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Cytosolic RIG-I-like helicases act as negative
regulators of sterile inflammation in the CNS

Angela Dann!->13, Hendrik Poeck®*!3, Andrew L Croxford®, Stefanie Gaupp!, Katrin Kierdorf!-2, Markus Knust!2,
Dietmar Pfeifer®, Cornelius Maihoefer’, Stefan Endres®8, Ulrich Kalinke?, Sven G Meuth!?, Heinz WiendI!9,
Klaus-Peter Knobeloch!, Shizuo Akirall, Ari Waisman?®, Gunther Hartmann3 & Marco Prinz!-!2

The action of cytosolic RIG-1-like helicases (RLHs) in the CNS during autoimmunity is largely unknown. Using a mouse model of
multiple sclerosis, we found that mice lacking the RLH adaptor IPS-1 developed exacerbated disease that was accompanied by
markedly higher inflammation, increased axonal damage and elevated demyelination with increased encephalitogenic immune
responses. Furthermore, activation of RLH ligands such as 5’-triphosphate RNA oligonucleotides decreased CNS inflammation
and improved clinical signs of disease. RLH stimulation repressed the maintenance and expansion of committed T;1 and T, 17
cells, whereas T-cell differentiation was not altered. Notably, T,,1 and T,;17 suppression required type | interferon receptor
engagement on dendritic cells, but not on macrophages or microglia. These results identify RLHs as negative regulators of

Tyl and T,;17 responses in the CNS, demonstrate a protective role of the RLH pathway for brain inflammation, and establish
oligonucleotide ligands of RLHs as potential therapeutics for the treatment of multiple sclerosis.

Multiple sclerosis is considered to be an inflammatory demyelinating
disease of the CNS. T{;17 cells are involved in the onset and main-
tenance of experimental autoimmune encephalomyelitis (EAE), the
mouse model of multiple sclerosis'. Mice lacking RORYT, IL-17 or
IL-23, as well as mice treated with IL-17-blocking antibodies, are
less susceptible to EAE than wild-type mice?=. In fact, IL-17* T cells
have been found in CNS lesions of individuals suffering from multiple
sclerosis®. In addition to IL-17-producing T cells, Tj;1 cells might also
have a pathogenic effect in multiple sclerosis’. Furthermore, EAE can
be induced by passive transfer of either Tj;1 or T(;17 cells, and the
ratio of Ty;1 to T(;17 cells of infiltrating lymphocytes determines the
tropism of pathology in the CNS8”.

For efficient priming of myelin oligodendrocyte glycoprotein
peptide 35-55 (MOG;_.,)-specific T;1 and T;17 CD4* T cells in
secondary lymphoid tissues, an encephalitogenic immune response
in the CNS, antigen presenting cells (APCs) such as monocytes and
dendritic cells in the periphery or microglia and astrocytes in the
CNS are required!®!l, Maturation and activation of these APCs is
generally mediated through the presence of so-called danger sig-
nals'?13. The pattern-recognition receptors implicated in recognition
of viral nucleic acids include the membrane bound Toll-like receptors
(TLRs) TLR3, TLR7, TLR8 and TLRY (ref. 14), the RLHs (retinoic

acid-inducible gene I (RIG-I), also known as Ddx58), melanoma
differentiation-associated gene 5 (MDAS5, also known as Ifih1)!%, the
nucleotide-binding oligomerization domain 2 (NOD2)!%, and the
recently identified AIM-2 inflammasome!”. RIG-I controls innate
immune responses to a wide range of RNA viruses, including influ-
enza virus, Sendai virus and vesicular stomatitis virus, whereas MDAS5
controls responses to certain picorna viruses (encephalomyocarditis
virus and polio virus)!®. Double-stranded RNA (dsRNA) carrying a
5’-triphosphate (3pRNA) has been identified as the natural ligand
for RIG-1 and serves as a selective trigger for RIG-1 signaling!81°.
In contrast, the natural ligand for MDAS5 is less well-defined, but
there is evidence for the involvement of higher order RNA struc-
tures??, and polyinosinic-polycytidylic acid (poly(I:C)), an artificial
dsRNA, can elicit MDAS5 activation?!. MDA5 activation by poly(I:C)
requires complexation and cytoplasmic delivery (for example, with
polyethyenimine (PEI) derivates)?!. On receptor engagement by the
respective ligands, RIG-I or MDAS interact with the adaptor protein
interferon (IFN)-f promoter stimulator 1 (IPS-1, alternatively MAVS,
CARDIF or VISA?22%) to activate downstream signaling cascades
that ultimately lead to the production of type-I IFNs and the induc-
tion of pro-inflammatory cytokines!?. RLHs are also potential disease
modifiers in humans?-28, indicating that RLHs may be involved in
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the regulation of immune homeostasis. Here we analyzed the in vivo
function of two RLHs, RIG-I and MDAS5, and the downstream
adaptor protein IPS-1 in the course of sterile inflammation and the
induction of encephalitogenic T;1 and T;17 cells.

