& frontiers | Frontiers in Lupus

'.) Check for updates

OPEN ACCESS

EDITED BY
Antony Psarras,
University of Oxford, United Kingdom

REVIEWED BY

Tammy (Tamara) Nowling,

Medical University of South Carolina,
United States

Jillian M. Richmond,

University of Massachusetts Medical School,
United States

*CORRESPONDENCE
J. Michelle Kahlenberg
mkahlenb@umich.edu

RECEIVED 21 December 2023
ACCEPTED 08 March 2024
PUBLISHED 19 March 2024

CITATION

Xu B, Musai J, Tan YS, Hile GA, Swindell WR,
Klein B, Qin JT, Sarkar MK, Gudjonsson JE and
Kahlenberg JM (2024) A critical role for IFN-f
signaling for IFN-x induction in keratinocytes.
Front. Lupus 2:1359714.

doi: 10.3389/flupu.2024.1359714

COPYRIGHT

© 2024 Xu, Musai, Tan, Hile, Swindell, Klein,
Qin, Sarkar, Gudjonsson and Kahlenberg. This
is an open-access article distributed under the
terms of the Creative Commons Attribution
License (CC BY). The use, distribution or
reproduction in other forums is permitted,
provided the original author(s) and the
copyright owner(s) are credited and that the
original publication in this journal is cited, in
accordance with accepted academic practice.
No use, distribution or reproduction is
permitted which does not comply with

these terms.

Frontiers in Lupus

19 March 2024

Original Research
10.3389/flupu.2024.1359714

A critical role for IFN-p
sighaling for IFN-x induction
in keratinocytes

Bin Xu', Jon Musai', Yee Sun Tan', Grace A. Hile?,
William R. Swindell’, Benjamin Klein®, J. Tingting Qin®,
Mrinal K. Sarkar®, Johann E. Gudjonsson® and

J. Michelle Kahlenberg™*

!Division of Rheumatology, Department of Internal Medicine, University of Michigan, Ann Arbor, M,
United States, Department of Dermatology, University of Michigan, Ann Arbor, MI, United States,
SDepartment of Internal Medicine, University of Texas Southwestern Medical Center, Dallas, TX,
United States, “Department of Computational Medicine and Bioinformatics, University of Michigan
Medical School, Ann Arbor, MI, United States

Background/Purpose: Cutaneous lupus erythematosus (CLE) affects up to 70%
of patients with systemic lupus erythematosus (SLE), and type | interferons (IFNs)
are important promoters of SLE and CLE. Our previous work identified
IFN-kappa (IFN-x), a keratinocyte-produced type | IFN, as upregulated in non-
lesional and lesional lupus skin and as a critical regulator for enhanced
UVB-mediated cell death in SLE keratinocytes. Importantly, the molecular
mechanisms governing regulation of IFN-kx expression have been relatively
unexplored. Thus, this study sought to identify critical regulators of IFN-x and
identified a novel role for IFN-beta (IFN-B).

Methods: Human N/TERT keratinocytes were treated with the RNA mimic poly
(:C) or 50 mJ/cm? ultraviolet B (UVB), followed by mMRNA expression
quantification by RT-qPCR in the presence or absence neutralizing
antibody to the type | IFN receptor (IFNAR). IFNB and STAT1 knockout (KO)
keratinocytes were generated using CRISPR/Cas9.

Results: Time courses of poly(l:C) and UVB treatment revealed a differential
expression of IFNB, which was upregulated between 3 and 6 h and IFNK,
which was upregulated 24 h after stimulation. Intriguingly, only [FNK
expression was substantially abrogated by neutralizing antibodies to IFNAR,
suggesting that /FNK upregulation required type | IFN signaling for induction.
Indeed, deletion of IFNB abrogated IFNK expression. Further exploration
confirmed a role for type | IFN-triggered STAT1 activation.

