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Abstract

Alopecia areata is a chronic hair loss disorder that involves autoimmune disruption of hair follicles by CD8% T cells. Most pa-
tients present with patchy hair loss on the scalp that improves spontaneously or with topical and intralesional steroids, topical
minoxidil, or topical immunotherapy. However, recurrence of hair loss is common, and patients with extensive disease may re-
quire treatment with oral corticosteroids or oral Janus kinase (JAK) inhibitors, both of which may cause systemic toxicities with
long-term use. Itaconate is an endogenous molecule synthesized in macrophages that exerts anti-inflammatory effects. To investi-
gate the use of itaconate derivatives for treating alopecia areata, we designed a prodrug of 4-methyl itaconate (4-MI), termed SCD-
153, with increased lipophilicity compared to 4-MI (CLogP 1.159 vs. 0.1442) to enhance skin and cell penetration. Topical SCD-153
formed 4-MI upon penetrating the stratum corneum in C57BL/6 mice and showed low systemic absorption. When added to hu-
man epidermal keratinocytes stimulated with polyinosinic-polycytidylic acid (poly I:C) or interferon (IFN)y, SCD-153 significantly
attenuated poly I:C-induced interleukin (IL)-6, Toll-like receptor 3, IL-18, and IFNB expression, as well as I[FNy-induced IL-6 expres-
sion. Topical application of SCD-153 to C57BL/6 mice in the resting (telogen) phase of the hair cycle induced significant hair growth
that was statistically superior to vehicle (dimethyl sulfoxide), the less cell-permeable itaconate analogues 4-MI and dimethyl ita-
conate, and the JAK inhibitor tofacitinib. Our results suggest that SCD-153 is a promising topical candidate for treating alopecia
areata.

Keywords: alopecia areata, hair growth, topical, itaconate, prodrug, inflammation, immunosuppression, cytokine, interleukin, inter-
feron, double-stranded RNA, polyinosinic-polycytidylic acid, hair cycle, anagen, telogen, keratinocyte, stability, pharmacokinetics,
cytotoxicity
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Significance Statement:

Itaconate is an endogenous molecule synthesized by macrophages with anti-inflammatory effects. This study examined the sta-
bility, pharmacokinetics, cytotoxicity, immunomodulatory activity, and potential for hair induction of topical SCD-153, a 4-methyl
itaconate (4-MI) prodrug with increased lipophilicity for enhanced skin and cell penetration. SCD-153 attenuated the expression
of proinflammatory mediators in human epidermal keratinocytes. Topical application of SCD-153 to C57BL/6 mice in the resting
phase of the hair cycle induced significantly more hair growth than 4-MI, dimethyl itaconate, and tofacitinib. This study suggests
that itaconate derivatives may serve as a first-in-class topical treatment for alopecia areata and fill unmet needs in current man-

agement strategies.

Introduction

Alopecia areata is a chronic nonscarring hair loss disorder that
affects 2 in 100 individuals globally and has increased in preva-
lence over the past decades (1). Its pathogenesis involves the loss
of immune privilege and autoimmune attack of hair follicles by
CD8* T cells (2, 3). While patients with alopecia areata typically
present with recurrent patchy hair loss on the scalp, around 5%
of patients progress to complete hair loss on the scalp (alopecia
totalis) or throughout the body (alopecia universalis) (4). Nearly
70% of patients with limited scalp involvement tend to experi-
ence complete hair regrowth, but those with extensive disease
may worsen over time (5) and develop irreversible hair loss if the
condition persists for more than 10 years (6). Due to its chronic
and potentially refractory nature, alopecia areata is associated
with a significant psychological burden and negative quality of life
(7,8).

Various treatments are used to mitigate hair loss and accel-
erate hair regrowth in alopecia areata, such as corticosteroids
(topical, intralesional, and oral), topical minoxidil, and topi-
cal immunotherapy (e.g., diphenylcyclopropenone, squaric acid
dibutylester), but none have been shown to have lasting bene-
fit (9). Oral corticosteroids may be used in patients with exten-
sive or treatment-resistant alopecia areata, but their disruption
of immune, metabolic, and endocrine functions make them un-
suitable for long-term use. The recent discovery of Janus kinase
(JAK)-signal transducer and activator of transcription (STAT) sig-
naling in the pathogenesis of alopecia areata has led to the suc-
cessful management of patients with severe condition using oral
JAK inhibitors (e.g., ruxolitinib, tofacitinib) (3, 10-12). However, dis-
ease recurrence after discontinuation of oral JAK inhibitors re-
mains a challenge, and their long-term use must be weighed
against the potential side effects of infections, marrow suppres-
sion, transaminitis, and lipid abnormalities (11-13). Topical appli-
cation of JAK inhibitors has been proposed as a strategy for long-
term maintenance treatment, but preliminary studies have not
shown significant efficacy, likely due to insufficient skin penetra-
tion of existing JAK inhibitors (11, 12).

