Journal of Translational Autoimmunity 6 (2023) 100185

ELSEVIER

Contents lists available at ScienceDirect
Journal of Translational Autoimmunity

journal homepage: www.sciencedirect.com/journal/journal-of-translational-autoimmunity

JOUS

RNALOF
Translational;
Autoimmunity

FRTX-02, a selective and potent inhibitor of DYRK1A, modulates
inflammatory pathways in mouse models of psoriasis and atopic dermatitis

Soochan Kim ?, Eunhwa Ko ™, Hwan Geun Choi >, Daekwon Kim °, Monica Luchi ® ",

Bernard Khor , Sunghwan Kim*

& R&D Center, Voronoi Inc., Incheon, South Korea

Y New Drug Development Center, Daegu-Gyeongbuk Medical Innovation Foundation, Daegu, South Korea

¢ Benaroya Research Institute, Seattle, WA, 98195, USA
4 R&D Center, B2SBio Inc., Incheon, South Korea
€ Fresh Tracks Therapeutics, Inc., Boulder, CO, 80301, USA

ARTICLE INFO ABSTRACT

Handling Editor: Y Renaudineau Dual-specificity tyrosine phosphorylation-regulated kinase 1 A (DYRK1A) has been proposed as a novel regulator

of adaptive immune homeostasis through modulating T cell polarization. Thus, DYRK1A could present a po-

Keywords: tential target in autoimmune disorders. Here, we identify FRTX-02 as a novel compound exhibiting potent and
Inﬂar.nmatio'n selective inhibition of DYRK1A. FRTX-02 induced transcriptional activity of the DYRK1A substrate NFAT in T cell
?iteolllm?l‘;:gﬁon lines. Correspondingly, FRTX-02 promoted ex vivo CD4 " polarization into anti-inflammatory Tregs and reduced
NFAT p their polarization into pro-inflammatory Thl or Th17 cells. We show that FRTX-02 could also limit innate im-
MyD88 mune responses through negative regulation of the MyD88/IRAK4-NF-kB axis in a mast cell line. Finally, in

mouse models of psoriasis and atopic dermatitis, both oral and topical formulations of FRTX-02 reduced
inflammation and disease biomarkers in a dose-dependent manner. These results support further studies of
DYRKI1A inhibitors, including FRTX-02, as potential therapies for chronic inflammatory and autoimmune

Innate immunity
Adaptive immunity
DYRK1A

conditions.

1. Introduction

DYRK1A (dual-specificity tyrosine-phosphorylation-regulated kinase
1 A) is a serine/threonine kinase encoded on chromosome 21 in humans.
DYRK1A plays a critical role in embryonic neurogenesis [1]. It has been
particularly extensively studied in the context of Down Syndrome (DS),
which is characterized by the presence of an extra copy of chromosome
21 or its parts [2,3]. However, both DYRK1A’s plethora of diverse
candidate substrates and its ubiquitous expression point to roles beyond
neurodevelopment. In this regard, DYRK1A has also been implicated in
the pathogenesis of neurodegenerative disorders, type 1 diabetes, and
cancer [4-7].

Consistent with this notion, DS also comprises numerous co-
occurring conditions beyond perturbed neurodevelopment, including
increased predisposition to autoimmune diseases and increased inci-
dence of specific hematologic malignancies [8-11]. For example, people
with DS exhibit a higher prevalence of psoriasis (8% vs. 2-3% in the
overall population), type 1 diabetes (4.5-fold increased risk), and
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juvenile arthritis (20/1000 vs. 1/1000) [12,13]. These point to
pro-inflammatory immune dysregulation in people with DS. Inflamma-
tory homeostasis is critically regulated by balanced differentiation of
naive CD4™ T cells into pro-inflammatory T helper (Th) subsets, such as
Th17 and Thl, versus anti-inflammatory T regulatory cells (Tregs). The
notion that this pathway is dysregulated in people with DS is supported
by observations of an increased proportion of Thl, Th17, and Th17/1
cells [14,15] in people with DS. Other Th axis defects associated with DS
include impaired Treg function [16] and impaired response to Tregs
[14].

One mechanism by which DYRK1A may regulate pro-inflammatory T
cell potential may be by regulating the nuclear factor of activated T cells
(NFAT), a key regulator of multiple aspects of T cell biology [17].
DYRKI1A phosphorylates NFAT, promoting nuclear exclusion of NFAT
that, in turn, impacts its ability to promote expression of target genes
[18]. Conversely, harmine and other DYRK1A inhibitors lead to NFAT
accumulation in the nucleus [2,19-21]. Inhibition of DYRK1A exerts
potent anti-inflammatory effects on T cell differentiation, inhibiting
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Th17 and promoting Treg differentiation [20]. Therefore, DYRK1A in-
hibition could present a novel approach to regulating immune homeo-
stasis in chronic inflammatory and autoimmune diseases.

