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RNAI-based modulation of IFN-y signaling in skin
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Aberrant activation of interferon (IFN)-y signaling plays a
key role in several autoimmune skin diseases, including lupus
erythematosus, alopecia areata, vitiligo, and lichen planus.
Here, we identify fully chemically modified small interfering
RNAs (siRNAs) that silence the ligand binding chain of the
IEN-y receptor (IFNGRI), for the modulation of IFN-y
signaling. Conjugating these siRNAs to docosanoic acid
(DCA) enables productive delivery to all major skin cell types
local to the injection site, with a single dose of injection sup-
porting effective IFNGR1 protein reduction for at least
1 month in mice. In an ex vivo model of IFN-y signaling,
DCA-siRNA efficiently inhibits the induction of IFN-
v-inducible chemokines, CXCL9 and CXCLI10, in skin bi-
opsies from the injection site. Our data demonstrate that
DCA-siRNAs can be engineered for functional gene silencing
in skin and establish a path toward siRNA treatment of auto-
immune skin diseases.

INTRODUCTION

Interferon (IFN)-y signaling promotes the progression of CD8"
T cell-mediated autoimmune skin diseases, lupus
erythematosus, alopecia areata, vitiligo, and lichen planus. ™ Autor-
eactive CD8" T cells in lesional skin produce IFN-y that binds the
IFN-vy receptor to activate the Janus kinase (JAK)-signal transducer
and activator of transcription pathway, thereby stimulating the
expression of IFN-vy-inducible chemokines, such as CXCL9,
CXCL10, and CXCL11. These chemoattractants, in turn, promote
the skin infiltration of autoreactive CD8" T cells and worsen autoim-
munity (Figure 14).””7

such as

The upregulation of IFN-v and its related genes in skin biopsies from
patients and mouse models of autoimmune skin diseases indicate that
targeting the IFN-y pathway may be an effective therapeutic strat-
egy.3 %9 Indeed, the clinical off-label use of small molecule JAK
inhibitors (e.g., ruxolitinib, tofacitinib, and baricitinib) has produced
promising results in the treatment of alopecia areata and vitiligo.'* "
These medications can be administered systemically or topically.
Systemic treatments usually provide better outcomes for severe con-
ditions when large areas of skin are involved, whereas topicals are
good for patients with localized symptoms and incur fewer systemic
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side effects. Topical JAK inhibitors are efficacious in modulating IFN-
v-related autoimmunity; however, JAK inhibition could potentially
affect other immune pathways and lead to undesirable activities."*
Therefore, we hypothesize that locally targeting IFN-vy receptor, the
upstream molecule, may be a viable approach to specifically modulate
the IFN-vy signaling in skin.

Small interfering RNAs (siRNAs) are a novel class of drugs that
harness endogenous RNA interference (RNAi) to enable specific
and sustained modulation of gene expression.''® Synthetic siRNAs
offer several advantages over small molecule and antibody drugs,
including ease of sequence-based design, which allows for rapid
drug discovery, and the ability to target disease genes previo-
usly considered undruggable.'” Currently, conjugate-mediated deliv-
ery of siRNAs is the dominant delivery platform in the clinic. The
most clinically advanced siRNA conjugate, N-acetylgalactosamine
(GalNAc), supports selective hepatocyte delivery through asialoglyco-
protein receptor uptake and is the basis for multiple approved siRNA
drugs.'® " GalNAc-conjugated siRNAs show an unprecedented
duration of effect (>6 months after a single administration)*' driven
by compound entrapment in lysosomal and endosomal compart-
ments, generating an intracellular depot of the drug with slow
release.”” While the usefulness of GalNAc is limited to the liver, hy-
drophobic conjugates support delivery to extra-hepatic organs,
including skin.”>** Among hydrophobic conjugates, docosanoic
acid (DCA) shows promise for safe, multicellular siRNA delivery
both locally and systemically.****

Here we report the rational development of therapeutic siRNAs that
silence the ligand binding chain of the IFN-v receptor (IFNGRI) for
the modulation of IFN-y signaling. We screened a panel of fully
chemically modified siRNAs in vitro and identified multiple
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Figure 1. Identification of human IFNGR1 and mouse Ifngr1 siRNA leads that efficiently modulate IFN-y signaling
(A) Schematic of siRNA silencing IFN-vy receptor for the modulation of IFN-vy signaling. (B) Human IFNGR1 silencing in Hela cells, (C) mouse /fngr1 silencing in N2a cells, and
(D) human IFNGR1 silencing in SH-SY5Y cells. Cells were treated with fully modified cholesterol-conjugated siRNAs at 1.5 pM for 72 h. The mRNA levels were measured by
using QuantiGene 2.0 assays. siRNA number represents the 5 position of the mRNA target site. UNT, untreated control. Data are represented as percent of UNT (n = 3,
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functional hits that enable efficient silencing of both human IFNGR1
and mouse Ifngrl mRNAs. We systematically evaluated hydrophobic
conjugates and scaffold valency on siRNA and identified DCA-conju-
gated siRNA as showing the highest efficacy in skin local to the
injection site, with productive delivery to multiple skin cell types. In
addition, we found that a single subcutaneous injection of DCA-
siRNA supports sustained IFNGRI protein reduction in skin for at
least 1 month. Finally, we demonstrate that DCA-siRNA significantly
decreases the induction of IFN-vy-inducible chemokines, CXCL9 and
CXCLI0, in an ex vivo skin model of IFN-y signaling. These findings
highlight RNAi-based gene modulation as a potential localized treat-
ment for autoimmune and other skin diseases.

RESULTS

In vitro screen identifies lead siRNA compounds that silence
human IFNGR1 and mouse Ifngr1 mRNAs

To identify active siRNAs that silence human IFNGRI and mouse
Ifngrl, we first performed bioinformatics analysis to predict functional
sequences that cover the 5'-untranslated region (UTR), open reading
frame, or 3'-UTR regions of target mRNA in both species. A panel
of the top 24 species-specific siRNA sequences (12 human and 12
mouse) were selected for in vitro screen. Although there is limited ho-
mology between human IFNGRI and mouse Ifngrl mRNAs, we were
able to generate an additional 10 human and mouse cross-targeting
candidates based on the siRNA design criteria.”>*’ In addition to the
mRNA homology of species, chemical modifications of nucleotides
also highly affect the available sequence space for designing cross-tar-
geting siRNAs.”® In this study, all screens used fully chemically modi-
fied, asymmetric siRNA scaffolds with optimized 2'-O-methyl
(2'-OMe), 2'-fluoro (2’-F) and phosphorothioate (PS) linkages that
have been shown to improve stability.'”»*’ The 3’ end of sense strands
were hydrophobically conjugated to cholesterol, which promotes
cellular internalization without the need for lipid formulation.”® All se-
quences and chemical modification patterns of siRNAs are summa-
rized in the supplemental information (Tables S1-S3).

In primary screens using Quantigene 2.0 assays, we identified multi-
ple functional siRNA hits with effective silencing up to approximately
75% of human IFNGRI and approximately 90% of mouse Ifngrl
(Figures 1B and 1C). Interestingly, 4 of 10 cross-targeting siRNAs
(415, 418, 419, and 989) that showed greater than 50% silencing effi-
cacy in mouse N2a neuroblastoma cells were not effective in human
HeLa epithelial cells. To investigate whether human cell type affects
IFNGRI mRNA accessibility, we re-screened the compounds in hu-
man neuroblastoma SH-SY5Y cells. Consistent with the results in
HelLa cells, minimal or no efficacy was observed for cross-targeting
siRNAs in SH-SY5Y cells (Figure 1D). The median inhibition concen-
tration (ICsp) values were determined for the top four hits from each
primary screen (human 1631, 1726, 1989, and 2072; and mouse 378,

947, 1162, and 1641) using seven-point dose-response curves
(Figures 1E and SI). Based on the ICsq values, human 1726 (ICs
228 nM) and mouse 1641 (ICso 152 nM) were selected as the lead
compounds (Figure 1F). We also treated human HeLa, SY-SH5Y,
and mouse N2a cells with the lead compounds and determined
IFNGR1 protein expression levels. Human 1726 decreased the
expression of IFNGR1 by approximately 71% and approximately
77% in HeLa and SH-SH57 cells, respectively (Figures S2A and
S2B). Mouse 1641 decreased IFNGRI by approximately 67% in
N2a cells (Figure S2C).