RESULTS

IPS-1 modulates the effector phase of EAE

To investigate the involvement of RLHs in CNS autoimmune diseases,
we examined the development of EAE in mice lacking IPS-1, the
adaptor for both RIG-Tand MDAS5. Ips-17/~ (also known as Mavs) and
Ips-1*/* mice were immunized with MOG,; . emulsified in complete
Freund’s adjuvant. The mice developed EAE with an incidence of
100% and a similar mean disease onset (Fig. 1a). However, in Ips-17/~
mice, the peak of disease was significantly augmented (P < 0.05).

Histology performed on Ips-1-deficient spinal cords revealed a
plethora of infiltrating macrophages (Fig. 1b). The increased influx of
macrophages was accompanied by an elevated number of T cells and
stronger demyelination as compared with Ips-1*/* mice (Fig. 1b—e),
whereas there was no statistically significant difference (P > 0.05)
in axonal damage between Ips-1~/~ and Ips-1*/* mice (Fig. 1f). The
number of mature oligodendrocytes was significantly lower (P < 0.05)
in Ips-17/~ mice than in Ips-1*/* mice (Fig. 1g).

We next quantified the expression of T(;17 (Fig. 1h), T;1 (Fig. 1i)
and T};2 factors (Fig. 1j) in the CNS. Notably, all of the T{;17-related
factors were increased in Ips-17/~ mice relative to wild-type mice,
whereas T2 factors remained unchanged, with the exception of
GATA3. Similarly, the T{;1-related factors IL-12p35 and T-bet were
elevated in the absence of IPS-1, whereas IFN-y only showed a general
trend toward elevation in Ips-17/~ mice. Thus, the more severe EAE in
the absence of IPS-1 was linked to a shifted immune response toward
Tyl and Ty17, with the T2 reaction remaining almost normal.
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We determined the percentage of 0 T cells among CD3* T cells,
as they have been described as the main producers of IL-17 through
the IL-1p and IL-23 pathway, thereby amplifying T};17 responses and
autoimmunity?® (Supplementary Fig. 1). There was no change in the
proportion of ¥ T cells.

Activation of cytosolic helicases dampens CNS autoimmunity
Currently, therapeutic intervention using exogenously administered
IFN-B is a primary treatment option for multiple sclerosis®’-33,
To examine the effect of RLH activation on the course of EAE,
we applied 3pRNA (RIG-I ligand) or poly(I:C) (MDAS5 ligand) at
the peak of disease (Fig. 2a). Activation of RIG-I and MDAS5 by
3pRNA or poly(I:C) was achieved using PEI as complexing reagent
as described previously?!. All experimental groups had an incidence
of disease of 100%, a similar mean disease onset and peak disease
activity. Repeated injections of RNA ligands strongly modified the
clinical courses.

Disease severity during the effector phase was markedly dimin-
ished in RIG-I- and MDA5-stimulated mice, whereas non-complexed
poly(I:C) (TLR3 ligand) or synthetic RNA bearing no 5’-triphosphate
(polyA) did not change the disease score (Fig. 2a). Serum levels of
IFN-f were measured at different time points after a single dsSRNA
injection, with the level peaking at 6 h (Fig. 2b).

During the chronic disease phase, many infiltrating macrophages
and lymphocytes were present in the spinal cord, and the number of
cells present was significantly reduced in MDA5- and RIG-I-stimulated
mice (P < 0.05; Fig. 2c). Specific myeloid and lymphoid subsets
are recruited to the inflamed CNS during EAE3473¢. We measured
the numbers of CD45MCDI11b* macrophages, Ly-6ChMCD115*
‘inflammatory’ monocytes, Ly-6C°CD115* ‘resident’ monocytes,
Ly-6G*CD11b* granulocytes, CD4*CD3* Ty, cells, CD8*CD3* T, cells
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using CD3 for T lymphocytes, MAC-3 for macrophages, amyloid precursor
protein (APP) for axonal damage, luxol fast blue (LFB) for demyelination

and NOGO-A for mature oligodendrocytes. Scale bars represent 200 um (left)
indicates the mean of one mouse. Data are expressed as mean + s.e.m. (d-g)

and 50 um (right). (c) Quantification of demyelination. Each symbol
Quantification of MAC-3* cells (d), CD3* cells (e), APP* deposits (f) and