Conclusion: Collectively, our work describes a novel mechanistic paradigm in
keratinocytes in which initial IFN-x induction in response to poly(l:C) and UVB
is IFNBl-dependent, thus describing IFNK as both an IFN gene and an
interferon-stimulated gene.
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Introduction

Type I interferons comprise 13 subtypes including IFN-o, IFN-B, IFN-o, IFN-€ and
IFN-k. The dysregulation of type I interferon (IFN) production has been shown to be a
critical step in the pathogenesis of many autoimmune diseases with systemic lupus
erythematosus (SLE) exhibiting the highest and most pronounced production (1).
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Type I interferon plays a key role in systemic lupus erythematosus
(SLE) pathogenesis through modulation of innate immune
responses and activation of the adaptive immune system (2, 3).
Importantly, numerous cellular sources of interferon have been
identified in SLE that include immune cells and epithelial cell
populations. In the skin, an organ frequently inflamed and
damaged in SLE patients, keratinocytes are an important
contributor to the cutaneous IFN signature in SLE patients (4-6).
IFN kappa (IFN-k) is increased in non-lesional keratinocytes of
SLE patients even before disease onset (6) and enhances immune
cell activation, cytokine production, and ultraviolet (UV) light
sensitivity (4, 5). Thus, understanding the regulation of IFN-x is
a critical undertaking to better investigate the biology of IFNs in
the skin and how to target them.

In the epidermis, type I IFN production can be activated via
several routes. Sensing of microbial products by pattern-recognition
receptors (PRRs) will induce type I IFN production through
activation of the interferon regulatory factor (IRF) family of
transcription factors, of which IRF3 is the primary regulator of IFN
production in non-plasmacytoid dendritic cell populations (7-9).
TLR3 stimulation by poly(I:C) generates a robust TRIF-mediated
activation of TBK1 which activates IRF3 to induce transcription.
Cytoplasmic sensing of nucleic acids through sensors such as RIG-I
and c¢GAS also result in IRF3 activation and upregulation of IFN
genes (10). Ultraviolet light, an important trigger for SLE-
associated skin disease, also results in cGAS/STING activation and
subsequent type I IFN upregulation (11), but the precise signaling
mechanisms that lead to IFN production are less clear.

The effects of type I IFNs are mediated through the type I IFN
receptor (IFNAR). Canonical IFNAR signaling activates the Janus
kinase (JAK)-signal transducer and activator of transcription
(STAT) pathway by phosphorylation. JAK1 and TYK2 bind to
the cytoplasmic tails of IFNARI and II and phosphorylate
STAT1 and STAT2, which dimerize with IRF9 to form the
ISGF3 binds to
interferon-stimulated response elements (ISREs) to upregulate

transcriptionally active ISGF3 complexes.

type I IFN response genes (12, 13). Type I IFN signaling can also
upregulate the expression of IFN genes as well. For example,
treatment of keratinocytes by IFNP1 induces IFNK expression (14).
In this study, we investigated the production of type I IFNs in
the epidermis, an important source of interferons in the skin. We
found that in keratinocytes, IFNB and IFNK are differentially
regulated in response to poly(I:C) and UVB. Indeed, IFNB is the
early IFN produced and IFNK is induced later as an IFN-
regulated gene, entirely dependent on IFN-$ and STAT1 signaling
for its production. Thus, our study provides insight into the
sequential and IFN-B-dependent upregulation of downstream
keratinocyte IFN responses, including the upregulation of IFNK.

Materials and methods
Cell culture

The immortalized N/TERT keratinocyte cell line was used with
the kind permission of Dr James G Rheinwald (15). N/TERTs were
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grown in Keratinocyte-SFM medium (ThermoFisher #17005-042)
supplemented with 30 ug/ml bovine pituitary extract, 0.2 ng/ml
epidermal growth factor and 0.3 mM calcium chloride (16) and
passaged at ~60% confluency to avoid differentiation. For
treatment with Poly(I:C) and UVB, keratinocyte cultures were
grown to 80% confluence and then treated with Poly(I:C) at
10 ug/ml, or irradiated in PBS with 50 mJ/cm2 UVB (310 nm)
via a UV-2 irradiator (Tyler Industries, Alberta, Canada)
followed by media replacement and harvest at indicated time
points. Primary keratinocytes were isolated and cultured from
6 mm punch biopsies as we have previously reported (4, 5).