The activation of IFN-y signaling induces the expression of CXCL9/
10/11.”" We further validated the lead compounds 1726 and 1641 in a
cell model of IFN-y signaling. Human HeLa and mouse N2a cells
were treated with siRNA for 72 h followed by the stimulation of
IFN-v signaling using recombinant human or mouse IFN-vy. The
mRNA levels of human CXCL9/10/11 and mouse Cxcl9/10/11 were
measured 6 h after the stimulation. We observed a strong mRNA up-
regulation of human CXCL9/10/11 (approximately 20-, 580-, and
150-fold) and mouse Cxcl9/10/11 (approximately 3-, 20-, and
3-fold) in IFN-vy-stimulated cells compared with unstimulated cells
(Figures 1G and 1H). The percentage of mRNA silencing after siRNA
treatment was determined. Human 1726 significantly decreased the
expression of CXCL9 (approximately 77%; p < 0.05), CXCLIO
(approximately 64%; p < 0.05), and CXCL1I (approximately 48%;
p < 0.01) compared with untreated cells, whereas the non-targeting
control (NTC) compound was not effective. Similarly, mouse 1641
significantly reduced the expression of Cxcl9 (approximately 85%;
p < 0.05), Cxcll0 (approximately 90%; p < 0.001), and Cxclll
(approximately 82%; p < 0.01). These results indicate lead compounds
1726 and 1641 can efficiently inhibit IFN-vy signaling in vitro. Addi-
tionally, we compared mouse siRNA Ungrl 1641 with ruxolitinib,*? an
US Food and Drug Administration (FDA)-approved small molecule
JAK1/2 inhibitor, for inhibiting IFN-v signaling in the cell model.
siRNA ¢ 1641 showed comparable potency as ruxolitinib in inhib-
iting Cxcl9/10/11 mRNA expression (Figure S3). Mouse siRNA /"¢
1641 was used for subsequent in vivo studies.

DCA conjugation enables efficient silencing of Ifngr1 in skin
local to the injection site

The chemical nature of the siRNA conjugate greatly impacts the tissue
retention and efficacy of siRNAs.”>***?
uated a panel of lipid-conjugated compounds and found that highly
hydrophobic conjugates enhance the local retention of siRNAs in
skin at the injection site, whereas unconjugated compounds are
cleared quickly. Among the hydrophobic conjugates, DCA, and tri-
myristic acid (Myr-t) exhibited distinct therapeutic profile of safety,
local retention, and silencing efficacy in skin.”> Therefore, to achieve
local skin delivery of siRNA ¥ 1641 in this study, we covalently

In our previous work, we eval-

mean + standard deviation). (E) Dose-response curves of lead siRNA compounds (human 1726, mouse 1641). M, molar concentration of siRNA (n = 3, mean + standard
deviation). (F) Targeting region of lead siRNA in human IFNGR7 and mouse /fngr1 mRNA.

(G) Human CXCL9/10/11, and (H) Mouse Cxcl9/10/11 mRNA expressions (QuantiGene 2.0 assay) at 6 h post IFN-y signaling stimulation; cells were treated with siRNA at
1.5 uM for 72 h before IFN-y stimulation (n = 4, mean + standard deviation, one-way ANOVA, *p < 0.05, *p < 0.01, **p < 0.001, ****p < 0.0001; ns, not significant).
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Figure 2. Chemical configurations of siRNA ™97 1641 for gene silencing in mouse skin

(A) Schematic of the chemical structures of hydrophobically conjugated (DCA,; tri-myristic acid, Myr-t) and Dio siRNAs; DCA and Myr-t conjugates are covalently linked to the
3’ end of sense strand; the two sense strands of the Dio scaffold are covalently linked by a tetraethylene glycol; the study also included unconjugated siRNA gt 1641 and
DCA conjugated NTC siRNAs. (B) Ifngr7 mRNA silencing in skin at the injection site; mice (n = 5 per group) were injected subcutaneously (between shoulders) with a single
dose of siRNA (20 mg/kg); local skin was collected at 1 week after injection and mRNA levels were measured using QuantiGene 2.0 assays; /fngr1 expression was normalized
to a housekeeping gene Ppib; data are represented as percent of PBS control (mean + standard deviation) and analyzed by Kruskal-Wallis test (*p < 0.05, **p < 0.01; ns, not
significant). (C) Efficacy of a single dose versus two doses (2x, 24 h apart; n = 5) of DCA-siRNA IMart 1641 (One-way ANOVA, *p < 0.05, **p < 0.01). bDNA, branched DNA.

attached DCA or Myr-t to the 3’ end of the sense strand. We also
included a divalent (Dio) siRNA scaffold to the evaluation panel (Fig-
ure 2A), as we have found that compound size may affect local reten-
tion and efficacy, for example, in the central nervous system.”

To compare the efficacy of the three chemical configurations, we sub-
cutaneously injected wild-type C57BL/6] mice (n = 5) with a single
dose of siRNA (20 mg/kg). The Ifngrl mRNA levels in skin local to
the injection site were quantified 1 week after injection. As expected,
all three configurations significantly reduced the Ifngrl expression by
approximately 40%-50% (p < 0.05 or 0.01) compared with PBS (Fig-
ure 2B). Among them, DCA supported a slightly better efficacy than
Myr-t and Dio. In comparison, NTC siRNA was not active and un-
conjugated siRNA Y 1641 induced minimal silencing that did
not reach statistical significance (p > 0.05) (Figure 2B). Based on these
data, we chose DCA-siRNA ¢ 1641 for subsequent studies.

We next evaluated whether two doses of DCA-siRNA 7" 1641
could improve local Ifngrl silencing. Mice were injected with a single

2712 Molecular Therapy Vol. 30 No 8 August 2022

dose or two doses of compounds over 2 days (24 h apart), and the
Ifngrl mRNA levels were measured 1 week after injection. The addi-
tional dose produced slightly better silencing (approximately 57%
[p < 0.01] compared with PBS), but was not statistically different
from the single dose (approximately 45% silencing) (Figure 2C).
This result suggests improvement in local silencing efficacy is insig-
nificant with multiple injections over a short period, consistent with
our previous work.”> DCA-siRNA also supports systemic delivery
to several tissues and the silencing in each tissue is target dependent.*
In this experiment, we simultaneously checked the systemic silencing
of Ifngrl in liver, kidney, spleen, muscle, and skin (distal to injection
site). DCA-siRNA /¢! 1641 exhibited a significant systemic effect on
decreasing Ifngrl mRNA in liver (approximately 40-50%), but not in
other tested organs (Figure S4).

DCA-siRNA accumulates in major cell types of epidermis and
dermis

To determine the delivery efficiency of DCA-siRNA in skin, we subcu-
taneously injected Cy3-labeled unconjugated or DCA conjugated
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Figure 3. Local distribution profile of DCA-siRNA in skin cell types

Single injection of Cy3-labeled siRNA ™97 1641 with or without DCA conjugation (at 3 different doses: 20, 10, 5 mg/kg in 150 uL PBS) were subcutaneously injected into
mouse tail skin (a 25G, 40-mm needle was fully inserted and pulled slowly while injecting to cover approximately two-thirds of the area of the tail). Skin samples were collected
at 48 h after the injection. (A) Images of skin biopsies from the injection site show local retention of siRNAs (pink), and (B) fluorescence microscopic images show siRNA (red)
retention in local skin (nuclei were stained in blue with DAPI, original magnification x20). (C) Hematoxylin and eosin staining (top) of skin biopsy distinguishes the morphology
of epidermis and dermis (transverse section, arrows indicate stratum corneum, sebaceous gland, and hair follicle); Cy3-DCA-siRNA ™97 1641 distribution (red in middle
panel); PBS background staining (bottom panel); original magnification x20, bar scale = 100 um. (D) Percentage of Cy3-positive cell population in live epidermal cells
(n = 3, mean = standard deviation, 20 mg/kg DCA-siRNA ™97 1641, and PBS background control, unpaired t-test, ***p < 0.0001), and (E) cell size-normalized median
fluorescence intensity (MFI) indicates relative delivery efficiency of Cy3-siRNA in epidermal cell types (one-way ANOVA for multiple comparison; *p < 0.05,
****p < 0.0001; ns, not significant). (F) Percentage of Cy3 positive cell population in live dermal cells, and (G) normalized MFl in dermal cell types (**p < 0.001, ****p < 0.0001).

siRNA 787 1641 into the tail skin of mice. Using tail skin enabled effi- ~ The 20x fluorescence microscopic images also showed DCA-siRNAs
cient sample processing for imaging and flow cytometry analysis. Skin ~ were better retained at the skin of the injection site compared with un-
biopsies from the local injection site were collected 48 h after injection.  conjugated compounds (Figure 3B). This result supports the observa-
We observed an improved local retention of DCA-siRNAs (pink with  tion that DCA-siRNA 7" 1641 was more effective in silencing Ifngr1
Cy3 labeling) compared with unconjugated compounds (Figure 3A).  mRNA than unconjugated compound locally (Figure 2B).
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Figure 4. Duration of Ifngr1 silencing by siRNA ™97 1641 in mouse tail skin

—1030 103 104 105

IFNGR1

(A Ifngr1 mRNA levels over four weeks post injection (n = 3 per group, single dose at 20 mg/kg); mRNA levels were measured using QuantiGene 2.0 assays, Ifngr1
expression was normalized to the housekeeping gene Ppib; data were represented as percent of NTC control (mean + standard deviation) and analyzed by unpaired
t test ("p < 0.05; ns, not significant). (B) IFNGR1 protein levels were determined by the relative MFI of anti-mouse IFNGR1 staining in CD45* (hematopoietic cell marker)
cell population; MFI values were subtracted from Ifngr1 =~ background staining, and normalized to NTC control (mean = standard deviation, unpaired t test, *p < 0.01,
***p < 0.001). (C) Representative flow cytometry panels of CD45" cells and IFNGR1 staining at week 2 post-injection. (D) Histograms of graph (C) for IFNGR1 staining in

CD45* cells.

