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Abstract:

As human skin ages, its ability to both repair wounds and protect them from infection
declines. Several factors play major roles in this, including thinning of epidermis and loss
of collagen leading to skin fragility, as well as the decline of innate immune function,
though the latter has been less distinctly linked to skin aging. Given the rising aging
population globally, understanding how the skin responds to injury across the life spectrum
is increasingly important. This work attempts to understand specifically how innate
antiviral immunity of the skin is downregulated in age. To do so, we leveraged a discovery
where we determined that aging skin has a differential circadian clock, a known

immunological regulator, compared to that of younger skin.

The circadian rhythm is a biological clock that uses a transcriptional-translational feedback
loop to set up patterns of activity throughout the body. This loop uses positive transcription
factors BMALL1 and CLOCK, which set up their own repressors, including the PER and
CRY family of proteins. This rhythm also influences biological functions throughout the
body. In the scope of this work, we became interested in the fact that circadian rhythms
were found to influence epithelial repair in injury, antiviral immunity and interferon
stimulated genes. To begin our study, we asked whether the known repair and immune
dysfunctions of aging skin could be possibly tied to a dysfunctional circadian rhythm.
Using gRT-PCR, we found that aging murine skin has a decreased circadian transcription
when compared to that of younger skin. Such a phenotype was replicated by human

keratinocyte studies using serial passaging as an aging surrogate. Having determined that



aging does indeed play a role in regulating cutaneous circadian rhythms, we set out to

determine what immune mechanisms of the skin are regulated by this aging-circadian axis.

Specifically, we tested circadian regulation of antiviral proteins. Antiviral proteins of
distinct families and functions all protect the skin from pathogen invasion. Prior work by
our lab had shown that antiviral proteins were induced by skin wounding in a pathway
dependent on the cytokine IL-27. Using approaches including gRT-PCR, flow cytometry,
and immunofluorescence, we determined that aging skin wounds not only have an
attenuated antiviral protein response, but also contained reduced numbers of CD301b+
immune cells that produce IL-27. These distinct immune deficiencies lead to an
unprotected skin wound microenvironment in aging skin. However, little is understood
about the molecular mechanisms responsible for the antiviral immune deficiencies in the
aging skin. To address this, we began by probing publicly available datasets, where we
found that the expression of antiviral proteins had 24-hour rhythms of expression in murine
skin. Similarly, we found that that rhythmic expression of antiviral proteins occurs in
human keratinocytes that were synchronized in a circadian fashion. Additional support for
a direct line of circadian regulation of antiviral proteins came from circadian siRNA
studies, where we knocked down expression of circadian gene CLOCK and saw an
associated downregulation in antiviral proteins within human keratinocytes. Further, we
demonstrate via gRT-PCR that murine skin harvested at different time points have different
antiviral protein mRNA levels. Subsequent computational analysis showed that Bmall™
murine skin is deficient in antiviral protein expression, establishing a direct link between

circadian factors and antiviral proteins.



In order to better understand the effect of circadian rhythms on wound immune responses,
we made use of a number of experimental models, including both Bmall” and ClockA19
mutant mice, as well as wild type animals. We wounded wild type animals at distinct time-
of-day, and found that the level of antiviral proteins display time-of-day responses, peaking
at 8pm. Using circadian mutant mice, we found that these animals have attenuated wound
responses with respect to antiviral protein induction; specifically, wounded ClockA19 mice
do not produce antiviral proteins to the same extent as wild type mice. We were able to tie
this directly to IL-27 signaling in two distinct manners. Firstly, using flow cytometry, we
found that the CD301b+ cells that produce IL-27 in response to wounding are reduced in
number in circadian mutant mouse skin, and moreover, produce less IL-27 as measured by
median fluorescence intensity. To determine the role of IL-27 in the time-of-day response
of wound-induced antiviral protein expression, we wounded 1L-27%f-LysM-Cre mice at
two distinct times-of-day and measured antiviral protein production. These mice lack IL-
27 production from myeloid cell lineages, including CD301b+ cells. We found that loss of
IL-27 diminished time-of-day differential expression of antiviral proteins in wounds,
further suggesting that the link between circadian rhythms and antiviral proteins was in
fact in part mediated by IL-27. To further our understanding of the cytokine milieu of
circadian wounds, we also wounded mice that lacked Type I interferon receptor (IFNAR1)
expression and found that loss of Type | interferon signaling also blunted time-of-day
antiviral protein responses. These data support a role of both interferons and IL-27 in

circadian antiviral protein induction.
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In order to provide a functional aspect to these findings, we infected wildtype and circadian
disrupted keratinocytes and human skin with Herpes Simplex Virus Type | (HSV1). We
measured HSV expression in the skin by both immunofluorescence and visual
characterization as well by qPCR for viral component UL29. We found that circadian
disruption of either BMAL1 or CLOCK sensitizes keratinocytes to HSV1 infection in vitro.
On the other side of this spectrum, we questioned whether circadian enhancing drugs,
including the compounds SR8278 and nobiletin, can activate circadian rhythms in skin
cells and improve skin defense against HSV1 infection. Using a BMALZ1:Luciferase
reporter, we characterized both drugs as having a circadian augmenting effect in
keratinocytes. Upon infection with HSV1, both SR8278 and nobiletin protected human
skin from viral spread. Further, we found that SR8278’s antiviral effect was predicated on
circadian activity, as BMAL1 and CLOCK siRNA knockdown in keratinocytes lessened

the drugs effect.

To determine mechanism of circadian drug’s antiviral activity, we tested whether our
circadian drugs activate canonical antiviral signaling pathways, such as OAS and IFITM.
We found that via qPCR, circadian drugs require the presence of these proteins to fight
virus effectively. As a study of clinical relevance, we evaluated the role of acyclovir
treatments alongside our circadian drugs. We found that circadian drugs SR8278 and
nobiletin did not synergize their effects with acyclovir at a variety of doses tested. We
found that acyclovir, as expected, broadly suppressed HSV1 activity at even low doses in
keratinocytes, an effect that circadian augmentation was unable to potentiate. This could

be due to a number of factors, including dosage optimization and viral susceptibility to
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drug. However, given the rise of acyclovir resistant HSV, our novel approach may be
clinically viable. In particular, we believe this may be a viable treatment platform for aging
skin infections; to this end, we tested the ability of SR8278 to suppress HSV1 infection in
the skin of mice over a year of age. SR8278 significantly reduced viral spread in this model,
suggesting that circadian augmentation may be a useful clinical adjunct in aging skin

infections.

To determine if these findings were applicable to other non-herpes family viruses that
infect the skin, we turned to a model of West Nile Virus infection. West Nile Virus is a
mosquito borne illness with increasing range and infection number in the United States.
Moreover, it is inoculated through the skin before causing neurological infection, a
pathway similar to herpes viruses. Also similar to herpes viruses, West Nile virus is a far
more pressing clinical issue in aging populations, who fare worse with this viral infection.
Most importantly, there are no currently specific treatments for West Nile Virus infections.
Using our HSV infection data as a starting point, we found that circadian drug treatments

suppressed West Nile Virus levels in infected keratinocytes.

Other work conducted over the course of this PhD encompassed aspects of both circadian
and IL-27 signaling in the skin. Using human keratinocytes, we endeavored to understand
what environmental factors could drive altered circadian rhythms in the skin, for either
elderly or younger tissue. While dogmatically, circadian rhythms are patterned from the
brain to the whole body, we built on recent work showing a light dependent murine

cutaneous clock by showing that mock sunlight can alter circadian expression in human
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keratinocytes, without other stimuli present. Further study is needed to understand how our

skin’s clock responds to sun mechanistically.

Overall, my work over the course of this PhD has established a link between aging,
circadian rhythms, and antiviral immunity, and underpinned the important role of the
cytokine IL-27 and type | interferon on cutaneous wound responses to a variety of
pathogens. This work will provide possible therapeutic avenues, particularly for aging skin,
in how to address skin wound care in safe, biologically relevant ways via circadian rhythm

exploitation.



Dedication:
To my grandfather, Dr W. Taylor Johnson, the original skin guy in the family. For always
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more often than you could ever know.
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1. Introduction

This chapter was modified and extended from Kirchner, S.; Lei, V.; MacLeod, A.S. The
Cutaneous Wound Innate Immunological Microenvironment. Int. J. Mol. Sci. 2020, 21,

8748. https://doi.org/10.3390/ijms21228748.

1.1 The skin barrier: a functional organ at risk of damage

Contrary to popular beliefs about the gut or lungs, our skin is the largest barrier organ by
surface area [2]. The skin presents a crucial boundary for the body for interaction with the
external world. Everything from the sun to microbes interacts with our skin, making it a
necessary barrier as well as a functional one. When our skin is healthy, it exists as a
multilayered barrier, comprised of the commensal microbiome and chemical, physical, and
immune components [3] (Figure 1). These factors all play a part in skin barrier function,
which is necessary for a diverse set of needs. These include physiological moisture and
temperature regulation, ultraviolet radiation (UV) protection and Vitamin D production.
Most critical of all functions, the skin acts as a physical and immunological barrier, keeping
pathogenic microbes from invading the body. While this antipathogenic function of the
skin is well performed at most junctions, a major threat to the skin’s ability to keep the
outside world outside is barrier disruption. Wounds disrupt the skin barrier, providing
invasion superhighways for pathogens to invade the skin. Wounds also abrogate the skin’s
homeostatic functions, creating an immune fault in the skin and an avenue for pathogens.
To combat this, the skin has evolved a rich and varied immunological response, a response

that both fights invading pathogens and acts to close the wound altogether. While both



innate and adaptive immune responses play critical roles in the skin wound response, this

thesis work has predominantly expanded upon our understanding of innate immune
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Figure 1: Epidermal and dermal structure of the skin, including cellular milieu.

Human skin structure is complex, with a variety of cell types and structures that
confer functions to the skin. The basic skin cell is the keratinocyte, an epithelial cell
that stratifies into a variety of layers for barrier function. Keratinocytes comprise
the epidermis, a cellular interface with the environment. Basal keratinocytes act as
the stem cell, renewing the epidermal cell populations of the skin, while higher levels
of epidermis, such as the stratum spinosum, granulosum, and corneum are
functional barriers. Other epidermal resident cell types include melanocytes, the
pigment cells of the skin, and Langerhans cells, professional immune cells of the
skin barrier. Below the epidermis lies the dermis, where a number of skin specific
and non-specific structures are housed that perform important functions for the
organ. Glands including eccrine sweat glands and sebaceous glands provide skin
secretions of sweat and sebum that allow for temperature regulation and protection
of the skin. Immune cells such as macrophages, dendritic cells, and T cells all cycle
through the dermal space as well, providing a more specific immune protection of
the skin. Perhaps most prominent of the dermal structures is the hair follicle, which
provides both hair growth but also a stem cell niche critical to replication and
reproduction of the skin.



responses to skin injury. As such, further background will focus on this arm of the immune

machinery of skin.

1.2 The skin wound immunological response

All skin wounds exist as a dynamic immune microenvironment. In this environment, host
and pathogen exist in battle, in order to close the wound and keep any infection from
spreading. The skin response to wounding has been well characterized and studied through
the years, and is classically divided into 4 phases: 1: hemostasis, 2: inflammation, 3:
proliferation, and 4: remodeling [4] that overlap to varying degrees. Here, we will present
a brief overview of the wound healing process in order to expand upon our findings that

further this field.

The first inflammatory response to a skin wound is creation of a fibrin clot [5]. This stops
blood flow through the wound and creates hemostasis. Hemostasis is actually its own
immune response; platelets, the main cell of this hemostatic process, act to promote fibrin
cross-linking via the well-studied coagulation cascade leading to thrombin activation [6].
Platelets are immune effectors as well [7] and secrete various chemokines, such as C-X-C
motif chemokine ligands (CXCL) 1, 4, 5, 7, and 8, as well as antimicrobial defense proteins
including beta-defensins 1 and 2 from the clot site [7]. These attract further immune cells

to the microenvironment of the wound and actively defend against bacteria.

Hemostasis is a rapid response to wounding, occurring in a matter of seconds to minutes.
After this, the wound microenvironment recruits professional immune cells upon

recognition of danger signals. Skin resident cells, including keratinocytes, dendritic cells,



and macrophages, recognize two types of danger signals: damage-associated molecular
patterns (DAMPs) and pathogen-associated molecular patterns (PAMPs). DAMPs are in
essence self-recognition: molecules created as a result of host damage. PAMPs are non-
self-molecules, such as pathogen specific proteins or nucleic acids, that signal a foreign
presence within the skin [8]. PAMPs and DAMPs are signals for immune response, and act
through Toll-Like Receptors (TLRs) to induce cytokine and chemokine production within
the wound. These signals alone can be wound protective, even in the absence of other
responses; TLR4 agonism via PAMP signaling has been shown recently to shape stem cell

tissue repair responses [9].

These previous fibrin, platelet, and DAMP/PAMP signaling steps of the wound response
lead to secreted chemokines [10] which in turn, potentiate downstream inflammation and
immune cell recruitment. Of these immune cells, the next in line to arrive to wound bed
are neutrophils. Neutrophils act as innate immune cells that engulf and kill invading
pathogens [11]. Neutrophils engulf pathogens and cellular debris in the wound before
degranulation, where they release destructive enzymes that damage the invading
pathogens, but also actually can damage the host cells as well [12]. In more recent work,
the role of neutrophils in wound environments has expanded, as research shows neutrophils
can create extracellular traps [13]. These traps act as net-like structures to neutralize and
kill wound bed pathogens. Neutrophil extracellular traps include antimicrobial peptides
including defensins and cathelicidins, but more work is needed to elucidate the full
functional array of these traps[13]. In line with this microbial defense, human keratinocyte

cell lines studies have shown that Neutrophil extracellular traps could induce wound
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closure in an in vitro scratch assay [14]; however, the converse is true for traps in diabetic

wounds in a mouse model [15].

Following neutrophils, the next immune cell trafficked to the wound are monocytes, which
arrive in the wound then undergo differentiation to macrophages. The role of macrophages
in the wound has been extensively reviewed [16]. The first role of macrophages is to act as
M1 pro-inflammatory cells. Later in the wound resolution timeline, macrophage
functionality switches to an M2 anti-inflammatory nature. In this way, macrophages
function in two fashions in the wound: as pro-inflammatory immune defenses against
pathogens and as tissue remodeling cells for wound healing. Befitting this dual function,
macrophages can secrete a variety of pro and anti inflammatory factors into the wound
environment. Type M1 macrophages can secrete Tumor necrosis factor-a (TNF a),
Interleukin (IL)-6, IL-12, and IL-1p into the wound environment as pro-inflammatory
cytokines, whereas M2, wound-healing macrophages secrete factors like Transforming
growth factor-p (TGF-pB) and IL-10, among others [16]. The importance of these dual roles
in wound defense and healing processes are exemplified particularly in the diabetic wound
model, where the balance and regulation of M1 and M2 phenotypes is altered. Multiple
studies of diabetic wounds suggest that a skew towards a longer duration of M1 phenotype
leads to chronic inflammation and lack of wound healing and resolution in diabetic skin

[17-19].

During this innate immune response to skin wounding, there is also a cell type present in
the skin that responds to the injury and maintains a response throughout: the keratinocyte.

The building block of the skin, keratinocytes comprise the main cell in our epidermis[20],
5



and act as both the bricks and mortar of the skin but also as an immunological element of
the skin and important components of the skin wound. Keratinocytes provide a barrier of
the epidermis, keeping the outside world outside. Epidermal structure of keratinocytes is
highly organized, with lowest layer being the stratum basale, the basal layer that comprises
the progenitor cell keratinocytes and replicates to renew the epidermis [21]. Above that,
the layers of the stratum spinosum, granulosum, and corneum present levels of increasing
differentiation and present the more formal, interlacing cellular connections, lipid
secretions, and protein architecture of the skin barrier. This physical barrier performs well
to keep the outside environment away from the body, but during injury, must both perform
replication and differentiation to fill in the defect[22]. However, this physical nature of
defense of the keratinocytes is not their only immunological function; in response to
wounding, keratinocytes express antimicrobial and antiviral proteins [23, 24] as well as
immune mediators, chemokines and cytokines to directly clean wounds from infecting

pathogens and promote a further professional immune response.