Generation of knockout (Ko) keratinocytes
by CRISPR/cas9

The generation of knock-out (KO) cell lines using non-
homologous end joining (NHE]) via CRISPR/Cas9 and baricitinib
described
previously (4, 17) and was completed with the assistance of the
Functional Analytics CRISPR Core of the University of Michigan
Skin Biology and Diseases Resource Center. Briefly, for the IFNBI
KO, the following oligonucleotides were used for annealing:
IENB1PCRF1: TGCTCTGGCACAACAGGTAG, IFNBIPCRRI:
AGTCTCATTCCAGCCAGTGC. For the Mock—/— line, a sgRNA
was designed for the tubulin alpha pseudogene using the
following oligonucleotides: GTATTCCGTGGGTGAACGGG. The
annealed oligonucleotides were inserted into the cloning vector
pSpCas9 (BB)—2A-GFP (PX458) (Addgene # 48138) following the
Ran et al. (18) protocol. Ligated plasmids were transformed into
competent Escherichia coli (ThermoFisher Catalog #C737303) and
then plated on LB-agar. Twelve colonies from each of the groups

treatment to permit efficacious transfection was

were selected and cultured in LB medium, and plasmids were
purified using Qiagen mini-prep kit (Cat #27106), and then the
proper insertion of sgRNA target sequences were verified by
Sanger sequencing. Purified plasmid was transfected into an
immortalized keratinocyte line (N/TERTs) using the TransfeX
transfection kit (ATCC, Cat# ACS4005). Single cells positive for
green fluorescent protein (GFP) were sorted into 96-well plates
using a MoFlo Astrios #1 cell sorter and grown up to ~50%
confluence. Cells from 96-well plates were transferred into 12-well
plates and grown to 50% confluence. DNA was extracted and
PCR-amplified
heterozygous IFNBI mutations were verified by Sanger sequencing
of the PCR product. For validation of findings, a total of four
independent CRISPR/Cas9 KO mutants were generated for IFNBI.
Similar experimental design and method was used to generate the
STATI KO by CRISPR/Cas9 as described previously (19).

using  specific primers. Homozygous or

RNA isolation, reverse transcription, and
RT-gPCR

Total RNA was isolated with an RNeasy Mini kit (Catalog
no. 74,104; Qiagen, Germantown, MD) according to the
manufacturer’s instructions. One microgram of total RNA was
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reverse transcribed using the iScript™ ¢DNA Synthesis Kit (Bio-
Rad, Catalog# 1708891), and RT-qPCR was performed on a
7900HT Fast Real-time PCR system (Applied Biosystems) as
described previously (4). All primer sequences are listed in
Supplementary Table S1.

Cell lysis and immunoblotting

Total cellular extracts were prepared in HEPES buffer
containing protease inhibitor mixture (Catalog no. 11836170001;
Sigma-Aldrich) as described previously (20). Cell lysates were
then gently resuspended and incubated at 4°C with gentle
rocking for 40 min to 1h, followed by microcentrifugation at
13,000 rpm for 10 min at 4°C. The supernatants were transferred
to new tubes, and protein concentrations were determined by
Bradford method using Bio-Rad Protein Assay Dye (Cat#
5000006) and serial dilution of BSA as standard. Proteins were
separated by SDS-PAGE and transferred onto polyvinylidene
difluoride membranes, and immunoblotting was performed using
antibodies to IFNBI (Cat#73671), P-STAT1 (Tyr701, Cat#9167),
STAT1 (Cat#14995) and B-actin (Cat#4967) from Cell Signaling
Technology. The primary and secondary antibodies were diluted
with signal enhancer HIKAR solution 1 and solution 2,
respectively, as described previously (20). Detection by enhanced
chemiluminescence was carried out with a SuperSignal West
Dura kit (Thermo Fisher Scientific, Catalog #34075), followed by
Lum C The
phosphorylated to total protein was quantified using Image J.

imaging on Omega (Aplegen). ratio of

Reagents

Poly(I:C) was purchased from Tocris Bioscience™ (Cat# 42-
871-0). IFN-beta Mouse anti-Human, Clone: 76,703, was from
R&D Systems™ (Cat#MAB814100). Cell supernatants were
collected after 1 to 24h post Poly(I:C). IFN-k levels in
keratinocyte supernatants were measured via ELISA, according to
the manufacturer’s protocol (#MBS936153, MyBiosource, San
Diego, CA). IFN-B level was determined using Human IFN-B
ELISA Kit (from PBL Assay Science, Catalog# 41410).

Bioinformatic analysis

In silico analysis was used to identify IFNK-correlated genes
and motifs enriched in the IFNK and IFNBI upstream sequences.
IFNK-correlated genes were identified by evaluating gene
expression across 118 healthy control KC cell line or primary cell
microarray samples using methods previously described (21) The
118 samples had been generated using the same commercial
microarray platform (Affymetrix Human Genome Plus 2.0 array)
and were compiled from 13 Gene Expression Omnibus series
submissions (GSE7216, GSE18590, GSE21364, GSE21567,
GSE27186, GSE30355, GSE32685, GSE33495, GSE33536,
GSE34528, GSE36222, GSE36287 and GSE37637). Microarray
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samples were generated using RNA from cultured KCs following
various forms of treatment (e.g., genetic mutations, siRNA
knockdown, cytokines) see Supplementary Table S2.