The efficiency of cellular uptake of chemically modified siRNAs varies
by tissue and cell types.”> DCA-siRNA 7"¢" 1641 showed a broad
local distribution into skin cells of the epidermis and dermis (Fig-
ure 3C). To analyze the cell type-specific accumulation of DCA-
siRNA in skin, we stained the epidermal hematopoietic cells,
melanocytes, and keratinocytes, as well as dermal hematopoietic cells,
fibroblasts, and endothelial cells using a panel of molecular markers
(CD45, CD49f, CD140a, and Ckit), then performed flow cytometry.
Detailed gating and analysis strategies are shown in Figures S5 and
S6. In general, DCA-siRNA transduced approximately 87% of
epidermal cells and 100% of dermal cells (Figures 3D, 3F, S5B, and
S6B). In epidermis, more than 95% hematopoietic cells, approxi-
mately 85% of keratinocytes, and 100% melanocytes were Cy3-
siRNA positive (Figure S5B). The small but measurable fraction of
hematopoietic cells (approximately 5%) and keratinocytes (approxi-
mately 15%) showing limited siRNA cellular uptake might be caused
by the cornification process of superficial keratinocytes that limits the
permeability and membrane fluidity of these cells for siRNA delivery.
In contrast, all major dermal cell types were Cy3-siRNA positive
(Figure S6B), indicating full accessibility of siRNA delivery in dermis.
We also compared the relative delivery efficiency of siRNA with
each cell type based on their population fluorescence intensity
(Figures 3E and 3G). In epidermis, cell type delivery efficiency follows

2714 Molecular Therapy Vol. 30 No 8 August 2022

the order of melanocytes > keratinocytes > hematopoietic cells in
Cy3-siRNA positive populations. In the dermis, the order is fibro-
blasts > endothelial > hematopoietic cells.

Asingle dose of DCA-siRNA ™97 1641 supports efficient IFNGR1
protein reduction in the skin for at least 4 weeks

To evaluate the duration of effect of DCA-siRNA /¢! 1641, we sub-
cutaneously injected mice with a single dose (20 mg/kg) of compound
in tail skin. Skin Ifngrl mRNA levels at the injection site were
measured over 4 weeks. We observed a significant decrease in Ifngrl
mRNA (approximately 40%-50%) in the skin of mice treated with
DCA-siRNA " 1641 from week 1 to week 3 compared with the
NTC control (p < 0.05), but the mRNA silencing effect was lost at
week 4 (Figure 4A). This shorter duration of effect may be due to
active proliferation of skin cells. Thus, repeat injections with a 2- to
3-week interval might be necessary to maintain a maximum long-
term Ifngrl silencing in skin.

The effect of DCA-siRNA "¢ 1641 on IFNGRI protein decrease in
skin cells was determined by fluorescence flow cytometry. Membrane
expression of IFNGR1 can be found in multiple cell types and is rela-
tively high in a subset of hematopoietic cells, such as in macrophage
and dendritic cells.”*® Flow cytometry revealed that IFNGRI is
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Figure 5. DCA-siRNA 9" 1641 inhibits IFN-y signaling in an ex vivo skin model

(A) Schematic of siRNA treatment in mice and stimulation of IFN-y signaling in an ex vivo skin biopsy model; mice (n = 5 per group) were treated subcutaneously with two
doses (2x; 20 mg/kg; 2 weeks apart) of DCA-siRNA iingr1 1641 in tail skin, and eight punches per mouse of skin biopsies (4 mm in diameter) were collected. For each mouse, a
seven-point dose response of IFN-y signaling stimulation was carried out using recombinant mouse IFN-y at a concentration range of 0-25.6 ng/mL. Skin biopsies were
incubated at 37°C for 24 h, and CXCL9 and CXCL10 levels were determined by ELISA. (B-E) Production of CXCL9 and CXCL10 after the treatment of two scaffold con-

figurations of DCA-siRNA 97" 1641 (two-way ANOVA, ***p < 0.001, ***p < 0.0001).

mainly expressed in CD45" hematopoietic cells under normal physi-
ological conditions, with a higher staining intensity in dermis
compared with epidermis (Figure S7). To provide a more reliable
platform for data analysis, we determined the median fluorescence in-
tensity of IFNGR1 in dermal CD45" hematopoietic cells in the DCA-
siRNA /"1 1641-treated group relative to the NTC-treated group
(Figures 4B-4D). Surprisingly, the silencing effect on protein level
seems to be rapid (at week 1) and relatively stable, with a maximal
decrease (approximately 70%) of IFNGRI protein occurring at
week 2. Notably, even at week 4, DCA-siRNA "™ 1641-treated
skin showed a sustained IFNGR1 decrease (approximately 60%)
(Figure 4B).

DCA-siRNA 97 1641 efficiently decreases the effects of IFN-y
signaling

To determine whether the silencing of Ifngrl by DCA-siRNA /¢!
1641 translates to a functional inhibition of IFN-y signaling in skin,
we developed an ex vivo skin culture model that enables direct mea-
surement of IFN-vy-driven chemokine levels in culture media by using
ELISAs (Figure 5A). In this model, mice were subcutaneously injected
with two doses (20 mg/kg, 2 weeks apart) of DCA-siRNA 7! 1641 in
tail skin, and skin biopsies were taken from the injection site 2 weeks
after the second dose. We then incubated the skin biopsies with
mouse recombinant IFN-y to induce CXCL9 and CXCLI10 expres-
sion. Mature CXCLI11 is not produced in wild-type C57BL/6] mice
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owing to a frameshift mutation of the Cxcl11 gene.””*" A critical step
in optimizing siRNAs for a specific siRNA sequence is to test varying
patterns of chemically modified nucleotides, including 2’-OMe, 2'-F,
and backbone PS linkages. In this skin culture model, we tested the
efficacy of an additional siRNA scaffold, defined as scaffold 2, along
with the scaffold 1, which was used in the previous experiments out-
lined in this article. The detailed information of modification patterns
is shown in Table S4. compared with NTC control, treatment with
scaffold 1 significantly decreased CXCL9 expression by approxi-
mately 32% (Figure 5B) (p < 0.0001), whereas scaffold 2 decreased
CXCL9 levels by approximately 45% (Figure 5C) (p < 0.0001).
Comparably, scaffold 1 significantly reduced CXCL10 expression by
approximately 38% (Figure 5D) (p = 0.0002), whereas scaffold 2
decreased CXCL10 levels by approximately 49% (Figure 5E) (p =
0.0003). This is consistent with our additional studies (data not
shown) showing that scaffold 2 is slightly more potent than scaffold
1 in the context of certain siRNA sequences. Taken together, these
data demonstrate that local administration of DCA-siRNA &
1641 leads to efficient IFN-vy signaling inhibition in skin.

DISCUSSION

Rapid discovery and optimization of drug candidates remain chal-
lenging. The success of a therapeutic modality is defined by (1) its
ability to affect the target of interest and (2) its pharmacokinetic
behavior. For small molecules, these characteristics are inseparable,
necessitating a unique, iterative optimization process for each drug
candidate. Antibodies typically only efficiently bind to the cell
surface or secreted proteins. By contrast, the development of
therapeutic siRNAs is not limited by these challenges and is highly
programmable—the sequence defines the specificity, while the
siRNA scaffold and chemical modifications dictate pharmacoki-
netics.'”” With recent advances in oligonucleotide chemistry and
in vivo delivery, the FDA has approved the use of several siRNA
drugs (e.g., patisiran for hATTR amyloidosis-PN, givosiran for acute
hepatic porphyria, lumasiran for primary hyperoxaluria type 1, and
inclisiran for h‘ypercholesterolemia),18’2“’/12
dates currently in late-stage clinical trials. The adaptability of
RNAi-based drugs has the potential to transform future therapeutic
development.

with additional candi-

Here, we identify siRNAs that target immunomodulatory pathways,
outlining an efficient approach for developing siRNA therapeutics
for the local modulation of gene expression in skin. Dysregulation
of IFN-v signaling is associated with many inflammatory and autoim-
mune diseases,”””%*’
using small molecule JAK inhibitors show encouraging results for
treating some skin diseases.” "> We hypothesize that targeting IFN-
Y receptor may prove to be a viable and more specific strategy for
modulating IFN-y signaling. By combing RNAi bioinformatics,
chemical biology, and in vivo pharmacology, this pilot study identifies
siRNAs that support efficient and sustained reduction of IFNGR1 in
skin. Similarly, the DCA-siRNA framework could be applied to other
targets of interest in skin. As IFN-y signaling is involved in many
pathological processes, the functional siRNAs presented in this

and modulation of IFN-y signaling pathway
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work could be further developed for a wide range of therapeutic ap-
plications in tissues beyond skin.