With multiple professional and nonprofessional immune responses to the skin wound
present in an innate setting, it is clear that multiple cellular factors play key roles in the
immunological breach of the skin barrier. Most of the work to date in understanding this
wound response has concerned bacterial wound invasion[24]. However, this work
specifically focuses on one arm of this immunological defense that is less well studied

microbial infection: that of antiviral immune defense.



1.3 Innate antiviral responses of the skin

Skin viral infections [1, 25] are a diverse set of skin-trophic, oncogenic, and vector-borne
ilinesses that can have both local and systemic consequences for the human host. While
viruses like Herpes Simplex Virus or human papilloma virus are well studied with respect
to the skin, and indeed, broader outcomes [26, 27], a growing worldwide health concern is
that of the vector-borne skin viruses, such as Dengue, West Nile virus, and
Chikungunya[25, 28] that are spread by bites of infected arthropods. These viruses must
first make their way through skin antiviral defenses to affect the body more systemically.
As such, we require a far deeper understanding of how our skin responds to and clears viral
infections, particularly in the context of barrier disruption. This section of background will
establish a baseline of what is known for these skin antiviral responses, and gaps in

knowledge our work addresses.

1.3.1. Canonical Type 1 Interferon Signaling as an Innate Antiviral Mediator

Classic innate antiviral immunity of the body, the skin included, is often viewed via the
lens of Type I interferon signaling. Interferons are danger signals, triggered by a variety of
stimuli, that are often used to combat pathogenic invasion, be it bacteria, fungi, or viruses
[29]. Interferons are a broad family, but have historically been categorized as either Type
| or Type Il interferons [30], with Interferon Gamma representing antimicrobial type 11
immunity, and antiviral immunity being triggered by Type | interferons including
interferon Alpha and Beta. Recently, a third classification, Type Il interferons, composed
of the interferon lambdas, have been increasingly studied for their effects at mucosal

epithelial surfaces[31] and of pertinence to this work, at skin epithelial barriers [32]. While
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Type Il interferons are increasingly understood as mediators of skin disease[33], such as
psoriasis [34], they are still less well understood than their Type | counterparts. However,
what is clear is that both play vital roles in skin antiviral responses, and can be considered

in concert in this respect.

Viral entry into the skin is a danger signal to the keratinocytes of the epidermis, and as
such, a rapid signaling cascade is activated to fight off pathogen (Figure 2). Generally, it
is understood that viral nucleic acids are sensed via Toll-Like Receptors of infected
keratinocytes via sensors such as MDAS, RIG-1, DAI, cGAS, TRAF, and others [1, 33,
35]. These sensors of nucleic acids lead to an IRF3 and IRF7 phosphorylation,

homodimerization, and translocation to the nucleus, where they act as transcriptional
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Figure 2: Model of antiviral interferon signaling in the skin

Model of antiviral interferon signaling in the skin, reproduced from: Chelsea
Handfield, Jeffery Kwock, Amanda S. MacLeod, Innate Antiviral Immunity in the
Skin. [1]



activators of Type | interferon and Type Il interferon production[1, 33, 36, 37]. These
interferons then go on to trigger the true antiviral inflammatory cascade through binding to
their unique receptors IFNAR1/IFNAR2 (Type 1) and IFNLR1/IL10RBeta (Type 3) [1,
38]. Lack of these receptors [38, 39] can greatly compromise the antiviral immune
response, as they coordinate downstream activation of a group of genes called interferon
stimulated genes, or ISGs[40]. These genes play a critical role in defending the skin against

viral infection and deserve special attention for their part in innate immunity.

1.3.2 Interferon stimulated genes: antiviral proteins

As seen in Figure 2, Type | interferons can trigger the transcriptional activation of a whole
host of genes [1]. As described in Figure 2, canonically these genes are turned on by
signaling of Type | and Type Il interferons binding to their receptors. Eventually, this
leads to JAK-STAT phosphorylation cascades and heterodimeric binding of STAT1 and
STAT2 forming a complex known as ISGF3 (Figure 2). This ISGF3 complex then
translocates to the nucleus and bind to DNA promoter elements called ISRES. These ISREs
are present in many genes, and lead to the production. These ISGs are widespread, in both
function and genomic location, and numerous: early microarray studies showed variable
amounts of these genes being activated by Type | interferon, but 200-500 genes were
typical [41, 42], and potentially up to 10% of the genome can be activated in some way by
Type | interferon. Because of these staggering numbers, it remains unclear exactly what
the function and activity of every ISG is. However, what is clear is that they play roles as

crucial antiviral effectors (Figure 3).
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Figure 3: I1SG antiviral effectors

ISGs serve a number of different antiviral functions in the cell, and act as a vital early
response to invading virus. Several well studied ISG families include the Oligoadenylate
synthetase (OAS), Interferon Induced Transmembrane (IFITM), and Mx (Myxovirus)
among others[1, 42]. Each family has slightly different functional outputs on viral
replication. OAS family proteins activate cellular RNase L [42], which serves to degrade
viral RNA in the cell. OAS proteins bind double stranded RNA [43], and in doing so
promote 2’-5’ linked oligoadenylates. These then activate RNase L to degrade RNA. In

this respect, OAS proteins present a hindrance to viral replication at the RNA phase;
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unsurprisingly, viruses including Herpes simplex virus have evolved mechanisms to
suppress OAS activity[44]. Perhaps in an example of counter evolution, similar to the Red
Queen hypothesis[45], as viruses have evolved to counteract OAS activity, so too have
OAS proteins evolved [46] over millennia to counteract viruses. Different members of the
OAS family, such as OAS1, OAS2, and OAS3 seem to vary in their ability to fight
viruses[47], reflecting the diversity of these antiviral proteins. Regardless, human and
mouse work have shown that these OAS proteins are critical for the control of viruses such
as West Nile Virus [48] that replicate in the skin, as well as other viruses like Dengue[49]

and Zika [50].

IFITM family proteins are, as the name implies, important at the cell membrane of infected
cells. Member proteins IFITM1, IFITMZ2, and IFITM3 [51] can actively prevent virus from
crossing the cell membrane, and wall off from the cell from infection. However, early
studies of IFITM proteins supported that ISGs acted directly at the cellular membrane[51]
and more recent works suggests that IFITMs are actually effective at specific sites of viral
fusion, rather than the whole membrane itself [52, 53]. This fits with data that specific
IFITMs, ie IFITM1 or IFITM3, differ in their efficacy against viruses with different entry
sites and mechanisms [54]. While active work is being performed to know exactly how this
family of antiviral proteins block individual viruses, what is clear is their overall
importance to skin health: IFITM proteins [54-56] suppress viral replication of skin
inoculated viruses like West Nile and Dengue, as well as a DNA virus in Herpes Simplex
Virus 1. Skin viruses like Human papillomavirus take note of this, and have evolved to

suppress IFITM function [57].
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ISGs, whether OAS or IFITM family proteins, are critical regulators of skin antiviral
response, and in many cases, can be considered the immediate innate immune activity
against virus that the skin can enact. While most work on these ISGs has worked to further
elucidate function and antiviral activity, a subset of important work on these proteins has
focused on the other end of the spectrum: that of regulation. As mentioned previously,
interferon production in response to foreign nucleic acid sensing is the canonical trigger of
ISGs. However, recent work has shown that these genes should perhaps be better called

antiviral proteins, as interferon independent pathways exist to promote antiviral immunity.

1.3.3 Non-canonical and wound induced antiviral signaling

While antiviral proteins are understandably linked to Type | interferon as their trigger,
other immune cytokines of the skin can lead to antiviral protein production (Figure 2). One
such cytokine that has been characterized recently is that of IL-27. Interleukin 27 (IL-27),
a member of the IL-12 family of heterodimeric cytokines, has been shown as a critical
defense factor implicated in cutaneous defense against Zika virus [50]. IL-27 is a
heterodimeric cytokine, composed of the elements IL-27p28 and Ebstein Barr virus
induced 3 (EBI3) that signals through a downstream heterodimeric receptor, composed of
IL-27RA and GP130. IL-27 is usually described as cytokine involved with Thl T cell
development, but has also been shown to have immunomodulatory effects on CD4+ and
CD8+ T cells[58, 59]. In the skin, IL-27 also modulates varied immune effects, such as
promoting T cell survival in contact hypersensitivity[60], but in the context of skin

wounding, actually acts to promote skin healing and an antiviral response[61].
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In response to skin injury, leukocytes (predominantly macrophages and dendritic
cells) that express the marker CD301b™ are rapidly recruited to the wound site [62], and
produce IL-27 which subsequently potentiates wound closure and induces production of
innate antiviral proteins [50, 61]. Further work has shown that IL-27 can promote the
transcription of antiviral proteins ina STAT1 and IRF3 dependent manner[50], which does
not require STATZ2, making it unique to traditional Type I interferon signaling. This I1L-27
response also seems specific to the wound environment; wounding of the skin triggers IL-
27 production from CD301B+ leukocytes in a manner dependent on pain sensation via
TRPV1 nerve fibers[63]. One can speculate that this allows for rapid response to injury,
triggering an initial production of antiviral proteins via IL-27 that protects the skin
immediately, before a subsequent transcriptional interferon response strengthens antiviral

immunity.

Through both canonical interferon and non-canonical 1L-27 signaling, our skin is
able to produce a robust and rapid antiviral protein response to protect us from pathogens.
However, it remains unclear whether this immune response is itself responsive to other
external regulators. Things such as sunlight, moisture, and microbial composition of the
skin [64] all factor into immunological response of the skin. However, one that may have

an even larger impact on skin immunity is one that is uncontrollable: that of age.

1.4 Aging of the skin
The population of the world continue to age[65], and indeed, recent census data shows that
adults over 65 will outnumber those under 18 in the United States as soon as 2024[66].

While this has broad implications for the healthcare system, aging dermatological concerns
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are of special note[67]. Skin aging can be classified as both external and internal, in the
sense that much of the visible skin aging to the eye is attributed to sunlight, or
photoaging[68]. This includes, but is not limited to, wrinkles, solar lentigines, pigmentation
mottling, actinic keratoses, and skin cancers[68]. However, chronologic aging alone also
can lead to skin changes; dryness, fragility, and decreased skin thickness are all a function
of aging[68]. Between these aging effects, elderly skin is both more prone to wound or

disruption, but also more susceptible to infection than its younger counterparts.

1.4.1 Aging Skin Wounds

Skin thickness decreases and fragility of the barrier increases with age[68]. This means that
not only is aging skin more prone to wounding, but it also takes longer to repair[69]. Many
biological processes are part of this impaired wound healing process; epidermal
keratinocyte crosstalk with important immune cells involved in wound repair is
dysfunctional in aging skin[70] and endothelial cell adhesion profiles are different to
younger skin [71], leaving to a predominantly neutrophilic immune response rather than a
wound remodeling monocytes and macrophages. Even this neutrophil recruitment is
overall lessened in aging skin [72], meaning almost all immune responses to the wound are
negatively impacted. Keratinocyte proliferation in aging skin reduces by roughly 50%[73],
a finding mirrored in other cell types, such as decreases in macrophage and fibroblast
number[73]. More recent technologic approaches including single cell RNA seq [74] have
shown an age-related loss of fibroblast priming, again showing a specific loss of tissue
repair capacity in aging skin. It is evident that aging leaves the skin with less physiological

reserve in order to heal wounds. However, it is less clear whether this process is amenable
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to treatment, or indeed, how best to promote healthy healing in aging skin. Possibilities
such as topical estrogen[75] or TGF-Beta[76] have been suggested as therapies to improve
wound healing, and more recently, resveratrol, melatonin, and rapamycin[77, 78] have
been postulated as anti-aging pharmacological treatments for skin wounds. Clearly,
multiple different approaches can be taken to improve skin health in the aging wound
microenvironment. The best approaches, though, for improving skin wound morbidity and
mortality for the aging population remain an area of active interest. In particular, one aspect
of aging skin that requires specific attention is of increasing prevalence worldwide: that of

skin viral infections.

1.4.2 Aging Skin Viral infections

When one thinks of skin infections with virus, we often think of younger skin and diseases
transmitted skin to skin: Herpes viruses, papilloma viruses, or more recently, monkey
pox[79]. However, as the population worldwide ages, so too does burden of skin
infections[80-82]. This is not surprising; skin aging is associated with a number of
immunological deficits, including loss of Langerhans cells, less migratory dendritic cells,
and variable TLR expression that leads skin less able to mount proper immune
responses[83]. Further, the skin, like other body tissues, experiences ‘inflamm-aging’ and
accumulation of senescent cells[83]. This general elevation of inflammatory markers can
essentially make the skin less responsive to active threat, from any number of pathogenic
invasions. This makes viral infections, like genital warts and Herpes zoster, occur at higher
rates in aging skin when compared to younger [84]. Despite this concern, aging skin viral

treatments remain lacking, in large part because we do not fully understand how the innate
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immune system of the skin changes as we age. A major component of this thesis is to
address possible mechanisms of antiviral signaling in the skin that are either disrupted or

weakened in aging skin. One possibility for this: the circadian rhythm of the skin.

1.5 Circadian clocks in immunity

The circadian clock controls time of day biological responses throughout the body[85] over
a 24 hour rhythm. Crucial components of life, such as sleep timing, eating, mating, and
other behaviors are all stamped to time of day by circadian rhythms[85]. Understanding
how biological organisms set up daily rhythms has a long history of study; early plant
biologists in the 1700s are some of the first to document this sort of activity[85]. However,
in the past 50 odd years, the evolution of the field has seen rapid advancements in
understanding of how mammalian clocks are entrained, maintained, and their function. A
seminal discovery for this was the finding that the suprachiasmatic nucleus, a region of the
hypothalamus in the brain, receives light cues from the retina and optic neural sensing and
acts as a pacemaker for biological rhythms[86]. This was then patterned down to the rest
of the body in such a way that suprachiasmatic nucleus ablation disrupted rhythms [86].
However, further study showed that isolated organs and tissues could maintain rhythm after
removal from the body[85], suggesting that an internal clock existed in peripheral tissues

as well.

Further study was able to delineate the molecular circadian clock [85, 87-92]. Classically,
the circadian clock consists of its activators, two basic helix-loop-helix partners: BMAL1
and CLOCK. These heterodimerize and bind to E-box elements throughout the genome.

However, most importantly, BMAL1 and CLOCK bind to E-box elements in their own
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downstream regulators: components including the REV-ERB, ROR, CRY, and PER
families of proteins. These then feedback on to transcription of BMAL1 and CLOCK]91].
In doing so, BMAL1 and CLOCK set up their own repression, which leads to a
transcription translation feedback loop. This loop is what ultimately patterns a 24-hour
rhythm of activity for the circadian clock on a molecular level, allowing the oscillatory

expression of circadian genes over a 24-hour period.

However, while the gene expression of BMAL1, CLOCK, and the downstream circadian
regulators alone sets up a rhythm of activity[91], the true extent of this circadian regulation
is appreciated when one notes the other binding sites of BMAL1, CLOCK, and indeed, the
other circadian regulators as well. Estimates vary according to study, but up to 43% of the
genome in mammals has circadian regulation at the transcriptional level [93], with time-
of-day expression that is patterned in some way by these circadian regulators. Circadian
genes like BMAL1 and CLOCK can bind to their regulatory elements in any number of
genes, usually described as Clock controlled genes (CCGs), and promote their
transcription. The same is true for ROR, REV-Erb, and other circadian families[94-96].
While a full review of the circadian literature is outside the scope of this work, it is clear
from the sheer number of circadian regulated genes alone that this is a crucial regulator of
almost any biological process imaginable. However, one that is particularly strongly

regulated that has powerful implications for human health is that of the immune system.

Circadian regulation of the immune system[97] is a well characterized phenomenon.
Aspects of this control are both broad and specific. Circulating hematopoietic cells, as well

as immune regulatory cytokines, peak at different times in the blood[98]. This may allow
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for delineation of times of greatest infectious risk: immune cells peak in the blood during
mammalian resting phases but are increasingly recruited to peripheral tissues in times of
activity[97-99]. In this way, the body can both sample infectious risk in tissues when we
are most likely to encounter pathogens, but also then repair and restore tissues when risks
are lower for infection. This speculation is reflected in murine data; inactive phase
challenges of mice results in lower bacterial clearance or immune response in the form of
cytokine production [99], and higher clearance and induction of inflammatory cytokines
during active phases[100]. This immune response to circadian rhythms is true for viral
challenge as well; viruses as diverse as influenza to HSV have differential infection rates
according to time of day, and circadian regulation of immunity is vital to control of these
viruses[101-104]. This level of regulation is both via innate and adaptive immunity [105]
as well, supporting the importance of circadian viral defense. Despite this, there are still
many gaps in our understanding of circadian biology, especially as it pertains to individual
tissues. The skin presents itself as a uniquely circadian organ given it is the most peripheral

of all the organ systems.