Itaconate is an endogenous molecule synthesized by mito-
chondrial cis-aconitate decarboxylase in macrophages when stim-
ulated by Toll-like receptor (TLR) ligands such as lipopolysac-
charides (LPS), the synthetic double-stranded RNA analogue
polyinosinic-polycytidylic acid (poly L:C), and type I and type
II interferons (IFNs) (14). Itaconate accumulates intracellularly
within activated macrophages and is also secreted to extracel-
lular space (15, 16), and it has gained significant interest for
its anti-inflammatory, antimicrobial, and antiviral effects (17).
Due to the polar structure of itaconate as a dicarboxylic acid,
esterified derivatives such as dimethyl itaconate (DMI), 4-octyl
itaconate (4-Ol), and 4-ethyl itaconate (4-EI) have been used
as cell-permeable surrogates of itaconate to study downstream
pathways following their exogenous administration (16, 18-21).

For example, itaconate and its derivatives have been found to
inhibit activation of the NOD-like receptor pyrin domain con-
taining 3 (NLRP3) inflammasome and resulting secretion of the
proinflammatory cytokine interleukin (IL)-18 (19-22). DMI and 4-
OI strongly activate the nuclear factor erythroid 2-related factor
2 (NRF2)-driven electrophilic stress response and reduce proin-
flammatory IL-6 secretion through inhibition of the inhibitor of
nuclear factor kappa B zeta (IkB¢)-activating transcription fac-
tor (ATF3) axis (19-21), whereas endogenous itaconate may down-
regulate IL-6 through NRF2- and ATF3-independent mechanisms
(23). 4-Ol inhibits LPS-induced upregulation of IFNg, whereas en-
dogenous itaconate augments this (21). Despite variations in their
downstream effects likely owing to differing moieties and elec-
trophilicity (21), the immunomodulatory qualities of itaconate
and its derivatives have made them promising pharmacologic
candidates for the treatment of inflammatory conditions like pso-
riasis, theumatoid arthritis, systemic lupus erythematosus, and
multiple sclerosis (14, 18, 24).

We hypothesize that itaconate-based molecules may provide
therapeutic benefit in the context of alopecia areata by respond-
ing to the immune stimulants poly I:C and IFNy, which have been
suggested to contribute to the pathogenesis of alopecia areata
through activation of NLRP3 inflammasome activity (25, 26) and
JAK-STAT signaling (3, 27-29), respectively. The ability of itaconate
and its derivatives to suppress downstream proinflammatory cy-
tokines like IL-6, itself an activator of JAK-STAT signaling (30),
as well as IL-18, which disrupts hair cycling and is upregulated
in alopecia areata scalp lesions (31-33), also presents potential
mechanisms to promote hair growth. Due to its highly charged
nature, itaconate does not adequately penetrate the skin barrier
when applied topically. To overcome this limitation, we designed
and synthesized a topical cell-permeable prodrug of 4-methyl
itaconate (4-MI), SCD-153, with enhanced lipophilicity for skin
penetration (CLogP 1.159 vs. 0.1442) and the ability to form 4-
MI intracellularly within the epidermis and dermis. We found
that SCD-153 inhibits poly I:C-induced upregulation of IL-6, TLR3,
IL-18, and IFNB, as well as IFNy-induced upregulation of IL-6
in human epidermal keratinocytes. We also induced significant
and consistent hair growth in telogen C57BL/6 mice with topical
SCD-153.

Results

SCD-153 forms 4-MI in skin homogenate and
plasma

SCD-153 was synthesized using the scheme shown in Fig. 1a and
has increased lipophilicity compared to 4-MI (CLogP 1.159 vs.
0.1442). SCD-153 remained stable in the solid state at room tem-
perature with negligible change in composition after 84 days
(Fig. 1b). In contrast, SCD-153 completely metabolized within 30
minutes of incubation in either mouse skin homogenate, mouse
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Fig. 1. SCD-153 exhibits solid-state stability at room temperature and forms 4-MI in skin homogenate and plasma. (a) The synthetic scheme of
SCD-153, a prodrug of 4-MI with enhanced lipophilicity (CLogP 1.159 vs. 0.1442) for improved skin and cell penetration. (b) SCD-153 remained stable in
the solid state within error of 100% after 84 days at room temperature (n = 2 per time point). (c) SCD-153 readily converted to 4-MI in mouse skin
homogenate (n = 4 per time point), mouse plasma (n = 2 per time point), human skin homogenate (n = 4 per time point), and human plasma (n = 3 per
time point). Chromatograms show the presence of significant 4-MI levels at 60 minutes after the addition of SCD-153 to skin homogenate or plasma.

Data are expressed as mean + SEM.

plasma, human skin homogenate, or human plasma, showing
formation of 4-MI subsequently measured using high-resolution
mass spectrometry (Fig. 1c). De-esterified itaconate was not de-
tected in mouse and human skin homogenates at any of the time
points using high-resolution mass spectrometry (Table S1).

