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Background Type I IFN (IFN-I) is a family of cytokines involved in the pathogenesis of autoimmune and autoin-
flammatory diseases such as psoriasis. SIDT1 is an ER-resident protein expressed in the lymphoid lineage, and
involved in anti-viral IFN-I responses in vivo, through an unclear mechanism. Herein we have dissected the role of
SIDT1 in the natural IFN-producing cells, the plasmacytoid dendritic cells (pDC).

Methods The function of SIDT1 in pDC was determined by silencing its expression in human primary pDC and
GEN2.2 cell line. SIDT1 role in vivo was assessed using the imiquimod-induced psoriasis model in the SIDT1-defi-
cient mice (sidt1�/�).

Findings Silencing of SIDT1 in GEN2.2 led to a blockade of the IFN-I response after stimulation of TLR7 and TLR9,
without affecting the pro-inflammatory responses or upregulation of maturation markers. We found that SIDT1
migrates from the ER to the endosomal and lysosomal compartments together with TLR9 after CpG stimulation,
participating in the access of the TLR9-CpG complex to lysosome-related vesicles, and therefore mediating the acti-
vation of TBK1 and the nuclear migration of IRF7, but not of NF-kB. sidt1�/� mice showed a significant decrease in
severity parameters of the imiquimod-induced acute psoriasis-like model, associated with a decrease in the produc-
tion of IFN-I and IFN-dependent chemokines.

Interpretation Our findings indicate that SIDT1 is at the cross-road between the IFN-I and the proinflammatory
pathways and constitutes a promising drug target for psoriasis and other diseases mediated by IFN-I responses.
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Introduction
Psoriasis is a paradigm among the interferon-depen-
dent autoimmune diseases, characterized by the detec-
tion of an “IFN signature” in blood and tissues1. Indeed
nucleic acid-induced IFN-I production plays a promi-
nent role in the initial immunopathogenic steps of
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Research in context

Evidence before this study

The functionality of the multi-span transmembrane pro-
tein SIDT1 in mammals has remained elusive for a long
time. Only recently, few papers have reported a role of
SIDT1 in the uptake and intracellular transport of dietary
cholesterol, as well as in the induction of antiviral IFN-I
responses in vivo. SIDT1 is mostly expressed in lymphoid
cells, suggesting a specialized function in these cells.

Added value of this study

This work is centered in the plasmacytoid dendritic cells
(pDC), which are the master organizers of the antiviral
IFN-I responses. They are also key in the initiation of the
immunopathological events of IFN-mediated diseases,
such as psoriasis. We show that SIDT1 is in the cross-
road between IFN-I and proinflammatory responses and
SIDT1 silencing or knock-out impairs IFR7 activation and
protects mice using an induced psoriasis model.

Implications of all available evidence

A tight control of the balance between IFN-I and pro-
inflammatory responses in pDC is key for a protective
antiviral immune response and to avoid the appearance
of autoimmune and autoinflammatory diseases. Thus,
SIDT1 is a promising target for the design of immune
modulators for these diseases.
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psoriasis and other autoimmune disorders.2,3 In the
search for new therapies for IFN-mediated diseases,
IFNa/b-blocking strategies are appealing.4 Current
clinal trials are mainly focused on anti-IFN or -IFNa/b
receptor monoclonal antibodies, but other molecules of
the pathway have also being tested, as reviewed in.5

pDC are professional IFN-producing cells capable of
secreting it in large amounts.6 They secrete actively

proinflammatory cytokines, chemokines and type I and

III IFN following recognition of pathogen and danger-

related nucleic acids through the endosomal Toll-like

receptors TLR7 (sensing single-stranded RNA) and

TLR9 (sensing unmethylated CpG-containing double-

stranded DNA), as well as an array of cytosolic sensors.5

A tight balance between proinflammatory cytokines and

IFN-I is crucial and thus, inappropriate pDC endosomal

TLR responses are considered key in the physiopathol-

ogy of IFN-mediated diseases,7�10 and are also involved

in non-protective anti-viral responses.11,12

TLR7 and TLR9 reside in the endoplasmic reticulum
(ER) in resting pDC and translocate to endosomal
vesicles to encounter their ligands.13,14 After ligation,
the receptors are cleaved, allowing for recruitment of
the adaptor protein MyD88 followed by the transcrip-
tion of NF-kB-dependent proinflammatory cytokines
and IRF7-dependent IFN-I responses. Since different
signals arise from different endocytic compartments,15

it is considered that TLR9-containing vesicles bifurcate
from NF-kB-endosomes to IRF7-endolysosomes.16,17

Accordingly, several proteins involved in the lysosomal
pathway have been involved in IFN-I production by
pDC,17,18 and chloroquine inhibition of endosomal acidifi-
cation interferes with IFNa responses to TLR7 and TLR
ligands in pDC.19,20 While much of the characterization
of this traffic is characterized using TLR9, it is likely that
TLR7 signaling and trafficking uses the same pathways.21

SIDT1 is a multispan transmembrane protein belong-
ing to the SID1 transmembrane family, with certain
sequence homology to C. elegans ChUP-1, a cholesterol-
binding protein located in intracellular vesicles,22,23 and
involved in the immune responses of the nematode.24

SIDT2 is ubiquitously expressed and has a role in the
induction of proinflammatory and IFN-I antiviral
responses mediated by cytosolic dsRNA sensors.25 How-
ever, SIDT1 is mainly expressed in the lymphoid lineage
and seems to have a role in the anti-viral IFN-I responses
in vivo thought an unknown mechanism.26

Herein we explore the role of SIDT1 in the main
IFN-producing cells, the pDC. We demonstrate that
SIDT1 is involved specifically in the IFN-I but not in the
pro-infammatory responses in human and mouse pDC
models, being an essential point of bifurcation in the
TLR7/9 signaling pathway between the IFR7 and the
NF-kB cascades. SIDT1 is required for the access of the
TLR/ligand complexes to the endolysosomal vesicles,
and it promotes the activation of the TBK1/IRF7 axis.
Additionally, we evaluate the role of SIDT1 in vivo in an
autoimmune disease model dependent of the IFN-I
response and based on TLR7 stimulation, the imiqui-
mod-induced psoriasiform skin inflammation model.27

sidt1�/� animals show a decrease in severity, associated
with an important reduction of the IFN-I level in serum
and IFN-dependent chemokines in the skin lesions.
Methods

Mice
sidt1�/� mice (MGI Cat# 5292890, RRID:
MGI:5292890) were generated at the University of Cali-
fornia Davis and the Children�s Hospital Oakland
research Institute, as part of the Knockout Mouse Proj-
ect,28 using ES cells and Velocigene vector and a
reporter-tagged deletion allele strategy in a C57BL/6
background and has been described before.26,29 SIDT1
transcripts were undetectable in the spleen of sidt1�/�

mice by qRT-PCR (26 and laboratory data). The mouse
strain was maintained at heterozygosis under pathogen-
free conditions at the University of Granada (Centro de
Investigaciones Biom�edicas) animal facilities. Litter-
mate WT C57Bl/6 animals (IMSR Cat# JAX:000664,
RRID:IMSR_JAX:000664) were used as controls in all
the experiments.
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Cell lines and stimulation
The cell line HEK-293 (CLS Cat# 300192/
p777_HEK293, RRID:CVCL_0045), was obtained from
ATCC. GEN2.2 cell line (RRID:CVCL_5G44)30 was
obtained from the CNCM of Pasteur Institute. Both cell
lines were validated by the corresponding repositories
and used before passage 10. Additionally, they were vali-
dated using short tandem repeat analysis (STR). The
cell lines were regularly tested for mycoplasm contami-
nation using the Venor�GeM qEP Mycoplasma Detec-
tion Kit for qPCR (Minerva Biolabs, Cat#11-9250), and
all the experiments were performed using mycoplasma-
free cells. All cell lines were cultured at 37 °C and 7%
CO2 in a humidified incubator.