1.5.1 Circadian clocks in skin

The skin, like other peripheral organ systems, has a circadian rhythm of behavior[106-109].
Normal skin behaviors, such as sweating, tissue regeneration, sebum production, and
sunlight protective ability are all encoded to time of day. Some of these, like UV protection,
are straightforward; melanocytes contain circadian rhythms, which likely act to promote
their activity when sun damage is more of risk [108]. Others, like skin permeability[110],

are more about overall behavior of the organ system rather than individual cell types.
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Regardless of organ level circadian sensitivities, it is clear that individual cell types of the
skin, including melanocytes and keratinocytes, express circadian regulators[108, 109].
What makes skin circadian rhythms unique, though, when compared to the rest of the body
is their ability to self-sustain in the absence of the suprachiasmatic rhythm. Recent work
has shown that murine skin contains neuropsin, a photopigment, and that neuropsin
stimulation by light can entrain circadian rhythms of the skin [111]. Interestingly, similar
work has shown that light cues can entrain circadian rhythms of the skin in animals with a
rest-of-body loss of circadian rhythm [112]. Clearly, then, the skin rhythm is not only

robust, but specific to the skin’s role as a light interface with the external environment.

What does this mean for function of the circadian clock in skin, then, as pertains to
immunological responses? For the skin, it is increasingly apparent that almost all aspects
of skin immunity (Section 1.3) have some degree of circadian regulation. Perhaps most
notably, skin wound repair, arguably the most important immune function of this barrier,
is BMALL1 and circadian dependent[113]. Expanding on this, cellular replication of the
skin [114] is circadian regulated, meaning that resolving injury varies with time of day and
circadian factors. If the skin wound environment is a circadian one, we may also expect
that other immune functions are BMAL1:CLOCK controlled in the skin as well. Indeed,
recent work has characterized inflammation via TLR signaling[103] as a circadian
phenomenon, and skin inflammatory conditions, such as atopic dermatitis [115] and
psoriasis [116] have been suggested to be circadian in nature. Even viral replication in the
skin [104] is controlled by circadian rhythms. However, it remains unclear exactly what

level of circadian regulation exists for antiviral immunity in the skin. Is it direct, between
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BMALL:CLOCK and the promoters of antiviral proteins? Or indirect, via other circadian
mediators? Other possibilities exist as well; is the skin simply responding to circadian
regulation of leukocytes for the abovementioned phenotypes? Or is it a specific cellular
level response? Much of this thesis has been aimed at addressing exactly this question.
Furthermore, this circadian-immune relationship of the question opens other questions:

namely, what other factors regulate circadian expression in the skin?

1.5.2 Aging Circadian clocks

One possible regulator of circadian rhythms in the skin is aging. Aging and circadian
rhythms have long been understood to be intertwined at the whole organism level.
Anecdotally, we all understand that different age groups have different sleep habits: the
baby who can’t sleep through the night, the teenager unable to wake before noon, the night
shift worker, or the grandparent asleep right after dinner. However, on a deeper, scientific
understanding, aging has a distinct effect on circadian rhythms [117-119]. Both amplitude
and phase, crucial components of the circadian oscillation, are dampened with age [119],
as do temperature regulation and hormonal cycles. How does this occur? While some
blunting in the suprachiasmatic nucleus may be happening [119, 120], it is also incredibly
likely that the molecular circadian clock changes with age. This has been proven in a
number of tissues: prefrontal cortex [121] had over 1000 genes that had circadian
variability that was age dependent, and peripheral blood cells [122] also experienced age
dependent alterations in circadian gene expression. Furthermore, mice that have a defective
BMALL1[123] gene are associated with a premature aging phenotype: clearly, age and

circadian rhythms of the body are tightly intertwined. While this link is well understood in
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other tissues, a full understanding of aging circadian rhythms in the skin is incomplete.
This work attempts to address this gap in knowledge by examining circadian gene

expression levels across the age spectrum of skin.

1.6 Summary

This introduction lays out the groundwork basis for this thesis work. Namely, the skin is
an immunological barrier organ, which acts to keep the external environment outside of
the body. This barrier performs well until it is injured, at which point, an immunological
cascade of repair and protection is undertaken to both close the wound and fight off any
invading pathogen through it. These pathogens encounter innate immune mechanisms from
professional immune cells as well as the skin cells themselves. Innate immune responses
such as antiviral proteins and interferon responses are used in the skin to fight invading
virus. However, the regulation of this innate antiviral response is not fully understood. One
possibility of regulation for this response is that of the time-of-day regulatory circadian
rhythm, a molecular clock that coordinates numerous immune responses. Aging of the skin
blunts the skin’s immune capacity to repair and protect, and evidence from other tissues
would suggest that aging also blunts the circadian rhythm. As such, we investigated a
hypothesis wedding all of these components together: namely, that an age-dependent
circadian rhythm is a master regulator of skin antiviral immune responses. The rest of this

thesis will display how various aspects of this hypothesis were tested.
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2. Aging skin exhibits diminished circadian, antiviral protein,
and IL-27 transcription, but not canonical IFNs.
2.1 Introduction

Aging of the body leads to disruption of many physiological functions, and in the skin,
leads to thinning, increased infection risk, and lessened ability to heal wounds[68, 81].
However, despite this increasing inability of the skin to respond to threats, our
understanding of the mechanistic insults in aging skin responsible for this remain unclear.
One possibility is the circadian rhythm, a 24-hour transcriptional translational feedback
loop that governs innate immunity in non-skin tissues, and is associated with a decline in
aging in peripheral organs. As such, we hypothesized that aging skin may experience
similar declines in circadian activity, and this in turn may abrogate innate antiviral
immunity of the skin. We tested this hypothesis using a number of models, including aging

murine skin, human primary keratinocytes, and wounding models.

2.2 Results
2.2.1 Aging skin exhibits reduced circadian activity.

We first attempted to determine if aging of skin influences circadian rhythms of the skin.
To test this, we used wild type, C57/BL6J mice of various ages and genders. Given that
circadian regulators are transcriptional in nature[91], we asked if transcription of circadian
factors varied in aging skin when compared to young. We harvested the whole skin,
epidermis and dermis, of mice at times of day between 8:00 AM and 9:00 AM for
consistency, in order to exclude time of day as a variable in circadian expression. Mice

were either grouped into young mice, which were roughly 3-6 months, or aged mice, which
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were greater than 12 months of age. We then lysed the skin and examined via quantitative
real-time polymerase chain reaction (QRT-PCR) whether circadian regulators including
Bmall, Clock, and Per2 were differentially expressed in young vs aging murine skin. Upon
initial examination, significant variability between young mice of male and female sex was
found in circadian expression (data not shown), and as such, we focused our aging analysis
on male mice. Quantifying fold change of circadian regulators, we found that circadian
gene expression was significantly decreased in the aging skin when compared to young

skin (Figure 4).

This finding allowed us to determine that aging of murine skin results in circadian
expression dampening. However, we wanted to expand on this murine data to incorporate

human data as well. As we could not harvest skin from people of various ages for this
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Figure 4: Circadian regulators Bmall, Clock, and Per2 are reduced in expression of aged
murine skin.

QRT-PCR of circadian genes Bmall, Clock, and Per2 in mice aged over a year (n=14-
16 1-year old) and 1 month old (n=32-34) male murine skin. Graphs represent
averages of relative mRNA + SEM with GAPDH used for internal control. P-values
were obtained via Student’s T test.
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project, we instead took a different approach. Primary keratinocytes, isolated from human
subjects, can be passaged for a period of time in vitro. With each passage, primary
keratinocytes pseudo-age in culture, allowing for an estimate of keratinocyte aging as a
cellular model[124]. Using this approach, we evaluated human primary keratinocyte
expression of circadian regulators BMALL and PER2, as well as an antiviral protein
IFITM1 via gRT-PCR. In this manner, we found that circadian regulators BMAL1 and
PER2, as well as our antiviral protein IFITM1, all declined in expression with increasing

passage number (Figure 5). Taken together, these data indicate that circadian regulators in
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Figure 5: Circadian regulators BMAL1 and PER2, as well as antiviral protein IFITML,
are transcriptionally repressed with increasing passage number of human primary
keratinocytes.

QRT-PCR of circadian genes BMAL1, PER2 and antiviral protein IFITML1 in
human primary keratinocytes over serial passaging from passage 6 to 9 (n=2-3
donors per passage). Graphs represent averages of relative mRNA + SEM with
GAPDH used for internal control and normalized to Passage 6.
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the skin do in fact decline in expression with age, a fact in concert with the literature

concerning aging clocks.

2.2.2 Aging of the skin suppresses antiviral protein production

Given our data supporting an aging phenotype of the circadian rhythm in skin, we next
wanted to determine if this phenotype was also true with respect to antiviral defense. In
particular, we first focused on the antiviral proteins of the skin, an innate immune defense
component of relevance in skin disease[50, 63]. Our lab previously had shown that qRT-
PCR measurement of antiviral protein transcription reflected well on protein levels and
ultimately antiviral immunity[111]. Using similar approaches, we first examined murine

skin as in Figure 6, where aging and young skin were compared for transcriptional output.
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Figure 6: Aged skin expresses less Oasla, Oas2, and Ifitm1 when compared to younger
skin.

QRT-PCR of antiviral genes Oasla, Oas2, and Ifitml in aged (n=14-16 1-year old)
and young (n=32-34 1-month old) male murine skin. Graphs represent averages of
relative mMRNA = SEM with GAPDH used for internal control. P-values were
obtained via Student’s T test.
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In doing so, we found that antiviral proteins of two different families, the OAS and IFITM

families, were differentially regulated by age of the skin (Figure 6).

This transcriptional data suggested a defect in the skin of aged mice with respect to antiviral
protein production. To further our analysis, we took murine skin of different ages and used
immunofluoresence approaches to analyze their protein levels of antiviral protein OAS1a.
In doing so, we found that young and aged skin contain differential amounts of this antiviral
protein (Figure 7), confirming our transcriptional results at a translational level. This data
supported an antiviral defect of aging murine skin. However, it should be noted that this
data is from homeostatic, intact skin. As mentioned previously, skin provides an intact

chemical, physical, and immune barrier against invading pathogens, including viruses[64].
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Figure 7: Aged skin expresses less of the antiviral protein OAS1la when compared to
younger skin, as visualized by immunofluorescence.

Young

Murine skin of 1 month and over 1 year immunostained for OAS1la [orange], nuclei
[blue] in unwounded skin. Bar=25pm.
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Knowing this, our findings that intact skin is susceptible to aging defects of antiviral

defense are valid, but perhaps somewhat less functionally significant.

To improve upon this functional significance, we utilized a well characterized model of
antiviral defense need: that of skin wounding [50, 63]. When the skin is breached by
wounds, antiviral proteins are induced to counter invading pathogens. In this way, we can
more reliably make arguments about the nature of innate immunity in a context where it is
required. To do this, we took our young (3-6 month) and aged (over a year) mice, and
inflicted several whole thickness, 3mm wounds into their back skin. 24 hours after wound
administration, we then harvest the wounded tissue along with nonwounded control skin
to measure how much antiviral protein above homeostatic baseline skin is produced in

response to wounding. Using this model, we evaluated by gqRT-PCR the amount of antiviral
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Figure 8: Antiviral protein induction from wounded skin is reduced in aging skin

QRT-PCR of antiviral genes Oasla, Oas2, and Ifitm1 in nonwounded and wounded
skin of young (1 month) and aged (over a year) (n=14-16 1-year old) and young
(n=32-34 1-month old) male murine skin. Graphs represent averages of relative
MRNA = SEM with GAPDH used for internal control. P-values were obtained via
Student’s T test.
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protein mMRNA in wound states across the age spectrum of mouse skin. We found that,
across the age spectrum, wounding of the skin results in mMRNA changes of antiviral protein
when compared to unwounded skin (Figure 8). However, the induction of antiviral
proteins in young skin occurs to a greater degree than its aged counterpart, suggesting a

defect in antiviral protein production from wounded skin when compared to younger tissue.

Based on these pieces of data, we can now state that antiviral proteins in a variety of
families are reduced both in homeostatic and wounded skin of aging mice. This supports

the increased infectivity risks of aging skin[125].

2.2.3 Aged skin has reduced IL-27 signaling capacity, but non-reduced Type |
interferon capacity.

While our previous data supported an aging-viral susceptibility phenotype, it did not
determine mechanisms that may play roles in the reduction of antiviral proteins of aging
skin. To this end, we evaluated the roles of both canonical and non-canonical antiviral
protein signaling. As mentioned previously, canonical antiviral protein production is
signaled via a Type | interferon pathway[1]. However, previous work has shown that
antiviral proteins can also be triggered in the skin wound environment via an alternative
pathway involving the cytokine IL-27[50, 61, 63]. For these reasons, we evaluated both

IL-27 signaling and Type | interferon effects on the aging antiviral phenotype.

Firstly, we examined the cells of the skin that are required for the IL-27 production that
triggers wound defense [50, 61, 63]. These are CD301b+ leukocytes [62] critical for wound
responses. Using young and aging mice, back skin was excised from the animal and

immunostained for the presence of these CD301b cells.
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In line with the lower basal immune status of aging skin, we found an overall reduction in
the amount of CD301b* immune cells in the skin of aged animals (Figure 9). This was
suggestive of the fact that CD301b* triggered wound immunity of the skin might be
reduced in aging skin, and be causal for the defect in wound-induced immunity seen in
Figure 8. However, to test this completely, we needed to evaluate the CD301b™ activity in
the wound setting. To do this, we decided to perform Flow cytometry, allowing us to
directly set our gates to measure the influx of CD301b* leukocytes to the wound bed. Using

flow cytometry, we could also evaluate whether these cells produced the cytokine 1L-27,

CD301b CD301b Nuclei

Aged

Figure 9: CD301b* immune cells in the skin.

Young and aged murine back skin trimmed and placed in OCT prior to staining for
the presence of CD301B (green) or blue (nuclei) in unwounded skin. Bar = 25um
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critical for wound induced immune defenses. Wounding young and aged mice once again,
we performed flow cytometry and found that the wounded state replicated that of
unwounded: CD301b" cell influx to the wounded tissue was reduced in aging tissue when

compared to young (Figure 10). These cells did produce 1L-27 (Figure 10), suggesting
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Figure 10: Flow cytometry of wounded skin from young and aged animals

Flow cytometry showing reduced percentages of CD301b+ cells in aged skin
compared to young skin (n= 4 mice per group). P-values obtained via Student’s T
test.) Histogram displays IL-27 production from CD11b+ (yellow) and CD301b+
(blue) cells compared to CD45- (red).
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that this cellular recruitment defect of aging skin may ultimately lead to a reduction of IL-

27 dependent antiviral immunity.

However, as we have described previously, IL-27 is not the only cytokine present in the
wound environment that can trigger an antiviral protein response. Type | interferon is also

adriver of this response, and as such, we tested whether Type | interferon production varied
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Figure 11: Young and aged wound Interferon expression

Type 1 interferon expression in young and aged skins. gqRT-PCR of Ifna2, Ifnb,
Ifna4, 1fnall and Ifnarl in aging (over a year) and young (2-3 month) mice in
wounded tissue collected 24 hours post-wounding (n= 3-4 mice per condition).
Graphs represent averages of relative mRNA + SEM. P values obtained Student’s
T test.

in aging wound environment. To do this, we used qRT-PCR to evaluate the levels of
multiple Type | interferons as well as a component of the Type | interferon receptor,

IFNARL, in the mouse wound environment. Surprisingly, we found that when comparing
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across aging and young wounds, there was no significant change in the amount of Type I

interferon mRNA, or that of the receptor (Figure 11).

2.3 Conclusion

Based on these findings, we had addressed the first part of our hypothesis. Namely, we can
conclude that aging skin experiences a decline in circadian activity, as well as a decline in
antiviral protein production. This antiviral protein loss in production was at least in part
mediated by a decline in IL-27p28 producing CD301b* leukocytes in the skin of aging
animals, and interestingly, is not correlated with changes in Type I interferon in the wound
environment. Given this, it appears that aging and antiviral immunity at the innate level in
the skin are closely linked, but further mechanistic work is needed to link age, circadian

rhythms, and antiviral immunity together.
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3. Circadian rhythm transcriptional networks include antiviral
genes in mammalian skin.