Topically absorbed SCD-153 forms 4-MI within
the epidermis and dermis

The pharmacokinetic profile of SCD-153 was studied through top-
ical application of 5% SCD-153 in dimethyl sulfoxide (DMSO) to
C57BL/6 mice, followed by measurement of SCD-153 and 4-MI
concentrations in the skin and plasma, using formic acid as the
stabilizer to prevent ex vivo degradation of SCD-153 (Fig. 2a). Area
under the curve (AUC) values showed that cumulative exposure of

SCD-153 in plasma over 24 hours was negligible compared to that
of skin (0 vs. 4,345 hxuM). Similarly, cumulative exposure of 4-MI
in plasma over 24 hours was <20% to that of skin (295 vs. 1,872
hsuM). Within the skin, 4-MI levels peaked and declined faster
than SCD-153, which remained elevated (around 200 uM) even at
24 hours after application (Fig. 2a).

To better characterize the pharmacokinetics and localization
of SCD-153 and 4-MI within specific skin compartments, we re-
peated measurements in another set of C57BL/6 mice treated with
topical 5% SCD-153, using tape stripping to separate the stratum
corneum from the rest of the epidermis and dermis (Fig. 2b). Mea-
surements of SCD-153 and 4-MI levels up to 336 hours after top-
ical application showed that SCD-153 was predominantly local-
ized to the stratum corneum, with more than 650-fold greater
maximum concentration (17,717 vs. 27 uM) and AUC over 336
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Fig. 2. SCD-153 shows minimal systemic absorption and forms 4-MI in the epidermis and dermis of C57BL/6 mice. (a) Following topical application of
5% SCD-153 in DMSO to C57BL/6 mice, levels of SCD-153 and its metabolite 4-MI were significantly higher in the skin than in the plasma (n = 3 per
time point). (b) Levels of SCD-153 were significantly higher in the stratum corneum than in the rest of the epidermis and dermis, while 4-MI was the
predominant form of the drug present in the epidermis and dermis (n = 3 per time point). Data are expressed as mean =+ SEM.

hours (1,246,864 vs. 1,868 hxuM) in the stratum corneum com-
pared to the rest of the epidermis and dermis. 4-MI was the pre-
dominant form of the drug present within the epidermis and der-
mis, with a maximum concentration of 1,051 uM at 5 minutes af-
ter treatment that decreased exponentially and approached zero
by 24 hours after treatment (Fig. 2b).

SCD-153 inhibits immune activation in human
eidermal keratinocytes

To examine the in vitro cytotoxicity of SCD-153, normal hu-
man epidermal keratinocytes (NHEKs) were incubated with
increasing concentrations of SCD-153, which revealed time-

and dose-dependent cytotoxicity (Fig. 3). Decreased viabil-
ity was observed at SCD-153 concentrations above 100uM
(Log[Concentration, M] = —4) at 8hours of incubation and above
10 uM (Log[Concentration, M] = —5) at 16 and 24 hours of incuba-
tion. In contrast, both 4-MI and DMI did not cause significant cy-
totoxicity in NHEKs after 24 hours of incubation across the tested
concentrations (0.3 to 500 uM), which may reflect decreased abil-
ity of 4-MI and DMI to penetrate cells compared to SCD-153 at the
tested concentrations.

The immunomodulatory effects of SCD-153 in sub-cytotoxic
conditions were examined by adding SCD-153 in various concen-
trations to NHEKs that were stimulated with poly I:C or IFNy, both
of which have been suggested to contribute to the pathogenesis
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Fig. 3. SCD-153 shows time- and dose-dependent cytotoxicity on NHEKs. Viability (%) of NHEKs incubated with SCD-153, DMI, and 4-MI at various
concentrations and durations. NHEKs showed decreased viability after 8 hours of incubation with SCD-153, at drug concentrations above 100 uM (n = 2
per compound at each concentration). Separate but chemically identical samples of SCD-153 were prepared at the Institute of Organic Chemistry and
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of alopecia areata (3, 25-29). In a first set of optimization assays,
NHEKSs were incubated with poly I:.C with or without the presence
of SCD-153 for 2, 4, or 8 hours (Fig. 4a). We measured the expres-
sion of TLR3 and IL-6, which have been shown to be upregulated
by poly I:C in previous studies (34-36). For all three incubation
durations that were tested, IL-6 was upregulated by poly I:.C and
downregulated in a dose-dependent manner by the addition of
SCD-153. In contrast, poly I:C-induced upregulation of TLR3 was
only seen at 8hours of incubation and was attenuated with the
addition of SCD-153 (Fig. 4a).

Next, we examined changes in the expression of the cytokines
IL-6, IL-18, and IFNB in NHEKs activated with poly I:C or IFNy
with or without the addition of SCD-153, using an incubation
time of 8hours based on the aforementioned cytotoxicity and
optimization studies. SCD-153 caused dose-dependent reduction
in poly I:C-induced IL-6, IL-18, and IFNB expression, as well as
IFNy-induced IL-6 expression that were statistically significant
(Fig. 4b). There were trends of decreased IL-18 expression and in-
creased IFNp expression with increased SCD-153 concentration
in IFNy-stimulated NHEKSs, but these were not statistically signif-
icant (Fig. 4b).