Despite its therapeutic potential in various conditions, few DYRK1A
inhibitors have progressed into clinical development to this date. In this
study, we report identification of FRTX-02 (formerly VRN024219), a
novel compound exhibiting selective inhibition of DYRK1A. We explore
FRTX-02 effects on adaptive immune responses, specifically NFAT
signaling in T cell lines, as well as polarization of naive CD4" T cells.
Additionally, we provide new evidence supporting the potential
involvement of DYRKIA in innate immune responses, specifically
interleukin-1 family of receptor signaling. We confirm FRTX-02 thera-
peutic potential in vivo in the animal model of psoriasis — inflammatory
skin condition with the prominent role of the adaptive immune system.
Finally, we propose the utility of FRTX-02 for the treatment of atopic
dermatitis based on the in vivo efficacy of FRTX-02 in animal models of
this disease on par with currently available therapies and biomarker
data supporting FRTX-02 clinical development in this indication.

2. Materials and methods
2.1. Kinase selectivity and inhibitory activity

The kinase selectivity of FRTX-02 was assessed in vitro by ScanMax
KINOMEscan™ (Eurofins, France) performed by Discover X (Fremont,
CA, USA) using 1 pM FRTX-02, supplied by Voronoi. The results were
plotted on a TREEspot™ interaction map. Inhibitory activity of FRTX-02
against selected kinases was evaluated by Reaction Biology (Malvern,
PA, USA) using radiometric HotSpot™ kinase assay in the presence of 10
UM ATP.

2.2. NFAT reporter assay and IL-2 mRNA expression

For studies of NFAT-inducible luciferase, Jurkat-Lucia NFAT cells
were purchased from InvivoGen (San Diego, CA) and grown in Iscoves’s
Modified Dulbecco’s Medium (IMDM) (Hyclone, Logan, UT) containing
10% fetal bovine serum (FBS), 1% penicillin-streptomycin (Welgene),
and 100 pg/mL zeocin added to the growth medium every other passage.
For assays, cells were collected into 50 mL conical tubes and centrifuged
at 1000 rpm for 5 min. The supernatant was removed, and cells were
resuspended and placed in test wells at 5 x 10° cells/mL in IMDM
containing 10% FBS without zeocin. Cells were treated for 24 h with 50
ng/mL phorbol 12-myristate 13-acetate (PMA; Sigma Aldrich), 500 ng/
mL ionomycin (Sigma Aldrich), and FRTX-02 or INDY (both in 0.05% v/
v dimethylsulfoxide [DMSO]) at 0.5, 1, 2, or 4 pM or vehicle (0.05% v/v
DMSO). At the end of the incubation period, 20 pL of media per well was
transferred to wells of clear-bottom white polystyrene microplates
(Corning, Corning NY) and mixed with 20 pL. QUANTI-Luc™ (Inviv-
oGen). Luminescence was measured by Synergy Neo 2 HTS Multi-Mode
Microplate reader (BioTek, Winooski, VT).

For studies of IL-2 mRNA expression, Jurkat cells were purchased
from the American Type Culture Collection (ATCC, Manassas VA) and
cultured on 12-well plates coated with anti-CD3 (Invitrogen, Waltham,
MA) and anti-CD28 (Invitrogen) antibodies (coating was performed
using 1 pg/mL and 0.5 pg/mL, respectively, in PBS at 4° C overnight).
The culture medium was (RPMI-1640, Hyclone) containing 10% FBS
(Hyclone). Cells were treated with FRTX-02 (0.5, 1, or 3 pM) for three
days. Total mRNA was isolated from the cells using the RNeasy Plus Mini
Kit (Qiagen, Hilden, Germany) following the manufacturer’s in-
structions. The total mRNA was reverse-transcribed to cDNA using the
PrimeScript ™ RT reagent kit (Takara Bio, Kusatsu, Shiga, Japan)
following the manufacturer’s instructions. cDNA purity was analyzed by
spectrophotometric profiling using the Nano-Drop 2000 spectropho-
tometer (Thermo-Fisher Scientific, Waltham, MA). Real-time PCR was
performed in a 96-well plate format using the StepOnePlus™ Real-Time
PCR system instrument (Applied Biosystems, Waltham, MA) and the
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SYBR™ Green PCR Master Mix (Applied Biosystems) following the
manufacturer’s instructions. Each reaction (2 pL) contained 200 ng
cDNA template (see Table 1) and was performed in duplicate. Absolute
gene expression data were normalized to the reference gene GAPDH.