13,007 genes were identified with detectable expression
(p<0.05, Signed rank test) in at least 5% (>6/118) of the 118
microarray samples. Of these 13,007 genes, expression of 7,856
was positively correlated with IFNK (rs>0). Spearman rank
correlation estimates varied continuously among these 7,856
genes. To determine an appropriate threshold, a graphical
approach was used to identify a critical point in the decay of
correlations among the 7,856 genes (Supplementary Figure SIA).
This defined a set of 570 genes with IFNK-correlated expression
(rs > 0.60). Enrichment of biological processes among the set of
570 IFN-correlated genes (Supplementary Figure SI1E) was
evaluated using a conditional hypergeometric test (22).

The upstream sequences of IFNK and IFNBI were further
inspected to identify matches to 2,935 binding sites known to
interact with transcription factors or unconventional DNA
binding proteins (23). The analysis was repeated with respect to
regions 1 kb, 2 kb, 5kb, and 10 kb upstream of both genes. The
total number of motif occurrences in the IFNKI and IFNBI
upstream regions was also evaluated for each of the 2,935
binding sites and Fisher’s exact test was used to assess whether
the number of occurrences differed significantly between IFNKI
and IFNBI (Supplementary Tables S3-S6). The consensus motif
sequence is shown for each motif along with the International
Union of Pure and Applied Chemistry (IUPAC) nucleotide code.

Statistical analysis

For statistical calculations, we used GraphPad Prism version 7.
For most studies, we compared mean values for experimental
variables between groups using the Student’s unpaired 2-sided
t-test for normally distributed variables, and 1-way ANOVA for
multiple comparisons. In all experiments, p less than 0.05 was
considered statistically significant.

Results

IFNB is induced earlier than IFNK in
response to poly(l:C) and UVB treatment

IFN-x is a critical IFN in cutaneous lupus pathology via
promotion of enhanced IFN responses and photosensitivity (4).
To study the regulation of IFN-k, we first examined a time
course of the upregulation of type I IFNs in the N/TERT human
keratinocyte line. When cells were stimulated with poly(I:C), a
mimic RNA activator of RIG-I, MDA5, and TLR3 pathways,
IFNBI transcription upregulation was robust and rapid, peaking
at 3h after treatment and dropping close to baseline by 12h
(Figure 1A). This is consistent with other cell types in which
poly(I:C) induces a rapid upregulation of IFNBI in an IRF-3
dependent manner (24). Surprisingly, IFNK upregulation was
much slower, with increased transcription starting around 12 h
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FIGURE 1
IFNB1 and IFNK are sequentially upregulated in response of Poly(l:C) treatment or exposure to UV radiation. (A—C) N/TERT keratinocytes were treated
with Poly(l:C) (10 ng/ml), RNAs were isolated at the different time-points indicated followed by RT-gPCR analysis for mRNA expression. (D,E) IFNB or
IFNk production in the supernatant was measure via ELISA at the time-points post-Poly(l:C). (F,G) RNA was isolated, and RT-gPCR was performed for
gene expression of IFNB1 or IFNK at the time-point indicated after exposure N/TERTs to UVB radiation. (A—G) Data points represent average of
triplicates for three separate experiments except for E where it was repeated twice in triplicate and are shown with SEM were normalized to
B-actin expression as fold change to vehicle without treatment. *p <0.05, **p <0.01, ***p <0.001, ****p <0.0001, n = 3. Comparison to vehicle
was analyzed by 1-way ANOVA for multiple comparisons.

after stimulation and peak expression noted at 24 h after poly(I1:C)
stimulation (Figure 1B). Activation of IFNA transcription (as
measured by a poly-specific primer for all alpha subtypes) was
less robust and also delayed until 24h after stimulation
(Figure 1C). A time course of protein production of IFN-8 and
IFN-x also followed a similar timeline (Figures 1D,E). These data
suggest that regulation of IFNK occurs through an alternate,
slower mechanism from IFNB, which is rapidly upregulated
following treatment with poly(I:C).