Identifying siRNA compounds that target both human and mouse
mRNA transcripts is ideal, but sometimes gene homology differs
significantly across species, providing limited opportunity for cross-
reactive siRNA design. This is particularly true for genes involved
in immunomodulation. Indeed, we tested several cross-reactive com-
pounds that were active in mouse cells, but not in human cells. Gener-
ally, compound activity is similar in different cell types across species;
however, this is not always the case.* The subcellular environment,
localization, secondary structure, and protein binding state of
mRNA all affect the efficacy of siRNAs. For example, a previous study
reported that siRNAs are more effective for silencing mRNAs are un-
der active translation; this is because ribosomes can alleviate the
masking effect of mRNA secondary structures to improve siRNA
accessibility."> One explanation for the limited efficacy of the cross-
reactive siRNAs in human cells is that human IFNGRI mRNAs
may contain more higher-order structures compared with their
mouse counterparts. When the discovery of cross-reactive candidates
is unsuccessful, an alternative strategy is to identify one set of com-
pounds with homology to human and non-human primates, and
another set of tool compounds that can be used in rodent studies,
as we have done here.

We found that DCA and Myr-t conjugates as well as the Dio scaffold
support the efficacy of siRNA ¥ at the injection site skin, whereas
unconjugated compounds provide only minimal efficacy. Lipid
conjugation greatly increases hydrophobicity of siRNA duplexes
and, thus, enhances the local retention of injected siRNAs.*”**
Also, covalently combining two siRNAs to form a Dio scaffold might
significantly decrease the clearance rate of the compound owing to the
larger size of the molecule. Thus, fine-tuning the conjugate chemistry
and scaffold valency may represent an efficient strategy to manipulate
the retention and potency of siRNAs in skin for therapeutic
applications.

Our skin biodistribution data reveal that DCA-conjugated siRNAs are
more (multiple-fold higher) efficiently distributed into epidermal me-
lanocytes and dermal fibroblasts than into other cell types. Although
we have not investigated the selective silencing of genes that are pref-
erentially expressed in melanocytes and fibroblasts, the distribution
profile could be used for the functional delivery of DCA-siRNAs to
these cells while limiting siRNA exposure to other cell types. One
possible strategy is to determine a lower dose that maintains the effi-
cacy of DCA-siRNAs in melanocytes and fibroblasts while decreasing
siRNA effects in other cell types for improving the cell-type specificity
of the compounds.

We observed a difference in the kinetics of in vivo silencing between
IFNGR1 mRNAs and proteins. Maximal mRNA silencing in the skin
was achieved at week 1, decreased by week 3, and returned to control
levels by week 4. At the protein level, the degree of silencing peaked at
week 2 and was maintained for at least 4 weeks. The observed
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difference in kinetics is likely due to the relatively slow turnover rate
of IFNGR1 protein in skin, resulting in a longer efficacy from the
siRNA treatment.

Human IFNGRI gene deficiency has been associated with an increased
susceptibility to certain infectious diseases in patients, such as myco-
bacterial infections.*™*® This raises questions about the systemic
effects of DCA-siRNA from silencing IFNGRI. In our work, DCA-
siRNA 71 show systemic silencing of mouse Ifigr] in the liver, but
not in the kidneys, spleen, muscle, or distal skin. A downregulation
of IFN-vy signaling in the liver may be beneficial or deleterious depend-
ing on the pathophysiological conditions of liver as IFN-y is a cytokine
known for its broad immunomodulatory properties, such as inducing
hepatocyte apoptosis, inhibiting hepatocyte cell cycle progression, and
activating antiviral responses as previously discussed in detail by Hor-
ras et al.*’ Thus, safety precautions should be considered in targeting
IFN-y signaling pathway in the long term. Additionally, DCA-
siRNA "¢ might exhibit systemic effects besides the liver, as it has
not been fully characterized owing to the limited scope of this work.
We previously reported the tissue accumulation levels of DCA-siR-
NAs,” but the pharmacokinetics have not been established. A compre-
hensive study focused on the tissue expression profile of IFNGRI,
pharmacokinetic properties of DCA-siRNA ¢, and levels of target
silencing would provide insight into the safety and therapeutic poten-
tials of the DCA-siRNA ¥ in extracutaneous tissues.

We have demonstrated that IFNGRI siRNAs efficiently decrease the
production of IFN-y-inducible chemokines CXCL9/10/11 upon IFN-
Y signaling activation. The CXCL9/10/11-CXCR3 axis regulates
immune cell migration, differentiation, and activation, leading to
various immunoregulatory effects in many diseases, such as auto-
immune disorders, infections, and cancers.””>"*>°" Therefore,
modulating IFN-y signaling may positively or negatively impact the
biological functions of CXCL9/10/11-CXCR3 axis during the pro-
gression of these diseases. A better understanding of the advantages
and limitations of silencing IFN-vy signaling under a defined disease
state would provide a clearer clinical relevance of our strategy using
the identified IFNGRI siRNAs.

Future studies should also explore how the routes of administration
(e.g., controlled epidermal penetration, intradermal, or subcutaneous)
and dosing regimens can be optimized to achieve selective gene
silencing in different skin layers, especially in a skin model that closely
resembles human skin morphology and functionality, such as in
porcine skin. The functional delivery of siRNAs remains one of the
main challenges of modulating a gene of interest in skin. Current
methods under development to overcome the barriers of skin delivery
of macromolecules include microneedle patches, skin-penetrating mi-
croparticles, ionic-liquid formulations, and others.”' ~>* The delivery of
validated siRNAs into skin with patient-friendly strategies would
greatly potentiate the clinical implementation of RNAi-based thera-
peutics in skin diseases. Taken together, our work demonstrates the
rational design of a targeted siRNA therapy and establishes a path
toward a new treatment paradigm for skin diseases.

MATERIALS AND METHODS

Oligonucleotide synthesis

Modified siRNAs were synthesized using standard solid phase phos-
phoramidite chemistry on a Dr. Oligo 48 medium throughput (Bio-
lytic) or MerMade 12 (BioAutomation) oligonucleotide synthesizer.
We used 2'-O-methyl, 2-fluoro, and custom 5’-(E)-vinylphospho-
nate phosphoramidites (Chemgenes) for strand stabilization. The
sense strands of compounds for in vitro screens were synthesized at
1-uM scale on a cholesterol-conjugated solid support (Chemgenes),
and the sense strands of compounds for in vivo injection were synthe-
sized at 10-uM scale on a DCA-functionalized controlled pore glass
(CPG) as previously described.”> > Cy3 phosphoramidites (Gene
Pharma) were used for fluorescence labeling of the 5’ of sense strands.
Antisense strands were synthesized on CPG functionalized with a
Unylinker (Chemgenes), bis-cyanoethyl-N, N-diisopropyl CED
phosphoramidite (Chemgenes) was used to introduce a 5'-mono-
phosphate on antisense strands for in vitro experiments, and 5’-(E)-
vinylphosphonate modification was applied to antisense strands for
in vivo studies. Sense strands were cleaved and deprotected using
40% aq. methylamine and 30% NH,OH (1:1) at room temperature
for 2 h, and antisense strands were deprotected with a solution of bro-
motrimethylsilane:pyridine (3:2, v/v) in dichloromethane (5 mL) for
the (E)-vinylphosphonate deprotection, then cleaved and deprotected
with 30% NH,OH containing 3% diethylamine at 35°C for 20 h. The
deprotected oligonucleotide solutions were filtered to remove CPG
residues. The filtrates were frozen in liquid nitrogen shortly and dried
by a SpeedVac vacuum centrifuge. The resulting oligonucleotide pel-
lets were reconstituted in 5% acetonitrile in water for subsequent
purifications.

HPLC purification

The purification of oligonucleotides was performed on an Agilent
1290 Infinity II system. Sense strands were purified on a Hamilton
PRP-C18 reverse phase column using the following conditions: eluent
A, 50 mM sodium acetate in 5% acetonitrile; eluent B, 100% acetoni-
trile; gradient 0%-20% for 3 min, 20%-70% for 23 min, followed by
cleaning and recalibration for 9 min; column temperature, 60°C; and
flow rate, 40 mL/min. Antisense strands were purified over anion-ex-
change column (GE Source 15Q media) using the following condi-
tions: eluent A, 10 mM sodium acetate in 20% acetonitrile; eluent
B, 1 M sodium perchlorate in 20% acetonitrile; gradient 0%-20%
for 3 min, 20%-70% for 23 min, followed by cleaning and recalibra-
tion for 9 min; column temperature, 60°C; and flowrate, 40 mL/min.
Peaks were monitored by UV absorbance at 260 nm. The pure oligo-
nucleotide fractions were collected and characterized by liquid chro-
matography mass/mass spectrometry (LC/MS). The fractions were
combined, frozen, and dried in a Speed Vac overnight. Purified oligo-
nucleotides were desalted by size-exclusion chromatography (GE Se-
phadex G-25 fine), and lyophilized.