NOGO-A* cells (g). n.s., not significant (P> 0.05). Data are expressed as mean * s.e.m. (h-j) Expression of T;17 (h), T,1 (i) and T,2-linked (j) factors
19 dpi in the spinal cords of /ps-1*/* or Ips-1~~ mice. Data are expressed as the ratio of induced factors normalized to endogenous GAPDH compared
with healthy controls and expressed as mean + s.e.m. At least four animals were used per group. *P < 0.05.
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Figure 2 Activation of the cytosolic helicases
modulates CNS autoimmunity through an
IFNAR-dependent pathway. (a) EAE was induced
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and Foxp3*CD3* regulatory T (T,,,) cells present in the CNS
(Supplementary Fig. 2), and found that all investigated lymphoid
and myeloid populations were diminished in the CNS following RLH
activation. Furthermore, the myelin damage was decreased in both of
the groups treated with RNA ligands (Fig. 2¢).

Disease amelioration by RLH requires IFNAR signaling

To examine the role of type 1 IFN receptor (IFNAR) signaling in
RIG-I/MDA5-mediated disease suppression, we used IFNAR-
deficient mice. In Ifnar11~/~ mice, the onset of neurological signs of
disease was similar to that in control mice, whereas the effector phase
was significantly enhanced (P < 0.05), as described previously3®31.
Moderately diseased Ifnar11~~ mice were then repeatedly treated
with RLH agonists, and the clinical course of disease was subsequently
monitored (Fig. 2d). Unlike wild-type mice (Fig. 2a), Ifnar11 ~/~ mice
showed no improvement of the clinical course of EAE after treat-
ment with RIG-I or MDADS5 ligands. Notably, serum IFN- levels in

Ifnar11~/~ mice were normal (Fig. 2e). Histopathological examination
of the CNS revealed a similar pattern of axonal damage, demyelina-
tion and mononuclear infiltration (Fig. 2f).

To further determine the effect of RLH activation on local
cytokines, we examined spleens (Fig. 3a) and spinal cords
(Fig. 3b-f). IFN-B, IRF7, ISG15 and UBP43 were strongly induced
compared with controls treated with phosphate-buffered saline
(PBS) (Fig. 3a,b). IL-27p28 was also markedly induced in both com-
partments. MDA5 activation decreased the number of transcripts
of the Ty;17-related factors IL-1, IL-6, IL-23p19, TGF-f3, RORYT
and IL-17A, whereas RIG-I activation reduced the number of IL-1J3,
IL-6, TGF-B, RORYT and IL-17A transcripts (Fig. 3d). IL-17F levels
remained unchanged. The T;1 factors IFN-v, T-bet and IL-12p35
(Fig. 3e), as well as the TH2—re1ated factor STAT6 (Fig. 3f), were
diminished compared with the PBS-treated group, whereas IL-13
and GATA3 were not influenced. Chemokines were downregulated
after treatment (Fig. 3c¢).
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IFNAR on myeloid subsets mediates RLH effects
We then analyzed IFN-f production by specific peripheral immune
cell subsets on RIG-I and MDAS5 stimulation. Bone marrow-
derived macrophages (BMDMs) responded with robust IFN-f
release after selective RIG-I activation and, to a lower extent,
MDAS5 activation (Fig. 4a). Studies with bone marrow-derived
dendritic cells (BMDCs) isolated from mice that were genetically
deficient for TLR7 (Fig. 4b), MDA5 or RIG-I (Fig. 4c) indicated
that the induction of IFN-f in BMDCs by 3pRNA and poly(I:C)
depended on the presence of RIG-I or MDAS, respectively, but not
on TLR7. 3pRNA induced IFN-f in BMDCs or plasmacytoid den-
dritic cells, but not in B, NK or T cells (Fig. 4d). We next studied
the induction of innate immune responses by 3pRNA in vivo.
Intravenous or intraperitoneal injection of 3pRNA induced a
systemic increase of IFN-f levels, although intravenous injection
was superior in terms of IFN-f induction (Fig. 4e). To visualize the
fate of injected RLH ligands in vivo, we injected fluorescein isothio-
cyanate (FITC)-labeled RNA into EAE mice (Supplementary Fig. 3).
Flow cytometry revealed that fluorescently labeled RNA mainly
reached the spleen and that the labeled cells consisted of mostly
CD11b*CD11c* dendritic cells, a few CD11b*CD11c™ macrophages
and no CD4* T cells. Notably, labeled RNA could not be detected in
the diseased spinal cord, indicating that RLH engagement occurred
mainly in the periphery.