2.3. MyD88/IRAK/NF-kB signaling in HMC1.2 cells

HMC1.2 cells were purchased from Merck, USA, and maintained in
IMDM media supplemented with 10% FBS and 1% P/S. Cells seeded in a
6-well plate were pretreated with FRTX-02 (0.01, 0.1, 1, or 10 pM) for 4
h, then stimulated with IL-33 (50 ng/mL; Peprotech) for 30 min. Cells
were harvested, and lysates were prepared with RIPA buffer, followed
by running on bio-tris/Tris-Glycine gels with 30 pg protein per lane,
including one lane employing PageRuler™ prestained protein ladder
26,616 (Thermo-Fisher). SDS-PAGE gels were transferred to nitrocellu-
lose membranes with the semi-dry method and followed by immuno-
blotting with indicated antibodies (NF-xB, p-NF-«xB, MyD88 (D80F5),
IRAK4, p-IRAK4 (Thr345/Ser 346), IKK-ap-IKK o/f, p-SF3B1) were
purchased from Cell Signaling Technologies (Danvers, MA).

mRNA was prepared from cell lysate using a prep kit from Qiagen.
After quantification using NanoDrop™ (ThermoFisher Scientific), 1 pg
mRNA, 100 pmol primer sets for MyD88, which can yield 520 bp
product for the L form and 400 bp for the S form, and GAPDH, which can
yield 172 bp, were used for cDNA synthesis. RT-PCR was performed
using PrimeScript™ RT reagent Kit (TAKARA). PCR products were
analyzed by 1% agarose gel. Primer sequences for RT PCR are indicated
in Table 1.

2.4. Isolation, culture, and polarization of CD4" T cells from mouse
spleen and/or lymph node

C57BL/6 mice were purchased from Jackson Laboratory and housed
under specific pathogen-free conditions. Naive CD4" T cells from the
spleen and/or lymph nodes of 8-12 weeks C57BL/6 mice were purified
by positive selection using CD4-conjugated magnetic beads (Miltenyi-
Biotec). Purified CD4" T cells (2 x 10°/well) were cultured in vitro for
four days (37° C, 5% CO2) on flat-bottom plates in the presence of
polarizing conditions as described below.

For Th17 polarization, cell culture plates were coated with mouse
anti-CD3 antibody (clone 145-2C11, Biolegend). Isolated CD4" T cells
were suspended (2 X 10°/mlL) in RPMI containing 10% FBS, 1%
penicillin-streptomycin, and TGF-$1 (1 ng/mL, R&D system), IL-6 (10
ng/mL, R&D system), anti-IL-4 (5 pg/mL, Biolegend) and anti- IFN-y (5
pg/mL, Biolegend). In addition, FRTX-02 was added to the suspension at
various different concentrations indicated, respectively. The cells were
plated and cultured for four days in a humidified incubator at 37° C, 5%
CO..

For Treg polarization, the procedure was similar to above, except the
cells were suspended at 2 x 10°/mL and the differentiation factors
added to the culture medium were: recombinant mouse IL-2 (10 ng/mL,

Table 1
Primer sequences.
Target genes Direction Sequence Experiment
Human IL-2 Forward 5-GCACTAAGTCTTGCACTTGTCA- qPCR
3
Human IL-2 Reverse 5'-AATGCTCCAGTTGTAGCTGTG-3' qPCR
Human Forward 5-GGCTCTCCAGAACATCATC-3' qPCR
GAPDH
Human Reverse 5-TCTTCCTCTTGTGCTCTT G-3' qPCR
GAPDH
Human MyD88  Forward 5-TCTGGAAGTCACATTCTTTGC-3' RT-PCR
Human MyD88  Reverse 5'-CGGCAACTGGAGACACAAG-3' RT-PCR
Human Forward 5'-GAAGGTGAAGGTCGGAGTC-3’ RT-PCR
GAPDH
Human Reverse 5'-GAAGATGGTGATGGGATTTC-3' RT-PCR
GAPDH
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R&D Systems), recombinant human TGF-p1 (1.5 ng/mL, R&D Systems),
mouse anti-IL-12/IL-23 (2 pg/mL, Biolegend) and mouse anti-IFN—y (2
pg/mL, Biolegend). Cells were cultured for three days.

For Th1 polarization, the differentiation factors added to the culture
media were: IL-12 (10 ng/mL; Biolegend) and anti-IL-4 (5 pg/mL, Bio-
legend) as a blocking antibody. Cells were cultured for 3 days.