GEN2.2 cells were cultured at a density of
7.5 £ 105 cells/ml in RPMI 1640 medium containing
Glutamax (Life Technologies) supplemented with 10%
fetal bovine serum (FBS, Biowest), 1% nonessential
amino acids, 1 mM sodium pyruvate 100 U/ml penicil-
lin and 100 mg/ml streptomycin (Life Technologies)
and were stimulated for the indicated time in duplicates
with 1 mM ODN2006 (Life Technologies) 1 mM
ODN2216 (Sigma-Aldrich), 3 mg/ml imiquimod or resi-
quimod (both from Invivogen) except for titration
experiments. For the stimulation of cytosolic sensors,
cells were stimulated 20 µg/ml PolyI:C (Invivogen) or
1 µM ODN2006 plus Lipofectamine 2000 (Life Tech-
nologies) as in.31 HEK293 cells were cultured in
Dulbecco�s modified Eagle�s medium (DMEM) supple-
mented with 10% FBS, 1% nonessential aminoacids.
HEK-Blue IFNa/b (RRID:CVCL_KT26) and B16-blue
IFNa/b (RRID:CVCL_X605) indicator cells were
obtained from Invivogen and cultured in the presence
of 100 mg/ml zeocin (Invivogen) and 10 mg/ml blastici-
din (Fisher Scientific).
Cell transfection and viral transduction
Stable HEK293T cell transfectants were obtained by lip-
ofection with 2 mg of each DNA vector (TLR9-YFP and
SIDT1-CFP in pcDNA) into 200 ml of jetPRIME buffer
containing 4 ml of Jet Prime (Polyplus Transfection,
VWR, Cat#114-15) following the manufacturer instruc-
tions. 24 h after lipofection the medium was replaced
and 1 mg/ml G418 was added. After antibiotic selection
double-positive (TLR9-YFP and SIDT1-CFP) or single
positive cells were purified by flow cytometry cell sorting
using a FACS Aria II device (BD Biosciences).

For SIDT1 silencing, GEN2.2 cells were transduced
with lentiviral particles derived from pLenti-H1-RSV
(GFP-Bsd) vectors (AMSBIO) coding for GFP protein
and containing three different SIDT1-specific shRNA
(Fig. S1a) at a moi = 1 each. After 6 h the lentiviral par-
ticles were washed, and transduced cells were selected
using 10 mg/ml blasticidine after 48 h of culture. As a
control, GEN2.2 cells were transduced with a universal
null shRNA control sequence in the same conditions.
www.thelancet.com Vol 76 Month February, 2022
shSIDT1 and shCTL transduced cells were stored frozen
in liquid nitrogen after selection and validated by STR.
Cells were used with a maximum of 10 passages to
ensure stability of the phenotype.
Primary cell isolation and stimulation
For human pDC purification peripheral blood mononu-
clear cells (PBMC) were isolated from blood units of
healthy donors tested for HIV, HBV, and HCV (Centro
Regional de Transfusi�on Sangu�ınea, Granada) by den-
sity-gradient centrifugation using LSM 1077 Lympho-
cyte Separation Medium. A total of 7 donors were
recruited for this study. All donors signed an informed
consent form according to the ethical protocols of the
Andalusian Biobank. pDC were purified by positive
selection using the BDCA-4/neuropilin-1 microbead kit
in an AutoMACS device (both from Miltenyi Biotec) fol-
lowing the recommendations of the provider. The purity
of the pDC preparation ranked between 90�95% as
evaluated by flow cytometry using BDCA-2 (Miltenyi
Biotec Cat# 130-113-190, RRID:AB_2726015) and CD123
(BioLegend Cat# 306015, RRID:AB_2124258) specific
antibodies (Fig. S2a).

Purified pDC were resuspended at a density of 106

cells/ml in RPMI supplemented with 5% autologous
plasma, and dispensed in round-bottom 96-well plates in
duplicates. The cells were stimulated with 1 mM
ODN2006 (Life Technologies) or 1.25 µg/ml resiquimod
(Invivogen) for 24 h at 37 °C. For SIDT1 silencing pDCs
were transduced with shSIDT1 or shCTL lentiviral par-
ticles at a moi = 2 and simultaneously stimulated with
1 mM ODN2006 (Life Technologies) for 18 h at 37 °C.
Afterwards cell pellets and supernatants were harvested
and tested for GFP expression by flow cytometry, for
SIDT1 mRNA expression by digital RT-PCR (dPCR), or
IFN-I and TNFa secretion as described below.

Spleens from 12 to 16 weeks old WT and sidt1�/�

male animals were obtained in sterile conditions and
homogenized. The erythrocytes were lysed using ACK
(Ammonium-Chloride-Potassium) lysing buffer. Bone
marrow-derived pDC (BM-pDC) were differentiated from
bone marrow cells from 12 to 16 weeks-old female mice
in the presence of 200 ng/ml FLT3L for 8 days as in.32

Cells were seeded at 4 £ 106 cells/ml in 12-well plates in
the presence or absence of 1 mM ODN2216 (Life Technol-
ogies), 3 µg/ml resiquimod or 5 mg/ml imiquimod (Inviv-
ogen). Supernatants were collected at 48 h and assayed
for TNFa and IFN-I as described below.
Imiquimod-induced acute psoriasis-like mouse model
12�16 weeks-old WT C57BL/6 and sidt1�/� male mice
were shaved on the back skin and randomized in the
placebo (vaseline) and treated (imiquimod) groups. The
imiquimod-treated animals received a topical applica-
tion of 62.5 mg of 5% imiquimod cream (Aldara, Meda
AB), or the equivalent amount of vaseline on the back
3
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and in the right ear, every second day over 6 consecutive
days. At day 6, inflammation severity of the back skin
was scored (scale 0�12), following the clinical Psoriasis
Area and Severity Index (PASI) with small modifica-
tions;33 since in the mouse model the extent of the
affected area of the skin cannot be taken into account in
the total score, the combined score was calculated
including three parameters ranking from 0 to 4: ery-
thema, scales, and thickening. The score was obtained
blindly by two independent researchers.

Spleen, treated and untreated skin were recovered
for further tests. A fraction of the skin samples was
stored at -80 °C for cytokine detection, and the remain-
ing skin material was fixed for histological analysis.

Cytokine and chemokine quantification
Supernatants from stimulated cells were harvested at
the indicated time points. Sandwich ELISA kits were
used to detect mouse TNFa (Thermo Fisher Scientific
Cat# 88-7324-86, RRID:AB_2575079) and human IL-6
(Thermo Fisher Scientific Cat# 88-7066-88, RRID:
AB_2574995), IL-8 (Thermo Fisher Scientific Cat# 88-
8086-86, RRID:AB_2575174), TNFa (Thermo Fisher
Scientific Cat# 88-7346-86, RRID:AB_2575096), CCL3
(Thermo Fisher Scientific Cat# 88-7035-88, RRID:
AB_2574962), IFNa (Thermo Fisher Scientific Cat#
BMS216TEN, RRID:AB_2575463), IL-29 (IFNλ1)
(Thermo Fisher Scientific Cat# 88-7296-88, RRID:
AB_2575064), following standard protocols. The absor-
bance at 450 and 570 nm was measured in an Infinite
M200Pro plate reader (Tecan). IFNa/b activity was
quantified in U/ml using the indicator cell lines HEK-
Blue IFNa/b (RRID:CVCL_KT26) and B16-BlueTM

ISG-KO-STING (RRID:CVCL_X603) for human and
mouse respectively. The QuantiBlue colorimetric assay
(Invivogen) was used for human IFN-I, while BM
Chemiluminiscence ELISA substrate AP kit (Roche)
was used for mouse IFN-I to reach a higher sensitivity.
Recombinant human IFNa2a and recombinant mouse
IFNa (Miltenyi Biotec) were used as standards.

Frozen mouse skin samples were harvested and
homogenized in Tissue Protein Extraction Reagent
(T-PER, Thermo Scientific) supplemented with Protease
Inhibitor Cocktail (Thermo Scientific) using steal beads in
a Tissue Lyser LT (QIAGEN). After centrifugation, super-
natants were collected and the protein concentration in the
lysate was determined using the BCA kit (Thermo Fisher).
Finally, a lysate containing 3 µg/ml of total proteins was
used for cytokine detection as in.34 Cytokine levels were
quantified using theCytokine&Chemokine 36-plexMouse
ProcartaPlex Panel 1A kit (Thermo Fisher, EPX360-36092-
901) in a Luminex-200 reader (Luminex Corp.), following
the protocol recommended by the vendor.

