large amounts of IFN-y and
further perpetuate inflammation (Homey et al., 2002, Meller et al., 2005, Morales et al.,
1999).

Murine models have identified potential mechanisms for UVB-induced skin inflammation
in lupus. Monocytes are a source of type | IFN production after UV exposure (Sontheimer
etal., 2017), and in the MRL-£as’" mouse model of lupus, UVB irradiation was shown to
increase keratinocyte production of CSF-1, which was necessary for macrophage infiltration
and CLE-like lesion development (Menke et al., 2008). These data suggest monocytes as
important contributors to skin inflammation in UV-mediated injury in mice. Human studies
have validated the importance of monocytic inflammation to CLE lesion development as

a monocytic signature is noted in lesions of CLE patients (Berthier et al., 2019), and

type | IFN-stimulated gene expression is correlated with infiltration of monocytes in the
UV-exposed skin of lupus patients (Reefman et al., 2008).
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Like monocytes, neutrophils also home to the skin early in UV-mediated inflammation

in lupus. A recent study using a murine model of CLE with deletion of PD-1H revealed
neutrophils in the skin before onset of lesions, suggesting neutrophils as important early
drivers of CLE lesions (Han et al., 2019). In addition, low density granulocytes, cells which
produce excess neutrophil extracellular traps (NETS), are associated with CLE lesions,
and NETSs have been found in CLE lesions (Denny et al., 2010, Villanueva et al., 2011).
Exposure to UV light can also induce NETosis, which may serve as a link between UV
exposure and CLE (Neubert et al., 2019). Indeed, NETs have now been identified to
activate cGAS, potentially linking NETs with type IFN production in the skin(Apel et al.,
2021). Fascinatingly, skin exposure to high doses of UVB light also stimulates neutrophil
migration into the kidneys where they contribute to renal inflammation, injury, and type

I IFN signatures (Skopelja-Gardner et al., 2021), suggesting a possible mechanistic link
between photosensitivity and systemic disease flares. Besides inducing NETosis, UV light
exposure has also been shown to recruit plasmacytoid dendritic cells (pDCs) to the skin of
lupus-prone mice and to a greater extent in SLE patients vs. healthy controls. (Yin et al.,
2014, Zahn et al., 2014), possibly secondary to a higher expression of chemerin in SLE
patients. (Vermi et al., 2005).

Mast cells are also dysregulated in CLE; the numbers are elevated in sun-exposed vs.
sun-protected CLE skin (Van Nguyen et al., 2011). Mast cells may contribute to cutaneous
inflammation via production of matrix metalloproteinases (MMPs). Indeed, CLE lesions
exhibit elevated expression of activated MMPs, including MMP-1 and MMP-9, with levels
of active MMP-9 correlating with cutaneous disease severity (Ertugrul et al., 2018, Van
Nguyen et al., 2011). Further investigation into the role of UVB-recruited mast cells and
their secreted MMPs is needed to clarify their roles in autoimmune photosensitivity.

UV exposure has been shown to recruit T cells to the dermoepidermal junction in lesional
skin of lupus patients (Peter Kind and Plewig, 1993) and subtypes of CLE demonstrate a T
cell signature (Berthier et al., 2019, Solé et al., 2016). Tregs, which suppress inflammation
in response to UV light, are decreased in CLE lesions (Franz et al., 2007). In the NZM2328
murine model of lupus, UVB exposure leads to decreased Treg differentiation and increased
effector T cell activation in skin draining lymph nodes in a type | IFN dependent fashion
(Wolf et al., 2019). Further, human UV photoprovocation studies have identified increased
expression of genes related to antigen presentation in the skin of CLE patients, which would
also result in T cell activation /n situ (Katayama et al., 2019). Recent early phase trials

have shown biomarker improvement with restoration of Treg suppressive capacity in CLE,
including adoptive transfer of autologous polyclonal Tregs (Dall’Era et al., 2019) and use
of low-dose IL-2 to expand Tregs (He et al., 2020), but whether Treg expansion alters
photosensitive responses is unknown.