3.1 Introduction

The molecular and transcriptional Circadian rhythm[91] is a vital regulator of immune
processes [97] throughout the body. Circadian regulation of immunity is well characterized
in the blood[99] and at the bacterial level of control. However, recently, circadian rhythms
have been implicated in viral immunity as well. Viruses interact with the circadian clock
in a number of ways [126] [127], and the circadian clock fights back accordingly. Circadian
loss is associated with increase infectivity of influenza and herpes viruses[104], and lung
pathology after viral infection with Sendai virus [102] is exacerbated after Bmall deletion.
Innate immunity at the cellular level is also controlled at least in part by circadian rhythms;
this is true for a variety of viruses [101, 104, 128]. However, most of this circadian aspect
of antiviral control is non-skin specific in the literature. Fibroblast, lung, and liver studies
have shown that 1ISGs and antiviral genes are related to circadian transcription, but skin
work, particularly in the context of barrier disruption, is lacking. Recently, Toll like
receptor stimulation with imiquimod, a common skin treatment for skin warts and tumors,
was found to stimulate ISGs in a circadian oscillating manner [103]. Given this, we
speculated that circadian transcriptional networks in the skin may include antiviral genes,

and that this may contribute to wound induced antiviral immunity.
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3.2 Results
3.2.1 Mammalian circadian transcriptional networks include antiviral immunity

To examine this hypothesis, we first mined previously published transcriptional microarray
data for antiviral protein changes in time of day stamped skin. Murine skin harvested every
4 hours [114] was used to examine if antiviral genes experience transcriptional circadian
waves of expression. We scaled and clustered the expression of antiviral proteins across
Zeitgeber (standardized time-of-day) time-points within a 24-hour span using an additional
dataset [114] and separated the genes into 5 clusters of distinct expression profiles. We
found a variety of antiviral genes, including Oasla/g, whose pattern of expression
coincided with Bmal1(Arntl) in murine skin (Figure 12). This heatmap displayed ribbons
of up and down expression that oscillated with a specific 24-hour rhythm. We then
broadened our scope using a CIRCOS plot to determine genes that have any time-of-day
regulation in the skin (Figure 12). A larger subset of antiviral genes was found to
experience time-of-day regulation on some level, suggesting a potentially wider effect of
circadian activity on skin antiviral immunity. Given this murine finding, we speculated that
this would be true for other mammals as well. A circadian gene atlas from baboons [129]
has been published, which included skin harvests every 2 hours. Using this RNA-seq data,
we were able to display a circadian variation in antiviral genes of the IFIT and ISG families
(Figure 13). Taken together, this computational data supported that skin antiviral
immunity is regulated in a circadian fashion. However, we needed to support this

computational data in vivo and moved towards a murine skin study of our own.
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Figure 12: Murine circadian transcriptional networks include antiviral genes

a) Murine skin harvested every 4 hours and mapped to circadian oscillation (GSE
38625). b) CIRCOS plot displays oscillatory antiviral immune suppression of murine
skin. Immune related genes were clustered into 5 groups based on timed expression
data. Ribbon size indicates number of genes expressed at each time point.

I ccrLz |2
CCR1
IL16
iL27ra 11

CXCL9

TRIM38
PIEZO1
1SG20
CRY2
PER2
PER1
NR1D2
PER3
DBP
DDX47
TRIM37

6PM 4{
p

ZT12

6AM 6AM |
ZT0 ZT24/0

Baboon skin harvested every 2 hours displays oscillatory waves of circadian gene
expression, as well as antiviral genes.
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3.2.2 Antiviral proteins in murine skin are regulated transcriptionally and
translationally by circadian rhythms

Based on our transcriptional in silico approaches, we hypothesized that murine skin would
exhibit circadian oscillation of antiviral gene expression in homeostatic, intact skin. To test
this hypothesis, we harvested the skin of wild type, C57BL6/J mice at AM and PM
timepoints separated by 12 hours. In this way, we hoped to capture the extremes of the
skin’s basal expression of antiviral proteins. We then took this harvested, time pointed skin
and performed gRT-PCR to determine expression of antiviral proteins in the OAS and

IFITM families. In confirmation of our in silico data, we found that circadian oscillation of
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Figure 143: Antiviral gene expression oscillates with time of day in mouse skin.

gPCR of Oasl and Ifitml in C57BL/6 murine belly skin harvested at 8AM or 8PM
(n=4 mice per time-point). Graphs represent averages of relative mRNA + SEM with
GAPDH used for internal control. P-values were obtained via Student’s T Test.
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antiviral genes did occur transcriptionally; antiviral gene expression was found to be higher

in PM timepoints compared to AM skin (Figure 14).
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Figure 15: Clock mutant animals express less homeostatic antiviral protein

gRT-PCR of Oasla and Ifitml in intact skin of ClockA19 mice and BALB/C WT
littermates at the indicated time (n=2-3 mice in each group with technical triplicates).
Graphs represent averages of relative mRNA + SEM with GAPDH used for internal
control. P-values were obtained via Student’s T Test

Encouraged by the observation time-of-day response, we then asked a more specific
question: was our time-of-day variability in antiviral protein expression actually circadian
in nature? To answer this, we moved into the use of circadian mutant mouse models. The
first model we used was the circadian mutant Clock A19 mouse model[92], which has a
mutated Clock gene and subsequently disrupted circadian rhythm. We performed the same
gRT-PCR on Clock A19 skin as we had previously on wild type skin at the two distinct

time points. In doing so, we found that, regardless of time of day for tissue harvest, Clock
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A19 circadian mutant animals expressed less antiviral protein than their wild type

littermates (Figure 15).

This transcriptional data nicely supports a circadian regulation to homeostatic antiviral
expression in murine skin. To confirm that this transcriptional level of regulation was

functional, we evaluated changes at the translational level using immunofluorescence.

OAS1a OAS1a Nuclei

Figure 16: OAS1la staining in the skin of circadian mutant animals

WT

Bmal1-/-

Immunostaining for OASla [purple] in WT and Bmall” skin. Nuclei [blue].
Bar=25pm
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Murine skin from wild type or Bmall” animals[130] was excised and stained for the
presence of the antiviral protein OAS1a. In doing so, we found that epidermal expression
of OAS1a was lessened in circadian mutant animal skin when compared to wild type

(Figure 16).

3.2.3 Wound-induced antiviral immunity is circadian regulated

While homeostatic regulation of antiviral proteins at a transcriptional and translational
level via the circadian rhythm of the skin occurs, as noted previously, this innate antiviral
defense is less relevant when the skin is intact. When the barrier is disrupted, however,
antiviral proteins are called into action to prevent viral ingress [61, 63]. This wound-
induced antiviral protein response is a critical one for controlling virus in the skin, and as
such, we investigated if wound induction of innate immunity in the skin is a circadian
phenotype. Returning to wild type mouse skin first, we wounded animals in AM or PM
timepoints using a 3mm punch biopsy through the back skin, and then harvested the
wounded skin 24 hours later. The expression of antiviral proteins was evaluated relative to
unwounded, baseline homeostatic expression of antiviral proteins. Using gRT-PCR as a
readout, we found that wound induction of antiviral proteins varied according to time-of-

day, peaking in PM hours (Figure 17).
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Figure 17: Wound induced antiviral protein expression varies with time of day

gPCR of Oasl and Ifitm1 in skin wounds of C57BL/6 inflicted at times indicated and
harvested 24 hours later (n=4 mice in each group) as described in Figure 15. Ifitm1l
p-value =0.0725.

To confirm that this time-of-day phenotype was specifically circadian, we again turned to
the circadian mutant ClockA19 strain. Wounding these circadian mutants alongside their
wildtype counterparts at AM and PM time points, we found that regardless of time of
wounding, Clock mutant animals are deficient in wound induced antiviral protein

activation when compared to their wild type littermates (Figure 18).
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Figure 18: Clock mutant animals are deficient in wound induced immunity

gRT-PCR of Oasla and Ifitml in skin wounds of ClockA19 mice and BALB/C WT
littermates inflicted at the indicated time and harvested 24 hours later (n=2-3 mice in
each group with technical triplicates) as described in Figure 16.

3.3 Conclusion

While we had previously characterized that antiviral protein expression in both intact and
wounded states was disrupted in aging skin, we now have evidence that supports a
circadian control of the same genes. This circadian regulation is particularly critical when
viewed in the context of aging, as aging skin has a dysregulated circadian rhythm (Figures
4,5). In this light, our model starts to come into focus. Aging related disruption of the
circadian rhythm in the skin is a causative factor that lessens antiviral immune function of
this barrier organ. However, as our data to date on circadian regulation of antiviral

immunity in the skin has examined whole tissues, there are unanswered mechanistic
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questions. Specifically, we needed to next investigate whether this circadian-antiviral axis
is a keratinocyte cell driven phenotype, or one driven by skin leukocytes and immune

mediators.
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4. Circadian regulation of antiviral immunity includes leukocyte
regulation

4.1 Introduction

As mentioned previously, the circadian control of innate immunity in non-skin tissues
appears to occur at both the leukocyte[90, 100, 131] and tissue cell level [101, 102]. This
two-level aspect of defense means the body is protected at both the immediate cellular level
and a subsequent professional immune layer of viral contact. Given this two-pronged
approach to viral immunity elsewhere in the body, our previous data (Section 3) becomes
a mechanistic question for further data. Namely, our work supports that circadian factors
control rhythmic antiviral immunity in skin, both in homeostatic and wounded conditions.
However, we do not yet fully understand if this is mediated via cellular immunity or
leukocyte derived factors. The propensity of literature on macrophage and dendritic cell
circadian effects led us to first start our investigation by querying leukocyte circadian

regulation of the skin.
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4.2 Results
4.2.1 Antiviral cytokine IL-27 is circadian regulated

As we have discussed elsewhere at length in this thesis, the wound induced cytokine IL-
27[50, 61, 63, 132, 133] specifically activates antiviral protein transcription in the skin. As
we had previously shown that aging related antiviral activity (Section 2) was dependent on
IL-27 producing cells in the wound environment, we speculated that circadian control of
this cytokine may play a role in this phenotype. Our first piece of evidence to support this
finding was that of in silico data and returning to the previously published microarray
dataset[114]. Using this dataset, which not only included the 2-hour timepoint harvests
used previously, but also compared heterozygous and Bmall”- mouse expression profiling,
we found that a variety of antiviral proteins were decreased in expression in Bmall” skin
(Figure 19). This was in line with our in vivo data. Moreover, this analysis also
demonstrated that transcriptional activity of 1L-27 was reduced in Bmall™ skin (Figure
19), a fact which supported the notion that this cytokine could play a key role in circadian

antiviral immunity.
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Figure 19: Cytokine IL-27 and antiviral proteins are reduced in expression in the skin
of Bmall’ mutants

Heatmap of microarray expression of Bmall’ compared to heterozygotes intact
murine skin as measured at Zeitgeber time 22 (GSE38625).

4.2.2 CD301b positive leukocyte presence in skin is circadian-controlled

Having established that the cytokine IL-27 is reduced in expression in the skin of circadian
knockout animals, we next examined whether the cells that produce this cytokine,
CD301b* leukocytes[50, 61-63] are also controlled via circadian mechanisms. To evaluate
this, we first examined homeostatic, intact skin for the presence of these cells. Staining of

wild type and Bmall”- mouse back skin was performed using immunofluorescence for the
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presence of CD301b™ cells. Encouragingly, we found that these cells are reduced in number

in the back skin of circadian mutants (Figure 20).

CD301b CD301b Nuclei

Figure 20: CD301b+ cells in the skin of circadian mutant animals.

Immunostaining for CD301b [green] and nuclei [blue] in WT and Bmall”- intact skin.
Bar=25pm

This finding, supported by Figure 19, cemented that IL-27 production is impaired in the
skin of circadian mutant animals. However, this data made use of intact skin, where IL-
27’s contribution to cellular immunity is not necessarily required. This cytokine is required
primarily in the context of wounded tissue. As such, we moved towards evaluation of the

cytokine and the CD301b" cells that produce it in the wound environment.
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4.2.3 Circadian rhythms regulate production of IL-27 but not Type | interferon in
wounded skin

We have previously characterized that skin wounds are associated with an influx of
CD301b* leukocytes that produce IL-27 (Section 1), and that this wound response is
blunted in the skin of aging animals. We hypothesized that this same phenotype would be
blunted in circadian mutant animals, based on our previous unwounded sample data
(Figure 20). Testing this hypothesis, we wounded back skin of wild type and Bmall”
animals and harvested the skin for flow cytometry analysis. We gated our wounded skin to
analyze the influx of CD301b" leukocytes and their production of IL-27 in the skin wound
environment. By this analysis, we found that not only do Bmall” animals have less
CD301b* immune cells in the wounded tissue (Figure 21), but also, the amount of IL-
27p28 being produced from these cells is lessened in the wound response as well (Figure
21). This cytokine data provided a wound response element explaining our data in section
2: circadian loss leads to less CD301b* wound infiltration, and subsequently less IL-27
production and downstream antiviral protein synthesis. While this model fit our data quite
well, we made sure to characterize this further, and examine the role of Type I interferons

in this wound environment.
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Figure 21: CD301b* leukocytes are reduced in the wound environment of circadian
mutants and produce less IL-27

a) Gating strategy for Bmall”- and wild type skin wounds. Circadian mutant and wild
type skin were wounded, and flow cytometry was used to gate IL-27 producing cells.
Cells were pre-gated on live single cells that were CD45*, CD3*, CD301b*, and
CD11b*. b) Flow cytometry of CD301b* cells and MFI of 1127p28 in Bmal1”-skin and
WT skin (n= 4 mice per group). c) Histogram displays IL27p28 expression in Bmall-
- (red) and WT mouse skin (Blue).
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For the evaluation of Type I interferon production in the wound environment, and circadian

rhythm effects on this production, we returned to a similar qRT-PCR model as previously

used in the evaluation of aging interferon production. Interestingly, when we wounded

mice at AM and PM time points separated by 12 hours, we found no statistically significant

difference in the amount of Type I interferons (Ifna2, I1fna4, 1fnall, I1fnb) produced by
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Figure 22: Type | interferon production from wounded skin does not vary with time of

day

gRT-PCR of type I interferons in WT C57BL6 mice wounded at 8AM or 8PM (n=4
mice per time point). Graphs represent averages of relative mRNA £ SEM with
GAPDH used for internal control. P-values were obtained via Student’s T Test.
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wounding (Figure 22). This was surprising, as we had anticipated that these critical
immune cytokines would vary in their wound response in a circadian manner. This finding
suggested that Type | interferons are not circadian responsive in the wound. Next, we

questioned their role in the wound environment.

4.2.4 Circadian rhythm activation of antiviral proteins requires both IL-27 and Type
| interferon

Given our data in Figures 21-22, we speculated that circadian wound responses of antiviral
proteins may be an IL-27 directed response, rather than a Type | interferon response. To
evaluate this possibility, we made use of several different genetic mouse models with
cytokine aberrations. For the contribution of IL-27 to circadian wound induced antiviral
proteins, we made use of a LysMCre-1L-27p28 "™ mouse model, where 1L-27 production
was eliminated in Cre* positive cells of LysM lineage. This included the CD301b* cells
that produce IL-27 in the wound environment. We wounded the back skin of these mice,
alongside Cre- mice that had normal IL-27 expression, and evaluated for circadian
expression of antiviral proteins. We found that ablation of IL-27 destroyed time of day
dependent wound induction of antiviral proteins (Figure 23), supporting the role of this
cytokine in circadian wound defenses. However, we also wounded the skin of Ifnarl”
mice, which are unable to respond to interferon. These mice also were unable to mount a
time of day response to wounding (Figure 23). In this respect, it would appear that
circadian antiviral immunity of the skin is not dependent on one cytokine, but rather a more

complex web of host defense.
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Figure 23: Time of day antiviral protein induction requires both IL-27 and Type I
interferon

gRT-PCR of Ifitm1 in skin wounds of WT or LysM-Cre.IL27p28" (n= 3 mice per
group) and gRT-PCR of Ifitm1 in skin wounds of Ifnarl’- mice (n=5-6 mice).