Histology
Back skin samples were collected at day 6 as described
before, fixed in 10% buffered formalin for 48 h and
paraffin-embedded. After deparaffination, sections were
stained with hematoxylin/eosin (H&E), and movat pen-
tachrome35 for morphological studies. The histopatho-
logical evaluation was done in a blinded fashion by two
operators on 4-micrometer sections under a light
microscopy Olympus BX43 (Olympus Optical Com-
pany, Ltd., Tokyo, Japan).

Morphological psoriasis-like acute model changes in
the section of the back skin (hyperkeratosis, parakerato-
sis, confluent parakeratosis, Munro microabscesses,
spongiform pustules of Kogoj, hypergranulosis, acan-
thosis, spongiosis, pseudopapillomatosis, dilated ves-
sels, RBC extravasation, and perivascular lymphocytes)
were semiquantitatively evaluated using H&E and
movat pentachrome-stained slides, as dichotomous vari-
ables (presence or absence in each mouse). The number
of mitoses in epithelium was established by ten high
power field (HPF). Area (in square millimeters) and per-
centage of the epithelium; suprapapillary and rete ridge
thickness of the epithelium were measured (in milli-
meters) on light microscopy images (original magnifica-
tion 2x) using the DP70Controller program (Olympus)
and the open source image processing program ImageJ
V. 1.48 (https://imagej.nih.gov/ij/). A millimeter scale
in the eyepiece of a BH2 microscope (Olympus) with
40x objective was used to count dermal inflammatory
cells, per mm2. Keratin deposit areas were measured by
averaging 3-4 fields of each skin section per animal
using ImageJ.
Flow cytometry
For ODN2006 endocytosis studies, shSIDT1 GEN2.2
cells and their controls were incubated with 5 nM
ODN2006-Cy5 (Life Technologies) in triplicates, and
the fluorescence at Cy5 channel was measured at differ-
ent time points in a FACS Verse flow cytometer. The
geometric mean fluorescence intensity was quantified
using FlowJo X.0.7 software. For antibody labeling,
PBMC, pDC, BM-pDC or GEN2.2 cell suspensions
were blocked for 15 min in FACS buffer (0.5 % BSA,
2 mM EDTA in PBS) and labeled with fluorescent anti-
bodies for 15 min at room temperature in the dark.
Afterwards, cells were washed and resuspended in the
same buffer. For cell lines and purified pDC a mini-
mum of 10,000 live cells were acquired, while at least
100,000 live cells were acquired in the case of PBMC.
Data were acquired on a FACS Verse flow cytometer
(BD) and analyzed using FlowJo X.0.7 software.

The antibodies used were human aBDCA-2-APC
(Miltenyi Biotec Cat# 130-113-190, RRID:AB_2726015),
aCD123-PerCP-Cy5.5 (BioLegend Cat# 306015, RRID:
AB_2124258), aCD80-PE (BioLegend Cat# 305207,
RRID:AB_314503), aCD86-PE (BioLegend Cat# 374205,
RRID:AB_2721632), aCD40-PerCP-eFluor710, (eBio-
science Cat # 46-0409-42 RRID:AB_1834403). For
mouse studies the following antibodies were used: aI-
www.thelancet.com Vol 76 Month February, 2022
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A/I-E-PerCP-Cy5.5 (Thermo Fisher Scientific Cat #
A14902 RRID:AB_2534340), aCD86-PE, (Thermo
Fisher Scientific Cat# MA1-10296, RRID:
AB_11156810), aSiglecH-PECy7 (Thermo Fisher Scien-
tific Cat# 25-0333-82, RRID:AB_2573342), aCD40-
FITC, (Thermo Fisher Scientific Cat# 11-0402-82,
RRID:AB_465029).
Image flow cytometry
For transcription factor translocation studies, GEN2.2
cells and mouse BM-pDC were stimulated at a density
of 2 £ 106 cells/ml with ODN2006, ODN2216, respec-
tively (Life Technologies), and resiquimod for the indi-
cated time points at 37 °C. Afterwards the cells were
fixed with 2% paraformaldehyde for 15 min at RT and
permeabilized with 1% BSA, 0.02% saponin in PBS for
5 min at RT. After 20 min at RT in blocking buffer (3%
goat serum in PBS), the cells were washed for 5 min at
800 x g at RT and stained with ahIRF7-AlexaF647
(Thermo Fisher Scientific Cat# 51-5375-42, RRID:
AB_2716969), ah/mNF-kB p65 (Cell Signaling Tech-
nology Cat# 8242, RRID:AB_10859369) or amIRF7-PE
(Thermo Fisher Scientific Cat# 12-5829-80, RRID:
AB_2572628) antibodies for 1h at RT. A goat arabbit
IgG-Alexa488 (Thermo Fisher Scientific Cat# A32731,
RRID:AB_2633280) and a goat amouse IgG-Alexa555
(Thermo Fisher Scientific Cat# A-21422, RRID:
AB_2535844) were used as secondary antibodies.
Finally, cells were washed with PBS and nuclei were
stained with 1 mM Hoechst 33342 (Thermo Fisher). The
samples were washed and resuspended in FACS buffer
before acquisition.

At least 10,000 cell images were acquired in an
ImagestreamX Mark II imaging flow cytometer
(Amnis), using a 60 £ magnification and low speed
in high resolution. Single color controls for each of
the specific markers at the concentrations used above
were also acquired and subsequently used for com-
pensation. Compensated files were analyzed using
the nuclear localization wizard in the IDEAS 6.2
software (Amnis).
Immunoblotting
After stimulation, 2 £ 106 cells were washed with ice-
cold PBS, resuspended at 2.5 104 cells/ml in A-Lysis
Buffer (10 mMHEPES; 10 mM KCL; 0.1 mM EGTA pH
7.9; 1 mM DTT; 1 mM PMSF; protease and phosphatase
inhibitor cocktail (Roche)) for 15 min on ice. Afterwards,
1.25% NP-40 was added, and the cells were lysed for
10 s and centrifuged at 13,000 g for 5 min at 4 °C. The
supernatant was conserved as the cytosolic fraction. The
pellets containing the nuclei were washed in PBS, lysed
in 30 ml B-Lysis Buffer (20 mM HEPES, 0.4 M NaCL,
1 mM EGTA; 1 mM EDTA, 1 mM DTT, 0.5 mM PMSF,
protease and phosphatase inhibitor cocktail (Roche)) for
15 min on ice in agitation. The supernatant containing
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nuclear lysate was collected after centrifugation at
13,000 rpm for 5 min at 4 °C. Protein concentration
was quantified using the Bradford method (BioRad).

The cellular extracts (30 mg protein) were mixed with
1X NuPAGE LDS Sample Buffer reducing agent (Life
Technologies) plus 0.2 M DTT (Sigma-Aldrich), and
were denatured by heating at 95 °C for 5 min. Lysates
were electrophoresed using 4�15% gradient SDS-PAGE
gels (BioRad), transferred to PVDF membranes using a
Transblot device (BioRad), and the target proteins were
detected with the appropriate antibodies following stan-
dard procedures. Images were analyzed using ImageJ
software v1.48. The antibodies used were: ahSIDT1
(Santa Cruz Biotechnology,Cat#sc-390015, RRID:
AB_2884957), aHDAC1 (Santa Cruz Biotechnology
Cat# sc-81598, RRID:AB_2118083), aTBK1 (Cell Signal-
ing Technology Cat# 3013, RRID:AB_2199749),
apTBK1 (Ser172) (Cell Signaling Technology Cat# 5483,
RRID:AB_10693472), aactin (Sigma-Aldrich Cat#
A2547, RRID:AB_476701). Secondary antibodies were
arIgG-HRP (Santa Cruz Biotechnology Cat# sc-2357,
RRID:AB_628497) and amIgG-HRP (Santa Cruz Bio-
technology Cat# sc-2005, RRID:AB_631736).
RNA analysis
Total RNA was isolated from cells using High Pure
RNA isolation Kit (Roche Diagnostics Cat#
11828665001) according to the manufacturer�s instruc-
tions and cDNA was synthesized from 1 mg total RNA
using the First-Strand cDNA Synthesis Kit (Roche Diag-
nostics Cat# 04379012001). The quantity and integrity
of the RNA were evaluated using a Nanodrop 2000
device (ThermoScientific) and a 2100 Bioanalyzer (Agi-
lent). The samples with RIN values > 9 were selected.
cDNA was obtained using Transcriptor First Strand
cDNA Synthesis kit (Roche).