The epidermis itself is abnormal in SLE patients and also contributes to abnormal UV
responses in SLE patients. Interferon response genes are more highly expressed in non-
lesional lupus keratinocytes (Der et al., 2019, Psarras et al., 2020, Stannard et al., 2017b)
compared to healthy controls and this chronic upregulation may trigger a more inflammatory
response to UV radiation. In addition, SLE keratinocytes exhibit a more robust response

to type | IFN stimulation, which could lead to this enhanced UV response with lower
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doses of IFN exposure(Tsoi et al., 2019). Following UVB stimulation, SLE keratinocytes
secrete more IFN-x, a type | IFN produced by keratinocytes, compared to healthy controls
(Stannard et al., 2017b) and this increases keratinocyte apoptosis following UV radiation
(Sarkar et al., 2018). Conditioned media from UVB irradiated SLE keratinocytes stimulates
dendritic cell activation in an IFN-dependent manner, suggesting epithelial-derived IFN-x
primes SLE skin for heightened UVB-induced inflammation (Sarkar et al., 2018). Similar
photosensitization has been shown with TLR3 priming to increase IFN production (De
Groof et al., 2020). Intriguingly, SLE-risk polymorphisms in RNase H2, which impede
ribonucleotide excision repair, can increase CPD formation and the IFN-stimulatory capacity
of the damaged DNA(Gunther et al., 2015). Together, these data support a pathogenic role
for chronic type I IFNs in lupus skin following UVB exposure.

Dermatomyositis

Dermatomyositis (DM) is an inflammatory myositis characterized by symmetric, proximal
muscle weakness, and cutaneous manifestations often distributed in UV-exposed areas,
suggesting the importance of UV light to disease pathogenesis. As in SLE, the minimal
amount of UVB light needed to induce erythema in patients with DM is decreased
(Dourmishev et al., 2004), and DM lesional skin also exhibits increased apoptotic
keratinocytes(Pablos et al., 1999). Further, in a retrospective study of geographic UV
intensity and development of DM, women who lived in locations with higher UV exposure
were more likely to develop DM (Parks et al., 2020). Consistent with this, self-reported sun
exposure is associated with DM flare (Mamyrova et al., 2017). Another study identified a
correlation between levels of UV exposure and expression of Mi-2 autoantibodies (Okada
et al., 2003). Intriguingly, treatment of keratinocyte cell lines with UV light has been
shown to increase Mi-2 protein expression, which may provide a mechanistic link between
UV exposure and DM disease flares (Burd et al., 2008). Importantly, DM patients also
exhibit a strong type | IFN gene signature, possibly linked to production of specific
autoantibodies such as anti-MDADS, and production of IFN-x and IFN-B (Cassius et al.,
2020, Tsoi et al., 2020, Turnier et al., 2020, Wong et al., 2012), but whether this contributes
to photosensitivity in the same manner as SLE remains to be determined. It is unknown
whether DM patients exhibit other abnormalities in cell death or cytokine production to
UVB light.

Sjogren’s Syndrome

Sjogren’s syndrome (SS) is an autoimmune disorder characterized by exocrine glandular
features such as dry eyes, mouth, and decreased salivary gland function, as well as
extraglandular manifestations. Cutaneous manifestations of SS are diverse and include
annular erythema (AE), a non-scarring erythematous lesion associated with anti-Ro
antibodies which resembles but is distinct from subacute cutaneous lupus. In one study

of primary SS patients with AE, 100% of patients reported photosensitivity, and 93% of
patients reported cutaneous flares during summer months (Brito-Zeron et al., 2014). In
another study of SS patients, patients were exposed to UV light and epidermal changes were
noted, and 11 of the 14 patients tested demonstrated photosensitive responses (Tsukazaki

et al., 2002). While such studies and clinical experience have pointed to UV light as a
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trigger of SS disease manifestations, the exact mechanisms are understudied and provide an
interesting and necessary avenue for further investigation.

SUMMARY

Accumulating evidence demonstrates that the response to UV light is distorted in
autoimmune disease patients with photosensitivity. Skewing of inflammatory responses,
inhibition of regulatory responses and chronic type | IFN exposure all likely contribute.
Further investigations into mechanisms of photosensitivity in autoimmune disease patients
offers the opportunity to develop preventive therapies.
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Figure 1: Overview of differential effects of UV light on healthy vs. lupus skin.
In healthy skin (left), UV light generates an immunosuppressive environment characterized

by efficient clearance of apoptotic cells, immune cell activation, and secretion of protective/
suppressive cytokines including type I interferons (IFNs) and IL-10. In lupus skin, UV
light exposure is inflammatory secondary to increased immune cell infiltration, inhibition
of negative regulatory mechanisms, and amplified production of type I IFNs that enhance
keratinocyte apoptosis. Apoptotic cells are not efficiently cleared resulting in increased
autoantigen exposure, immune complex formation, and lesion development.
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