To test the involvement of distinct myeloid subsets in RLH-
mediated and IFNAR-dependent effects, we used Ifnarll"xp/l”xp;
LysM-cre mice as described previously’!. In these mice IFNAR

is absent on CD11b*Ly-6C!® monocytes, CD11b*Ly-6C" mono-
cytes, CD11b*CD45!° microglia and CD11b*Gr-1* granulocytes,
but not on plasmacytoid dendritic cells or myeloid DCs3!. All of
the groups showed a similar disease incidence and disease onset
(Fig. 5a). Application of 3pRNA and poly(I:C) significantly decreased
(P < 0.05) the mean clinical course in Ifnar1'o*F/1xP; [ysM-cre mice.
Notably, the RLH-associated IFN-P release in the serum was similar
in Ifnar1P/1oxP and Ifnar1'oxP/1oxP; [ ysM-cre mice (Fig. 5a). Similarly,
CNS damage was clearly reduced (Supplementary Fig. 4). These data
indicate that the engagement of IFNAR on monocytes, macrophages,
microglia and granulocytes does not account for the suppression of
CNS autoimmunity on treatment with dsRNAs.

To determine whether IFNAR engagement on dendritic cells is
required for RNA ligand-mediated disease attenuation, we crossed con-
ditional (loxP flanked) IFNAR mice with a transgenic line expressing the
Cre recombinase under the control of the Cd1Ic (also known as Itgax)
promoter. In these mice, IFNAR deletion is restricted to dendritic cells
and does not affect receptor expression on CD11b* macrophages®”.

All of the Ifnar1'*P/1oxP; Cd1]c-cre mice developed neurological
signs of disease, such as tail weakness and paralysis, starting at about
10-12 days post immunization (dpi; Fig. 5b). After RLH activa-
tion, the effector phases were similar in all of the treated groups,
suggesting that IFNAR expression on dendritic cells is required for
RNA ligand-mediated disease suppression. Notably, Ifnar1/oxF/loxP;
Cd1Ic-cre mice were able to produce normal type I IFN responses,
as indicated by normal IFN-f serum levels after RLH activation
(Supplementary Fig. 5). Examination of the CNS revealed no
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Figure 4 Type | IFN induction by dsRNAs in the hematopoietic compartment is cell-type specific and requires RIG-I1 and MDA5, but not TLR7.
(a—d) IFN-B concentrations in culture supernatants of BMDMs (a), BMDCs of wild-type (WT) and Tir7-"=, R/'g-/*/* or Mda5~~ mice (b,c), and

conventional dendritic cells (cDCs), plasmacytoid dendritic cells (pCDs), NK cells, B cells and T cells. (d) were measured by ELISA 24 h after transfection
with the indicated RNAs and lipofectamine. Data are shown as means + s.e.m. of two independent experiments. synRNA, synthetic RNA. (e) Complexed
3pRNA (25 ug) was injected into wild-type animals intravenously (i.v.) or intraperitonealy (i.p.) and serum IFN-f levels were measured 6 h later by ELISA. Data
depicted are from one representative experiment of at least two independent experiments. Data are expressed as mean + s.e.m. &, nothing added.
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Figure 5 IFNAR signaling on dendritic cells
rather than on monocytic cells is required

for dsSRNA-mediated suppression of CNS
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obvious differences in the pattern of mononuclear cell infiltration
(Fig. 5¢). Accordingly, myelin and axonal damage were similar in
all of the groups that we examined. Overall, these data indicate that
dendritic cell-specific IFNAR expression is essential for mediating
RLH-mediated effects.

RLH activation inhibits T;1 and T,17 expansion and sutvival
We next addressed whether RLH activation interferes with mainte-
nance or expansion of committed Tyl or Ty17 cells. To this end, we
exposed lymph node cells containing differentiated T;1 and T;17
cells from EAE mice at 18 dpi after the third RLH activation to increas-
ing MOG,;_. concentrations in vitro (Fig. 6a). MOG,;_,.-stimulated
T-cell expansion was significantly lower (P < 0.05) in cells derived
from RNA ligand-treated wild-type mice compared with the PBS-
treated group (Fig. 6a). Notably, 3pRNA- and poly(I:C)-mediated
suppression of T-cell expansion was dependent on the presence of
IFNAR on dendritic cells (Fig. 6b,c). Similarly, the treatment effect
correlated with a reduction in the IL-17 and IFN-y production in
MOG;,;_ss-stimulated T cells from wild-type mice, but not from
Ifnar1=" or Ifnar1'xP/1oxP; Cd1]c-cre mice (Fig. 6a—c).