4.3 Conclusion

From this data, we can conclude that our previously characterized circadian regulation of
antiviral immunity (Section 3) does in fact rely on cytokine and leukocyte contributions.
In particular, we find that circadian regulation of the cytokine IL-27 occurs in the skin,
both at homeostatic conditions and in the wound environment. Circadian mutants have less
CD301b* leukocyte response to wounding, and this leads them deficient in the production
of antiviral proteins upon wounding. Interestingly, circadian variations in the production
of Type I interferons were not observed but Type | interferon was found to be necessary in
the time-of-day production of antiviral proteins. In this respect, it appears that IL-27 may

provide circadian sensitivity to skin wounding, but that Type | interferon potentiates the
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wound induced response. This leukocyte data provides strong evidence to professional
immunity being circadian regulated in the skin but does not rule out Kkeratinocyte

contributions to this phenotype, and as such, we investigated these cells next.
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5. Circadian regulation of antiviral immunity includes
keratinocyte level regulation

5.1 Introduction

As mentioned previously, antiviral circadian immunity is thought to occur at both cell
intrinsic and leukocyte derived manners. For the cell-autonomous arm of this defense,
numerous lines of evidence exist. Circadian regulation of viral activity in fibroblasts has
been studied in a number of contexts[101, 104], and has also been displayed in peripheral
organ cell types, such as hepatocytes [128]. Despite an understanding of cutaneous ISG
activity as a circadian phenotype [103], it remains unclear if keratinocytes themselves
exhibit a circadian rhythm and control of antiviral proteins at baseline. Furthermore, it is
unclear what ramifications keratinocyte circadian activity may have on viral replication.
Based on our findings of whole skin antiviral protein activity (Section 3), we hypothesized
that keratinocytes would exhibit circadian regulation of antiviral proteins, and furthermore,
that this circadian control would have direct viral impact. To test this in virus, we made use
of a virus that has been previously demonstrated to interact with circadian rhythms: HSV1
[104, 134, 135]. Herpes simplex virus [136] is a common skin pathogen that infects
keratinocytes of the skin in a lytic infection cycle, characterized by classical painful
grouped vesicles with an erythematous base. While this viral prodrome in the skin usually
resolves, HSV has a secondary, latent stage of infection where it ascends from
keratinocytes to innervating neurons and can establish a latent infection in perpetuity. This
virus can reactivate and descend from the neuronal cell body in response to stress, UV

radiation, or injury. In this way, HSV is essentially a life-long pathogen of the skin. In the
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context of our circadian findings, we used HSV as a classic keratinocyte trophic virus to

evaluate antiviral responses of the skin.

5.2 Results
5.2.1 Keratinocyte antiviral protein expression oscillates in a circadian manner

Firstly, we hypothesized that circadian rhythms regulate antiviral proteins in keratinocytes.
This would mean that, like in murine skin (Section 3), antiviral proteins should oscillate
expressional levels in human keratinocytes. To evaluate this, we used human primary
keratinocytes. These are cells harvested from variety of human donors and cultured ex vivo
as a functional cell culture model. As these cells no longer were subject to the body’s
circadian rhythm, we utilized a cell culture serum shock methodology, which has been
shown to synchronize circadian clocks in culture[137]. After depriving keratinocytes of
serum overnight, serum replete media was given to the cells and then subsequently, cells
were harvested at regular intervals for gRT-PCR evaluation. Firstly, we proved that this
synchronization method is viable for primary keratinocytes; the expression of BMAL1
varied according to time of harvest in an oscillatory 24-hour wave (Figure 24). Excitingly,
this oscillatory expression of BMALL was not the only gene that varied in this manner.
When we examined the level of transcripts of human antiviral genes OAS1, OAS2, and
MX1, we found that these antiviral genes varied according to time (Figure 24). These
genes were subsequently modeled using a circadian cosinor waveform [138] for a circadian
fit. This data supported that keratinocyte intrinsic circadian rhythms lead to oscillatory

antiviral expression, fitting with our murine data. However, as in the mouse model, we
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wanted to confirm that expression of these antiviral proteins was in fact regulated by

circadian factors.
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Figure 24: Synchronized keratinocytes exhibit oscillatory expression of BMAL1 and
antiviral proteins

gRT-PCR of BMAL1, OAS1, OAS2, and MX1 in human primary keratinocytes
synchronized via growth factor starvation and harvested every 6 hours
(representative of three independent experiments). Graphs represent relative mRNA
+ SEM with GAPDH used for internal control and relative to that of 0-hour time-
point. Cosinor expression modelling of BMAL1, MX1, OAS1, OAS2 in human
keratinocytes.

5.2.2 Circadian suppression reduces antiviral protein transcription of keratinocytes
In order to evaluate the role of circadian factors in keratinocyte expression of antiviral
proteins, we used primary keratinocytes once again and employed a transcriptional
knockdown system: siRNA. Small Interfering RNA, or siRNA, was first discovered in

plants and C. Elegans[139]. It has subsequently been well characterized in mammalian
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systems as a suppressor of mMRNA. Essentially, sSIRNA programs an enzymatic reaction to
cleave specific mMRNAs in cells. In this way, it can be used to suppress gene expression at
the mRNA level, blocking translation and subsequent downstream activity. While other
genetic knockout systems for cell culture, such as CRISPR, have gained increasing
popularity in recent years, these models often require selection markers and passaging to
create a uniform knockout system. For our primary cells, an siRNA approach allows for
rapid and flexible knockdown of genetic function, maximizing these non-immortalized cell
lines for use. For this reason, we attempted circadian gene knockdown using siRNA in our
cell culture model. We pooled 3 different siRNA sequences against human CLOCK and
transfected them into human Keratinocytes. After this transfection, we evaluated the
expression of CLOCK to confirm transcriptional knockdown and compared this to a
universal non-silencing siControl sequence. This approach showed knockdown of human
CLOCK expression in primary keratinocytes (Figure 25). In the same CLOCK suppressed
keratinocytes, we then evaluated if circadian disruption led to changes in antiviral protein
expression. Using gRT-PCR, we found that CLOCK knockdown simultaneously
suppressed transcription of antiviral gene IFITM1 (Figure 25). This supported that our
time-of-day regulation of antiviral genes was in fact circadian specific, and that an intrinsic

circadian rhythm of keratinocytes regulates antiviral protein expression.
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5.2.3 Circadian suppression leads to increased viral replication in keratinocytes

Our data support a keratinocyte intrinsic regulation of antiviral proteins. However, it
remained unclear if this level of regulation led to functional differences in immune defense.
In order to evaluate this, we utilized a human keratinocyte infection model with the skin
pathogen HSV1. In this model, human keratinocytes were transfected with siRNA against
BMALL1 or CLOCK, and knockdown of these circadian factors confirmed using gRT-PCR
(Figure 26). These cells were then infected with HSV1 and evaluated for the presence of
this virus in infected cell supernatant via gPCR using the HSV1 gene UL29. In this manner,
we hypothesized that viral genetic load would increase in the supernatant of circadian

suppressed keratinocytes. When measured via qPCR, viral load did in fact increase in
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Figure 25: CLOCK suppression in primary keratinocytes also suppresses antiviral
transcription

gRT-PCR of CLOCK and IFITML1, in human primary keratinocytes that received
small interfering RNA, either non-silencing control (siCtrl) or specific for CLOCK
(SICLOCK) (n=3 technical triplicates, representative of three independent
experiments). Graphs represent averages of relative mRNA = SEM with GAPDH
used for internal control.
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infected circadian suppressed keratinocytes, as relative to a universal negative control

(Figure 26).
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Figure 26: Circadian suppression leads to increased HSV1 UL29 in viral supernatant

gPCR of HSV1 gene UL29 in supernatant of primary keratinocytes that received
transfection of either siCtrl, sSiBMAL1, or siCLOCK 24 hours prior to infection with
HSV1 (MOI 0.01). Knockdown efficacy was shown by gqRT-PCR. Graphs represent
averages of either relative DNA or mRNA £ SEM with GAPDH used for internal
control. P-values were obtained via Students T test. n=3 primary keratinocyte donors.
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This circadian regulation of HSV1 was measured via qPCR in accordance with other
published work[135]. However, given that the skin is tractable to visualization of virus, we
evaluated if HSV1 could be measured via immunofluoresence of infected cells. To do so,
similarly siRNA transfected keratinocytes were infected with HSV1, fixed, and stained for
HSV1 antigen to visualize virus in infected cells. Using Fiji (ImageJ), we could then
quantify the positive virally infected cells (relative to amount of nuclei present in the

image). Upon doing so, we were able to visually appreciate that circadian disruption leads
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Figure 27: HSV1 viral antigen is increased in circadian suppressed keratinocytes

a) Immunofluorescence of HSV1 (MOI 0.01) in human NTERT Keratinocytes
transduced with non-silencing siCtrl, siBMAL1, or siCLOCK. Bar= 160um. b)
Knockdown efficacy was shown by qRT-PCR. c) ImageJd (Fiji) quantification of
relative viral immunofluorescence normalized to nuclear staining. Graphs represent
averages of relative immunofluorescence + SEM (n=3 samples). P-values obtained
using via ANOVA with multiple comparisons.
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to increased viral infectivity in keratinocytes to a statistically significant degree (Figure

27).

5.3 Conclusion

We were able to demonstrate that human keratinocytes have a circadian rhythm, and that
intrinsic rhythm patterns antiviral protein activity. Furthermore, when these internal
circadian rhythms of keratinocytes are disrupted using siRNA, antiviral protein production
at the transcriptional level is decreased. Given this intrinsic defect in antiviral immunity of
keratinocytes with suppressed rhythms, we subsequently questioned if this circadian
suppression increased levels of HSV1 replication in the keratinocytes. We evaluated this
both by viral PCR and by immunofluorescence and found that virus was increased in
keratinocytes that had lost circadian activity. Our model now supports a paradigm where
aging skin loses circadian transcriptional activity, and that leads to immune defects on the
whole skin level and keratinocyte specific viral replication enhancement. To further this,
we subsequently asked if the converse was true; if circadian defects lead to antiviral loss,

what would circadian enhancement do to the skin?
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6. Pharmacological augmentation of circadian rhythms in the
skin has antiviral effects

6.1 Introduction

Our data clearly delineates a circadian activation of antiviral immunity in the skin.
However, up to this point, we have shown genetic knockout or knockdown models to
evaluate this relationship. Clinically, circadian rhythm disruption is experienced by shift
workers and others with shifted daytime activity, such as jet lag[140-143], and perhaps
unsurprisingly given the relationship of circadian biology and the immune system, these
populations exhibit increased risk of infection. However, this is a relatively small
population that experiences this disruption. In contrast, one of the more popular over the
counter sleep aids, melatonin[144, 145] is a circadian active drug, and has recently been
implicated as a possible aid against COVID-19 pathology. In this light, our question can
be flipped on its head. If circadian disruption increased viral susceptibility, we

hypothesized that circadian enhancement may be an antiviral protectant in the skin.

6.2 Results
6.2.1 Circadian rhythms of the skin are druggable

In order to test this hypothesis, we first needed to evaluate if circadian rhythms were
tractable in the skin. To do so, we turned to the literature on circadian pharmacology.
Recent years have seen an explosion in the number of drugs either designed specifically
for or implicated in augmenting circadian rhythms [146-151]. Drugs can target specific
components of the circadian clock, leading them to either stabilize or degrade more rapidly,

in essence boosting specific aspects of the clock. As mentioned previously, circadian

61



rhythms are characterized by amplitude, periodicity, and phase; all of these components
can be altered by circadian pharmacology. To this end, when examining the literature, we
intentionally looked for drugs that could first alter BMAL1 amplitude, as level of BMAL1
seemed to strongly correlate with viral replication (Section 5). To this end, we identified

the drug SR8278[149], a synthetic antagonist of REV-ERB which is a negative regulator

of BMAL1, as a possible drug target for our purposes.

To determine if SR8278 could enhance BMALL1 activity in keratinocytes, we used the
immortalized NTERT keratinocyte cell line[152]. As these cells were immortalized, we
could stably express a BMALI reporter to test SR8278’s effect. A reporter construct used
in keratinocytes previously was available via Addgene [153], and so we transfected this
luciferase reporter construct into our immortalized keratinocytes. These cells were then

serum shocked to synchronize circadian rhythmicity and treated with either vehicle or
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Figure 28: SR8278 increases keratinocyte circadian activity

A-b) Bmall-luciferase reporter assay. Human NTERT Kkeratinocytes were transduced
with Bmall-luciferase reporter construct and growth supplement starved overnight
before treatment with vehicle or 10 pM SR8278. Cells were harvested (a) every 6
hours and (b) at 24 hours for luminescence measurements (n=4).
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SR8278, and luciferase measurements taken at regular intervals. In this experiment, we
found that drug treatment increased amplitude of BMAL1 expression, advanced phase, and

at 24 hours post treatment, led to increased BMALZ1 transcriptional activity (Figure 28).

6.2.2 Circadian rhythm augmentation has antiviral effect

We now had a valid circadian enhancing drug effect in keratinocytes. Our next step was to
determine if this drug effect had antiviral effect for cutaneous infections. Through a
collaboration with Duke University’s plastic surgery team, we had previously established
a model of ex vivo human skin explantation[154]. Given our data suggesting that circadian
rhythms governed cutaneous antiviral activity via both keratinocyte intrinsic and leukocyte
derived mechanisms, we hypothesized that using our skin organ explant model would best
capture the full effect of circadian augmentation on antiviral function. Skin explants were
trimmed of subcutaneous fat, and epidermis separated from dermis using a dispase
reaction; HSV1 preferentially infects keratinocytes of the basal cell layer, and this model
allowed for improved viral infectivity in pilot studies. Skin organ culture was supplemented
with either vehicle or SR8278 and infected with HSV1, and immunofluorescence used to
evaluate viral spread in the skin. Excitingly, we found that SR8278 reduced viral antigen
via immunofluorescence measurements, a quantification supported by viral g°PCR as well
(Figure 29). This data supported that whole skin treatments with circadian drug reduced

viral replication, and suggested that circadian augmentation could be a possible antiviral
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Figure 29: SR8278 reduces HSV1 antigen and genetic load in human skin explants

a) Immunostaining for HSV1 antigen in human epidermal explants infected with
HSV1 and treated with vehicle or 10 uM SR8278. Bar=500um. b) ImageJ (Fiji)
quantification of viral immunofluorescence normalized to nuclear staining. c) qPCR
of HSV1 viral gene UL29 relative to human KRT14 in epidermal skin infection.

therapy. However, it was unclear if this effect was truly circadian, or an off target effect of

SR8278.

6.2.3 Circadian augmentation antiviral effect is dependent on circadian rhythms

To evaluate whether antiviral effect of SR8278 was specifically circadian in nature, we
returned to our keratinocyte model of infection. In this setting, we could selectively
suppress circadian function using siBMALL or siCLOCK and subsequently determine if
SR8278’s antiviral effect was lessened. We evaluated this in both immortalized

keratinocytes and in primary cells. Using our immortalized cells first, we infected our
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SiRNA transfected keratinocytes with HSV1 in the presence of SR8278 or vehicle, and
evaluated for viral load using immunofluorescence. Using this model, we found that both
siBMAL1 and siCLOCK had lessened viral clearance when treated with SR8278 when
compared to SiControl treated cells (Figure 30). To confirm this finding, we then repeated
the same experiment in primary keratinocytes, and evaluated viral levels using gPCR for

viral gene UL29. Similarly, suppression of BMAL1 and CLOCK prior to treatment with
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Figure 304: SR8278's antiviral effect requires circadian function

a)lmmunostaining for HSV1 antigen in human NTERT Kkeratinocytes (MOI 0.01)
transduced with siCtrl, siBMAL1, or siCLOCK and supplemented with vehicle or 10
MM SR8278. Bar = 160um. b) Imaged (Fiji) quantification of relative viral
immunofluorescence normalized to nuclear staining. Graphs represent averages of
relative DNA or viral immunofluorescence normalized to nuclear staining + SEM. P-
values obtained using Student’s T test or ANOVA with multiple comparisons. c)
gPCR of HSV1 viral gene UL29 in supernatants of primary keratinocytes transfected
with siCtrl, siBMALL, siCLOCK, and siOAS1/IFITML1 treated with 10uM SR8278
(MOI 0.01). Graphs represent averages of relative HSV1 DNA to Krtl4 + SEM. P
values obtained using ANOVA with multiple comparisons. n=3 technical triplicates,
representative of three independent experiments.
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SR8278 led to higher viral replication (Figure 30). This data supported that not only is
SR8278 a viral antagonist in the skin, but that its effect requires circadian activity. We then
moved to a broader question, and asked whether this circadian antiviral effect of SR8278

was specific to this drug, or more general to circadian agonists in general.
6.2.4 Circadian augmentation effect is not drug specific

To determine whether SR8278’s effect was circadian in general or more specific to the
drug itself, we returned to the circadian pharmacological literature. For our next round of
circadian studies, we endeavored to find a circadian drug that was both efficacious but also
possibly more readily available for clinical use than a synthetic compound like SR8278.