SIDT1 mRNA was quantified by digital RT-PCR
(dPCR) using the QuantStudio 3D Digital PCR System
(Life Technologies), according to the manufacturer’s
recommendations. Reactions were performed in a final
volume of 18 µL containing Quantstudio 3D Digital
Master Mix v2, TaqMan assay-FAM, TaqMan assay-VIC,
nuclease-free water and template cDNA. Samples were
loaded onto chips using the QuantStudio 3D Digital
Chip Loader (Life Technologies) and cycled according to
the following parameters: 96 °C for 10 min, followed by
45 cycles at 57 °C for 2 min, and 98 °C for 30 s and a
final elongation step at 57 °C for 7 min. The following
TaqMan probes (Life Technologies) were used: SIDT1-
FAM (Hs00214475_m1) as target gene and TBP-VIC
(Hs00427620_m1) as housekeeping. After thermo-
cycling, the QuantStudioTM 3D Digital PCR Instrument
(Life Technologies) and the QuantStudioTM 3D Analy-
sisSuiteTM Software (Life Technologies) were used to
collect and analyze the end-point fluorescence data of
each chip.
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For RNA expression array analysis, WT, shCTL and
shSIDT1 GEN2.2 cells growing at log phase were stimu-
lated with 1 mMODN2006 for the indicated time points
in triplicates, and total RNA was isolated as before. A
total of 300 ng of total RNA was processed using Illu-
mina TotalPrep RNA Amplification Kit. The hybridiza-
tion was performed on Illumina Human-HT12 Version
4 arrays. Raw data exported from Illumina GenomeStu-
dio were processed using the normexp algorithm, which
applies non-parametric background correction using
negative control probes, followed by quantile normaliza-
tion with both negative and positive control probes.
Gene expression values for replicated genes were aggre-
gated using the median value.

In order to study the biological processes associated
with the genes differentially down expressed in GEN2.2
shSIDT vs shCTL at steady state or after 6h of stimula-
tion (log2 fold change < �1.5), we investigated the
enrichment of functional annotations using the Gene-
CODIS tool,36 which uses functional descriptors of bio-
logical processes to evaluate the annotations that are
enriched in a gene list. Gene Ontology (GO) annota-
tions for biological processes were considered signifi-
cant when the adjusted hypergeometric p value
(Hyp_c) < 0.01. Gene regulatory networks were
explored using the ConsensusPathDB meta-database
v3337 (cpdb.molgen.mpg.de). The test gene set consisted
in the genes significantly downexpressed in shSIDT1 vs
shCTL GEN2.2 cells after 6h of ODN2006 stimulation
(log2 fold decrease < �1.5; adjusted p value < 0.01).
The intermediate nodes Z-score threshold was set at 10.
Only genetic interactions were evaluated.

The gene co-expression search engine SEEK (http://
seek.princeton.edu/) was used to find human genes co-
expressed with SIDT1,38 as well as to identify GO biolog-
ical processes enriched in these gene sets. The algo-
rithm was interrogated firstly for all datasets in the
database and secondly for blood cell lines-related data
sets, and finally for skin-related (non cancer) data sets.
Microscopy
Primary human pDC were collected after purification,
fixed in 2% PFA for 15 min and stained with a rabbit
polyclonal aSIDT1 antibody (Santa Cruz Biotechnology
Cat# sc-67265, RRID:AB_2188887)39 alone or in combi-
nation with a policlonal sheep aEEA-1 (R&D Systems,
Cat# AF8047, RRID:AB_2893082) and a mouse mono-
clonal aLAMP1 (Millipore Cat# 428017, RRID:
AB_2134501). Secondary antibodies were arabbit conju-
gated with Alexa Fluor-488 (Thermo Fisher Scientific
anti-rabbit Cat# A-11034, RRID:AB_2576217) and
asheep-Alexa Fluor555 (Thermo Fisher Scientific anti-
sheep Cat# A-21436, RRID:AB_2535857) or amouse-
Alexa Fluor555 (Cat# A32727, RRID:AB_2633276). Sim-
ilarly, GEN2.2, shCTL and shSIDT cells in steady state
or after 1h of stimulation with 1 µM ODN2006 were
collected and fixed in PFA 2% for 15 min. Afterwards
they were immunostained with goat aTLR9 (Santa
Cruz Biotechnology Cat# sc-16247, RRID:AB_2271834)
and mouse aLAMP1 (Millipore Cat# 428017, RRID:
AB_2134501) and goat amouse-Alexa Fluor-555 (Thermo
Fisher Scientific Cat# A32727, RRID:AB_2633276) and
donkey agoat Alexa Fluor 647 (Thermo Fisher Scientific
Cat# A32849, RRID:AB_2762840) conjugated second-
ary antibodies. Nuclear staining was performed with
1 mMHoechst 33342 (Sigma).

GEN2.2 cells stimulated with ODN2006 and
ODN2216 were stainined with aSIDT1 antibody in com-
bination with aEEA-1 or aLAMP-1.

HEK293 expressing TLR9-YFP and SIDT1-CFP were
plated in 8-well slides coated with poly-L lysine (IBIDI).
Cells were stimulated with 1 µMODN2006 for different
times at 37 °C.

For the in vivo labeling of acidic vesicles, GEN2.2
cells were cultured at a density of 4 £ 106 cells/well in
96-wells flat plates (NUNC, ThermoScience Cat#
167008) and incubated in RPMI 1640 medium supple-
mented with 10% FBS containing 0.5 mM LysoTracker
Red DND-99 (Life Technologies Cat# L7528) for
30 min at 37 °C. Afterwards, LysoTracker was washed
off with medium, and the cells were incubated for
60 min in culture medium at 37 °C, to ensure the access
of LysoTracker to the acidic vesicles. Finally, cells were
stimulated with 0.1 mM ODN2006-Cy5 plus unlabeled
ODN2006 or 0.2 mM ODN2216-Cy5 plus unlabeled
ODN2216 (both from Life Technologies) to a final con-
centration of 1 mM at 37 °C.

Images were acquired on live cells using a laser-scan-
ning confocal microscope system LSM 710 (ZEISS) with
a camera of incubation at 37 °C of temperature and 5%
CO2, using an oil-immersion objective (63X /1.40 Dec
M27 numerical aperture). Co-localization analysis was
carried out using the Zeiss ZEN software, by calculating
the overlap coefficient, ranking from 0 to 1.40 A value of
zero means that there are no overlapping pixels. For
GEN2.2 LAMP1/TLR9, SIDT-1/EEA-1 and SIDT-1/
LAMP1 colocalization experiments overlap coefficient
was calculated for individual cells with Zeiss ZEN soft-
ware. In LAMP1/TLR9 co-localization assays a mini-
mum value of 0.6 was fixed to consider positive. At
least 100 cells from 3 independent experiments were
counted and final number of positive and negative cells
was represented. To evaluate colocalization of SIDT1
with EEA-1 and LAMP1 in GEN2.2 cells overlap coeffi-
cient was calculated for a minimun of 25 individual cells
of at least two independent experiments.
Statistical analysis
For the animal model experiments, the sample size was
chosen using Piface software,41 retrieved from http://
www.stat.uiowa.edu/»rlenth/Power. Outliers were
detected using a two-side Grubbs’ test and eliminated
www.thelancet.com Vol 76 Month February, 2022
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from the analysis. Statistically significant differences
between 2 groups were determined using two-tailed
unpaired t test, Mann-Whitney, Wilcoxon U test, Chi
square or Fisher exact tests when indicated. D'Agostino-
Pearson test was used for normality distribution assess-
ment. Graphs and statistical analyses were performed
using the software Prism 9.0.0 (GraphPad Software
Inc.) or SPSS 23.0 (IBM Spss Statistics). Values are
reported as individual values, and plotted as mean §
SD, or as median and IQ range. Significant differences
were assigned at a value of p < 0.05.
Study approval
All the experimental procedures in mice were approved
by the Ethical committee of University of Granada and
Consejer�ıa de Agricultura, Pesca y Desarrollo Rural,
Junta de Andaluc�ıa (Protocol number 12/12/14/169).
The protocols regarding pDC isolation from blood of
healthy donors were approved by the Comit�e de �Etica de
la Investigaci�on (CEI/CEIM) of Granada, for the pro-
posal PI18/00082). All the donors signed an informed
consent form before sample donation.
Role of funders
Funding was obtained from the Consejer�ıa de Salud de
la Junta de Andaluc�ıa (PIER_S1149 and C2_S0050) and
Instituto de Salud Carlos III (PI18/00082 and PI21/
01151), partly supported by European FEDER funds, and
prior funding to MEAR from the Alliance for Lupus
Research and the Swedish Research Council. Funders
did not have any role in the study design, data collec-
tion, data analysis, interpretation, or writing of the
report.
Results