We further investigated the mechanisms underlying the role of
RNA ligands as survival signals that allow committed T};1 and T(;17
cells to expand. Both, 3pRNA and poly(I:C) inhibited the proliferation
of CD4" cells, as evidenced by Ki67 staining (Fig. 6d), which was
accompanied by a higher percentage of annexin V* apoptotic cells
(Fig. 6d). To further elaborate on the survival of antigen-specific
Tyl and Ty17 cells, we determined the levels of active caspase-3
protein in splenic Ty;1 or T;17 cells derived from EAE mice treated
with RLH ligands (Supplementary Fig. 6). We found that both T};1
and T;17 T cells underwent apoptosis upon ligand challenge, which
is consistent with the suppressed Ty;1 and T};17 response in the
recall assay (Fig. 6a).

We further investigated the proportion of circulating immuno-
suppressive CD4*Foxp3* T, cells during disease when EAE mice
were challenged with dsRNAs (Supplementary Fig. 7). Notably, the
percentage of Tieg cells did not change after treatment. In addition,

we found no significant changes (P > 0.05) in key factors that are
important for Treq function (Supplementary Fig. 8).

Given that RNA ligand treatment resulted in a marked reduction
of disease severity accompanied by decreased CNS inflammation, we
wanted to know whether the treatment effect correlated with a selec-
tive reduction of either T(;1 or T(;17 CD4* cells in the spleen or CNS
of EAE mice (Fig. 6e). Notably, RIG-I and MDA5 activation signifi-
cantly reduced the numbers of both T};1 and T};17 cells in the periph-
eral and central compartment (P < 0.05). The absolute numbers of
spleen CD4" cells were lower in treated mice, whereas the numbers of
CNS-infiltrating cells were decreased on 3pRNA challenge (Fig. 6e).
These findings clearly indicate that immunostimulatory dsRNAs
are able to inhibit proliferation and induce apoptosis of MOGy;_..-
specific Ty;1 and T(;17 T cells without affecting the ratio and function
of CD4*Foxp3* Teg cells.

Effect of RLH activation on T;17 differentiation

We next assessed the ability of T cells to polarize into effector
T cells in vitro in the presence of IFN-f, 3pRNA and poly(L:C)
(Fig. 7a). The ability of polarized T(;1 or T;;17 T cells to produce
IL-17 or IFN-v, respectively, was not influenced by complexed
RNA ligands or by recombinant IFN-f. Accordingly, the capac-
ity to upregulate mRNA encoding the transcription factors T-bet,
STAT6 and TGF-f was not affected by RIG-I and MDAS5 ligands
(data not shown), and T;1 and T;17 cytokines were substantially
induced during in vitro differentiation (Supplementary Fig. 9).

We then co-cultured supernatant derived from BMDCs, that were
previously stimulated with RNA ligands or recombinant IFN-f3,
with naive sorted CD4* T cells that undergo T-cell polarization
in vitro (Fig. 7b,c). Under these conditions, supernatant derived from
Ifnar1*/* BMDCs, but not Ifnarl = BMDCs, was able to suppress the
generation of both IL-17- and IFN-y-producing CD4" cells.

These data collectively suggest that RNA ligand-mediated disease
amelioration is mediated by soluble factors such as type I IFNs
or IL-27 derived from RLH-stimulated dendritic cells and that
these factors finally inhibit encephalitogenic Tyl and Tyl17
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immune responses38’39. However, 1L-27-deficient mice showed Taken together, our data indicate that Tyl7 and Ty 1 immune res-
significant disease amelioration (P < 0.05) on ligand treatment ponses during CNS autoimmunity can be suppressed by RNA ligands
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Figure 6 RLH stimulation interferes with T,;1 and T,;17 expansion and survival. (a-c) Expansion of antigen-specific T lymphocytes at different MOG35 55
concentrations in lymph nodes of /fnarl** (a), Ifnar1~~ (b) and Ifnar1/oxF/exP, Cd 1 1c-cre (c) mice treated with PBS, complexed poly(l:C) and complexed
3pRNA. Lymph nodes were collected at 18 dpi and cultured for 48 h at indicated MOG35_g5 concentrations. Proliferation was measured by BrdU
incorporation for 16 h (left). IL-17 (middle) and IFN-y (right) release were measured by ELISA. Data represent mean + s.e.m. One representative experiment
out of two is shown. (d) RLH treatment inhibited splenocyte proliferation and increased apoptosis. Left, Ki67 flow cytometry analysis of CD4* splenocytes