LC/MS analysis
The purity and identity of all oligonucleotides used in the studies were
characterized on an Agilent 6530 accurate mass Q-TOF LC-MS using
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reverse phase chromatography under the following conditions: mo-
bile phase A: 9 mM triethylamine/100 mM hexafluoroisopropanol
in water; mobile phase B: 9 mM triethylamine/100 mM hexafluoroi-
sopropanol in methanol; temperature, 60°C; flow rate, 0.5 mL/min
UV, 260 nm; LC column, Agilent 2.1 x 50 mm AdvanceBio C18
oligonucleotide column. MS parameters: source, electrospray ioniza-
tion; ion polarity, negative mode; range, 100-3,200 m/z; scan rate, 2
spectra s L capillary voltage, 4,000; fragmentor, 180 V.

Cell culture and in vitro screen

HeLa cells (ATCC; #CCL-2) were maintained in DMEM (Corning
Cellgro; #10-013CV), and Neuro-2a (N2a) cells (ATCC; #CLL-131)
were maintained in EMEM (ATCC; #30-2003). The media were sup-
plemented with 10% fetal bovine serum (FBS, Gibco; #26140), and all
cells were grown at 37°C and 5% CO,. In vitro screen was carried out
as previously described.** Briefly, HeLa and N2a cells were treated
with cholesterol-conjugated siRNA for 72 h in 50/50 (vol/vol) of 6%
FBS medium/Opti-MEM (Gibco, #31985-079) without antibiotics.
Cells were then lysed in diluted lysis mixture consisting of a 1:2 ratio
of lysis mixture (Invitrogen, #13228): water with 0.2 mg/mL of pro-
teinase K (Invitrogen, #25530-049) at 55°C for 30 min mRNA
expression was measured by the Quantigene 2.0 assay (Affymetrix)
with the following probe sets (ThermoFisher Scientific): human
IFNGR1 (#SA-3001758), human PPIB (#SA-10003) or human
HPRT (#SA-10030); mouse Ifngrl(#SB-3029581), mouse Ppib (#SA-
10002) or mouse Hprt (#SA-15463).

In vitro model of IFN-y signaling

Human HelLa cells and mouse N2a cells were treated with 1.5 uM of
siRNA at 37°C for 72 h as in screen experiments. After 72 h, medium
was replaced with new medium containing 10 ng/mL of recombinant
human IFN-vy protein (R&D System, #285-IF-100) and 10 ng/mL re-
combinant human tumor necrosis factor (TNF)-a. protein (R&D Sys-
tem, #210-TA-020) to stimulate IFN-y signaling in HeLa cells. For
stimulating IFN-y signaling in N2a cells, 10 ng/mL of recombinant
mouse IFN-y protein (R&D System, #485-MI-100) and 10 ng/mL re-
combinant mouse TNF-o protein (R&D System, #410-TRNC-010)
were used. After 6 h of signaling stimulation, cells were lysed as in
screen experiments. Expression of mRNA was measured by the
Quantigene 2.0 assay with the following probesets (ThermoFisher Sci-
entific): human CXCL9 (#SA-12372), human CXCL10 (#SA-50393),
human CXCLI11 (#SA-50464), human ACTB (#SA-10008); mouse
Cxcl9 (#SB-3030147), mouse Cxcll10 (#SB-10026), mouse Cxclll
(#SB-3033872), mouse Actb (#SB-10003). Ruxolitinib (JAK1 and 2
small molecule inhibitor, TOCRIS, #7064, MW 310.87, C,;H;gNg*1/
4 H,0) was used for the inhibition of IFN-vy signaling in N2a cells.

Mice

Animal studies were conducted in accordance with the guidelines of
University of Massachusetts Chan Medical School Institutional Ani-
mal Care and Use Committee. All procedures were approved under
the Protocol #202000010 (Khvorova Laboratory) and #201900330
(Harris Laboratory) and in accordance with the National Institutes
of Health Guide for the Care and Use of Laboratory Animals.
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Wild-type C57BL/6] mice were purchased from The Jackson Labora-
tory, and were 8-10 weeks of age at the time of the experiments.

In vivo mRNA silencing

Skins were collected at the indicated time points and stored in RNA
later (Sigma-Aldrich, #R0901) at 4°C overnight. The mRNA level
was quantified using QuantiGene Singleplex assay kit (Invitrogen,
#QS0016). Five punches of 4-mm diameter biopsies were mechani-
cally homogenized in 500 pL of homogenization buffer containing
0.2 mg/mL Proteinase K (Invitrogen, #AM3546), followed by an incu-
bation at 55°C for 30 min. The skin homogenate was then centrifuged
at 14,000 x g for 5 min, and the supernatant was collected for subse-
quent assays. Diluted samples and probesets (mouse Ifngrl, mouse
Ppib) were added to the branded DNA capture plate and signal was
amplified as described previously.”” The luminescence signal was de-
tected on a Tecan M1000 microplate reader.

Fluorescence microscopy

Skin samples were freshly embedded into Optimal cutting tempera-
ture compound (Sakura Finetek) before frozen sectioning. Hematox-
ylin and eosin staining was used for histology. Nuclei were stained
with DAPI. All fluorescent images were acquired with a Leica
DMi8 inverted microscope (Leica Microsystems). Images were
analyzed using the Leica LAS X.

Flow cytometry

Mouse tail skins were harvested at the indicated time points and incu-
bated with 2.5 mg/mL Dispase II (Roche, #04942078001) at 37°C for 1
h. Epidermis was isolated and mechanically dissociated. Dermis was
further incubated with a cocktail solution containing 2.5 mg/mL of
collagenase IV (Sigma-Aldrich, #C6885) and 1 mg/mL deoxyribonu-
clease I (Sigma-Aldrich, #DN25) in RPMI-1640 medium (Gibco,
#11875093) at 37°C for 45 min, followed by mechanical dissociation.
All samples were filtered with 100-pm filters before staining. For anti-
body staining, UltraComp eBeads (Invitrogen, #01-2222-42) and ArC
amine reactive compensation bead kit (Invitrogen, #A10346) were
used as compensation controls. Samples were blocked with Fc block
2.4 G2 (Bio X cells, # BE0307) and stained using Live/Dead Zombie
Aqua (Biolegend, #423101) or Zombie NIR (Biolegend, #423105)
fixable viability kits. The following antibodies were used at a 1:100
dilution: Biotin anti-mouse CD119 (Biolegend, #112803), APC strep-
tavidin secondary Ab (Biolegend, #4052-7), FITC anti-mouse CD45
(TONBO biosciences, #35-0451-U500), Pacific Blue anti-mouse
I-A/I-E (Biolegend, #107620), Brilliant Violet 570 anti-mouse CD45
(Biolegend, #103116), APC anti-mouse CD117 (c-Kit) (TONBO bio-
sciences, #35-0451-U500), PerCP/Cy5.5 anti-human/mouse CD49f
(Biolegend, #313618), and 1:10 dilution for FITC anti-mouse
CD140a (Miltenyi Biotech, #130-109-735) as suggested. The data
were collected under BD LSR II or CYTEK Aurora flow cytometer
and analyzed by FlowJo 10.7 software.

Ex vivo skin model of IFN-y signaling
Wild-type C57BL/6] mice (n = 5) were injected subcutaneously with
two doses of siRNA (20 mg/kg at weeks 0 and 2) in the tail skin. Four
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weeks later, eight biopsy punches per mouse (4 mm in diameter) from
the injected area of skin were taken and stimulated with mouse re-
combinant IFN-y (R&D System, #485-MI-100) at concentrations
range from 0 to 25.6 ng/mL (two-fold serial dilutions) in a seven-
point dose response treatment. The skin punches were cultured at
37°C for 24 h in DMEM: Nutrient Mixture F-12 (DMEM/F-12 in
3:1 ratio, 10% FBS) with the following components added: epidermal
growth factor (10 ng/mL), insulin (5 ug/mL), adenine (24.3 pg/mL),
cholera toxin (10 ng/mL), transferrin (5 pg/mL), and tri-iodo-L-thy-
ronine (1.36 ng/mL). The culture media of skin biopsies were five-fold
diluted for quantification of CXCL9 expression.

ELISA

Cell studies: Human IFN-y R1 ELISA kit (Invitrogen, #£EH249RB)
and mouse IFN-y R1 ELISA kit (Invitrogen, #EM40RB) were used
according to manufacturer’s instructions. Human HeLa, SH-SH5Y,
and mouse N2a cells were seeded in a 24-well plate and treated
with 500 pL siRNA at 1.5 uM for 72 h. Cells were lysed with
700 pL/well RIPA buffer with proteinase inhibitor cocktail (Roche,
#11836153001). Total protein levels were quantified by Bradford
assay kit (ThermoFisher Scientific, #23236).