To this end, we decided to use the flavonoid nobiletin[150, 155-160]. Nobiletin has been a
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Figure 31: Nobiletin enhances circadian activity of keratinocytes

Luciferase reporter assay. Keratinocytes transduced to express Bmall-luciferase were
synchronized via overnight incubation with growth factor supplement omitted media
and treated with vehicle or Nobiletin (5uM). Cells were harvested every 4 hours before
luminescence measurements.
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component of Chinese traditional medicine for centuries, but in recent years, it has been

shown to be a potent anti-inflammatory. More importantly for our work, it has been shown
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Figure 32: Nobiletin reduces HSV1 viral load in human skin

a) Immunofluorescence of HSV in human skin treated with either vehicle or
nobiletin (10uM). Bar = 500um. b) ImageJ (Fiji) quantification of relative viral
immunofluorescence as controlled relative to nuclear staining. ¢) gPCR of HSV1
viral gene UL29 relative to human KRT14 in epidermal skin infection. Graphs
represent averages of relative DNA = SEM. P values obtained using Student’s T
test.
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to have a decided effect on circadian activity in a number of contexts[150, 155, 156]. It is
easily accessible as a supplement, making it a useful target drug for our purposes. To this
end, we returned to our NTERT Luciferase model to evaluate if nobiletin had similar
circadian enhancing abilities in keratinocytes. We found that nobiletin could enhance
circadian amplitude in keratinocytes (Figure 31) and as such, moved on to infection
modeling of this compound. To test whether nobiletin had antiviral efficacy, we made use
of the skin explant model in a similar fashion to our SR8278 study. Using human epidermis
infected with HSV1, we found that nobiletin reduced HSV1 viral load as measured by

immunofluorescence and by viral gPCR (Figure 32).

6.2.5 Circadian effect on viral replication is dependent on antiviral protein activity
As we now had confirmation that circadian effect on antiviral replication in the skin was
not drug specific, our final validation of these drug’s effects was to test them at their
farthest downstream efficacy. If our hypothesis linking circadian rhythm to antiviral
proteins and subsequently viral replication was true, then disrupting antiviral protein
transcription should also limit our circadian drug effectiveness on HSV1 viral replication.
To test this hypothesis, we transfected siRNA against OAS1 and IFITM1 into our
keratinocytes, infected with HSV1, and treated with SR8278. Unsurprisingly, the ability of
SR8278 to fight virus was compromised in an antiviral protein deficient environment

(Figure 33).
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Figure 33: siRNA suppression of antiviral function diminishes SR8278’s effect

NTERT keratinocytes were transfected with siRNA against siControl (Ctrl) or a
combination of OAS1/IFITML. Cells were infected with HSV1 at an MOI of 0.01 24
hours later, and treated with SR8278 at 10uM. Viral supernatant measurements were
used against a standard curve of HSV1 UL29, and knockdown confirmed using RT-
PCR. n=3 technical triplicates, representative of three experiments.

6.3 Conclusion

Excitingly, our data supports a novel treatment for skin viral infections. Based on our
previous findings, we had hypothesized that antiviral function of the skin could be
enhanced through circadian mediators. We characterized two compounds, SR8278 and
nobiletin, that could enhance circadian rhythms of the skin, and in doing so, were able to
suppress viral load in both keratinocytes and more importantly, in human skin explants.
These circadian adjuvants express their antiviral function specifically through circadian

effect, and downstream, through activation of antiviral proteins. In this setting, our drugs
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present as novel anti-HSV1 therapies for skin infections. However, herpes virus therapies
already exist for skin infections. Follow on work to determine if our novel therapies

synergized with current drug approaches would be beneficial for further study.
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7. Traditional HSV1 treatment Acyclovir is not synergistic with
circadian drug SR8278

7.1 Introduction

Herpes simplex virus treatment is, clinically speaking, a relatively straightforward
approach: acyclovir or its derivatives remain the gold standard of therapy [161]. These
drugs are inhibitors of viral DNA replication; they incorporate into viral DNA and result
in chain termination of polymerizing DNA. While they work exceedingly well, acyclovir
is not a perfect treatment paradigm; patients with renal dysfunction may experience
complications from the drug [162, 163], and drug-resistant strains of HSV1 are arising in
the population[164]. Given this, additional therapies to combat HSV1 infections could be
therapeutically beneficial. Either given singly as an alternative for drug resistant strains, or
in concert to reduce dosage of acyclovir for toxicity concerns, our circadian drugs may
provide an extra treatment arm to add to acyclovir for HSV. While our previous data
supported that HSV1 can be treated in the skin via circadian drug application, it was unclear

if these drugs could synergize with acyclovir treatments.

7.2 Results
7.2.1 Acyclovir and SR8278 combination therapy do not synergize against HSV1

In order to evaluate this, we treated human keratinocytes with HSV1 and treated with
acyclovir alone or acyclovir and SR8278 to determine if these two drugs could synergize.
Our hypothesis was that these drugs would each counteract virus in their own mechanistic
fashion, decreasing the amount of virus when treated together. However, in our

keratinocyte model, this was effect was not observed. While acyclovir alone had a strong
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treatment effect on HSV1 as measured via gPCR (Figure 34), acyclovir and SR8278 had
no additive effect over acyclovir alone. In this respect, it seems that acyclovir suppression
of virus outweighs contributions of innate immunity. This is perhaps not surprising, given
the mechanism of the drug acting directly on the virus itself, rather than the slightly slower

innate immune activation of circadian rhythm augmentation.
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Figure 34: Acyclovir does not synergize with SR8278 against HSV1

Human Kkeratinocytes treated with HSV1 were supplemented with Acyclovir
(250nM) or Acyclovir (250nM) + SR8278 (10uM). Virus was measured using qRT
PCR of viral gene UL29 against human KRT14. P values obtained via ANOVA with
multiple comparisons.
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7.3 Conclusion

Disappointingly, our circadian augmentation did not potentiate acyclovir’s antiviral effect,
at least at the doses tested. At higher doses of acyclovir, we saw even greater suppression
of HSV1 (data not shown) than at the 250nM dose shown in Figure 34. We had anticipated
that adding SR8278 may further decrease viral load. However, given the efficacy of
acyclovir in reducing HSV burden, it is perhaps unsurprising that our drug effect added to
it was negligible. In this respect, while disappointing, our work is perhaps unsurprising.
This would suggest that circadian augmentation should be viewed less as an adjunct to
acyclovir, as a dose reducing agent, and rather, be viewed more broadly as a novel
therapeutic treatment. In this light, we decided to return to a model of circadian dysfunction

as a treatment group our drug findings may benefit: those with aging skin.
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8. Aging skin infections and circadian drug treatments

8.1 Introduction

At this juncture, we had now established a working model, where aging related circadian
dysfunction led to aberrant antiviral defenses of the skin. Furthermore, circadian drug
treatment could be used to suppress viral replication in the skin. However, we postulated
that we could put these two arms of the model together and use circadian augmentation to
overcome aging loss of antiviral immunity. In this model, we required the use of both
murine ex vivo skin infections, as well as human aging keratinocytes in culture. We also
first needed to establish that the effect that circadian loss has on aging skin with respect to
antiviral immunity, in order to establish a baseline. In this way, we could determine if

circadian augmentation of the skin could have valid use as an antiviral agent.

8.2 Results
8.2.1 Aging and circadian loss potentiate antiviral protein deficiency

Firstly, we returned to our aging mouse model, comparing younger and aging skin (Section
2). However, we wanted to question whether aging and circadian loss potentiate further
loss of antiviral immunity. In this respect, we focused on solely aging mice that were either
wild type or circadian mutant. For circadian aging animals, we used Bmall*" heterozygous
animals; BMALL1 loss in mouse models is associated with aging [123] phenotypes, and as
such, we wanted to use a BMAL1 deficient setting without full loss of the gene, which
could potentially conflate circadian loss with aging effect. Using wild type mice or
Bmal1*"animals over a year old, we returned to our wound induced antiviral protein model

to determine if aging and circadian loss potentiate decreased antiviral signal. In this setting,
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we found that BMAL1 heterozygosity attenuated antiviral protein production even further

than aging alone (Figure 35).
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Figure 35: Circadian heterozygosity potentiates antiviral protein loss of aging

gRT-PCR of Oasla, Oas2, and Ifitm1 in Bmal1*- and wild type skin that was wounded
and collected 24 hours later (n=3-6 mice per genotype).

This data supported that not only does aging have an effect on antiviral immunity (Section
2), but that circadian rhythms still maintain an effect on antiviral immunity even in aged

tissue.

8.2.2 Aging skin HSV1 infections are responsive to circadian augmentation

Given this finding, we hypothesized that augmenting circadian rhythms in the aging skin
microenvironment should provide antiviral protection against pathogens. However, in
order to prove this, we first needed to validate that our aging antiviral protein phenotype
led to functional differences in viral replication. To do so, we used murine skin explants of
young (3-6 month) or aged (over a year) animals and infected these samples ex vivo with
HSV1. These infections supported our earlier antiviral protein findings: via viral gPCR,

aging skin displayed more virus than its younger counterparts (Figure 36). More
75



importantly, when aging mouse skin was treated with SR8278, viral load as measured by

PCR decreased relative to control treated skin, suggesting that circadian augmentation
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Figure 36: Aging murine skin is prone to HSV1 infection, a phenotype rescuable by
SR8278

a) qPCR of viral UL29 relative to murine Krtl4 in HSV1 infection of aging mouse
(>365 days) and young mouse (2-6 months) epidermis (n=3 skin explants of each age).
b) gPCR of viral UL29 relative to murine Krtl4 in HSV1 infection of aging mouse
(>365 days) epidermis treated with vehicle or 10uM SR8278 (n=3 skin explants per
condition).

presents a valid antiviral strategy in the skin of aging mice (Figure 36).

This mouse data was exciting, and supported the use of circadian augmenting compounds
as a possible therapeutic for aging skin infections. However, to ensure that this approach

was a valid translational one, we moved into a human primary keratinocyte model for a
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Figure 37: Aging keratinocytes are more susceptible to HSV1 infection, a phenotype
rescuable by SR8278

a-b) qPCR of HSV1 UL29 in supernatants of infected P2 and P8 keratinocytes
treated with vehicle or 10uM SR8278 (MOI 0.01). Graphs represent averages of
relative HSV1 DNA to mouse Krt14 + SEM. P values obtained using Student’s T
test n=3 primary donors of each age

final proof of concept. As mentioned previously, primary keratinocytes can be serially
passaged in culture to approximate aging of the skin [124]. To this end, we made use of
keratinocytes as different passage ‘age’: passage 2 as young skin surrogates and passage 8

as aging skin surrogates. When these keratinocytes were infected with HSV1, we found
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that, unsurprisingly given our previous anuvial protein data in similar experiments, aging
keratinocytes were more susceptible to virus and produced more viral replication than their
younger keratinocyte counterparts (Figure 37). Using the same keratinocytes, we found
the same phenotype of murine skin was true for aging cells: SR8278 potently suppressed

viral replication in P8 keratinocytes (Figure 37).

8.3 Conclusion

This data supports that our model is a truly translational one. Aging skin suppresses
circadian rhythms, which in turn control antiviral immunity both for intact and disrupted
skin barriers. This circadian disruption leads to increased viral infectivity in the skin, for
both circadian deficient or aging tissues. Most importantly, the converse of this is true:
enhancing circadian rhythms using a pharmacological approach leads to increased antiviral
activity and suppressed viral replication for HSV1 in the skin. This would suggest we have
developed a novel therapeutic approach for skin infections, and one that may be
particularly robust in circadian disrupted individuals with aging skin. While we were
unable to prove that our drugs work in concert with traditional HSV1 therapies, this data
supports the use of these circadian drugs in contexts where acyclovir may be unable to be
used, or more specifically, as a prophylactic for antiviral immunity in aging skin. We
ultimately wanted to expand on these findings to a more general pharmacological
approach; all of our data to this point had used a well established viral model of the skin in
HSV1. However, many other viruses come in contact with the skin, and one family of
viruses in particular is in dire need of new clinical therapies: those of the mosquito borne

flaviviruses.
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9. West Nile Virus and Circadian effects

9.1 Introduction

While numerous Flaviviridae are initially inoculated through the skin [165-170], a
particular virus of interest for this work is West Nile Virus. West Nile virus [168, 171] is
the leading cause of mosquito borne encephalitis, and with an increasing range of
infectivity [172] is a rapidly expanding public health concern. Of note, while the main
clinical concern of West Nile virus is encephalitis, viral inoculation occurs through the skin
via infected mosquito bite, and viral replication in the skin occurs prior to systemic disease
[171]. Moreover, in the context of our previous work, immune aging is of critical
importance to West Nile Virus[173, 174]. Mortality rates for West Nile Virus are
considerably worsened with age [174], though it remains unclear exactly what arm of
immune response is impaired that allows for greater burden of systemic disease in aging
infections. Given that West Nile virus is a skin inoculated pathogen that replicates in
keratinocytes prior to systemic disease burden, we hypothesized that changes in the skin
antiviral microenvironment could play a role in systemic disease burden. In particular, we
speculated that altering cutaneous circadian rhythms could have similar effect on West Nile

virus replication as they did for HSV1.

9.2 Results
9.2.1 Keratinocyte infection with West Nile Virus is altered by circadian drug effect

To test this hypothesis, we made use of immortalized NTERT Kkeratinocytes. These
keratinocytes were supplemented with both of our two circadian adjuvants, nobiletin and

SR8278. In collaboration with Duke’s Regional Biocontainment laboratory, we then
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infected these keratinocytes with West Nile Virus. 24 hours after infection, cell culture
conditioned media was harvested and used for a plaque assay according to the Regional
Biocontainment Laboratory parameters. Excitingly we found at two different doses tested,
both SR8278 and nobiletin were able to dose dependently reduce the amount of West Nile

Virus produced by keratinocytes via plaque assay (Figure 38).
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Figure 38: SR8278 and Nobiletin reduce WNV plaque formation

NTERT Keratinocytes infected with West Nile Virus in the presence of vehicle,
SR8278 or nobiletin (10uM, left) (50uM, right).

This plaque assay was dose dependent, and suggested that circadian activation could play

a role in immune defense against West Nile Virus.
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9.3 Conclusion

While this data supports a robust effect of circadian activation on West Nile virus
replication in keratinocytes, more work is needed to best establish circadian rhythm
contributions to West Nile Virus cutaneous immune defense. Future work on this project
will be focused on this virus and its immune control in the skin using mouse models of
West Nile Virus infection. In particular, efforts will include circadian mutant models
alongside aging mice to determine if viral spread varies in these animals. SR8278 and
nobiletin will also be given as oral gavage to infected animals to determine if circadian
activation systemically can prevent from virus-induced mortality. In this setting, we hope
to characterize a novel antiviral therapy for West Nile virus, and disease with no current
clinically approved antiviral therapies. We anticipate publication of this work, along with
single cell RNA-sequencing of infected mice for a more thorough understanding of

cutaneous West Nile Virus in fall of 2023.
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10. Cutaneous Circadian Rhythms Are Light Responsive

10.1 Introduction

While circadian rhythms are broadly understood to be patterned by light cues through the
retina ending in a neuronal impulse to the suprachiasmatic nucleus[86], recent work has
determined that the skin has its own mechanisms for establishing self-sustaining
rhythm[111, 112]. Light activated neuropsin can trigger and entrain cutaneous circadian
rhythms in mouse models, and so we hypothesized that light cues could trigger circadian
rhythms in keratinocytes in vitro, possibly altering antiviral protein transcription as a
byproduct. This could potentially account for variations in expression of antiviral proteins

in response to UV light [175], which has been shown as a Type | interferon response.