SCD-153 accelerates the telogen to anagen
transition in C57BL/6 mice with an effect greater
than that of 4-MI, DMI, and tofacitinib

The effect of SCD-153 on hair growth in vivo was tested on female
C57BL/6 mice aged 8.5 weeks—during the resting (telogen) phase

of the hair cycle (37)—similar to experiments with topical JAK in-
hibitors previously performed by Harel et al (38). We first validated
this mouse model by reproducing substantial hair growth with
topical 3% or 5% tofacitinib (applied daily for 23 days; Supplemen-
tary Material Fig. S1) then proceeded to test SCD-153 under differ-
ent strengths and dosing regimens with comparisons to 4-MI, DMI,
and tofacitinib.

In one experiment, mice were treated on the dorsal right side
with vehicle (DMSO), 3% 4-MI, or 3% SCD-153 once every other
day on days 1, 3, 5, and 7 after hair clipping, for a total of four
doses (Fig. 5a). Mice treated with 3% SCD-153 developed skin ery-
thema and scaling over the days following treatment that were
no longer present by day 18, when hair growth occurred consis-
tently. Mice treated with 4-MI showed less skin erythema and scal-
ing but also inconsistent hair growth by day 18 (Fig. 5b and c).
Image analysis of photographs showed more than 2-fold greater
decrease in mean pixel intensity (suggestive of hair growth and
skin darkening) on average in mice treated with 3% SCD-153 com-
pared to 3% 4-MI (P < 0.05) and vehicle (P < 0.05). While 3% 4-MI
induced slightly more hair growth than vehicle on average, the dif-
ference between them was not statistically significant (P = 0.98)
(Fig. 5d).

In another experiment, mice were treated on the dorsal right
side with vehicle (DMSO), 40% DMI, 5% tofacitinib, or 5% SCD-
153 once every other day on days 1 and 3 after hair clipping, for
a total of two doses (Fig. 6a). Like the previous experiment, all
mice treated with 5% SCD-153 showed erythema and scaling over
the treated areas that were no longer present by day 15, when
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Fig. 4. SCD-153 inhibits poly I:C- and IFNy- induced expression of proinflammatory cytokines in NHEKs. (a) SCD-153 caused dose-dependent inhibition
of poly I:C-induced IL-6 and TLR3 expression in NHEKs at 8 hours of incubation (n = 2 per condition for incubation time of 8 hours, n = 1 per
condition for other incubation times). (b) SCD-153 caused dose-dependent inhibition of poly I:C-induced IL-6, IL-18, and IFNB expression and
IFNy-induced IL-6 expression in NHEKs (n = 2 per condition). P values were calculated by one-way ANOVA followed by Dunnett’s multiple
comparisons test. *P < 0.05, * P < 0.01, **P < 0.001 compared to poly I.C or IFNy alone. Data are expressed as mean + SEM.



Tsaietal. | 7

a b
Efficacy study in female C57BL/6 mice:

4 doses alternate day Treatment Strength n Erythema/ Hair growth

% scalin day 18
bt eycle stage Cet2gen [ ielogen 1 [Anagen “ S
hair cycle stage (day 9) Complete  Partial
Weeks since birth 7 8.5 12 Vehicle (DMSO), 0 6 0/6 0/6 0/6
IIII | L1 | | | | > 4 doses alternate day
________ 4-Methyl itaconate, 3 6 0/6 0/6 2/6
[ T T T T > 4 doses alternate day
Experimentday 0 1 3 5 7 ! SCD-153 (SPARC), 3 6 6/6 2/6 4/6
(OO ‘ End of experiment 4 doses alternate day
| Q Hair clipping @ Treatment |
c Day 9 Day 18
(all photos) (all photos)

DMSO

A81888

3% 4-Ml

3% SCD-153
(SPARC)

Vehicle (DMSO)

3% 4-Methyl itaconate —

Treatment group

3% SCD-153 (SPARC) .

I I 1
S S

T T
P P S

Mean pixel intensity, ....q siqe — M€an pixel intensity ... e

Fig. 5. Topical application of 3% SCD-153 induces early telogen to anagen transition in C57BL/6 mice. (a) Female C57BL/6 mice underwent hair clipping
at 8.5 weeks after birth (during the telogen phase of the hair growth cycle), followed by four doses of topical treatment on the dorsal right side with
vehicle (DMSO), 3% 4-MI, or 3% SCD-153 on days 1, 3, 5, and 7 after hair clipping. (b) Number and (c) Photographs of mice showing skin erythema and
scaling on day 9, as well as hair growth on day 18. (d) Difference in mean pixel intensity between the treated and untreated sides of mice measured
from photographs that were converted to 8-bit grayscale images, with negative change in mean pixel intensity suggestive of hair growth and skin
darkening. SCD-153 in this experiment was prepared at SPARC. Dots on the bar graph represent measurements of individual mice (n = 6 per group). P
values were calculated by one-way ANOVA followed by Tukey’s multiple comparisons test. * P < 0.05. Data are expressed as mean + SEM.