SIDT1 is expressed in pDC and is induced by TLR7 and
TLR9 ligands
Since it has been suggested that SIDT1 could have a role
in the antiviral IFN-I responses,26 we wondered about
the role of SIDT1 in the main IFN-I producers, the
pDC. Public gene expression data anotation portal
BioGPS42,43 revealed that SIDT1 mRNA is specifically
expressed in the human lymphoid lineage including
T and B lymphocytes, NK and pDC as previously
shown in26 (see http://biogps.org/#goto=generepor
t&id=54847). Additionally, the co-expression search
engine SEEK revealed the enrichment of SIDT1-coex-
pressed genes in GO biological processes related to the
immune response, and more precisely in IFN-I and
cytokine-related processes (Table S1, sheets GO BP all
datasets and GP BP blood cell lines). GEN2.2 cell line
was chosen as a relevant pDC model to study the role of
SIDT1 in the recognition of exogenous nucleic acids by
endosomal TLR, since they share most of the
www.thelancet.com Vol 76 Month February, 2022
phenotypic17 and transcriptomic features44 of circulat-
ing primary pDC.

As shown in Figure 1a, SIDT1 is expressed in both,
primary pDC and in GEN2.2 cell line showing an identi-
cal distribution pattern. TLR7 (resiquimod) and TLR9
(ODN2006) stimulation upregulated the expression of
SIDT1 in the pDC cell line GEN2.2 (Figure 1b). Similar
results were obtained in the pDC line PMDC05 (labora-
tory data), as well as in primary pDC (Figure 1c). Such
expression induction suggests that SIDT1 could be
involved in the response to endosomal TLR in pDC.
SIDT1 silencing leads to the downward expression of
IFN-related genes
We silenced SIDT1 in GEN2.2 combining three polycis-
tronic shRNA vectors expressing GFP (Figs. S1a and
S1b), achieving a reduction of SIDT1 expression by 60%
at the RNA and protein levels (Figs. S1c and S1d). Gene
expression array experiments were carried out in
ODN2006-stimulated GEN2.2 shSIDT1 cells at differ-
ent time points as in.44 The most prominent transcrip-
tional differences were obtained after 6 h of
stimulation. As shown in Table S2, (sheet shSIDT1 vs
shCTL), 436 genes were significantly underexpressed in
shSIDT1 cells (adjusted p < 0.01) compared with shCTL
cells at T0, and 831 genes at 6h. Among them, we
selected those with a log2 fold change < �1.5 (n = 64
and n = 60, for T0 and 6 h, respectively). The analysis
of the biological processes associated with these genes
using GeneCodis36 revealed that 4 out of the 6 most sig-
nificant downregulated pathways in resting cells were
involved in the immune response (Table S2, sheet T0
biological processes). Accordingly, a repression of
immune response-related biological processes was also
significantly associated with the transcriptional profile
of ODN2006-stimulated shSIDT1 cells (Table S2, T6h
biological processes). The genes included in the most
significant categories were mainly chemokines, IFNa/b
and IFN-dependent molecules.

In order to dissect the gene regulatory interac-
tions that underlie the differential gene expression
profiles in CpG-stimulated shSIDT1 cells, we used
the ConsensusPathDB meta-database v30,37 selecting
the genes with a log2 fold change shSIDT1/
shCTL < �1.5 and p < 0.01 as before. As shown in
Figure 1d, the major regulatory network defined by
the algorithm was related with the IFN-I responses,
with the most connected genes being IFN-I mole-
cules (i.e. IFNB1), transcription factors involved in
the induction of IFN responses (IFR2, IRF3, IRF7)
and IRF-dependent chemokines (CXCL9, CXCL10,
CXCL11). Other chemokines were dependent on both
IRFs and NF-kB (CCL3, CCL3L1, CCL3L3). All
together, our results suggest that SIDT1 silencing
could affect primarily the IRF-mediated IFN-I
response pathway in human pDC after TLR9
7
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Figure 1. SIDT1 is expressed in pDC and induced by TLR7 and TLR9 ligands. (a) SIDT1 detection in primary human pDC (left panel)
and GEN2.2 cells (right panel) by immunofluorescence. (b) SIDT1 mRNA quantification in GEN2.2 cells stimulated with ligands of
TLR9 (ODN2006) and TLR7 (resiquimod) using dPCR. Mean and standard deviation values are plotted. (c) SIDT1mRNA quantification
in human pDC after stimulation ex vivo with ODN2006 and resiquimod as in (b). Data shown in (a) and (b) are representative of at
least four experiments, samples were tested in triplicates. ** p < .01; *** p < .001 in two tailed t-student tests. (d) SIDT1 underex-
pression leads to the downward expression of IFN-related genes in GEN2.2 cells. Gene regulatory interaction analysis of SIDT1-
silenced GEN2.2 cells. Top down-regulated genes in GEN2.2 shSIDT1+CpG (6h) relative to shCTL+CpG were used to dissect the gene
regulatory interactions where SIDT1 is involved. This figure was prepared using ConsensusPathDB as described in Methods. Black
legends denote seed nodes. Purple legends denote intermediate nodes. Arrows denote a substrate/product interaction and circles
denote enzyme interaction. In the context of genetic interaction networks both edge types are equivalents and the choice depend
on the notation of the different data bases interrogated. Continous line denotes activation. Discontinous line denotes inhibition.
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stimulation, in agreement with the transcription fac-
tor analysis carried out using GeneCodis (Table S2,
sheet TF 6 h).
SIDT1 is specifically involved in type I and III IFN
responses, but not in pro-inflammatory cytokine
responses
Next, we monitored the cytokine secretion profile of
shSIDT1 GEN2.2 cells after endosomal TLR stimula-
tion. As expected, the secretion of the proinflammatory
cytokines TNFa, IL-6, and IL-8 after TLR7 (imiquimod)
and TLR9 (ODN2006) stimulation was barely affected
in shSIDT1 cells (Figure 2a), as well as the expression of
surface activation markers (Figure 2c). Interestingly,
the production of IFNa was greatly impaired in
shSIDT1 cells after TLR9 stimulation with type-A
(ODN2216) and type-B (ODN2006) CpG oligonucleoti-
des, as well as after TLR7 stimulation with imiquimod
and resiquimod (Figure 2b). The secretion of the type
III IFN molecule IL-29 (IFNλ1) and the IFN-dependent
chemokine CCL3/MIP-1a was also inhibited after stim-
ulation (Figure 2b) in agreement with the previous
RNA expression array results.