Animal studies: Mouse CXCL9 DuoSet ELISA kit (R&D System,
#DY492-05) and DuoSet Ancillary Reagent Kit 2 (R&D System,
#DY008) were used according to manufacturer’s instructions. Optical
densities were measured with a Tecan M1000 (Tecan) microplate
reader, and the absorbance values at 540 nm were subtracted from
450 nm to calculate CXCL9 level using a standard curve derived
from the known concentration of the recombinant proteins. Mouse
CRG-2 (CXCL10) ELISA kit (Invitrogen, #EMCXCL10) was used ac-
cording to manufacturer’s instructions. Optical densities at 450 nm
were measured using a SpectraMax M5 microplate reader.

Statistical analysis

Data were analyzed using GraphPad Prism 9 software (GraphPad
Software, Inc). Detailed information for data analysis related to
each figure can be found in figure legends.

SUPPLEMENTAL INFORMATION

Supplemental information can be found online at https://doi.org/10.
1016/j.ymthe.2022.04.019.

ACKNOWLEDGMENTS

This project was supported by LEO Pharma and National Institutes of
Health (grant no. R35 GM131839 and S10 OD020012 to A.K,; grant
no. RO1 AR069114 to J.E.H.; grant no. S10 0OD028576 to C.E.S.). This
project was also supported by Hartford Foundation Vitiligo Grant (to
J.EH.) and Aldena Therapeutics. The authors thank Dr Emily Hohn
Haberlin for revising the manuscript and Sarah Davis for the final
proofreading. We thank Dr Min Wook Shin, Dr Yung Hwang, and
Dr Ruiying Wang for their technical assistance on FACS analysis,
and both Harris and Khvorova Laboratory members for their
support.

AUTHOR CONTRIBUTIONS

Q.T., AK,J.EH, and A.C. conceived and managed the project. Q.T.,
J.S, D.E,X.F.,Y-CH, KA,NM,D.AC,LV,KM, KO, and AB.
contributed experimentally. K.M. carried out the bioinformatics of
siRNA design. J.S., D.E, N.M,, D.A.C,, L.V,, Q.T., and A.B. synthe-
sized the siRNA compounds. Q.T. conducted the in vitro and in vivo
studies. Y-C.H. helped with the design of ex vivo skin model. X.F.,
K.A., and K.O. helped with the in vivo work. Q.T., AK, and J.EH
wrote the manuscript.

DECLARATION OF INTERESTS

AK, J.EH,, and Q.T. have filed a patent that covers the abovemen-
tioned IFNGR1 and other (JAKI, JAK2, and STAT1I) identified siRNA
oligonucleotides for the modulation of IFN-y signaling pathway.
A K. discloses ownership of stock in RXi Pharmaceuticals and Advirna
and is a founder of Atalanta Therapeutics. J.E.-H holds equity in Rheos
Medicines, TeVido BioDevices and is a founder of Villaris Therapeu-
tics, Aldena Therapeutics, NIRA Biosciences, and Vimela Therapeutics.

REFERENCES

. Ruffilli, I. (2019). MIG in cutaneous systemic lupus erythematosus. Clin. Ter 170,
e71-€76. https://doi.org/10.7417/CT.2019.2111.

—_

[

. Rork, J.F., Rashighi, M., and Harris, J.E. (2016). Understanding autoimmunity of viti-
ligo and alopecia areata. Curr. Opin. Pediatr. 28, 463-469. https://doi.org/10.1097/
mop.0000000000000375.

w

. Harris, J.E., Harris, T.H., Weninger, W., John Wherry, E., Hunter, C.A., and Turka,
L.A. (2012). A mouse model of vitiligo with focused epidermal depigmentation re-
quires IFN-y for autoreactive CD8" T-cell accumulation in the skin. J. Invest.
Dermatol. 132, 1869-1876. https://doi.org/10.1038/jid.2011.463.

'S

. Shao, S., Tsoi, L.C., Sarkar, M.K,, Xing, X., Xue, K., Uppala, R., Berthier, C.C., Zeng,
C., Patrick, M., Billi, A.C,, et al. (2019). IFN-y enhances cell-mediated cytotoxicity
against keratinocytes via JAK2/STAT1 in lichen planus. Sci. Transl. Med. 11,
eaav7561. https://doi.org/10.1126/scitranslmed.aav7561.

v

. Rashighi, M., Agarwal, P., Richmond, J.M., Harris, T.H., Dresser, K., Su, M.-W.,
Zhou, Y., Deng, A., Hunter, C.A,, Luster, A.D,, et al. (2014). CXCL10 is critical for
the progression and maintenance of depigmentation in a mouse model of vitiligo.
Sci. Transl. Med. 6, 223ra23. https://doi.org/10.1126/scitranslmed.3007811.

(=2}

. Richmond, J.M., Bangari, D.S., Essien, K.I,, Currimbhoy, S.D., Groom, J.R., Pandya,
A.G,, Youd, M.E,, Luster, A.D., and Harris, ].E. (2017). Keratinocyte-derived chemo-
kines orchestrate T-cell positioning in the epidermis during vitiligo and may serve as
biomarkers of disease. J. Invest. Dermatol. 137, 350-358. https://doi.org/10.1016/j.jid.
2016.09.016.

~

. Richmond, .M., Masterjohn, E., Chu, R,, Tedstone, J., Youd, M.E., and Harris, J.E.
(2017). CXCR3 depleting antibodies prevent and reverse vitiligo in mice. J. Invest.
Dermatol. 137, 982-985. https://doi.org/10.1016/j.jid.2016.10.048.

o]

. van den Boorn, J.G., Konijnenberg, D., Dellemijn, T.A.M., Wietze van der Veen, J.,
van der Veen, ].P.W., Bos, ].D., Melief, CJ.M., Vyth-Dreese, F.A., and Luiten, RM.
(2009). Autoimmune destruction of skin melanocytes by perilesional T cells from
vitiligo patients. J. Invest. Dermatol. 129, 2220-2232. https://doi.org/10.1038/jid.
2009.32.

o

. Xing, L., Dai, Z., Jabbari, A., Cerise, ].E., Higgins, C.A., Gong, W., de Jong, A., Harel,
S., DeStefano, G.M., Rothman, L., et al. (2014). Alopecia areata is driven by cytotoxic
T lymphocytes and is reversed by JAK inhibition. Nat. Med. 20, 1043-1049. https://
doi.org/10.1038/nm.3645.

10. Kennedy Crispin, M., Ko, J.M., Craiglow, B.G., Li, S., Shankar, G., Urban, J.R., Chen,
J.C., Cerise, ].E., Jabbari, A., Winge, M.C,, et al. (2016). Safety and efficacy of the JAK
inhibitor tofacitinib citrate in patients with alopecia areata. JCI Insight I, e89776.
https://doi.org/10.1172/jci.insight.89776.

Molecular Therapy Vol. 30 No 8 August 2022 2719


https://doi.org/10.1016/j.ymthe.2022.04.019
https://doi.org/10.1016/j.ymthe.2022.04.019
https://doi.org/10.7417/CT.2019.2111
https://doi.org/10.1097/mop.0000000000000375
https://doi.org/10.1097/mop.0000000000000375
https://doi.org/10.1038/jid.2011.463
https://doi.org/10.1126/scitranslmed.aav7561
https://doi.org/10.1126/scitranslmed.3007811
https://doi.org/10.1016/j.jid.2016.09.016
https://doi.org/10.1016/j.jid.2016.09.016
https://doi.org/10.1016/j.jid.2016.10.048
https://doi.org/10.1038/jid.2009.32
https://doi.org/10.1038/jid.2009.32
https://doi.org/10.1038/nm.3645
https://doi.org/10.1038/nm.3645
https://doi.org/10.1172/jci.insight.89776
http://www.moleculartherapy.org

[11]. King, B., Ohyama, M., Kwon, O., Zlotogorski, A., Ko, J., Mesinkovska, N.A., et al.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

2720

(2022). Two phase 3 trials of Baricitinib for alopecia areata. N. Engl. J. Med. 386,
1687-1699. https://doi.org/10.1056/nejmoa2110343.

. Rothstein, B., Joshipura, D., Saraiya, A., Abdat, R., Ashkar, H., Turkowski, Y., Sheth,

V., Huang, V., Au, S.C,, Kachuk, C,, et al. (2017). Treatment of vitiligo with the topical
Janus kinase inhibitor ruxolitinib. J. Am. Acad. Dermatol. 76, 1054-1060.el. https://
doi.org/10.1016/j.jaad.2017.02.049.

. Rosmarin, D., Pandya, A.G., Lebwohl, M., Grimes, P., Hamzavi, I, Gottlieb, A.B.,

Butler, K., Kuo, F., Sun, K., Ji, T., et al. (2020). Ruxolitinib cream for treatment of viti-
ligo: a randomised, controlled, phase 2 trial. Lancet 396, 110-120. https://doi.org/10.
1016/s0140-6736(20)30609-7.