in some mice treated with 40% DMI and 5% tofacitinib, neither
agent showed statistically significant hair growth over vehicle on
average (P = 0.65 and P = 0.55, respectively) (Fig. 6d).

complete hair growth was consistently observed. Fewer than half
of the mice treated with 40% DMI developed skin erythema and
scaling, while this was not seen in any mice treated with 5% tofac-
itinib; however, both 40% DMI and 5% tofacitinib were less consis-
tent in inducing hair growth than 5% SCD-153 (Fig. 6b and c). This

was supported by image analysis of photographs, which showed Discussion

that the average decrease in mean pixel intensity in mice treated
with 5% SCD-153 was more than 3-fold greater than both 5% to-
facitinib (P < 0.001) and 40% DMI (P < 0.001) and more than 5.5-
fold greater than vehicle (P < 0.001). Despite notable hair growth

In this preclinical study, we showed that the novel topical pro-
drug SCD-153 converts to 4-MI upon penetrating the skin barrier
with minimal systemic absorption. While SCD-153 readily me-
tabolizes to 4-MI in skin homogenate (Fig. 1), particularly after
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Fig. 6. Topical application of 5% SCD-153 induces early telogen to anagen transition in C57BL/6 mice. (a) Female C57BL/6 mice underwent hair clipping
at 8.5 weeks after birth (during the telogen phase of the hair growth cycle), followed by two doses of topical treatment on the dorsal right side with
vehicle (DMSO), 40% dimethyl itaconate, 5% tofacitinib, or 5% SCD-153 on days 1 and 3 after hair clipping. (b) Number and (c) Photographs of mice
showing skin erythema and scaling on days 5 and 9, as well as hair growth on day 15. (d) Difference in mean pixel intensity between the treated and
untreated sides of mice measured from photographs that were converted to 8-bit grayscale images, with negative change in mean pixel intensity
suggestive of hair growth and skin darkening. Separate but chemically identical samples of SCD-153 were prepared at the IOCB and SPARC. Dots on
the bar graph represent measurements of individual mice (n = 5 for 5% tofacitinib group, n = 7 for all other groups). P values were calculated by
one-way ANOVA followed by Tukey’s multiple comparisons test. ***P < 0.001. Data are expressed as mean =+ SEM.

penetrating the stratum corneum to enter the rest of the epider-
mis and dermis (Fig. 2), the lack of a cytotoxic response of 4-MI
when incubated with human epidermal keratinocytes even at the
highest examined drug concentrations (Fig. 3) suggests that 4-MI
may not penetrate cells sufficiently to accumulate toward cyto-
toxic levels. In this regard, the majority 4-MI recovered from ex-
perimental assays was likely the result of intracellular conversion
of SCD-153 to 4-MI. Consistent with our objective, we have discov-
ered and synthesized a skin- and cell-permeable derivative of 4-MI
that is suitable for topical application.

We used both in vitro and in vivo studies to demonstrate
the therapeutic potential of SCD-153 as a topical treatment for
hair loss. We showed the ability of SCD-153 to downregulate

proinflammatory cytokines in human epidermal keratinocytes in
vitro, including IL-6, a known stimulator of JAK-STAT signaling
(30), as well as IL-18, which inhibits hair growth and is elevated
in alopecia areata scalp lesions (31-33). We also demonstrated
that SCD-153 consistently induces early telogen to anagen tran-
sition and significantly more hair growth in C57BL/6 mice than
vehicle (DMSO), the less cell-permeable itaconate analogues 4-MI
and DMI, and the JAK inhibitor tofacitinib. Our finding that 5%
SCD-153 induces greater and more consistent hair growth than
5% tofacitinib in mice when applied using the same dosing regi-
men (two doses on alternate days) may arise from differences in
their mechanism of action and pharmacokinetics of skin pene-
tration. Although topical tofacitinib and ruxolitinib both induce
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hair growth in mice (3, 38), they have shown limited efficacy for
treating alopecia areata in human trials, likely due to poor skin
penetration (11, 12, 39). Insufficient skin penetration may also ex-
plain the lack of improvementin alopecia areata treated with top-
ical tacrolimus (FK506) (40), another topical immunosuppressant,
despite its theoretical benefit of restoring the immune privilege
of hair follicles by downregulating class I major histocompatibil-
ity complex proteins (2). In contrast, SCD-153 was chemically de-
signed for topical application to human skin, and its efficacy for
stimulating hair growth in mice in this study supports its further
investigation in human participants. Besides examining the clini-
cal efficacy of SCD-153 for treating alopecia areata, it would be im-
portant to see whether skin erythema and scaling after SCD-153
application also occur in humans, whose epidermis is structurally
thicker and more resilient than that of mice.