in diseased mice 24 h after a single treatment with PBS, poly(l:C) and 3pRNA. The filled gray area is the isotype control. Right, annexin V staining for
apoptotic cells 24 h after ligand challenge. Only CD4+* cells were gated and the percentages of Ki67- or annexin V—expressing cells are depicted. Data are
representative of two independent experiments. Numbers indicate the percentage of positively labeled cells. (e) Ex vivo analysis of IL-17 and IFN-y in spleen
and spinal cord of diseased mice after third ligand treatment at 18 dpi and measurement by flow cytometry analysis 24 h later. Events of flow cytometry
were gated on CD4* cells. Left, percentages of IL-17—and IFN-y—producing CD4* T cells in the spleen. Right, quantification of CD4, IL-17 and IFN-y* cells
normalized to 25,000 B220* cells in the spleen or to 25,000 CD45'°CD11b" microglia in the spinal cord, respectively. Numbers indicate the percentage of
each cell population in the quadrant. Quantitative data are expressed as mean + s.e.m. and summarized from three independent experiments. *P < 0.05.
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Figure 7 Engagement of RIG-I and MDA5 does not shape normal T-cell differentiation. (a) /n vitro differentiation of naive T cells in the presence

of dsRNA. MACS-sorted CD4* T cells were activated with antibodies to CD3 and CD28 and polarized by cytokine treatment to achieve T,,0, T,;17

or T, 1 differentiation. Numbers indicate the percentage of each cell population in the quadrant. All T-cell subsets were co-incubated for 72 h with
medium only, IFN-B (100 U miI~1), complexed 3pRNA (200 ng mi~1) or complexed poly(l:C) (200 ng mI~1). Intracellular cytokines were stained with
phycoerythrin-conjugated IL-17 and FITC-conjugated IFN-y antibodies. The proportions of IL-17+* and IFN-y* cells (left) and quantification (right) are
shown. Data represent mean £ s.e.m. One representative experiment out of three is shown. (b,c) Differentiation of naive MACS-sorted CD4*

T cells activated with antibodies to CD3 and CD28 and polarized for T;1 or T,;17 differentiation for 72 h. T cells were co-cultured for the whole period
with conditioned medium from /fnarI** or Ifnarl~~ BMDCs stimulated before for 24 h either with medium only, lipofectamine-complexed poly(l:C)
(200 ng ml=1), lipofectamine-complexed 3pRNA (200 ng mi=1) or IFN-B (100 U mi=1). The amounts of IL-17 (b) and IFN-y (c) in the supernatants
were measured by ELISA and relative cytokine amounts were compared with the medium controls. Data represent mean + s.e.m. One representative

experiment out of three is shown. *P < 0.05.

elicits a type-I IFN response that inhibits T-cell expansion and induces
T-cell apoptosis via a loop through IFNAR engagement on dendritic
cells (Supplementary Fig. 10).

DISCUSSION

Here we addressed the role of specific pattern recognition receptors,
namely cytosolic helicases such as RIG-I and MDAS5 and their adap-
tor IPS-1, in the formation of pathogenic T(;1 and T(;17 cells during
autoimmune inflammation of the brain. We demonstrate for the
first time, to the best of our knowledge, that the IPS-1 pathway is
important for the pathogenesis of CNS autoimmunity, as it limits the
propagation of encephalitogenic CD4* T cells. We found that activa-
tion of RIG-I and MDAS5 by immunostimulatory RNA ligands has a
protective role during the effector phase of disease, and reduces CNS
pathology and the recruitment of myeloattractants. This beneficial
effect was IFNAR dependent and was associated with a suppression
of in vivo expansion and survival of antigen-specific encephalitogenic
and committed IL-17- and IFN-y-producing CD4* cells.

Several studies have found that TLRs and interferons are impor-
tant for modulating multiple sclerosis, as well as EAE*C. Indeed,
IFN-B, a type [ interferon, is a first line therapy in the treatment of
relapsing-remitting multiple sclerosis*!. Notably, exogenously added
recombinant IFN- is effective only in a certain percentage of affected
individuals, as up to one third of them develop neutralizing anti-
bodies to IFN-P after 6-18 months of treatment, leading to a loss
of drug bioactivity®?. This unavoidable situation leads to a reduc-
tion in the biological and clinical efficacy of IFN-P. The induction of
endogenously produced type I IFN by RIG-I and MDA5 engagement
avoids the formation of these antibodies to IFN-[3.

An important question is how systemic administration of RNA mol-
ecules results in the observed reduction of autoimmune inflammation
in the CNS. Because RLHs are expressed in immune cells, receptor
engagement of RIG-I and MDAS5 leads to direct and indirect activa-
tion of immune cell subsets, and we found that immunomodulatory

RNAs induced robust type I TFN production in conventional dendritic
cells, plasmacytoid dendritic cells and macrophages.