We silenced SIDT1 in BDCA4+ pDC from blood of
healthy donors (Figure S2a). Since primary human
pDC are difficult to transduce and maintain in vitro,
pDC were immediately transduced ex vivo with shSIDT1
lentiviral particles, and simultaneously stimulated with
ODN2006 for 18 h. As shown in Figure S2b, this proto-
col induced a low-to-moderate expression of GFP, and a
decrease of around 40% in SIDT1 mRNA. Although the
silencing effect was modest, the effect on the IFN-I
response to ODN2006 stimulation was remarkable,
since a 3-log inhibition of IFN-I expression was
observed, while the TNFa response was preserved
(Figure 2d), indicating that SIDT1 is selectively mediat-
ing IFN-I but not in proinflammatory pathways in
human pDC. shSIDT1 GEN2.2 cells also showed a poor
type I IFN secretion after stimulation of cytosolic DNA
sensors (Figure 2e, lipo+ODN). These results indicate
that SIDT1 is not exclusively involved in the activation
of canonical endosomal receptors such as TLR7 and
TLR9, but also acts in the cytosolic sensing pathway.
However cytosolic dsRNA sensors were not affected in
shSIDT1 cells (Figure 2e, lipo+polyI:C). GEN2.2 cells
did not respond to polyI:C stimulation, in agreement to
the absence of TLR3 in pDC45 and GEN2.2 (laboratory
data). GEN2.2 cells also reacted to the stimulation of
cytosolic nucleic acid sensors with the secretion of
proinflammatory cytokines such as TNFa. As it was
shown above for endosomal receptors, TNFa responses
were not affected by SIDT1 silencing (Figure 2e, TNFa
panel). C. elegans SID-1 protein but not ChUP-1 ortholog
would mediate passive entry of extracellular RNAi.46

Additionally, human SIDT1 shows very low affinity for
short length dsRNA or DNA.47 Accordingly, we could
www.thelancet.com Vol 76 Month February, 2022
not observe a significant inhibition in the entry of
ODN2006-Cy5 in shSIDT1 cells, in agreement with26

(Figure S3a). Indeed, the defective IFN-I response of
shSIDT1 GEN2.2 cells was not restored adding more
ODN2006 (Figure S3b, top panel), and the TNFa
response was comparable in shSIDT1 and control cells
at all doses tested (Figure S3b, bottom panel). Of note,
the expression of the genes TLR7 and TLR9 were not
repressed in shSIDT1 cells (Table S2 and laboratory
data). Altogether, our data indicate that the skewed IFN-
I responses in shSIDT1 cells are not due to a defect in
the transport of exogenous nucleic acids into the cell or
to a lower expression of TLR7/9. Additionally,
ODN2006-induced IFN-I responses in WT GEN2.2
showed a maximum at 24h, whereas the response to
imiquimod was the highest around 48�72 h (see Figure
S3c). The IFN-I responses observed in shSIDT1 cells fol-
lowed the same kinetics but had a much lower intensity.
Similar results were obtained using other TLR7 and
TLR9 stimulators, such as resiquimod and ODN2216
(laboratory data). Thus, our data indicate that SIDT1
silencing does not induce a delay in the IFN-I
responses, but a true inhibition.
SIDT1 is involved in the access of TLR9 and CpG to
endolysosomal vesicles
It was reported that SIDT1 expressed ectopically in
HEK293 cells is located in cholesterol-rich domains
in the RE and translocates to intracellular vesicles
and the cell membrane in cholesterol reduced condi-
tions.23 Thus, we studied the distribution of SIDT1,
and its dynamics after ODN2006 stimulation of
TLR9. Similarly, TLR9 is also located in the ER in
steady state and mobilizes to intracellular vesicles
after stimulation.13 Therefore, confocal co-localization
experiments were carried out using HEK-293
expressing both SIDT1-CFP and TLR9-YFP. In these
cells TLR9-YFP is functional, since transfected cells
secreted IL-8 after ODN2006 stimulation, but not in
the absence of the TLR9-YFP vector (laboratory
data). In resting cells, the confocal images show
SIDT1 mostly co-localizing with TLR9 in the ER
(Figure 3a, NS). Both TLR9 and SIDT1 were mobi-
lized after ODN2006 stimulation and co-localized in
vesicles and in a minor extent to the plasma mem-
brane (Figure 3a, ODN2006), indicating that SIDT1
is located together with TLR9 in the ER in steady
state, and that both molecules co-migrate to intracel-
lular vesicles after stimulation.

In order to characterize the vesicles containing
SIDT1 after stimulation we performed some co-
localization experiments. GEN2.2, shCTL and
shSIDT1 cells were stimulated with ODN2006 and
ODN2216 for 1 h. Afterwards the cells were stained
for SIDT1 in combination with markers for early
endosomes (EEA-1; Figure 3b) and lysosomes
9



Figure 2. SIDT1 is involved in type I and III IFN, but not in proinflammatory cytokine responses. (a) Secretion of proinflammatory
cytokines by SIDT1-silenced GEN2.2 cells and their controls after 24 h of stimulation. (b) Quantification of IFNa, IFNλ1 (24h) and
CCL3 (8h) in the supernatants of shSIDT1 GEN2.2 cells and their controls after stimulation with ligands of TLR9 (ODN2006 and
ODN2216) and TLR7 (Imiquimod, Iq and resiquimod, Rq). (c) GEN2.2 shCTL and shSIDT1 cells were stimulated with ODN2006 (CpG)
and imiquimod (Iq) for 24 h and the surface expression of costimulatory molecules was measured by flow cytometry. (d) Detection
of type I IFN and TNFa in the supernatants of primary shSIDT1 pDC stimulated with ODN2006. (e) Cytokine responses of GEN2.2
shSIDT1 and control cells after stimulation of cytosolic receptors of DNA (CpG+lipofectamine) and RNA (polyI:C+lipofectamine). Lip-
ofectamine alone and ligands in absence of lipofectamine were included as controls. Supernatants were analyzed after 24 h of stim-
ulation. Top panel, Type I IFN; bottom panel, TNFa. The data shown are representative of at least five independent experiments for
GEN2.2 (a, b, c and e) and of four experiments for pDC (d). ** p < .01 *** p < .001 in t-student tests.
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Figure 3. Intracelular localization of SIDT1 in resting and stimulated cells. (a) Confocal microscopy images of SIDT1-CFP and TLR9-
YFP in HEK cells before and after ODN2006 stimulation (18h). Left, representative results: right, quantification of SIDT1-TLR9
co-localization using two independent experiments. (b) Colocalization of SIDT1 with the early lysosomal marker EEA-1 in GEN2.2
before (NS) and after stimulation for 1h with ODN2006 and ODN2216. Left panel, representative images. Right planel, quantification
of overlap coefficient using two independent experiments and a minimun of 25 cells per condition. (c) Colocalization of SIDT1 with
the lysosomal marker LAMP1 as in (b). Individual values, mean and standard deviation values are plotted. **** p < 0.0001; **
p < 0.01 in t-student tests.
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(LAMP1; Figure 3c). We corroborated that SIDT1
colocalized partially with both markers in steady
state, and that it is mobilized after ODN2006 and
ODN2216 stimulation, increasing colocalization
coefficients with both EEA-1 and LAMP1. This data
indicate that SIDT1 is mobilized to early endosomes
and lysosomes after TLR9 stimulation. A similar
co-localization pattern was observed in primay pDC
(Figure S4a).

The NF-kB-dependent induction of proinflamma-
tory cytokines and co-stimulatory molecules is initi-
ated upon ligation of intracellular TLR with their
ligands in the endosomal compartment in pDC. The
vesicles containing the TLR/TLR-L complexes can
also translocate to an acidic compartment, where
IRF7-dependent IFN-I pathway is initiated.16,21

Therefore, we evaluated the access to the endolysoso-
mal compartment of TLR9 in shSIDT1 GEN2.2 cells
after stimulation. 4 h after stimulation there was a
significant increase in the number of cells in which
TLR9 was translocated to endolysosomal vesicles
expressing LAMP1 in WT and shCTL GEN2.2 cells
as in.17 However, in shSIDT1 GEN2.2 cells we could
not observe any increase in TLR9/LAMP1 colocaliza-
tion (Figure 4a). Confocal studies using the fluores-
cent TLR9 ligand ODN2006-Cy5 evidenced that
ODN2006 reached to acidic vesicles after 1h of incu-
bation in WT and shCTL GEN2.2, revealed by a posi-
tive co-localization signal in LysoTracker-labeled
vesicles. Interestingly we obtained significantly lower
numbers of cells showing co-localization between
ODN2006-Cy5 and LysoTracker in shSIDT1 GEN2.2
(Figure 4b). Similar results were obtained using
ODN2216-Cy5 (Figure S4b). Altogether, our results
indicate that SIDT1 plays a relevant role in the access
of TLR9-CpG complexes to the acidic vesicular com-
partments, where IFN-I signaling is initiated.15
SIDT1 is required for the nuclear translocation of IRF7
but not of NF-kB
The TBK1/IKKe complex has a central role in the
transduction cascade resulting in the induction of
IFN-I after TLR7 and TLR9 stimulation, since it
phosphorylates several members of the IRF family,
inducing their translocation to the nucleus.48,49 As
shown in Figure 5a, TLR9 stimulation of shSIDT1
cells failed to correctly induce a proper phosphoryla-
tion of TBK1, otherwise clearly visible in control cells
(GEN2.2 and shCTL). Since IRF7 is a key factor for
IFN-I responses in pDC,50 we tested the transloca-
tion of IRF7 to the nucleus after stimulation of
TLR7 and TLR9. The nuclear translocation of IRF7
was impaired in shSIDT1 cells (Figure 5b and S5a).
Moreover, western blot analysis showed more pro-
nounced increase of the induction of the phosphory-
lated form of IFR7 in GEN2.2 and shCTL compared
with shSIDT1, detected as a band with a lower elec-
trophoretic mobility in the nuclear fraction (higher
apparent molecular weight).51 On the other hand, the
nuclear translocation of the NF-kB p65 protein after
stimulation was not inhibited in shSIDT1 cells, as
assessed by image cytometry (Figure 5b), and even
showed an increase in western blot analyses (Figure
S5b), probably due to a compensatory mechanism or
a longer endosomal persistence of the TLR9-NF-kB
compex. The conserved translocation of NF-kB p65
in shSIDT1 cells agrees with the unchanged profile
of proinflammatory cytokine secretion and costimula-
tory proteins shown previously (Figure 2).