UV radiation is an important stimulus for type I IFN
production in keratinocytes and is also an important trigger for
SLE-related skin disease. We thus next examined whether the
of IFNB and IFNK regulation were
keratinocytes after UVB exposure. N/TERT Kkeratinocytes were
treated with increasing doses of UVB followed by RNA harvest
at the indicated time points. Similar to poly(I:C), IFNBI
transcription started early after 20 or 50 mJ/cm? stimulation but

kinetics similar in

upregulation of IFNK did not peak until 24 h after treatment
(Figures 1F,G). Similar results for timing of IFNB and IFNK
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expression in response to poly(I:C) and UV light were obtained
in human primary keratinocytes (Supplementary Figure S1).

Induction of IFNK is through type | IFN
signaling

The delay in IFNK upregulation suggested that a second signal
from the initial stimulus was needed for its upregulation. Given
that IFN genes can be activated by other IFNs, we first tested
whether signaling through the IFNAR receptor was required.
We pretreated the N/TERTs with a blocking IFNAR antibody
or control IgG one hour before and during poly(I:C)
stimulation. RNA was harvested for analysis at 3 and 24 h. As
shown in Figure 2A, anti-IFNAR antibody treatment strongly
blocked IFNK upregulation but had much smaller (but
significant) effects on overall IFNBI expression. We then tested
to see whether IFN-B treatment of N/TERTs could indeed result
in IFNK upregulation. As shown in Figure 2C, IFNK expression
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was increased after 2h of IFN-B stimulation, similar to the
upregulation of known interferon stimulated genes (ISGs) IRF7
and MX1 (Figure 2C). We then tested whether neutralization of
IFN-B in N/TERT cultures blocked the upregulation of IFNK.
Indeed, use of IFN-B antibody decreased the upregulation of
both IFNK and IRF7 expression after Poly(I:C) (Figure 2D).
Together, these data suggest that the induction of IFNK may be
through IFNB signaling.
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Loss of IFNB1 abrogates the induction of
IFNK and decreases the expression of
interferon-stimulated-genes after poly(l:C)
and UVB

We next took a genetic approach to examine the relationship
between IFNB and IFNK. To this end, we generated a knockout
line in N/TERTs for IFNBI and compared it to a line in which a
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non-coding region was targeted by CRISPR (“mock”). Both lines
were generated with the use of baricitinib to avoid selection of
low IENK expression as previously demonstrated (17). As shown
in Figure 3A, the basal expression of IFNBI is very low, but was
detectable at 3 and 6 h when cells were induced by Poly(I:C). No
expression of IFNB was detected even with stimulation in four
knockout lines of IFNB (B1KO #13, #14, #17, and #18), which

10.3389/flupu.2024.1359714

Supplementary Figure S2). We then compared Mock—/— and
two IFNBI KO lines to investigate the effect of loss of IFNBI on
IFNK and ISG expression. Strikingly, deletion of IFNBI resulted
in a complete inhibition of IFNK upregulation after poly(I:C)
and after UVB treatment (Figures 3B,E, respectively). This also
resulted in a significant reduction in the expression of
MX1, IRF7 and ISGI5

downstream IFN genes such as

validated the IFNBI gene knockout (Figure 3A and  (Figures 3C,D,F-H). These data suggest that in response to
A E IFNK
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FIGURE 3
IFNB1 knockout (IFNB1KO) abrogates /IFNK expression and decreases ISG induction. (A) IFNB protein expression in response to Poly(l:C) (10 ug/ml) in
Mock—/— control or IFNBIKO N/TERT cells was determined by immunoblot against IFNB, B-actin as loading control. (B—H) RNA was isolated followed
by RT-gPCR was performed for analysis of gene expression at the time point indicated in response to Poly(l:C) (B—D), or exposure to UVB radiation
(50 mJ/cm?) (E-H). Data for three separate experiments completed in triplicate shown with SEM were normalized to B-actin expression as fold change
to vehicle without treatment. Significance compared to vehicle was analyzed by 1-way ANOVA for multiple comparisons, **p <0.01, ***p <0.001,
***%n <0.0001, n=3.
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stimuli such as UVB and poly(I:C), IFN-B production is rapid and
required for further downstream IFN production. Indeed in this
context, IFNK behaves like an ISG.