Intravenous application of RNA complexed with PEI elicited a
strong systemic IFN induction as early as 6 h after injection that was
paralleled by a rapid clinical improvement after 24-48 h. In principle,
several mechanisms of disease protection could be involved, such
as inhibition of antigen processing and presentation, suppression of
T-cell expansion and maintenance, modulation of cytokine produc-
tion, and downregulation of matrix metalloproteinases and adhesion
molecules, resulting in the inhibition of lymphocyte migration across
the blood-brain barrier. A recent study investigated the effect of [IFN-f3
on different subsets of human T cells, namely Ty0, Tyl and Ty17
cells*2. Notably, of the T cell subsets tested, Ty17 cells were most
susceptible to IFN-B-mediated effects, presumably owing to a higher
expression of the IFNARI chain in T(;17 cells as compared with T};1
lymphocytes. As a possible mechanism, the authors proposed that
IFN-B-mediated apoptosis of T};17 cells leads to a preferential loss
of IL-17-producing cells.

Our results support this possibility, as dsSRNA treatment resulted
in increased apoptosis and inhibited the proliferation of committed
encephalitogenic T cells. Of note, other mononuclear cell popula-
tions invading the diseased CNS during EAE, such as Foxp3* Treg
cells, CD8" cells, and Ly—6Chi and Ly—6C1° monocytes, were also
diminished after treatment, indicating that these cell types might
also contribute to disease amelioration. Indeed, the previous study
did not rule out the involvement of other cell types such as APCs*2.
This is of particular interest, as several recent reports have suggested
that the inhibitory effect of IFN- is mediated via APCs. Two recent
studies investigated the role of IFNAR expression on myeloid cells
and observed a more severe EAE with enhanced effector phase and
increased lethality in the absence of IFNAR, whereas mice with T or
B cell-restricted IFNAR deficiency did not succumb to more severe
disease?3!, Notably, one of these studies used Ifnar1/*P/10xP; [ysM-cre
mice, in which Ifnarl is deleted in specific myeloid subsets!. We also
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used this strain when we challenged diseased mice with RNA ligands
to activate cytoplasmic helicases, but did not observe any ligand-
mediated effects when IFNAR was specifically lacking on Ly-6Cl°
monocytes, Ly-6C monocytes, CD11b*CD45!° microglia and Gr-1*
granulocytes. In contrast, we found that dendritic cells were the main
cellular targets when type I IFNs were induced in the periphery.

These data provide evidence that dendritic cells, rather than mono-
cytes and macrophages, are the main immunoregulatory cell type that
responds to RLH activation in vivo. This selective and nonredundant
IFNAR engagement on macrophages versus dendritic cells during
CNS autoimmunity may be a result of distinct spatial and temporal
effects of type I IFNs produced either locally in the CNS or in second-
ary lymphoid organs in the periphery. However, we cannot completely
rule out the possibility that activated circulating monocytes or micro-
glia upregulating CD11c¢ during inflammation may undergo some Cre
expression in CdlIIc-cre mice.

A recent study found that engagement of IFNAR on dendritic cells
inhibits T;;17 priming via osteopontin-dependent production of
IL-27 (ref. 43). Another study found that activation of various TLRs
provokes IL-27 production by human macrophages, which is medi-
ated by IFN-a-driven transactivation of the p28 subunit of IL-27
(ref. 44). Our data, however, did not support the idea that disease
suppression induced by activation of the RIG-I and MDAS5 signaling
pathways in innate cells is mediated by IL-27.

Under these circumstances and based on the efficacy of RLH lig-
ands in inducing type I interferons that dampen autoimmune inflam-
mation and demyelination in the CNS, it is possible that other effects
might also influence disease outcome on helicase activation. Given
that recognition of 3pRNA by RIG-I is largely independent of the
RNA sequence, anti-T;17 activities can be elicited by 3pRNA. It is
attractive to speculate that short dsSRNA molecules can be designed
to target mRNA encoding important regulators of Ty;1 and Ty17
immune responses, such as T-bet, IL-23p19, IL-17, IL-27 or others.
Thus, 3p-short interfering RNAs could be developed that simultane-
ously silence T;1- and T};17-relevant genes and activate RIG-I. This
approach could lead to a new class of RNA molecules with dual func-
tion for the treatment of autoimmunity.

METHODS
Methods and any associated references are available in the online
version of the paper at http://www.nature.com/natureneuroscience/.