10.2 Results
10.2.1 Circadian expression in human skin varies with light exposure

In order to test this hypothesis, we first created a model of whole sunlight exposure for
whole skin explants in culture. To do so, reptile heat lamps that give off heat, UVA, UVB,
and visible light from the bulb were obtained and fixed at a set distance from keratinocytes
(Figure 39a). Using a photometer, exposure was tested and distance managed to ensure
light exposure of 500uW/cm2 to whole explanted skin. Skin was exposed to either no light,
4hr, 6hr, 12hr, or 24 hour of light. After this, skin was harvested at either ZTO0, 24 hours
after beginning of experiment, or ZT6, 30 hours after experiment beginning. In this setting,
we found that, unsurprisingly, whole light exposure for various lengths of time altered
expression of BMALL in whole skin explants (Figure 39b). Intriguingly, when we

investigated the expression of an antiviral protein, IFITM1, in this system, we found that
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light could also trigger differential expression of this gene (Figure 39c). Together, this data

supports the concept of light tractable circadian rhythms of the skin, which could have

modulatory effects on antiviral immunity.
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Figure 39: Mock sunlight triggers circadian and antiviral transcriptional changes in
human skin

a) Experimental set up with reptile light and human skin explants. b) BMAL1
expression measured via gPCR and relative to human skin not exposed to light at
either ZTO or ZT6. c) IFITM1 expression measured via gPCR and relative to human
skin not exposed to light at either ZTO0 or ZT6. ANOVA with multiple comparisons.

10.3 Conclusion

While our findings involving light exposed skin are preliminary in nature, they are
supported by literature findings that suggest a link between cutaneous rhythms and light
exposure. Future exploration of antiviral protein interaction with the light dependent clock

may prove useful in this setting, as this may support functional downstream of how light
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entrained skin clocks promote barrier activities. A better understanding light dependent
circadian clock function of the skin may prove beneficial for clinical medicine, including

efforts such as phototherapy.
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11. Conclusion

The skin presents itself as arguably our most important barrier organ. It provides an
interface with our external environment, and provides important functions for this
interaction. Moisture regulation, sunlight protection, temperature regulation, and of course,
providing enough hydrostatic pressure to keep the body intact are all critical functions of
the skin. For this reason, the skin has to be able to respond to defects in its barrier structure;
any damage could lead to catastrophic failure of the body’s homeostasis. However, while
all of these functions are vital for the skin, perhaps the most important function it provides
is truly as a barrier. The skin presents an interface between the microbial world outside of
ourselves and the human tissue inside. The barrier, to be sure, has commensal microbial
components [179-181] that protect us, and actually aid the function of the skin. Regardless
of these commensals, though, the skin must be prepared to deal with the invasion of
pathogenic microorganisms. When the skin barrier is disrupted, microbial invaders take the
opportunity to advance into the nutrient rich environment of human body, attempting to set
up house in a suitable niche. In this respect, the skin must play equal parts of homeostatic
functional barrier and reactive innate immune defense. This thesis has been focused on that
reactive innate immune response of the skin, in order to better understand how the skin

responds to threat and possible ways to improve skin response to invading pathogen.

In particular, we have focused on work on viral pathogens of the skin. Viral pathogens of
the skin are classically thought of as traditional, skin-tropic infections: papilloma [26, 57,
182-185] viruses causing tumorigenic growth or warts are a stereotypical example of this

skin-specific infection, as are herpes family viruses [136]. However, when taking a broader
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examination of the skin as a barrier organ, it becomes appreciated that many other types of
viruses use the skin as an entry point, site of replication, or view it as a barrier that must be
bypassed. Even SARS-COV?2 is able to find a replicative niche in the cells of the skin
(Section 11). When viewing the skin in this light, a better understanding of why skin
antiviral processes are so vital becomes clear. Innate immune responses to viruses in the
skin, either traditional skin trophic infections, arboviruses passing through, or systemic
infections like SARS-COV2, are of vital importance to not just cutaneous health, but
overall systemic viral defense. In this sense, mechanistic understanding of innate immune

responses of the skin requires the utmost attention.

As such, this thesis work has focused on components of the skin microenvironment that
may inform innate immune responses [64]. In particular, we have chosen to focus on a
fundamental component of the human condition; that of aging. Our work has demonstrated
that aging of the skin, a known infectious risk, is coupled with a specific loss in antiviral
immunity. Moreover, we mechanistically have shown through a series of experiments that
aging leads to a disrupted cutaneous rhythm, and we demonstrate that circadian rhythm of
the skin promotes antiviral immunity in both a keratinocyte intrinsic and leukocyte derived
manner. Translational impact for this mechanism was also shown, as two different
circadian drug options were found to promote antiviral immunity in the skin against two
different viruses of different families. Perhaps most importantly, this work was completed
by returning to aging models, where aging skin of mice and human was able to promote a
strengthened antiviral response with circadian augmentation. These findings our

summarized in our working model of our aging-circadian cutaneous axis of antiviral
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immunity (Figure 40). Future work and expansion upon our findings are subsequently
discussed in sections of this discussion corresponding to aging, circadian, and antiviral

responses of the skin.

SR8278

Keratinocyte
regulation of
AVPS

e.g. OAST,
IFITM1

Other immune
cells (e.g. T-cells)

Figure 40: Working model of an aging-circadian cutaneous axis of innate antiviral
immunity
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11.1 Circadian regulation of antiviral immunity

In this thesis, we lay out a mechanistic model of how circadian rhythms regulate antiviral
immunity in the skin. Our work notes that this is true in both homeostatic and wounded
skin, and relies on both keratinocyte intrinsic and leukocyte patterns of antiviral immunity.
While this finding is well supported by mouse models, in vitro, and in silico data, there
remains elements of understanding this mechanistic relationship remain unresolved. In
particular, the exact signaling cascade steps between circadian factors and antiviral
immunity of the skin require further attention. Our understanding of the circadian rhythm
is as a molecular oscillator[91] that promotes transcriptional responses. In this light, an
open question of circadian regulation of antiviral proteins in the skin becomes whether

these are direct or indirect targets of circadian transcription factors.

Circadian factors are known to have differential binding sites throughout the genome based
on liver studies [87, 186], but our understanding of how these transcription factors perform
chromatin remodeling has become increasingly complex. Recent findings have shown that
only 22% of mRNAs with cycling expression are actually driven by de novo transcription
[87], implicating downstream post-transcriptional mechanisms as vital coordinators of
circadian responses as well. Further complicating this picture, technological advances in
proteomics have shown that the phosphorylation and ubiquitylation patterns of proteins, as
well as binding patterns of transcription factors themselves via protein modifications [187]
all have circadian patterns of rhythmicity. In terms of our study, this means that performing
CHIP-seq on skin samples against BMAL1 and CLOCK binding sites may prove unable

to capture the full circadian transcriptome effectively[188]. While a useful experiment,
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especially given that the E-box elements favored by BMAL1:CLOCK binding are present
in the promoters of certain antiviral proteins in the OAS and IFITM families, CHIP-seq
alone may be insufficient to characterize how circadian factors regulate antiviral protein
expression of the skin. Further work on this mechanistic approach could include CHIP-Seq
alongside a proteomics circadian approach [187] in order to capture any intermediate

transcription factors that could promote antiviral immunity.

For example, one possible intermediary step could involve STAT protein activity. STAT
proteins, Signal Transducer and Activator of Transcription, are a numerous and varied
family of proteins that are activated in response to viral threat [189, 190]. Indeed, STAT1
and STAT?2 activity is vital to the production of antiviral proteins from a canonical
interferon response as well as noncanonical IL-27 response (in the case of STAT1).
Importantly, in non-skin tissues, these proteins have implicated at the phospho-proteome
and transcription factor level of regulation in circadian fashions [187]. Given their vital
role as viral response coordinators, it would not be surprising to see circadian regulatory
factors acting upstream of STAT signaling as a mediator of antiviral responses in the skin.
Active work in the laboratory for future directions of this project have begun to investigate
this hypothesis and evaluate STAT phosphorylation levels according to circadian

activation in the skin.

Other possibilities still exist for keratinocyte and leukocyte circadian regulation of antiviral
immunity. While this work evaluated the role of canonical Type I Interferon as a viral
regulator in circadian wound responses, a non-canonical, skin interferon of note for future

work is Interferon Kappa [191, 192]. Interferon-kappa, or IFNK, is a skin specific interferon
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that activates ISGs and antiviral pathways[193], and recently has been implicated as a
factor in host response to HSV[191] and cutaneous lupus[192]. As a paracrine cytokine
secreted by keratinocytes themselves, understanding whether oscillatory expression of
IFNk occurs could be a useful adjunct to understanding keratinocyte signaling of antiviral
proteins. We plan to examine IFNk expression from keratinocytes in a circadian manner
using our genetic knockdown systems established over the course of this thesis, and via the

use of ELISA to detect cytokine secretion from cultured keratinocytes.

In addition to the cytokine-mediated level of antiviral protein circadian regulation, our data
also implicates a broader, immune cell derived level of circadian viral control. We have
shown the skin viral response includes CD301b* immune cells that provide the cytokine
IL-27 to wounded tissue. However, given the fact that CD45" cells were of greater number
in WT compared to Bmall” skin (Figure 21), it is possible that other cells than the
CD301b* leukocytes play a role in the wound response of antiviral proteins. Neutrophils
play a critical role in wound responses [194], and recently, circadian factors have been
implicated [195] in the proper egress of neutrophils into peripheral tissue for immune
defense. As a mediator of immune activation and an early arriver to the wound tissue,
studies investigating whether neutrophil activation in skin wounds are deranged would be

of use to both our infectious models, but also related to tissue healing and wound response.

From the perspective of macrophage and dendritic cell activation for immune response in
the skin, one can again imagine that circadian factors either act within the immune cells
themselves to promote normal trafficking cycles, or within the tissue to promote immune

cell trafficking to the periphery. A variety of BMALZ1 cell specific models for macrophage
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deletion [131, 196] exist, showing that BMAL1 in macrophages specifically regulates anti-
tumor immune response and antibacterial response. As such, it may benefit our work to
generate a BMALL specific macrophage knockout mouse line, and test our wound induced
and antiviral phenotypes accordingly. This could provide a better understanding of whether

our leukocyte phenotypes are skin mediated or immune cell mediated.

In summary: skin circadian rhythms are clearly vital regulators of antiviral immunity, but
more mechanistic work could specifically untangle the steps linking BMAL1, CLOCK,
and other circadian factors to our antiviral phenotypes. This work will be done at both the
keratinocyte and immune cell level, providing a better two-tiered understanding of this

important mediator of skin antiviral function.

11.2 Aging disruption of circadian rhythms

Our work adds yet another layer to the deepening understanding of the aging of the
circadian clock. While previous work has shown this in neurological or metabolic tissues,
ours is the first finding that similar aging of the clock occurs in the skin (Section 1). While
our work has focused on the possible links of this finding to antiviral immunity, the

ramifications of this finding go well beyond viral pathogens.

Circadian skin functions are numerous; for decades, we have known that skin functions
such as transepidermal water loss have circadian rhythmicity, and more recent work has
added further layers of circadian control to the skin [106, 107, 109, 110, 116, 197]. With
disease states as varied as wounds, psoriasis, and even skin cancer all being involved with

circadian activity, our findings of an aging circadian rhythm of the skin may factor into a
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number of pathologies. Skin cancer risk increases with age [198], a phenotype often
attributed to increased total UV exposure over the life time. However, recent work has
shown that skin cancers, including melanoma [199] are strongly tied to the circadian clock.
Skin cell replication, DNA damage responses, and erythema repair[106] are all circadian
functions as well. In this setting, understanding mechanistically how aging deregulates and
suppresses circadian function of the skin would have major implications for the skin cancer

world.

While skin cancer burden in elderly skin is a major clinical concern, another that is of
increasing importance as well is wound care. Aging skin is a poor wound responder for a
number of reasons[73]. However, given our new data supporting that aging skin loses a
critical wound induced leukocyte in the CD301b* cell[62], possibly as a contributor to
circadian dysregulation, one begins to link aging circadian loss to poor wound response
dynamics. This is particularly important in the context of fibroblast wound models[197],
where circadian activation is functionally critical to wound healing. Similar to the
discussion of circadian activity in keratinocytes and leukocytes as mentioned previously, a
better understanding of this circadian rhythm may implicate aspects of the wound response
in aged skin that require attention from a circadian perspective. As our pharmacological
data supports, circadian amplifying drugs have antiviral effect in the skin of aging animals
and aging keratinocytes, which would suggest that circadian rescue of aging skin

phenotypes other than viral infection may be worth characterization.

In order to best understand how treatment of aging clocks in the skin may be used

therapeutically, further investigation mechanistically into why circadian expression is
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downregulated in aging skin may be useful. A number of possibilities have been proposed
for aging related issues with circadian rhythms. Many involve either degeneration or
morphological changes in the suprachiasmatic nucleus, the primary pacemaker for the
clock [119]. However, our keratinocytes, divorced of any signals from an aging
suprachiasmatic nucleus, still present a declining circadian clock with age. One possibility
that fits well with this finding is that in aging tissue disrupting circadian tissues and re-
training them in peripheral tissues slows in aging, whereas central clock function is restored
more rapidly [200]. In this context, our aging circadian decline in the skin may be acting
separately from a systemic clock. To investigate this, a full evaluation of skin circadian
transcriptomes and proteomes across the age spectrum would be useful. However, smaller
scale studies may also be used to support future direction, as metabolic changes of the
keratinocytes or even inflammatory changes like interferon production could alter
cutaneous rhythms[119]. As the skin has its own circadian entrainment via light, as
well[111], and sunlight itself is an aging factor[201], our work on light induced circadian

expression in the future will include skin and keratinocytes of different ages.

In summary, while our data robustly supports an age related decline of circadian rhythms
of the skin, this appears to be a local circuit loss, and independent of a systemic clock.
While this supports the paradigm of the skin as a self-entrained circadian organ, it opens
further questions about what age related alterations in the molecular microenvironment

may result in circadian expression changes.
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11.3 Circadian rhythm augmentation and antiviral effect

Perhaps the most exciting finding of this thesis is that the skin is not only tractable to
circadian pharmacological approaches, but that these drugs can alter circadian-dependent
viral load in the skin. This appears true for both skin trophic HSV1 and mosquito inoculated
virus West Nile virus. Despite this, though, more work is needed to specifically address
best use of circadian pharmacology for antiviral effect. In part, this is because while our
work and others [104] show that BMALL loss potentiates viral growth, paradoxically,
viruses can also hijack circadian components for their own replicative purposes[126]. How
then, to balance viral usage of circadian components with the possible therapeutic benefit

of these augmenting compounds?

One possible avenue to improve upon our drug understanding is a better use of
chronopharmokinetics[202]. As one might expect from a circadian clock that affects so
much of the body, pharmokinectics, or the absorption, metabolism, and clearance of
medication varies with the body’s rhythm. Could our drug effects be heightened or
diminished by application at different times to the skin? Mouse model application in our
West Nile Virus infections will give us some insight into whether timing of application
may matter for our circadian compounds. It is also clear that circadian activation alone,
while antiviral, has an effect size dwarfed by that of traditional, designed antivirals like
acyclovir. In this respect, our future studies will also focus on dose effect. We hypothesize
that an upper limit of circadian efficacy exists, and our dose dependent West Nile Virus

results suggest we have not yet reached a plateau of effectiveness. Dose studies and
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subsequent toxicity modeling will allow us to better transition these approaches to a more

translational setting.

It is also quite possible that other circadian activating drugs may prove better antivirals
than SR8278 or nobiletin. The sleep drug and circadian agonist melatonin has documented
effect against West Nile Virus [144] and other biosimilar compounds to melatonin [145]
are in develop for sleep pharmacology. This approach could broaden the amount of drugs
with a circadian effect; treatments as diverse as DHEA and BCR-ABL kinase
inhibition[151] have been shown to alter circadian period of expression. By opening up
further drug possibilities for circadian alterations, we may be able to provide even more
efficacious antiviral effect in this manner. However, circadian alteration may be a double
edged sword; with a 24 hour rhythm of both up and down oscillatory transcription, it is
possible that activating circadian rhythms may lead to longer periods of sustained
downturned expression, leading to adverse effects. This again may return us to the question
of kinetics; when and how much circadian agent is added to a system may play a vital role
in either being pro or antiviral and inflammatory. Further study of these kinetics will be a

necessary building block towards use of these drugs for a broader, clinical purpose.