2.5. Flow cytometry

Cultured cells were harvested and resuspended in culture medium
without FBS and with the addition of 2 pM GolgiStop (BD Biosciences),
1 pM ionomycin, 10 ng/mL phorbol-myristate acetate and incubated for
4 h. Cells were then centrifuged and resuspended in staining buffer
containing 5% normal mouse/rat plasma to reduce non-specific stain-
ing. Cell-surface antigens were stained using fluorochrome-conjugated
monoclonal antibodies. The cells were then washed and centrifuged
(10,000 RPM for 1 min), resuspended, fixed, and permeabilized (BD
Cytofix/Cytoperm kit [BD Biosciences] for IL-17 A and IFN-y intracel-
lular staining; Foxp3/transcription factor staining buffer [eBioscience]
for Foxp3 intracellular staining) according to the manufacturer in-
structions. Antibodies used for staining were PerCP-Cy™5.5 Rat Anti-
Mouse CD3 Molecular Complex (BD Biosciences), PE-Cy™7 Rat Anti-
Mouse CD4 (BD Biosciences), Alexa Fluor® 647 Rat anti-Mouse IL-17
A (BD Biosciences), PE Rat anti-IFN-y (XMG1.2, Biolegend), APC Rat
Anti-Mouse CD25 (BD Biosciences, cat # 557,192), FOXP3 Monoclonal
Antibody (150D/E4), PE-conjugated (eBioscience). Cell counts were
then obtained by flow cytometry (BD FACS Verse).

2.6. Mouse pharmacokinetics

ICR (Institute of Cancer Research) mice (purchased from Sino-British
SIPPR/BK Lab Animal, Ltd, Shanghai, China) were housed and treated in
accordance with Guidelines for the Care and Use of Laboratory Animals.
On day 0, animals were orally administered 20 or 30 mg/kg FRTX-02 in
vehicle (10% polyethylene glycol 400 in distilled water) using sonde.
Blood samples (250 pL per sample) were obtained from the jugular vein
after 6 and 12 h and on days 1, 2, 4, 8, and 10, 24 h after the last
administration. Samples were placed in tubes containing heparin so-
dium and centrifuged at 6800 g for 6 min at 2-8° C. The resulting plasma
was transferred to labeled tubes and stored at —80° C until analysis.
Samples were analyzed by liquid chromatography with tandem mass
spectrometry (LC-MS/MS). Pharmacokinetic parameters were calcu-
lated using Phoenix WinNonlin® 7.0.

2.7. BALB/c mouse-imiquimod model of psoriasis

BALB/c male mice were purchased from BioLasco Taiwan (under
license from Charles River Laboratories) and maintained in a controlled
environment. Animals were housed and treated in accordance with the
Guidelines for Care and Use of Laboratory Animals. Once daily for nine
consecutive days, 15 mg imiquimod cream (5%, Aldara, 3 M Pharma-
ceuticals) was applied to right ear to induce psoriasis-like inflammation.
For studies of oral therapy, each animal was administered by oral gavage
1 h before each imiquimod induction: vehicle (0.5% citric acid, 20% HP-
b-CD in double-distilled water), methotrexate (2 mg/kg), tofacitinib (5
mg/kg) or one of two doses of FRTX-02 (45 mg/kg or 60 mg/kg) in
vehicle. For studies of topical therapy, the right ear of each animal was
treated with 20 pL of vehicle (5% DMSO, 75% PEG400, 30% ethanol),
dexamethasone (0.15%) or one of three concentrations of FRTX-02
(0.3%, 1%, 3%) in vehicle. Ear thickness was measured by an investi-
gator blinded to treatment assignment using a dial thickness micrometer
gauge on day 0, 30 min before dosing on days 2, 4, 6, and 8, and on day
10 (24 h after the last dose).
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2.8. NC/Nga mouse model of atopic dermatitis