Overall, our results indicate that SIDT1 is required
for the correct signaling cascade involved in the induc-
tion of IFN-I in human pDC, but not the proinflamma-
tory responses, through the control of the
phosphorylation of TBK1, and the nuclear translocation
of IRF7.
SIDT1 is mediating IFN-I responses to endosomal TLR
in mouse pDC
We took advantage of sidt1�/� mice, generated through
the deletion of exons 2-3 in C57BL/6 strain.26,29 As
expected, splenocytes of sidt1�/� animals produced low
amounts of IFN-I in response to TLR7 (imiquimod and
resiquimod) and TLR9 stimulation (ODN2216), while
TNFa responses were preserved in all cases (Figure 6a).
Moreover, bone marrow-derived pDC (BM-pDC) from
sidt1�/� mice were also poor producers of IFN-I in
response to CpG compared to those of WT animals,
while the TNFa responses and the overexpression of
maturation markers were similar to WT (Figure 6b). In
agreement with our previous observations using human
cells, the absence of SIDT1 in mouse pDC had a strong
effect in IFR7 nuclear translocation after TLR7 and
TLR9 stimulation with resiquimod and ODN2216,
respectively, while preserving NF-kB translocation
(Figure 6c). Thus, these data indicate that SIDT1 is also
mediating IFN-I responses to endosomal TLR in mouse
pDC.
SIDT1 deficiency ameliorates TLR7-mediated psoriasis-
like dermatosis murine model
Interestingly, when SEEK tool was used to explore
SIDT1-coexpressed genes in skin-related data sets, psori-
asis-related samples were ranking on the top of the list
(see table S1, spreadsheet skin datasets). Therefore,
since the imiquimod-induced psoriasis-like acute der-
matitis model is highly dependent on the IFN-I
responses,34,52,53 we tested the outcome of sidt1�/� mice
after topic imiquimod (Aldara cream) treatment.54 First
of all the IFN-I levels in serum of aldara-treated sidt1�/�

mice were significantly reduced compared to WT ani-
mals, while no difference was observed in TNFa levels,
www.thelancet.com Vol 76 Month February, 2022



Figure 4. SIDT1 is involved in the lysosomal trafficking of CpG-TLR9 complexes. (a) Colocalization of TLR9 and the lysosomal marker
LAMP1 in GEN2.2, shCTL and shSIDT1 cells after 4h of stimulation with ODN2006. Left panel, representative images of stimulated
cells. Right panel, quantification of cells showing TLR9-LAMP1 colocalization before and after CpG (ODN2006) stimulation. (b) Lyso-
Tracker red-labeled cells were incubated with ODN2006-Cy5 for 1h and visualized by live cell imaging. Left, representative confocal
microscopy images. Right, quantification of cells showing ODN2006/LysoTracker colocalization. *p < .05, ** p < .01, *** p < .001
using a Fisher’s exact tests. The results shown are representative of at least two independent experiments.
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indicating that the pro-inflammatory branch of TLR7
pathway remains active (Figure 6d).

Following 6 days of treatment, SIDT1-deficient mice
demonstrated improved macroscopical disease scores as
compared to WT animals accompanied with reduced
splenomegaly, indicating a less severe disease
www.thelancet.com Vol 76 Month February, 2022
expression (Figure 7a). The histological analysis
revealed a reduction in keratosis and apparent pseudo-
papillomatosis measured through the keratine surface
and the suprapapular thickness, respectively, in sidt1�/�

mice. In addition, the number of animals presenting
pustules of Kogoj was significantly lower (Figure 7b).
13



Figure 5. SIDT1 is required for the activation of the TBK1/IRF7 cascade, but not for the NF-kB pathway. SIDT1-silenced GEN2.2 cells
and their controls were stimulated with 1 mM ODN2006 for the indicated time. (a) Cytosolic protein extracts were blotted against
phosphorylated and total TBK1. p-TBK1/TBK1 intensity ratios are indicated. Actin was included as a loading control. Left panel, repre-
sentative blots. Right panel, quantification of pTBK1/TBK1 and pTBK1/actin ratios from the blots. Full blots and MW markers are pro-
vided as supplementary material. (b) IRF7 and NF-kB nuclear translocation after stimulation with 1 mM ODN2006 (CpG) or 3 mg/ml
resiquimod (Rq) of shSIDT1 GEN2.2 and control cells, monitored by image cytometry (representative images). (c) Quantification of
the results. Individual values, mean and standard deviation values are plotted. The results are representative of at least three inde-
pendent experiments with at least 10.000 acquired cells each. * p < .05, *** p < .001 using unpaired parametric t student’s tests.
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Figure 6. SIDT1 is mediating IFN-I responses to endosomal TLR in mouse pDC. (a) Splenocytes from WT (n = 17) and sidt1�/� (n = 15)
mice were stimulated with ODN2216 (CpG), imiquimod (Iq) and resiquimod (Rq). Supernatants were collected at 48 h and assayed
for type I IFN and TNFa. NS, non-stimulated (b) BM-pDC from WT (n = 7) and sidt1�/� (n = 6) mice were stimulated for 48h with
ODN2216. Top panel, IFN-I and TNFa were quantified as before. Bottom panel, expression of maturation markers monitored by flow
cytometry in the SiglecH+ gate, after exclusion of dead cells using DRAQ7. (c) BM-pDC were stimulated as in (b) and the translocation of
NF-kB and IRF7 was quantified by image cytometry as in Figure 5. (d) Left, IFN-I levels in the serum of WT (n = 11) and sidt1�/� (n = 8) in
untreated (NT) and Aldara (Iq) animals 2 h after treatment. Right, TNFa in serum of the same animals. Pooled animals of at least three
independent experiments for (a) and (d) and two independent experiments in (b) and (c). Individual mice data, median and IQR values
are plotted * p< .05; ** p< .01 in two-tailed Mann-Whitney tests.
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Figure 7. Improved outcome of psoriasis in sidt1�/� mice. WT and sidt1�/� mice were treated with placebo (Vaseline, NT) or Aldara
cream (Iq) for 6 days. (a) Evaluation of the skin injury. Top panel, images of the back of the mice. Middle panel, histology of the skin
of the same animals. E, epidermis; D, dermis; H, hypodermis; A acanthosis; DII dermal infiltrates; HK, hyperkeratosis; PK spongiform
pustules of Kogoj. Bottom panels, psoriasis score and spleen weight. (b) Quantification of the keratin area and papillomatosis
(through papula thickness measurement). Right, quantification of treated mice presenting Kogoj pustules lacking the granular layer.
(c) CCL3 protein detection in paired samples of untreated (NT) and Aldara-treated (Iq) skin . Right, correlation between CCL3 levels
in the skin and psoriasis score in WT mice using a Spearman test. Mice were pooled from three independent experiments. WT NT,
n = 5; WT Iq, n = 9; sidt1�/� NT, n = 6, sidt1�/� Iq, n = 9. * p < .05, ** p < .01 in Mann-Withney tests. For Kogoj pustules analysis
* p < .05 in Fisher test.
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We also studied the local responses in the skin through
the measurement of the concentration of 36 cytokines
and chemokines. Our data evidenced an important
increase in the IFN-dependent chemokines MIP1a
(CCL3), IP-10, GROa, and MIP-2 in the treated skin
compared with the untreated skin of the same animals
in WT, but not in the sidt1�/- mice (Table S3). Of note,
skin concentration of MIP1a/CCL3 showed a positive
correlation with the severity score of the disease in WT
mice (Figure 7c), as suggested before by.55,56 As men-
tioned previously, a decrease of CCL3 production was
also detected in shSIDT1 GEN2.2 cells (Figure 2c).
Overall, from our data, SIDT1 mediates IFN-I responses
in vivo, and is mediating pathological responses, in a
TLR7-mediated psoriasis model.
Discussion
pDC are key players in the recognition of invading
pathogens through their nucleic acid sensors and they
produce balance quantities of proinflammatory cyto-
kines and IFN-I. However in some pathological condi-
tions this balance is broken, leading to the
overproduction of IFN-I by pDC after stimulation by
endogenous nucleic acids and immune complexes, and
causing autoimmune and autoinflammatory disorders
such as psoriasis.3,57 Consequently, there is regained
interest in the identification of novel players involved in
the induction and control of the IFN-I and inflamma-
tory responses by human pDC. It has been recently
described that sidt1�/� mice are defective in the genera-
tion of antiviral IFN-I responses in vivo, showing nor-
mal TLR3-mediated IFN-I responses. As TLR3 ligands
induce IFN-I responses in myeloid cells (monocytes/
macrophages and conventional DC), it is likely that this
defect is due to an impairment of the professional IFN-
producing cells, the pDC, which are key in the orches-
tration of the proinflammatory/IFN balance after viral
infection.58,59