The presence of skin erythema and scaling after topical appli-
cation of SCD-153 to mice in this study was unexpected and raises
the question of whether they may be related to subsequent hair
growth. De novo formation of hair follicles after full-thickness ex-
cisional skin wounding, also known as wound-induced hair neoge-
nesis (WIHN), is well-documented in rabbits and mice (41-43). As
there have only been few reports of WIHN in humans to date (44—
47), the hair growth in mice in this study may not be reproducible
in humans if it resulted from cutaneous wounds, rather than
the intended pharmacologic effect of SCD-153. However, there
are several reasons that hair growth in mice after SCD-153 treat-
ment did not involve WIHN. WIHN occurs with full-thickness skin
wounds greater than 1 cm? (41, 42), while the skin lesions observed
in this study were predominantly small and superficial. New hair
from WIHN lack pigmentation and arise in the center of wounds
(41, 42), while hair shafts induced by SCD-153 in mice were black
and distributed throughout the entire treated area, even in ar-
eas without erythema or scaling prior to hair growth. On the
molecular level, WIHN requires signaling through the TLR3/IL-
6/STAT3 axis, with significantly reduced hair follicle formation
upon treatment of wounded mice with the JAK2/STAT3 inhibitor,
cucurbitacin I (34). The fact that SCD-153 inhibits TLR3 and IL-6
expression in vitro suggests that it may also suppress WIHN and
that hair growth in mice after SCD-153 treatment likely resulted
at least in part from a downstream reduction in JAK-STAT signal-
ing (38).

Despite showing that SCD-153 inhibits poly I.C and IFNy-
induced expression of proinflammatory cytokines in NHEKs and
promotes early telogen to anagen transition in C57BL/6 mice, this
study did not establish a causal relationship between the modu-
lation of cytokines and hair growth. It would be important to clar-
ify the mechanisms of itaconate-based molecules in the context
of alopecia areata in future studies through silencing of candi-
date cytokines or their receptors that may mediate hair growth-
promoting effects. The discovery by Runtsch et al. that itaconate
and 4-0OI inhibit JAK1 protein activity also raises the question of
whether SCD-153 may directly modulate JAK-STAT signaling in
addition to upstream molecules like TLR3 and IL-6. Finally, the
extent to which SCD-153 and 4-MI independently contribute to
immunomodulation and hair growth also requires further eluci-
dation. The absence of de-esterified itaconate release by SCD-153
in mouse and human skin homogenate in this study (Table S1)
support prior observations thatitaconate derivatives like DMI and
4-0I do not undergo de-esterification intracellularly to form ita-
conate (21, 23, 48). Future studies may examine whether SCD-153
and 4-MI impact intracellular itaconate levels within intact cells
either through de-esterification or regulation of endogenous ita-
conate production.

The mRNA expressions of some cytokines of interest (e.g,.
IL-18) were only modestly upregulated with poly I.C and IFNy
in NHEKs, and our study was limited by the lack of examina-
tion of cytokine secretion using an enzyme-linked immunosor-
bent assay. Although Bambouskova et al. previously showed
that DMI may suppress IkB¢ induction in vitro in mouse and
human primary keratinocytes (20), immune cells—especially
macrophages—remain the most well-characterized targets of ita-
conate (14) and may exhibit greater responses than keratinocytes.
In follow-up to the results of this study, we plan to study
the effects of SCD-153 on additional cell types involved in the
pathogenesis of alopecia areata, such as outer root sheath cells,
macrophages, and T lymphocytes. 4-OI has been observed to in-
hibit mast cell activity in vitro (49), and future studies may exam-
ine whether SCD-153 may also modulate abnormal mast cell ac-
tivity in alopecia areata (50). The suppression of poly I:C-induced
IFNB expression by SCD-153 in this study is similar to that seen
with 4-OI in a prior study by Mills et al (19) and warrants char-
acterization in additional contexts, such as in plasmacytoid den-
dritic cells, which secrete type I I[FNs (e.g., [FNe and IFNB) when
activated and have recently been implicated in the pathogenesis
of alopecia areata (51, 52).

As the first study to investigate itaconate derivatives for treat-
ing hair loss, our results support their continued investigation as
a treatment for alopecia areata. Besides initiating human stud-
ies, performing studies in C3H/HeJ or humanized mouse mod-
els of alopecia areata (53) may further determine the utility of
itaconate-based drugs for this condition. Hair cycling and growth
involves interactions between multiple cell types and structures,
such as hair follicle stem cells, dermal papilla cells, dermal sheath
cells, immune cells, adipose tissue, nerves, and vasculature. The
extent to which itaconate derivatives may influence these indi-
vidual components within the structurally complex and dynamic
hair follicle niche is an intriguing question that will help to clar-
ify the efficacy and side effects of this emerging class of com-
pound. The development of an effective topical treatment for
severe alopecia areata would benefit many patient populations,
such as patients with localized alopecia areata, those requiring
long-term maintenance after systemic treatment (12), as well as
pediatric patients, who may not tolerate corticosteroid injections
and tend to have a poorer prognosis (5, 54). While this study fo-
cused on the topical application of an itaconate analogue, fu-
ture investigations may explore other routes of administration to
target hair follicles, such as intralesional injection, laser-assisted
drug delivery, and microneedle arrays.