NC/Nga TndCrlj mice (7-week-old) were purchased from Charles
River Laboratories (Kanagawa, Japan) and maintained in a controlled
environment. Animals were housed and treated in accordance with the
Guidelines for the Care and Use of Laboratory Animals. Studies were
conducted on 10-week-old mice. Mice were shaved on the back and
auricle, and 150 pL of 4% sodium dodecyl sulfate (SDS) was spread on
the shaved area using the back of a plastic spoon. After drying for
approximately 1-2 h, approximately 0.1 g of Biostir AD was spread over
the shaved area to induce dermatitis. Dermatitis induction was per-
formed twice weekly for three weeks. Biostir AD (Biostir, Inc) consists of
a hydrophilic petrolatum base containing house dust mite (Dermato-
phagoides farina) allergens. At 3 weeks, animals with a dermatitis
severity score (DSS) of 6-9 were grouped to ensure mean body weight
and mean DSS were consistent across groups. Animals were then treated
orally with upadacitinib (6 mg/kg) or one of two doses of FRTX-02 (20
mg/kg or 30 mg/kg) in vehicle (0.5% citric acid in double-distilled
water). Each treatment was administered twice daily for 14 days. DSS
was evaluated on days 0, 3, 7, 10, and 14. DSS evaluates 4 categories:
erythema/hemorrhage, edema, scale/dryness/and excoriation/erosion,
each on a scale of 0: none, 1: mild, 2: moderate, or 4: severe. Scores for
each category were summed to obtain an overall DSS score. On treat-
ment day 14, blood samples were drawn from the vena in the abdomen
and stored at —80° C. Then, skin samples were excised from the back and
cut into two equal parts. One was stored in 10% formalin solution, and
the other half was stored at —80° C. IgE and cytokine levels in blood and
skin samples were determined by Biostir, Inc (Osaka, Japan).

For studies of topical FRTX-02, the same procedure as above was
followed for dermatitis induction and scoring. During the treatment
phase, the affected areas were treated with a topical ointment contain-
ing dexamethasone (0.15%) or FRTX-02 (1.5% or 3%) once daily for 14
days.

3. Results
3.1. FRTX-02 is a selective and potent inhibitor of DYRK1A

We selected FRTX-02 as a promising DYRK1A inhibitor from a pro-
prietary small-molecule library. At a concentration of 1 pM, FRTX-02-
unbound DYRK1A was 0.35% of control (seen in Fig. 1A). Apart from
DYRK1A, FRTX-02 (at 1 pM) interacted with only six of the 468 kinases
assessed, with FRTX-02-unbound values between 1 and 8% of control
(Fig. 1A). FRTX-02 inhibited DYRK1A with a half-maximal inhibitory
concentration (ICsp) of 2.9 nM (Fig. 1B).

We characterized plasma pharmacokinetics of orally administered
FRTX-02 to support its preclinical and clinical development. FRTX-02
administered by oral gavage to ICR mice at 20 mg/kg or 30 mg/kg
showed maximal plasma concentrations of 2.2 pM and 3.0 pM, respec-
tively, and plasma half-life of 1.53 h and 1.94 h, respectively. These
results support the use of these doses to achieve plasma levels approx-
imately 10-times the determined ICsg. Overall, FRTX-02 is a selective
and potent DYRKI1A inhibitor with favorable pharmacokinetic
properties.

3.2. FRTX-02 promotes NFAT transcriptional activity in T cell lines

We next sought to validate that FRTX-02 enhances NFAT-driven
transcription. We used Jurkat-Lucia NFAT cells, which contain an
NFAT-inducible luciferase reporter [22]. Stimulation with phorbol
myristate acetate and ionomycin drove the production of luciferase,
which was enhanced by co-incubation with FRTX-02 in a
dose-dependent manner (Fig. 2A).

We also examined the expression of the endogenous I12 gene, which
has been shown to be regulated by NFAT by binding to the interleukin-2
(IL-2) promoter [23-25]. Stimulation of Jurkat T cells with anti-CD3 and
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Fig. 1. Kinase selectivity and in vitro IC50 of FRTX-
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anti-CD28 induced IL-2 gene expression, which was further increased by
FRTX-02 (Fig. 2B; p = 0.003). Together, these findings support the
notion that FRTX-02-mediated DYRKIA inhibition promotes
NFAT-mediated gene expression in T cell lines, including the expression
of I12, which is essential for the differentiation, function, and survival of
Tregs [26].

3.3. FRTX-02 modulates the differentiation of naive CD4" T cells ex vivo

To understand how FRTX-02 impacts adaptive immune responses,
we evaluated the effect of FRTX-02 on T cell differentiation in vitro.
Naive murine CD4" T cells were cultured in pro-Treg, -Th17, or -Th1l
conditions in the absence or presence of FRTX-02 and T cell differenti-
ation was assessed by flow cytometry. In pro-Treg conditions, FRTX-02
significantly enhanced Treg differentiation in a dose-dependent manner.
In contrast, FRTX-02 significantly inhibited Th17 differentiation in pro-
Th17 conditions (Fig. 3). These data demonstrate that FRTX-02 exerts
similar effects on Treg/Th17 differentiation as previously observed with
earlier-generation DYRK1A inhibitors [20]. Moreover, we also found
that FRTX-02 inhibits Th1 differentiation (Fig. 3B). Overall, these results
support the notion that FRTX-02 exerts anti-inflammatory effects on
adaptive immunity by enhancing the differentiation of
anti-inflammatory Tregs while suppressing the differentiation of
pro-inflammatory Th17 and Thl cells.