Activation of nucleic acid-specific TLR triggers the
activation of the transcription factors NF-kB and IRFs to
promote pro-inflammatory and anti-viral IFN-I
responses, respectively.60 The regulation of receptor
trafficking and localization is a critical parameter for
these responses. TLR7 and TLR9 traffic follows the con-
ventional secretory pathway from the ER to the Golgi,
and then to the endosomal network through the plasma
membrane.61 The signals leading the transcriptional
induction of two classes of genes (proinflammatory or
alternatively type I and III IFN) originate from different
types of endosomal vesicles,50 and therefore the location
of TLR7/9 and their ligands determines the precise out-
come after pDC stimulation.21 While the signaling in
the late endosomes activates NF-kB and proinflamma-
tory cytokines leading to a full maturation state, traffick-
ing from endosomes to lysosome-related organelles is
critical for IRF-dependent IFN gene expression.15,62,63
www.thelancet.com Vol 76 Month February, 2022
The need of endosomal acidification for proper IFN-I
responses is supported by the known inhibition of IFN-
I responses by drugs that increase the lysosomal pH,
such as chloroquine.19,64 From our data, SIDT1 would
mediate the traffic of the endosomal TLR-ligand com-
plexes towards lysosomal-related organelles to activate
IRF7 signaling, and inducing the IFN-I and IFN-III
responses. Accordingly, we show defective TBK1 phos-
phorylation together with poor IRF7 nuclear transloca-
tion in both shSIDT1 GEN2.2 and mouse BM-pDC
from sidt1�/� mice, while the NF-kB pathway was pre-
served. Mediators of the IRF pathway are promising
drug targets for IFN-mediated and IRF-dependent dis-
eases,65 including TBK1.49,66

From our data, the involvement of SIDT1 in IFN-I
production in response to exogenous nucleic acid stimu-
lation is not restricted to TLR responses, however SIDT1
is not universally involved in all the IFN-I responses.
SIDT1 silencing blocked IFN-I responses after the stim-
ulation of cytosolic sensors of DNA but not dsRNA in
GEN2.2. The role of intracellular vesicles in the cyto-
solic DNA recognition is not fully understood, however
it has been proposed that communication between the
lysosomal compartment and the cytosolic DNA sensors
exists.67,68 Furthermore, the exact location of the organ-
elle hosting the TBK1 signalosome after cytosol DNA
recognition in hematopoietic cells is still an open
question.69

A tight regulation of cholesterol content and location
is important for correct TLR responses,70 primarily for

IFN-I production.71 Indeed, the recruitment of IRAK1

and TRAF6 to cholesterol-rich lipid bodies is required

to induce the nuclear translocation of IRF7 after TLR7

and TLR9 stimulation in mouse pDC.72 It is noteworthy

that SIDT1 has a functional cholesterol-binding motif22

and co-localizes with cholesterol in intracellular com-

partments,23 pointing to a role for SIDT1 in the traffic of

cholesterol-rich membranes. Additionally a role for C.
elegans ChUP-1 ortholog in the uptake of dietary choles-

terol23 and in the generation of a protective innate

response has been recently reported,24 linking choles-

terol metabolism and the immune response. In this line

a recent study reported that SIDT1 is expressed in the

gastric pit cells of the stomach, being involved in the

absorption of dietary microRNAs.29 Of note, exogenous

microRNA encapsulated into cholesterol-rich exosomes

has been shown to be a TLR7 stimulator en pDC.20

Interestingly, it has been suggested that mTORC1,

TBK1 and IRF7 are linked with each other in peripheral

lysosomes for the induction of IFN-I, and that the

recruitment of mTORC1 is regulated by cholesterol.73

The link between the cholesterol binding properties of

SIDT1 and its control of the IRF7 pathway in response

to TLR7 and TLR9 stimulation is under investigation.
It has been recently reported that SIDT2 could be

mediating the exit of dsRNA from the lysosome for
immune recognition by cytosolic sensors, but not
17
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endosomal TLR.25 SIDT2 is a broadly expressed protein,
while SIDT1 is more restricted to lymphoid leukocytes,
indicating that SIDT1 could have a more specialized
immune function. A recent article provided indirect evi-
dence about a possible role of SIDT1 in the cytosolic
escape of dsRNA to the cytosol,26 however our data do not
support this hypothesis. From our results, the role of
SIDT1 in the control of the access of TLR ligands to the
acidic vesicles specialized in the IFN signaling15 can easily
explain the specificity of the effect in TBK1/IRF7 axis.

Inappropriate recognition of host-derived nucleic acids
associated with high IFN-I production by pDC can lead to
autoimmune or autoinflammatory responses.74 Interest-
ingly, when SIDT1-coexpressed genes were searched in
skin-related data sets using SEEK, samples from psoriasis
patients were top-ranking (table S1, skin dataset sheet) and
SIDT1 was found to be overexpressed in the lesional skin
of psoriasis patients (Figure S6), supporting the transla-
tion of the mouse results to the human disease. Using the
acute model of imiquimod-induced (Aldara) psoriasiform
dermatitis we have demonstrated the role of SIDT1 in the
induction of pathological IFN-I responses. Firstly, sidt1�/�

splenocytes and BM-pDC cultures secreted specifically
less IFN-I after stimulation with exogenous nucleic acids
accompanied by a lower IRF7 nuclear translocation. Sec-
ondly, the maturation and production of the pro-inflam-
matory cytokine TNFa and the translocation of NF-kB
were not affected. Finally, sidt1�/� animals showed lower
level of IFN-I in serum after Aladara treatment, and signif-
icantly reduced severity scores in the treated area at both
the macroscopic and microscopic levels. All these signs of
lower severity were associated with a reduction in spleno-
megaly and lower concentration of IFN-dependent chemo-
kines in the skin, previously described as severity
biomarkers in human and mouse psoriasis.55,56 Similar
protection levels have been reported using knock-out ani-
mals for the IL23/IL17 pathway33 or by using immune-
modulatory drugs.54 In summary, our findings have led to
the identification of SIDT1 as a new player in the induc-
tion of IFN-I responses after endosomal TLR7 and TLR9
stimulation by exogenous nucleic acids. This finding
opens the way to the design of agents that modulate
SIDT1 function to ameliorate the life of psoriasis patients.
The highly restricted expression pattern of SIDT1 can be a
valuable feature in the search for drug targets with low
potential side effects. Complementary experiments are
also needed to understand the role of SIDT1 in other auto-
immune diseases mediated by IFN type I responses.
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