Materials and Methods
Study Approval

All animal studies were conducted in accordance with protocols
reviewed and approved by the Institutional Animal Care and Use
Committee of Johns Hopkins University or Institutional Animal
Ethics Committee of SPARC. Animals were housed in Associa-
tion for Assessment and Accreditation of Laboratory Animal Care
(AALAC)-approved facilities in compliance with the Public Health
Service Policy on the Humane Care and Use of Laboratory Ani-
mals or Committee for the Purpose of Control and Supervision of
Experiments on Animals (CPCSEA) guidelines.

Synthesis of itaconate prodrug

The itaconate prodrug, SCD-153, was synthesized by the reaction
of 4-MI (CAS: 7338-27-4) with chloromethyl isopropyl carbonate
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in the presence of potassium carbonate and either acetonitrile
or acetone as the solvent, as illustrated in Fig. 1a and further
described in the Supplementary Methods. The structure and pu-
rity of SCD-153 were confirmed using liquid chromatography with
TH/C nuclear magnetic resonance spectroscopy, high-resolution
mass spectrometry, and elemental analysis. Separate samples of
SCD-153 were synthesized at the IOCB of the Czech Academy of
Sciences and SPARC. Calculated logarithm of partition coefficient
(CLogP) values of SCD-153 and 4-MI were obtained using Chem-
Draw 20.1 (PerkinElmer Inc., Waltham, MA, USA). Additional pro-
cedural and analytical measurements of SCD-153 are provided in
the Supplementary Methods.

Solid state stability of SCD-153

Solid SCD-153 was incubated at room temperature for 1, 2, 3,
4,7, 14, 21, 28, 63, and 84days. On the day of analysis, each
sample was dissolved in DMSO to make a 100mM stock solu-
tion, which was further diluted to 10 uM in methanol for analysis
using liquid chromatography-mass spectrometry (LC-MS). Sam-
ples were analyzed on an Agilent 1290 HPLC coupled to Agilent
6520B QTOF equipped with ESI Dual source (Agilent Technolo-
gles, Santa Clara, CA, USA). SCD-153 was resolved on an Agi-
lent EclipsePlus C18 RRHD (1.8 um) 2.1 x 100mm column. The
mobile phase consisted of LC-MS grade water + 0.1% formic
acid (A) and acetonitrile + 0.1% formic acid (B). Separation was
achieved using a gradient run at a flow rate of 0.4mL/minute.
The mass spectrometer was operated in a positive ion mode at
350°C with drying gas and nebulizer set at 40 psig. Mass spec-
trometry data were analyzed with the MassHunter Quantita-
tive Analysis software (Agilent Technologies, Santa Clara, CA,
USA).

Metabolic stability of SCD-153 in plasma and
skin homogenates

The metabolic stability of SCD-153 was assessed in mouse skin
homogenate, mouse plasma, human skin homogenate, and hu-
man plasma. Skin homogenates were prepared by 10-fold di-
lution of washed skin samples in 0.1M potassium phosphate
buffer followed by homogenization with a probe sonicator. 1mL
aliquots of mouse skin homogenate, human skin homogenate,
CD1 mouse plasma, and human plasma were spiked with SCD-
153 to a concentration of 20 uM, followed by incubation in an
orbital shaker at 37°C. All stability studies were conducted at
predetermined time points (0, 30, and 60 minutes), when 10 uL
aliquots of the mixture were removed in triplicate and quenched
by the addition of 50 uL of ice-cold acetonitrile containing inter-
nal standard (losartan: 0.5 uM). The samples were vortex-mixed
for 30 seconds and centrifuged at 10,000 g for 10 minutes at 4°C.
Supernatants were transferred to a 96-well plate and analyzed
using high-resolution mass spectrometer. Levels of SCD-153, 4-
MI, and itaconate were monitored over time using the same bio-
analysis methods described in the preceding solid state stability
section.

Pharmacokinetics of SCD-153 following topical
application in mice

C57BL/6 mice with 16 to 22 g weight range and 8 to10 weeks of
age were maintained on a 12-hour light-dark cycle, with access
to food and water, ad libitum. The mice were shaved and treated
topically with 5% SCD-153 in DMSO on half of the dorsal back,
then anesthetized with isoflurane inhalation at predetermined
time points. Blood samples were collected in heparinized micro-

tubes and centrifuged (8500 rpm for 7 minutes); plasma was col-
lected in polypropylene tubes and stored at —70°C. To prevent ex
vivo degradation of SCD-153, plasma samples were stabilized with
2% formic acid prepared in deionized water (plasma:stabilizer vol-
ume ratio—2:1).

For the collection of skin samples, application sites were
washed with cotton swabs and collected in prelabelled sampling
tubes. Ten same-size cotton swabs pre-soaked in 1mL of 0.1%
formic acid in water:acetonitrile (30:70% v/v) were used to wash
the application site. An additional dry cotton swab was used to fur-
ther dry the application site. In experiments that involved separa-
tion of the stratum corneum, tape stripping of skin was performed
five times using Micropore surgical tape (3M India Limited, Ben-
galuru, India) to remove the stratum corneum. The skin (with or
without removal of stratum corneum with tape stripping) was dis-
sected from the application site, washed with ice-cold phosphate-
buffered saline, gently dried on blotting paper, and snap frozen
in liquid nitrogen. Strip and skin samples were weighed and im-
mersed in 0.1% formic acid in water:acetonitrile (30:70% v/v). All
study samples were stored in deep freezer at -70°C until bioanal-
ysis.