Log [FRTX-02] (M)

Vehicle 0.5 1

= 1005 02. (A) TREEspot™ plot of the 403 non-mutant ki-
> 80 nases included in the scanMAX Kinomescan® assay of
S = FRTX-02. Red circles depict kinases that are <10%
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ATP. TREEspot images generated using TREEspot™
Software Tool and reprinted with permission from
KINOMESscan®, a division of DiscoveRx Corporation,
© DISCOVERX CORPORATION 2010.

Fig. 2. Effects of FRTX-02 on NFAT-mediated gene
expression in Jurkat cells. (A) Luciferase activity in
the supernatant of Jurkat-Lucia NFAT cells after 24-h
incubation with phorbol myristate acetate, ion-

IL-2 mRNA omyecin, and the indicated concentrations of FRTX-02.

(B) Relative mRNA expression levels (normalized to

¥ GAPDH expression) in Jurkat cells pre-stimulated
—

with anti-CD3 and anti-CD-28 antibodies and incu-
( bated for 3 days with the indicated concentrations of
FRTX-02. All values are normalized to vehicle control
and represent the mean + SD of 3 experiments. P
values versus vehicle control by ordinary one-way
ANOVA followed by Turkey’s multiple comparisons
test; *, p < 0.05; ***, p < 0.001; **** p < 0.0001.

3.0
FRTX-02 (uM)

3.4. FRTX-02 suppresses innate immune responses in vitro

Given that DYRK1A is expressed in both innate and adaptive immune
cells, we next explored the possibility that DYRK1A may also regulate
innate immune responses. We focused on signaling through IL-33, an
alarmin of increasing interest in many immune disorders, including
autoimmunity and allergy [27-29]. As previously reported [30], stim-
ulation of the HMC1.2 human mast cell line with IL-33 drove phos-
phorylation of IL-1 receptor-activated kinase 4 (IRAK4), and the
downstream signaling effectors IKKa and NF-kB (Fig. 4A, lane 2). These
downstream effects of IL-33 stimulation were inhibited by preincubation
with FRTX-02 in a dose-dependent manner (Fig. 3A, lanes 3-6).

One of the most proximal signaling molecules engaged by the IL-33
receptor is the adapter protein MyD88 [31-33]. Interestingly, reports
show that MyD88 signaling can be regulated by alternative splicing,
which can in turn be regulated by DYRK1A. These studies report two
splice variants of MyD88; the canonical, NF-kB-activating isoform
(‘MyD88 long’, MyD88y), and a truncated isoform (‘MyD88 short’,
MyD88g) that lacks the ability to induce IRAK phosphorylation and
NF-kB-activation and acts as a dominant-negative regulator of MyD88
signaling [34-36]. Remarkably, we observed that FRTX-02 altered the
ratio of these isoforms, increasing the proportion of the inactive MyD88g
isoform relative to MyD88y, in a dose-dependent manner (Fig. 4B).

Previous reports suggested that DYRK1A phosphorylates the splicing
factor SF3B1 [37]. In turn, SF3B1 was shown to regulate innate immune
responses, at least in part, by controlling alternative splicing of MyD88
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Fig. 3. Effects of FRTX-02 on differentiation of naive CD4" T cells from C57BL/6 mice. Isolated cells in culture were exposed to the indicated polarizing conditions
(see METHODS) and doses of FRTX-02. Negative control indicates no polarizing reagents added to the culture medium. Positive control indicates polarizing con-
ditions and FRTX-02 vehicle. (A) Percentage of CD4™ cells (isolated from spleen and treated for 4 days) expressing Treg (CD25 and Foxp3; left panel) or Th17 (IL-17
A; right panel) markers by flow cytometry. P values versus positive control by unpaired t-test; *, p < 0.05; ***, p < 0.001. (B) Percentage of CD4" cells (isolated from
spleen and lymph nodes and treated for 3 days) expressing Treg (CD25 and Foxp3; left panel), Th17 (IL-17 A; middle panel), or Thl (interferon-y; right panel)
markers by flow cytometry. P values versus positive control by ordinary one-way ANOVA followed by Turkey’s multiple comparisons test; *, p < 0.05; **, p < 0.01;
*** p < 0.001. All values represent the mean + SEM of 3 experiments.
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Fig. 4. MyD88/IRAK4/NF-kB signaling in response to IL-33 and BI-02. (A) Immunoblot of MyD88/IRAK4/NF-kB signaling components after 30-min incubation of
HMC1.2 cells with IL-33 (50 ng/mL) and preincubation (4 h) with the indicated doses of FRTX-02. (B) RT-PCR of MyD88 splicing variants from the same experiment.