11.4 Final remarks

In summary, our work proposes a novel model for age related antiviral decline in the skin.
We suggest that aging of the skin leads to a decline in circadian expression, much like other
non skin tissues. We also find that circadian rhythms of the skin regulated antiviral

immunity, both for homeostatic, intact skin and its wounded, barrier disrupted counterparts.
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This regulation occurred via both leukocyte derived pathways, using interferon and I1L-27
signaling, and also through keratinocytes themselves, with direct loss of antiviral protein
production with circadian disruption. The converse of these findings was also true;
circadian augmentation with drugs SR8278 and nobiletin both limit viral replication in the
skin in a circadian dependent manner, and critically can protect aging skin from viral
infection. In this way, our model comes full circle: circadian adjuvants can activate
cutaneous antiviral immunity that is lacking in aging skin. Future directions for this work
are multiple, and will improve both mechanistic studies of circadian skin biology and

provide translational avenues for cutaneous viral infection.

Circadian activation of the immune system in the skin opens a variety of possibilities for
skin biology, including wound care, cancer treatment, and infection control. While more
work is required to better understand how to best leverage circadian biology for
translational purposes, what is clear is that the wide and deep reach of the circadian rhythm
into the function of the skin can now be harnessed for clinical benefit. In particular, we
anticipate that circadian augmentation or, in fact, restoration in aging skin may prove a
vital tool in improving skin function in our rapidly aging population. Any efforts that can
be made to improve skin outcomes in this population deserve examination, and we believe
that our circadian-antiviral axis of immunity is one that could provide benefit for viruses
that increasingly prey upon the infirm. As climate change continues to reshape our world,
as well, infectious disease caused by arthropod vectors will only expand in case load. Our
work may provide some benefit to these infections as well, by promoting a stronger skin

barrier and limiting viral entry into the body. We have full confidence in the application of
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circadian antiviral biology of the skin as a novel therapeutic approach, and ultimately,

believe that our work will improve the skin care of aging populations worldwide.
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12. Materials and Methods

Materials and methods for this dissertation are modified and expanded from the preprint:

doi: https://doi.org/10.1101/2023.04.14.536934.
In vivo wounding experiments

C57BL/6 wild type, Ifnarl”, B6.129-Arntltm1Bra/J (Bmall”), ClockA19 mice [92] and
LysM-Cre mice [130] [92]were obtained from Jackson laboratories (Bar Harbor, ME). IL-
27p28" mice were gifts from Zhinan Yin (Biomedical Translational Institute, Jinan
University) and Li Fan Lu (University of California San Diego). All mice were maintained
under a specific pathogen-free environment. After anesthesia of the mice, 3-mm punch
wounds were made on the back of each mouse at distinct times of day and collected 24
hours post-wounding. Tissue from non-wounded and wounded skin was dissected from
each mouse, lysed in Trizol reagent (ThermoFisher, Waltham, MA), and kept at -80°C for
RNA extraction, placed in OCT for immunofluorescence, or immunostained for flow
cytometry. Information regarding RNA extraction, quantitative real-time PCR,
immunofluorescence, or flow cytometry approaches can be found in Supplementary
Methods. For aged/young skin studies, wounds were inflicted between 8:00 AM and 9:00
AM. Young mice were between 3-6 months, and elderly mice were greater than a year.

Male and female mice were used in this study.
Keratinocyte cell culture

Human primary keratinocytes were purchased from Thermo-Fisher Scientific. Cells were

grown in a 37°C incubator in serum free Epi-Life cell culture medium (Gibco, Waltham,
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MA) supplemented with Epi-Life Defined Growth Supplement (EDGS) containing
0.05mM Ca?*. N/Tert 2G keratinocytes were a gift from the lab of Johann Gudjonsson of
University of Michigan and cultured in Keratinocyte SFM media supplemented with EGF
and BPE (Gibco) prior to use for luciferase and infection studies. Complete keratinocyte
methods, including circadian synchronization, sSiRNA experiments, and infections can be

found in supplementary methods.
RNA-Seq gene expression and microarray gene expression data

Publicly available non-human primate RNA-Seq gene expression data was downloaded
from the Gene Expression Omnibus (GSE98965). The data was provided as a normalized
expression matrix as calculated by Mure et al. [129]. Publicly available microarray gene
expression data from Geyfman et al. [114] was downloaded from the Gene Expression
Omnibus [203] (GSE38625). Further computational analysis methods can be found in

Supplementary Methods.
Herpes simplex virus staining and quantitative PCR

For full description of viral infection, please see Supplemental Methods. Briefly, human or
murine epidermis maintained in keratinocyte growth media and infected with 10,000 focus-
forming units per sample of herpes simplex virus type 1 (HSV1) strain NS in the presence
of vehicle, nobiletin or SR8728 (Sigma) at 5-10 pM. The epidermis was then either placed
in 4% formaldehyde to fix overnight and subsequently stained for HSV1 antigen or lysed
for DNA extraction and viral quantification.

Statistical analysis
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All statistical tests were performed in GraphPad Prism. Throughout figures, data are shown
as mean = SEM, * =p <0.05, **=p <0.01, ***=p<0.001, ****=p <0.0001. Diagrams and

visual abstract were created using BioRender software.

Study Approval

Animal procedures were performed in agreement with the recommendations in the Guide
for the Care and Use of Laboratory Animals of the National Institutes of Health. Animal
protocols were approved by Duke University’s Institutional Animal Care and Use
Committee (Animal Welfare Assurance). Human tissue was used in accordance with Duke

Institutional Review Board approval.

Data Availability and Material Sharing:

All data needed to evaluate our conclusions are present in the paper and/or the
Supplementary Materials. Previously published datasets including [114, 129] are cited in
this paper, and data is publicly available. The data and materials generated in this study can
be provided by Jennifer Zhang pending scientific review and a completed material transfer
agreement. Requests for the data and materials should be submitted to: Jennifer Zhang,

Jennifer.zhang@duke.edu.

Keratinocyte Transfections and Circadian Synchronization

Circadian synchronization was performed with growth supplement starvation. Starvation
was performed after plating by replacing full media with supplement free media overnight,

and then fed with supplement replete media. Cells were harvested at various time-points
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post-synchronization. Synchronization experiments were performed 2 independent times
with at least 2 different keratinocyte donors. For passaging experiments, cells were
trypsinized and an aliquot harvested for RNA extraction at time of passage. Multiple

keratinocyte donors were pooled at each passage and run as technical duplicates.

NTERT keratinocytes were transfected with the pAB-Puro-BluF [153] plasmid (Addgene,
Watertown, MA) and validated for stable expression prior to growth supplement starvation
overnight. Cells were treated with 5 uM of nobiletin or 10 uM SR8278 and collected at
ZT0-48. Luminescence was measured using the Promega Dual-Glo Luciferase Kit and

Glomax-Multi Jr Single Tube Luminometer (Promega, Madison, WI).

For gene silencing of primary keratinocytes, three sSiRNA sequences designed to target
CLOCK, BMAL1, OAS1, or IFITM1 were combined for maximal knockdown
(Dharmacon). siRNA were transfected into keratinocytes using Genmute Reagent
(SignaGen, Rockville, MD) at 10 nM concentration. RNA was collected 48 hours after
transfection to evaluate knockdown efficacy. Expression changes were evaluated relative

to non-silencing siControl (Origene).

Keratinocyte Circadian Oscillation

For our circadian oscillation transcription data, we have modelled our data using Graphpad
Prism software and the R studio package ‘Psych’ which includes a cosinor sine model that
fits a circadian sine wave to data. Fit to a true circadian oscillation was evaluated using this
data. Periodicity, Mesor, amplitude, and acrophase of genes were determined using Cosinor
Software [138]
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RNA extraction and qRT-PCR

RNA was extracted using the Direct-zol RNA Purification Kit (Zymo Research, Tustin,
CA). cDNA was transcribed using the iScript cDNA synthesis kit (BioRad, Hercules, CA)
and resulting cDNA was used for quantitative RT-PCR with SYBR Green Master Mix
(ThermoFisher) on the StepOne Plus Real-Time PCR machine (Applied Biosystems,
Foster City, CA). Primers used for amplification of targeted genes are shown in
Supplementary Table 1. Fold change of gene expression was calculated and normalized to

the housekeeping gene GAPDH and calculated using the 20449 method [204].

Immunofluorescence

Mouse skin was frozen in O.C.T. for sectioning. 10 um sections were fixed in 4%
paraformaldehyde, washed in PBS, and permeabilized in 0.1% Triton X-100 (10 minutes)
and blocked in a blocking buffer containing 10% normal goat serum, 5% normal donkey
serum 1% BSA, and 0.01% Triton X-100 (1 hour). The sections were then incubated
overnight with primary antibodies (4 °C): rabbit polyclonal OAS1 (Millipore, Burlington,
MA), CD301b (BioRad, Hercules CA), or rabbit 1gG as a control (SouthernBio,
Birmingham, AL), followed by washing and incubation with secondary antibodies (Cy3-
conjugated secondary antibodies; Thermo Scientific), washed in PBS containing 0.01%
Triton X-100 and counterstained with Hoechst. Cells were imaged using the Olympus Cell
Sens software or using a Zeiss 780 Confocal microscope. Fluorescence quantifications
were performed using Fiji Software.
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Mouse skin cell isolation and flow cytometry

24 hours post-wounding, skin wounds were harvested along with a 1-mm rim around the
edge of the wound, minced, and pooled in 0.3% trypsin/0.1% glucose, 14.8 mM NaCl, 5.3
mM KCI (GNK) with 0.1% DNase at 4 °C overnight. Cell solutions were then incubated
with monensin and brefeldin A prior to extracellular staining. Intracellular staining was
achieved via fixation and permeabilization. Single-cell suspensions were washed and
stained with the following antibodies: BVV510-Live Dead, BV421-CD45, AF488-CD3, PE-
CD301b, PE-Cy7-CD11b, APC-IL-27p28 (BioLegend, San Diego CA). Flow cytometry

was performed on a FACS Canto and was analyzed using FlowJo (Ashland, OR) Software.

RNA-Seq gene expression

Publicly available non-human primate RNA-Seq gene expression data was downloaded
from the Gene Expression Omnibus (GSE98965). The data was provided as a normalized
expression matrix as calculated by Mure et al. [129]. Select genes that were identified as
being significantly rhythmically expressed in the skin by their study had their expression
log2 transformed, converted to z-scores, clustered using a correlation distance with

complete linkage, and then plotted in a heatmap.

Microarray gene expression data

Publicly available microarray gene expression data from Geyfman et al. [114] was
downloaded from the Gene Expression Omnibus [203] (GSE38625). The raw data was
normalized using the robust multi-array average (RMA) approach using the affy [205]

Bioconductor [206] package from the R statistical programming environment [207]. Select
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genes from the Bmall” and Bmal1* samples were z-score transformed and displayed on
a heatmap with the genes and samples being clustered by a correlation distance with
complete linkage. Similarly, for the time-course samples, select antiviral proteins were z-
score transformed and plotted in a heatmap where the genes were clustered using a
correlation distance with complete linkage. The genes were then split into 5 clusters based
on distinct expression profiles and correlation clustering. A CIRCOS plot was used to
show the expression profile of those gene clusters across the 13 time points. The ribbons
are color coordinated to match the cluster definition from the heatmap. Ribbons are
connected to time points where a majority of the genes within the cluster show expression
above the mean. Ribbon width is proportional to the number of genes in each of the
clusters. Similar to the Mure et al. study, we employed the meta2d integrative method
from the MetaCycle R package to identify rhythmically expressed genes. Probe sets were

considered rhythmically expressed if they had an FDR adjusted p-value <0.05.
Herpes simplex virus staining and quantitative PCR

For skin viral infection, human or murine skin explants were trimmed of fat, and epidermis
and dermis separated in a 5mg/ml dispase solution overnight. Epidermis was subsequently
maintained in keratinocyte growth media and infected with 10,000 focus-forming units per
sample of herpes simplex virus type 1 (HSV1) strain NS in the presence of vehicle,
nobiletin or SR8728 (Sigma) at 5-10 puM. The epidermis was then either placed in 4%
formaldehyde to fix overnight or lysed for DNA extraction. Fixed tissues were stained as
whole mount for HSV1 using Abcam antibody 9533 at a 1:60 dilution overnight and a

1:400 secondary antibody stain. For keratinocyte studies, NTERT 2G keratinocytes or
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primary keratinocytes were transfected with siRNA oligonucleotides specific for CLOCK
or BMALL1 or non-silencing control at 10 nM. Cells were infected with HSV and treated
with vehicle, 10 uM nobiletin or SR8278 for 24 hours. HSV1 stocks were grown in Vero
cells and viral genomes quantified via PCR. For DNA level quantification in skin,
epidermis was placed in DNA/RNA shield (Zymo) and DNA extracted before use in
quantitative PCR. Human KRT14 was used as an internal control for the amount of host
DNA present in each sample. Viral supernatant quantifications were used for cell infections

and standardized to a viral standard curve of known viral quantity.

Light Treated Keratinocyte Modeling

Human keratinocytes were plated in 6 well plates and allowed to rest for 24 hours. A
Zoomed Reptisun lamp was obtained from Petsmart, and fixed above cells in the biosafety
hood. The lid of the cell culture plate was then removed, and the light switched on for the
period of time indicated in the figure legend. At this point, cells were removed from light,
the lid replaced, and then subsequently placed back into a 37 degree incubator until
harvested at times noted in the figure legend. Cells were harvested into Trizol for RNA

extraction and downstream gPCR.

SARS-COV2 and West Nile Virus Infections

Human primary keratinocytes were cultured alongside lung epithelial cells provided by
Rob Tighe (Duke University). Cells were treated with IL-27 (100ng/ml) or Type |
interferon or both drugs prior to being delivered to Duke’s Regional Biocontainment

laboratory. Cells were then infected with SARS-COV2 at an MOI noted in the figure

105



legends. Viral supernatants were collected for downstream plaque assay, and separate viral

samples were lysed and DNA levels of virus analyzed via QPCR (Brooke Heaton, Duke).

West Nile virus experiments followed a similar method. Using NTERT keratinocytes
grown in culture, cells were dosed with either nobiletin or SR8278 at 25 and 50 uM,
respectively. Cells were than sent to Duke’s Regional Biocontainment Laboratory. Cells
were then infected at an MOI of 1, and harvested 24 hours later for plaque assay performed

by the RBL.
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13. Appendices:

Table of Primers used in this study:

Primer

Forward Sequence

Reverse Sequence

Human GAPDH

CAAGAGCACAAGAGGAAGAGAG

CTACATGGCAACTGTGAGGAG

Human BMALI

CGGAGTCGATGGTTCAGTTT

CTTCCAGGACGTTGGCTAAA

Human 0A4S1

GTCTTCCTCAGTCCTCTCACG

AAGGCAGGCAGCACATCG

Human CLOCK

AGTGGTTCTGTGCCTCTTATC

CCAAGTCTACTGGACTGTCTTC

Human OA4S2 TGAAGATGAGACCGTGAGGAAG CCAGAAGATGCCAACACCAAC
Human MXI GGACATCGCCACCACAGAGG TCCGCACCACATCCACAACC
Human KRT14 CGTGACCAGTATGAGAAGATGG CTCCTCTGTCTTGGTGAAGAAC
Mouse Gapdh GCACAGTCAAGGCCGAGAAT GCCTTCTCCATGGTGGTGAA
Mouse Oas2 CCGGGCCAGTGCACAAGTTAG CGATGGCACCGAGGACACC
Mouse Mx! GGGGAGGAAATAGAGAAAATGAT GTTTACAAAGGGCTTGCTTGCT
Mouse Oasla GGAGGCGGTTGGCTGAAGAGG GAACCACCGTCGGCACATCC
Mouse Ifitm1 CAGGAAGATGGTGGGTGATAC CGTGAGGATGGTGAAGAACA
Mouse Ifnarl ATAGCTGGGTCCTCAGGTAATA TCCATTGCTGGTGGGAATAC
Mouse Ifna2 CTGCTGGCTGTGAGGAAATA AGCAAGTTGACTGAGGAAGAC
Mouse Krtl14 ACTCACTCGCTCACTTGCTCA ATCTTGCTCTTCAGGTCCTC
HSV UL29 CCATCATCTCCTCGCTTAGG AGCTGCAGATCGAGGACTG
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