IFNB1 is also required to fully upregulate
IFNA

The type III interferon, IFNA, is important for epidermal
defense against viruses. It is produced by, and acts on,
keratinocytes. IFNA is also produced in the skin in established
SLE, and it has structural resemblance to IL-10, but similar
signaling and downstream cellular effects to type I interferons
(3, 25). We thus also assessed IFNLI and IFNL3 (we do not
detect IFNL2 or IFNL4 in N/TERTs). Our data identified a
similar pattern of IFNL3 and IFNBI regulation where both are
early stimulated genes after poly(I:C) treatment. In contrast,
IFNLI behaved like IFNK where expression was seen 24-h post
treatment (Figures 4A,B). Similarly, expression of IFNLI was
entirely dependent on IFNBI whereas only the later expression of
IFNL3 had any dependence on IFNBI. Taken together, these data
suggest that IFN-B signaling may be also required for IFN-A1 but
not early IFN-A3 production in keratinocytes.

IFNK-co-expressed genes and IFNB1/IFNK
upstream motifs

Given the difference in time courses of IFNB and IFNK
upregulation as well as the essential role of IFN-B in the
production of IFN-k, we next analyzed publicly available
microarray data (n=118 samples, see Supplementary Table S2)
generated from cultured keratinocytes and identified 7,856 genes
positively correlated with IFNK expression and with detectable
expression in at least 5% of microarray samples (Supplementary
Figure S3). We defined a set of 570 IFNK-co-expressed genes
and identified several overrepresented IFN-related biological

10.3389/flupu.2024.1359714

processing GO terms (Supplementary Figures S1D,E). Indeed, the
most closely correlated genes were known ISGs such as MX1 and
2, IFI44, and ISGI15. These data support IFNK as an ISG. We
then examined the promoters of IFNBI and IFNK to determine
whether regulatory mechanisms for each IFN’s activation would
be apparent. For this, we used a screen of 2,935 binding sites
known to interact with transcription factors or unconventional
DNA binding proteins (23) and focused in on interferon
regulatory factor (IRF) binding sites, which are important for
both interferon production (especially IRF3) and ISG induction
(especially IRF9). As shown in Supplementary Figure SIF, both
IFNB and IFNK promoters exhibited binding sites for IRF9
(isgf3f motif), consistent with both genes being activated by
signaling through the type I IFN receptor via activated STAT1/2/
IRF9 complex formation. However, when we analyzed for
binding sites for IRF3, which drives IFN production downstream
of poly(I:C) and UV, there were 3 predicted sites for IFNBI and
no predicted sites for IFNK at —5 kb. Further away, at —10 kb
total, 3 and 2 were predicted, respectively. While we cannot rule
out overlap between these predicted sites, these data suggest that
IFNB1 upregulation is more expedient downstream of activation
by STING-driven IRF3 activation as there are IRF3 binding sites
near the transcription start site whereas IFNK does not have
similar availability for IRF3 binding.

IFNAR signaling is required for IFNK
production

Type I interferons bind to a shared cell surface receptor, the
type I interferon receptor (IFNAR). IFNs binding to the IFNAR
initiate activation of Janus kinase 1 (JAK1) and tyrosine kinase 2
(TYK2), leading to phosphorylation, dimerization and nuclear
translocation of STAT proteins. We thus investigated the
activation of type I IFN signaling after poly(I:C) and UV
stimulation in the presence or absence of IFNB. Strikingly, the
deletion of IFNB resulted in decreased activation of STAT1 after
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poly(I:C) (Figures 5A-D). Less robust activation of STAT1 was
noted after UVB at the 6 h time point shown (and at 3h not
shown) (Figures 5E-H). Loss of IFNB resulted in a reduction in
total STAT1 expression (Figures 5A,C,E,G and Supplementary
Figure S4). We then examined IFN and ISG expression in STATI
KO KCs. Consistent with our hypothesis, deletion of STATI
decreased production of IFNK and the ISGs IRF7, ISGI5, and
MX1 for both poly(I:C) and UVB treatment (Figures 6A,B).
However, expression of IFNBI was not significantly affected by
deletion of STATI and may have been enhanced, especially with
poly(I:C) treatment. These data suggest that IFNB is produced
upstream of STATI1 activation, likely through IRF3-dependent

Frontiers in Lupus

means, while IFNK transcription is downstream of IFN-B
signaling and relies on IFNAR and STAT1 (Figure 7).