[35]. Consistent with these findings, we showed that FRTX-02 inhibits

phosphorylation of SF3B1 in a dose-dependent manner (Fig. 4A) [37].
These data support a framework that FRTX-02 can suppress innate im-

mune responses by inhibiting a DYRK1A/MyD88/IRAK/NF-kB signaling

pathway.

3.5. FRTX-02 alleviates inflammation in a mouse model of psoriasis

Psoriasis is a chronic immune-mediated skin disorder characterized

by the pathogenic inflammation driven by Th1l and Th17 lymphocytes

that is inadequately controlled by Tregs [38]. Systemic therapies for
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severe psoriasis include immune suppressants like methotrexate,
although potential severe side effects highlight the need for additional
approaches. We evaluated whether FRTX-02 might be of benefit in the
well-characterized imiquimod-induced psoriasis model [39]. Daily
application of imiquimod cream to the right ear of BALB/c mice drove
local inflammation that was quantified by measuring ear thickness. This
inflammation was significantly attenuated by methotrexate or tofaciti-
nib, administered twice daily by oral gavage. Notably, orally adminis-
tered twice daily, FRTX-02 significantly attenuated ear inflammation by
day 8 to at least the same extent as methotrexate and tofacitinib; this
benefit persisted at day 10 (Fig. 5A).

Although we did not observe adverse effects of systemic FRTX-02
therapy, we recognized that topical treatment modalities could help
achieve therapeutic efficacy while minimizing adverse effects from
systemic exposure to the drug. Using the same imiquimod model, we
found that once daily topical administration of FRTX-02 significantly
attenuated ear inflammation in a dose-dependent manner. These results
highlight that FRTX-02 can attenuate inflammation in animal models of
psoriasis.

3.6. Oral or topical FRTX-02 alleviates inflammation in a mouse model of
atopic dermatitis

Atopic dermatitis is another common recurrent inflammatory skin
disorder associated with defects in both adaptive and innate immunity.
While thought to be primarily Th2-driven, reports suggesting contri-
bution of (i) Thl and Th17 cells [40-45] to atopic dermatitis, and (ii)
IL-33 in driving Th2 responses [46-48] suggest utility of FRTX-02. We
used the well-characterized animal model of allergen-caused atopic
dermatitis, which includes induction with topical 4% SDS and house
dust mite (HDM) allergens, followed by continued topical treatment
with HDM allergens; dermatitis was scored using well-established
methods [49]. After dermatitis induction, animals with dermatitis
severity scores (DSS; see METHODS; the sum of scores from back and

Imiquimod-induced Psoriasis Model
Oral treatment

A.
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auricle) of 6-9 were allocated to treatment groups and monitored for up
to 14 days. Oral administration of 30 mg/kg FRTX-02 twice daily
significantly attenuated inflammation as measured by DSS by day 7,
with continued benefit through day 14 (Fig. 6A). This was further
verified by histological analyses, including quantification of skin
thickness from the back biopsy samples (Fig. 6B and C; p < 0.05).
Further, treatment with FRTX-02 also attenuated levels of serum IgE
(Fig. 6D) and key inflammatory cytokines in treated skin (Fig. 6E). In all
these studies, FRTX-02 (30 mg/kg) performed at least as well as the JAK
inhibitor upadacitinib, supporting the notion that systemic FRTX-02
may be of utility in attenuating inflammation related to atopic
dermatitis.

We also used the same model to test the efficacy of topically
formulated FRTX-02. FRTX-02 attenuated inflammation in a dose-
dependent manner. Notably, the application of high-dose FRTX-02
once daily significantly attenuated inflammation to at least the same
extent as the positive control, dexamethasone, as quantitated by both
DSS and by histological analysis (Fig. 7). Taken together, these pre-
clinical findings support that different formulations of FRTX-02 may be
therapeutically useful in atopic dermatitis.