. Schwartz, D.M., Kanno, Y., Villarino, A., Ward, M., Gadina, M., and O’Shea, J.J.

(2017). JAK inhibition as a therapeutic strategy for immune and inflammatory dis-
eases. Nat. Rev. Drug Discov. 16, 843-862. https://doi.org/10.1038/nrd.2017.201.

. Fire, A, Xu, S., Montgomery, M.K,, Kostas, S.A., Driver, S.E., and Mello, C.C. (1998).

Potent and specific genetic interference by double-stranded RNA in Caenorhabditis
elegans. Nature 391, 806-811. https://doi.org/10.1038/35888.

. Setten, R.L., Rossi, ].J., and Han, S.-P. (2019). The current state and future directions

of RNAi-based therapeutics. Nat. Rev. Drug Discov. 18, 421-446. https://doi.org/10.
1038/541573-019-0017-4.

. Khvorova, A., and Watts, J.K. (2017). The chemical evolution of oligonucleotide

therapies of clinical utility. Nat. Biotechnol. 35, 238-248. https://doi.org/10.1038/
nbt.3765.

. Scott, L.J. (2020). Givosiran: first approval. Drugs 80, 335-339. https://doi.org/10.

1007/540265-020-01269-0.

. Scott, LJ., and Keam, SJ. (2021). Lumasiran: first approval. Drugs 81, 277-282.

https://doi.org/10.1007/s40265-020-01463-0.

Lamb, Y.N. (2021). Inclisiran: first approval. Drugs 81, 389-395. https://doi.org/10.
1007/540265-021-01473-6.

Ray, KK., Wright, R.S., Kallend, D., Koenig, W., Leiter, L.A., Raal, FJ,, Bisch, J.A.,
Richardson, T., Jaros, M., Wijngaard, P.L.J., and Kastelein, J.]J. (2020). Two phase 3
trials of inclisiran in patients with elevated LDL cholesterol. N. Engl. J. Med. 382,
1507-1519. https://doi.org/10.1056/nejmoal912387.

Brown, CR., Gupta, S., Qin, J., Racie, T., He, G., Lentini, S., Malone, R., Yu, M.,
Matsuda, S., Shulga-Morskaya, S., et al. (2020). Investigating the pharmacodynamic
durability of GalNAc-siRNA conjugates. Nucleic Acids Res. 48, 11827-11844.
https://doi.org/10.1093/nar/gkaa670.

Biscans, A., Coles, A., Haraszti, R., Echeverria, D., Hassler, M., Osborn, M., and
Khvorova, A. (2019). Diverse lipid conjugates for functional extra-hepatic siRNA de-
livery in vivo. Nucleic Acids Res. 47, 1082-1096. https://doi.org/10.1093/nar/
gky1239.

Biscans, A., Coles, A., Echeverria, D., and Khvorova, A. (2019). The valency of fatty
acid conjugates impacts siRNA pharmacokinetics, distribution, and efficacy in vivo.
J. Control Release 302, 116-125. https://doi.org/10.1016/j.jconrel.2019.03.028.

Biscans, A., Caiazzi, J., McHugh, N., Hariharan, V., Muhuri, M., and Khvorova, A.
(2021). Docosanoic acid conjugation to siRNA enables functional and safe delivery
to skeletal and cardiac muscles. Mol. Ther. 29, 1382-1394. https://doi.org/10.1016/
j.ymthe.2020.12.023.

Reynolds, A., Leake, D., Boese, Q., Scaringe, S., Marshall, W.S., and Khvorova, A.
(2004). Rational siRNA design for RNA interference. Nat. Biotechnol. 22, 326-330.
https://doi.org/10.1038/nbt936.

Birmingham, A., Anderson, E., Sullivan, K., Reynolds, A., Boese, Q., Leake, D.,
Karpilow, J., and Khvorova, A. (2007). A protocol for designing siRNAs with high
functionality and specificity. Nat. Protoc. 2, 2068-2078. https://doi.org/10.1038/
nprot.2007.278.

Shmushkovich, T., Monopoli, K.R,, Homsy, D., Leyfer, D., Betancur-Boissel, M.,
Khvorova, A., and Wolfson, A.D. (2018). Functional features defining the efficacy

of cholesterol-conjugated, self-deliverable, chemically modified siRNAs. Nucleic
Acids Res. 46, 10905-10916. https://doi.org/10.1093/nar/gky745.

Hassler, M.R., Turanov, A.A., Alterman, ].F., Haraszti, R.A., Coles, A.H., Osborn,
M.F., Echeverria, D., Nikan, M., Salomon, W.E., Roux, L., et al. (2018).
Comparison of partially and fully chemically-modified siRNA in conjugate-mediated

Molecular Therapy Vol. 30 No 8 August 2022

30.

31

32.

33.

34

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

Molecular Therapy

delivery in vivo. Nucleic Acids Res. 46, 2185-2196. https://doi.org/10.1093/nar/
gky037.

Ly, S., Navaroli, D.M., Didiot, M.-C., Cardia, J., Pandarinathan, L., Alterman, J.F.,,
Fogarty, K., Standley, C., Lifshitz, L.M., Bellve, K.D., et al. (2017). Visualization of
self-delivering hydrophobically modified siRNA cellular internalization. Nucleic
Acids Res. 45, 15-25. https://doi.org/10.1093/nar/gkw1005.

Tokunaga, R., Zhang, W., Naseem, M., Puccini, A., Berger, M.D., Soni, S., McSkane,
M., Baba, H., and Lenz, H.-J. (2018). CXCL9, CXCL10, CXCL11/CXCR3 axis for im-
mune activation - a target for novel cancer therapy. Cancer Treat Rev. 63, 40-47.
https://doi.org/10.1016/j.ctrv.2017.11.007.

Moran, N. (2012). Incyte comes of age with JAK inhibitor approval. Nat. Biotechnol.
30, 3-5. https://doi.org/10.1038/nbt0112-3.

Osborn, M.F., and Khvorova, A. (2018). Improving siRNA delivery in vivo through
lipid conjugation. Nucleic Acid Ther. 28, 128-136. https://doi.org/10.1089/nat.
2018.0725.

Alterman, J.F,, Godinho, B.M.D.C., Hassler, M.R., Ferguson, C.M., Echeverria, D.,
Sapp, E., Haraszti, R.A., Coles, A.H., Conroy, F., Miller, R, et al. (2019). A divalent
siRNA chemical scaffold for potent and sustained modulation of gene expression
throughout the central nervous system. Nat. Biotechnol. 37, 884-894. https://doi.
org/10.1038/541587-019-0205-0.

Roberts, T.C., Langer, R., and Wood, M.J.A. (2020). Advances in oligonucleotide
drug delivery. Nat. Rev. Drug Discov. 19, 673-694. https://doi.org/10.1038/s41573-
020-0075-7.

Valente, G., Ozmen, L., Novelli, F., Geuna, M., Palestro, G., Forni, G., and Garotta, G.
(1992). Distribution of interferon-gamma receptor in human tissues. Eur. J.
Immunol. 22, 2403-2412. https://doi.org/10.1002/ji.1830220933.

Hu, X., and Ivashkiv, L.B. (2009). Cross-regulation of signaling pathways by inter-
feron-v: implications for immune responses and autoimmune diseases. Immunity
31, 539-550. https://doi.org/10.1016/j.immuni.2009.09.002.

Ivashkiv, L.B. (2018). IFNY: signalling, epigenetics and roles in immunity, meta-
bolism, disease and cancer immunotherapy. Nat. Rev. Immunol. 18, 545-558.
https://doi.org/10.1038/s41577-018-0029-z.

Seung, E., Cho, J.L., Sparwasser, T., Medoff, B.D., and Luster, A.D. (2011). Inhibiting
CXCR3-dependent CD8+ T cell trafficking enhances tolerance induction in a mouse
model of lung rejection. J. Immunol. 186, 6830-6838. https://doi.org/10.4049/jimmu-
n0l.1001049.

Groom, J.R., Richmond, J., Murooka, T.T., Sorensen, E.W., Sung, ].H., Bankert, K.,
von Andrian, U.H., Moon, J.J., Mempel, T.R,, and Luster, A.D. (2012). CXCR3
chemokine receptor-ligand interactions in the lymph node optimize CD4+ T helper
1 cell differentiation. Immunity 37, 1091-1103. https://doi.org/10.1016/j.immuni.
2012.08.016.

Mikucki, M.E., Fisher, D.T., Matsuzaki, J., Skitzki, J.J., Gaulin, N.B., Muhitch, ].B., Ku,
AW., Frelinger, ].G., Odunsi, K., Gajewski, T.F., et al. (2015). Non-redundant
requirement for CXCR3 signalling during tumoricidal T-cell trafficking across
tumour vascular checkpoints. Nat. Commun. 6, 7458. https://doi.org/10.1038/
ncomms8458.

Ledford, H. (2018). Gene-silencing technology gets first drug approval after 20-year
wait. Nature 560, 291-292. https://doi.org/10.1038/d41586-018-05867-7.