For bioanalysis in pharmacokinetic studies, blank matrix
(plasma, homogenized tape strips and skin) fortified with stabi-
lizer (2% formic acid) were spiked with appropriate concentrations
of SCD-153 and 4-MI to obtain standards (5 to 2500 ng/mL for SCD-
153 and 50 to 10,000 ng/mL for 4-MI) and quality controls (15 to
2000 ng/mL for SCD-153 and 150 to 7500 ng/mL for 4-MI). 100 uL of
study samples were precipitated with 0.5 mL of 0.1% formic acid in
acetonitrile containing 500 ng/mL of tolbutamide and vortexed for
5minutes, followed by centrifugation at 10,000 rpm for 10 minutes
at 10°C. The supernatant was directly injected to LC-MS/MS sys-
tem to quantify SCD-153 and 4-MI, as described below.

A simultaneous chromatographic analysis was performed us-
ing an Acquity Ultra-High Performance System consisting of an
analytical pump and an auto sampler coupled with API 4000 mass
spectrometer. Separation of analyte was achieved at 40°C temper-
ature using HyPURITY C18 column (100mm x 2.1mm i.d., Sw).
The mobile phase consisted of acetonitrile and 0.1% formic acid
in Smm ammonium format with gradient elution. SCD-153 and 4-
MI were monitored using ion transitions m/z 261.1 — 127.100 and
m/z 145.1 — 113.100, respectively. The internal standard (tolbu-
tamide) was monitored using ion transition m/z 271.1 — 91.100.

Human eidermal keratinocyte cytotoxicity

NHEKs (Lonza, Basel, Switzerland) were revived, allowed to ex-
pand, and seeded in 96-well plates. SCD-153, DMI, and 4-MI were
diluted to concentrations of 500, 250, 100, 30, 10, 3, 1, and 0.3 uM
and added to the assay plates containing NHEKs. The plates were
checked for compound effects after 2, 4, 6, 8, 16, and 24 hours
of incubation to determine % viability of NHEKs. Cell viability
was measured with CellTiter-Glo assay (Promega, Madison, WI,
USA).

Gene expression profiles of human eidermal
keratinocytes

NHEKs were seeded in plates and incubated overnight at 37°C
and 5% CO», followed by stimulation with poly I.C (50 pg/mL) or
IFNy (5ng/mL) with or without the presence of SCD-153 at the
concentrations of 1, 10, 30, or 100 uM. RNA was isolated and an-
alyzed with TagMan RT-PCR (Thermo Fisher Scientific, Waltham,
MA, USA) to quantify fold changes in the expression of genes of
interest, including IL-6, TLR3, IL-18, and IFNB.
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Mouse efficacy studies

Female C57BL/6 mice (inbred at SPARC, breeder pair strain:
C57BL/6NCrl) were used to study hair growth due to their well-
characterized hair growth cycle, with a prolonged telogen phase
compared to male mice suitable for studying factors that promote
the telogen to anagen transition (37). All mice underwent com-
plete hair removal on the dorsal side with a clipper at 8.5 weeks
after birth, during the telogen phase of the murine hair growth cy-
cle (37). The mice subsequently received topical treatments with
different dosing regimens. In the “4 doses alternate day” regimen,
the mice received topical treatment with 150 L of vehicle (DMSO),
3% 4-MI, or 3% SCD-153 on the dorsal right side once every other
day on days 1, 3, 5, and 7 after hair clipping, for a total of four
treatments. In the “2 doses alternate day” regimen, the mice re-
ceived topical treatment with 150 uL of vehicle (DMSO), 40% DMI,
5% tofacitinib, or 5% SCD-153 on the dorsal right side once every
other day on days 1 and 3 after hair clipping, for a total of two
treatments. The dorsal left side was not treated in all mice. Pho-
tographs were taken for the evaluation of skin reactions and hair
growth.

Image analysis of hair growth

Photographs of mice were analyzed with Image] (Fiji) version
1.53f51 to quantify hair growth. Photographs were converted to
grayscale 8-bit images, with the intensity of each pixel rang-
ing from O (black) to 255 (white). To reduce evaluator bias, the
file names of all photographs were randomized prior to im-
age analysis. For each photograph, the dorsal right (treated) and
dorsal left (untreated) sides of mice were manually outlined
with the polygon selection tool, and the mean pixel intensity
of both regions was measured. The difference in mean pixel in-
tensity between the treated and untreated sides was used to
represent hair growth attributable to treatment, with negative
change in mean pixel intensity suggestive of hair growth and skin
darkening.

Statistical analysis

Statistical analyses and visualizations were performed with
GraphPad Prism 9 (GraphPad Software Inc., San Diego, CA,
USA) and Microsoft Excel (Microsoft Corporation, Redmond,
WA, USA). Two-sided P < 0.05 was regarded as statistically
significant.
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