Discussion

Type I interferons have a crucial role in the pathogenesis of
systemic lupus erythematosus (SLE) and other autoimmune
diseases and are critical regulators of viral defense (26). Almost
every cell type produces type I IFNs (leukocytes, fibroblasts, and
endothelial cells), but the primary producers of IFNs may be
context- and disease-dependent. While IFN-« has been found to
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was analyzed by 1-way ANOVA for multiple comparisons, *p <0.05, **p < 0.01, ***p <0.01, ****p<0.0001, n=3

be chronically upregulated in autoimmune skin diseases such as The transcriptional regulation of type I interferon gene

cutaneous lupus and dermatomyositis (4, 5, 27), the reasons for
this remain unclear. Here, identified a critical
dependence on IFNB for IFNK upregulation. Indeed, IFNK
behaves as an IFN response gene after triggers that activate
IFNBI such as poly(I:C) and UV light. These findings are in line
with a primary role for IFNB in other stromal cell populations in
response to triggers such as poly(I:C) and lipopolysaccharide (28).

we have
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expression involves the combinatorial action of distinct classes of
sequence-specific transcription factors including IRF3, IRF7,
NF-xB, and activator protein 1 (AP1,) each of which are
activated through upstream kinases activated in response to viral
infection (29, 30). Activation of the interferon-B (IFN-B) gene
requires assembly of an enhanceosome containing ATF-2/c-Jun,
IRF-3/IRF-7, and NF«kB (31, 32), IFNA requires IRF7, and IFNL
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FIGURE 7

response to Poly(l:C) and UV treatment.

Model of IFNB-STAT1 signaling for production of IFNK. IFNB is required for IFNAR-mediated P-STAT1-driven production of IFNK, IFNL1 and ISGs in
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is regulated by IRF3, IRF7, p50/p65 (31, 33, 34). A recent report
identified an enhancer ~5 kb upstream of the IFNK gene driving
its expression in keratinocytes. The enhancer consists of binding
sites for the transcription factors jun-B, SMAD3/4, AP-2a/y, and
p63, of which the latter two are key regulators of keratinocyte
biology (34). Our analysis of the promoter also confirms that
there are few IRF3 binding sites near the IFNK transcriptional
start site, supporting alternative regulation from classic IRF3
binding as is seen with IFNB.

While our data highlight an important role for IFNBI in
initiation of IFN responses, we note that IFNBI production is
rapid and transient whereas IFNK is upregulated in a delayed
fashion and may be responsible for more chronic IFN responses.
Indeed, we have previously published that tonic keratinocyte IFN
signatures are entirely dependent on IFNK expression (4). This
then raises the question as to why IFNK responses are so
skin SLE.
Transcriptional repression of IFNK in keratinocytes can be

elevated in autoimmune diseases such as

induced via hypermethylation of the IFNK promoter. Viruses,
especially  papilloma this
downregulate the antiviral responses driven by IFN-x (35, 36).

Other IFNK
expression. Epidermal growth factor receptor (EGFR) signaling is

viruses, utilize mechanism to

signaling pathways also negatively regulate
important to minimize IFN signaling in keratinocytes (37). In
addition, tonic repression of IFNK in keratinocytes occurs
through Mitogen Activated Protein Kinase Kinases (MEK 1 and
2) as addition of MEK inhibitors induce IFNK expression and
upregulation of IFN-response genes in an IFN-k- and STAT-1
dependent manner (38, 39). Further investigation of whether
dysfunction of these negative regulatory pathways contribute to

high IFN-x in SLE skin is warranted.
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In the skin in established SLE there is also production of type
III interferons (IFNA), which have structural resemblance to IL-10,
but similar signaling and downstream cellular effects to type I
interferons (25). Indeed, in mice, deletion of the receptor for
IFN-A results in reduced skin inflammation in the MRL/lpr
model (40). Intriguingly, we show that loss of IFNBI in
keratinocytes dramatically downregulates the induction of IFNLI,
similar to IFNK. IFNL3, however, retains an early and robust
upregulation without IFNB present, suggesting its regulation may
be more akin to IFNBI. The interplay of type I and type III IFNs
in the epidermis deserve additional study.

In sum, our work supports a mechanistic paradigm in
keratinocytes in which drivers of IRF3 activation rapidly induce
IFNB and IFNL3 and that downstream upregulation of IFNK
requires IFN-B driven STAT1 activation. Thus, IFNK appears to
be an IFN that is an ISG dependent on IFN-B. Mechanisms that
result in chronic upregulation of IFNK in lupus skin when IFNB
is not detectible require further study and may be important
novel targets for therapy.
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