4. Discussion

FRTX-02 is an orally available, selective, small-molecule inhibitor of
DYRK1A, with an ICsg in cell-free assays in the low nM range (2.9 nM).
In whole-cell assays in cells derived from both adaptive and innate im-
mune precursors, FRTX-02 inhibited canonical DYRKIA signaling
pathways involved in immune activation. Specifically, FRTX-02 pro-
moted NFAT-mediated gene transcription in T-cell lines; and exerted
anti-inflammatory effects on CD4" T cell differentiation (enhanced dif-
ferentiation of anti-inflammatory Tregs and inhibited differentiation of
pro-inflammatory Thl and Thl7 cells), largely corroborating and
extending previous DYRK1A research [20]. MyD88 is a key transducer of
many innate immune receptors regulated in part by alternative splicing

Fig. 5. Effects of twice-daily oral or once-daily
topical FRTX-02 and comparators in the imiquimod-
BALB/C mouse model of psoriasis. (A) Results of

t Day 8 oral treatment. Left panel: Right ear thickness at
£ baseline (day 0) and 1 h before on indicated days.
S 604 s Untreated I - iohi I: loded vi f righ hick
b= BedhaiE Right panel: Exploded view of right ear thickness on
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o W . .
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£ §40- - Tofacitinib (5 mg/kg) l -_| group, which had a significant loss of mean body
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Treatment Day Right ear thickness (x 0.01 mm) showed no consistent changes except for the dexa-
(mean, SEM) methasone group, which had decreases in left ear
B. Topica| treatment thickness. All values are mean + SEM of 8 animals. P
values vs. vehicle by two-way ANOVA followed by
g Day 8 Bonferroni’s multiple comparisons test; *, p < 0.05.
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Fig. 6. Effects of twice-daily oral treatment with FRTX-02 or positive control (upadacitinib) in the Nc/Nga mouse model of house dust mite-induced AD. (A)
Dermatitis severity score (DSS; the sum of scores on back and auricle) during the treatment period. Control animals, in which no dermatitis was induced (not shown),
had DSS of zero at all time points. P values vs. untreated dermatitis by two-way ANOVA followed by Dunnett’s multiple comparisons test; *, p < 0.05. (B) Pho-
tomicrographs of representative hematoxylin and eosin-stained skin sections demonstrating epidermal thickness. Magnification x20. Scale bar, 100 pm. (C)
Epidermal thickness in back skin biopsy samples collected on treatment day 14. Values are based on averages of 5 randomly selected microscopic fields per sample
independently measured by two blinded researchers. P values versus untreated dermatitis by unpaired t-test; *, p < 0.05; **, p < 0.01. (D and E) Serum IgE levels (D)
and selected cytokine levels in biopsy specimens taken from the back (E) at the end of the 14-day treatment period. Untreated dermatitis and vehicle groups, n = 4
per group; upadacitinib and FRTX-02 groups, n = 7 per group. P values versus untreated dermatitis by unpaired t-test; *, p < 0.05; **, p < 0.01; **** p < 0.0001.

[36]. FRTX-02 also promoted alternative splicing of a DYRKI1A inhibition on innate immune cells.

dominant-negative isoform of MyD88 (MyD88g) in human mast cells, Further, FRTX-02 demonstrated pre-clinical therapeutic effects in
potentially by regulating DYRK1A-mediated phosphorylation of the two animal models of skin inflammation: psoriasis and atopic dermatitis.
splicing factor SF3b1, limiting innate immune responses [34,35,50,51]. Psoriasis is a systemic immune disorder driven at least in part by

These findings point to under-studied anti-inflammatory effects of excessive contribution by Thl and/or Th17 cells [52-55]. Our study
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Fig. 7. Effects of once-daily treatment with a topical formulation of FRTX-02, dexamethasone, or vehicle in the Nc/Nga mouse model of house dust mite-induced
dermatitis. (A) DSS during the 14-day treatment period. N = 5 animals per group. P values vs. vehicle by two-way ANOVA followed by Dunnett’s multiple com-
parisons test; *, p < 0.05. (B) Photomicrographs of representative skin sections from back biopsy samples.

extends previous findings pointing to DYRK1A as a druggable regulator
of Th differentiation and suggests a broader role for DYRK1A inhibitors
in restoring adaptive immune homeostasis [20]. Atopic dermatitis ex-
emplifies an autoinflammatory condition that may include significant
contribution of innate immune dysregulation. Therapeutic efficacy of
FRTX-02 in an experimental model of atopic dermatitis supports the
notion that FRTX-02 may additionally be of benefit in driving
anti-inflammatory innate immune responses and suggesting broad util-
ity in various autoimmune and autoinflammatory conditions.

Notably, FRTX-02 showed tolerability in both oral and topical for-
mulations in animal experiments detailed above. Additionally, FRTX-02
suggested therapeutic effects potentially comparable to currently
approved compounds, supporting additional study. Taken together, our
results demonstrate that FRTX-02 is an innovative selective and potent
DYRKI1A inhibitor with the potential to shift both adaptive and innate
immune system pathways toward immune equilibrium. These properties
may be invaluable in the treatment of chronic inflammatory and auto-
immune disorders and warrant further study.
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