Maouia, A., Sormani, L., Youssef, M., Helal, A.N., Kassab, A., and Passeron, T. (2017).
Differential expression of CXCL9, CXCL10, and IFN-y in vitiligo and alopecia
areata patients. Pigment Cell Melanoma Res 30, 259-261. https://doi.org/10.1111/
pemr.12559.

Ferguson, C.M., Echeverria, D., Hassler, M., Ly, S., and Khvorova, A. (2020). Cell type
impacts accessibility of mRNA to silencing by RNA interference. Mol. Ther. Nucleic
Acids 21, 384-393. https://doi.org/10.1016/j.0mtn.2020.06.006.

Matecka, E.M., and Woodson, S.A. (2020). Ribosomes clear the way for siRNA target-
ing. Nat. Struct. Mol. Biol. 27, 775-777. https://doi.org/10.1038/s41594-020-0495-4.

Jouanguy, E., Altare, F., Lamhamedi-Cherradi, S., and Casanova, J.-L. (1997).
Infections in IFNGR-1-deficient children. J. Interferon Cytokine Res. 17, 583-587.
https://doi.org/10.1089/jir.1997.17.583.

Jouanguy, E., Lamhamedi-Cherradi, S., Lammas, D., Dorman, S.E., Fondanéche,
M.C,, Dupuis, S., Doffinger, R., Altare, F., Girdlestone, J., Emile, J.F., et al. (1999).


https://doi.org/10.1056/nejmoa2110343
https://doi.org/10.1016/j.jaad.2017.02.049
https://doi.org/10.1016/j.jaad.2017.02.049
https://doi.org/10.1016/s0140-6736(20)30609-7
https://doi.org/10.1016/s0140-6736(20)30609-7
https://doi.org/10.1038/nrd.2017.201
https://doi.org/10.1038/35888
https://doi.org/10.1038/s41573-019-0017-4
https://doi.org/10.1038/s41573-019-0017-4
https://doi.org/10.1038/nbt.3765
https://doi.org/10.1038/nbt.3765
https://doi.org/10.1007/s40265-020-01269-0
https://doi.org/10.1007/s40265-020-01269-0
https://doi.org/10.1007/s40265-020-01463-0
https://doi.org/10.1007/s40265-021-01473-6
https://doi.org/10.1007/s40265-021-01473-6
https://doi.org/10.1056/nejmoa1912387
https://doi.org/10.1093/nar/gkaa670
https://doi.org/10.1093/nar/gky1239
https://doi.org/10.1093/nar/gky1239
https://doi.org/10.1016/j.jconrel.2019.03.028
https://doi.org/10.1016/j.ymthe.2020.12.023
https://doi.org/10.1016/j.ymthe.2020.12.023
https://doi.org/10.1038/nbt936
https://doi.org/10.1038/nprot.2007.278
https://doi.org/10.1038/nprot.2007.278
https://doi.org/10.1093/nar/gky745
https://doi.org/10.1093/nar/gky037
https://doi.org/10.1093/nar/gky037
https://doi.org/10.1093/nar/gkw1005
https://doi.org/10.1016/j.ctrv.2017.11.007
https://doi.org/10.1038/nbt0112-3
https://doi.org/10.1089/nat.2018.0725
https://doi.org/10.1089/nat.2018.0725
https://doi.org/10.1038/s41587-019-0205-0
https://doi.org/10.1038/s41587-019-0205-0
https://doi.org/10.1038/s41573-020-0075-7
https://doi.org/10.1038/s41573-020-0075-7
https://doi.org/10.1002/eji.1830220933
https://doi.org/10.1016/j.immuni.2009.09.002
https://doi.org/10.1038/s41577-018-0029-z
https://doi.org/10.4049/jimmunol.1001049
https://doi.org/10.4049/jimmunol.1001049
https://doi.org/10.1016/j.immuni.2012.08.016
https://doi.org/10.1016/j.immuni.2012.08.016
https://doi.org/10.1038/ncomms8458
https://doi.org/10.1038/ncomms8458
https://doi.org/10.1038/d41586-018-05867-7
https://doi.org/10.1111/pcmr.12559
https://doi.org/10.1111/pcmr.12559
https://doi.org/10.1016/j.omtn.2020.06.006
https://doi.org/10.1038/s41594-020-0495-4
https://doi.org/10.1089/jir.1997.17.583

www.moleculartherapy.org

48.

49.

50.

51.

A human IFNGR1 small deletion hotspot associated with dominant susceptibility to
mycobacterial infection. Nat. Genet. 21, 370-378. https://doi.org/10.1038/7701.

van de Vosse, E., and van Dissel, ].T. (2017). IFN-yR1 defects: mutation update and
description of the IFNGRI variation database: van de VOSSE and van DISSEL. Hum.
Mutat. 38, 1286-1296. https://doi.org/10.1002/humu.23302.

Horras, CJ., Lamb, C.L., and Mitchell, K.A. (2011). Regulation of hepatocyte fate by
interferon-y. Cytokine Growth Factor Rev. 22, 35-43. https://doi.org/10.1016/j.cy-
togfr.2011.01.001.

Mohammadi, M.H., and Kariminik, A. (2021). CC and CXC chemokines play key
roles in the development of polyomaviruses related pathological conditions. Virol.
J. 18, 111. https://doi.org/10.1186/s12985-021-01582-4.

Prausnitz, M.R. (2017). Engineering microneedle patches for vaccination and drug
delivery to skin. Annu. Rev. Chem. Biomol. Eng. 8, 177-200. https://doi.org/10.
1146/annurev-chembioeng-060816-101514.

52.

53.

54.

55.

Tadros, A.R., Romanyuk, A., Miller, I.C., Santiago, A., Noel, RK., O’Farrell, L.,
Kwong, G.A., and Prausnitz, M.R. (2020). STAR particles for enhanced topical
drug and vaccine delivery. Nat. Med. 26, 341-347. https://doi.org/10.1038/s41591-
020-0787-6.

Dharamdasani, V., Mandal, A, Qi, QM. Suzuki, I, Bentley, M.V.LB., and
Mitragotri, S. (2020). Topical delivery of siRNA into skin using ionic liquids.
J. Control Release 323, 475-482. https://doi.org/10.1016/j.jconrel.2020.04.038.

Mandal, A., Kumbhojkar, N., Reilly, C., Dharamdasani, V., Ukidve, A., Ingber, D.E.,
and Mitragotri, S. (2020). Treatment of psoriasis with NFKBIZ siRNA using topical
ionic liquid formulations. Sci. Adv. 6, eabb6049. https://doi.org/10.1126/sciadv.
abb6049.

Turanov, A.A., Lo, A., Hassler, M.R., Makris, A., Ashar-Patel, A., Alterman, J.F.,
Coles, A.H., Haraszti, R.A., Roux, L., Godinho, B.M.D.C,, et al. (2018). RNAi modu-
lation of placental sFLT1 for the treatment of preeclampsia. Nat. Biotechnol. 36,
1164-1173. https://doi.org/10.1038/nbt.4297.

Molecular Therapy Vol. 30 No 8 August 2022 2721


https://doi.org/10.1038/7701
https://doi.org/10.1002/humu.23302
https://doi.org/10.1016/j.cytogfr.2011.01.001
https://doi.org/10.1016/j.cytogfr.2011.01.001
https://doi.org/10.1186/s12985-021-01582-4
https://doi.org/10.1146/annurev-chembioeng-060816-101514
https://doi.org/10.1146/annurev-chembioeng-060816-101514
https://doi.org/10.1038/s41591-020-0787-6
https://doi.org/10.1038/s41591-020-0787-6
https://doi.org/10.1016/j.jconrel.2020.04.038
https://doi.org/10.1126/sciadv.abb6049
https://doi.org/10.1126/sciadv.abb6049
https://doi.org/10.1038/nbt.4297
http://www.moleculartherapy.org

	RNAi-based modulation of IFN-γ signaling in skin
	Introduction
	Results
	In vitro screen identifies lead siRNA compounds that silence human IFNGR1 and mouse Ifngr1 mRNAs
	DCA conjugation enables efficient silencing of Ifngr1 in skin local to the injection site
	DCA-siRNA accumulates in major cell types of epidermis and dermis
	A single dose of DCA-siRNA Ifngr1 1641 supports efficient IFNGR1 protein reduction in the skin for at least 4 weeks
	DCA-siRNA Ifngr1 1641 efficiently decreases the effects of IFN-γ signaling

	Discussion
	Materials and methods
	Oligonucleotide synthesis
	HPLC purification
	LC/MS analysis
	Cell culture and in vitro screen
	In vitro model of IFN-γ signaling
	Mice
	In vivo mRNA silencing
	Fluorescence microscopy
	Flow cytometry
	Ex vivo skin model of IFN-γ signaling
	ELISA
	Statistical analysis

	Supplemental information
	Acknowledgments
	Author contributions
	Declaration of interests
	References