Note: Supplementary information is available on the Nature Neuroscience website.
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ONLINE METHODS

Mice. Ifnar1~/~ mice®, originally provided by R.M. Zinkernagel (University of
Zurich) were backcrossed to C57BL/6 more than 20 times. Mice carrying loxP-
flanked Ifnar 13-4 were crossed with transgenic mice expressing Cre recombinase
under the control of either the LysM*” or Cd11c promoters’, each back crossed
more than ten times to C57BL/6. Rig-I/~, Mda5~'~, Ips-1~/~ and TLR7-deficient

mice were described previously?!:4849,

Induction of EAE and treatment. Female 8—10-week-old mice from each group
were immunized subcutaneously with 200 ug of MOG,; .. peptide emulsified
in complete Freund’s adjuvant containing 1 mg of Mycobacterium tuberculosis
(H37RA, Difco Laboratories). The mice received intraperitonal injections of 250 ng
pertussis toxin (Sigma-Aldrich) at the time of immunization and 48 h later. For
treatment studies, mice were injected with 200 pl of PBS containing nucleic
acids with prior jetPEI-complexation according to the manufacturer’s protocol.
In short, 10 ul of in vivo jetPEI were mixed with 25 pg of nucleic acids at a N:P
ratio of 10:1 in a volume of 200 ul of 5% glucose solution (vol/vol) and incubated for
15 min. Subsequently, 25 g of complexed or non-complexed 5’-triphosphate
RNA or the synthetic dsRNA analog poly(I1:C) were injected intravenously at the
indicated time points. Whole blood was obtained by retro-orbital puncture at
the indicated time points. Serum was prepared from whole blood by centrifuga-
tion (13,000 rpm, 5 min). All animal experiments were approved by the ethics
review board for animal studies at the Universities of Gottingen and Freiburg.

Clinical evaluation. Mice were scored daily as follows: 0, no detectable signs
of EAE; 0.5, distal limp tail; 1.0, complete limp tail; 1.5, limp tail and hindlimb
weakness; 2, unilateral partial hindlimb paralysis; 2.5, bilateral partial
hindlimb paralysis; 3, complete bilateral hindlimb paralysis; 3.5, complete
hindlimb paralysis and unilateral forelimb paralysis; 4, total paralysis of fore-
limbs and hindlimbs.

Histology. Histology was performed as described recently>#4%>0, Spinal cords
were removed on day 35 after immunization and fixed in 4% buffered formalin
(vol/vol). Spinal cords were then dissected and embedded in paraffin before stain-
ing with hemalaun and eosin, LFB to assess the degree of demyelination, MAC-3
(BD Pharmingen) for macrophages and microglia, CD3 for T cells, APP to determine
axonal damage, and NOGO-A for mature oligodendrocytes (Serotec). Spinal cord
sections were evaluated using the cell-P software (Olympus).

Flow cytometry. Cells were stained with primary antibodies to CD3, CD8,
Ly-6C, Ly-6G, CD115, CD25, CD11b, CD11c, CD4 and CD45 (BD Bioscience)
for 30 min at 4 °C. For intracellular staining of IL-17 and IFN-y, cells were acti-
vated with ionomycin (1 g ml™!), phorbol myristate acetate (50 ng ml~!) and
Golgistop (BD Bioscience) for 4 h. Intracellular staining of IL-17, IFN-y, Ki67,
activated caspase 3 and Foxp3 was performed with the corresponding staining
kits (BD Bioscience and eBioscience) according to the manufacturer’s protocol.
Annexin V (BD Bioscience) staining was performed after surface staining with
antibodies to CD4 according to manufacturer’s instructions.

For flow cytometry of spinal cord and spleen, mice were immunized and
treated with RLH ligands or PBS at 13, 15 and 17 dpi. Mice were subsequently
perfused with cold PBS and tissue was taken. Spinal cords were then treated with
collagenase and dispase (2 mg ml~!, Roche) for 30 min and strained through
nylon meshes. Cells were isolated by density gradient centrifugation (Percoll,
Sigma-Aldrich). Cells were washed and analyzed using a FACSCanto (Becton
Dickinson). Viable cells were gated by forward and side scatter pattern. Data were
acquired with FACSdiva software (Becton Dickinson). Post-acquisition analysis
was performed using Flow]Jo software (Tree Star).

Recall assay. Mice were injected three times intravenously with PBS, complexed
poly(I:C) (25 ug) or complexed 3pRNA (25 pug) at 13, 15 and 17 dpi. On day 18,
the draining axillary and inguinal lymph nodes were removed and single cell
suspensions were prepared. We placed 6 x 10° lymph node cells as triplicates in
a96-well plate and pulsed them with the indicated dosages of MOG;;_; peptide.
BrdU uptake was measured for 16 h to determine proliferation (Cell Proliferation
ELISA colorimetric, Roche Applied Science) according to the manufacturer’s
protocol. For cytokine analysis, sister cultures supernatants were analyzed by
ELISA for IFN-yand IL-17 (R&D Systems).

T-cell differentiation. For the differentiation of naive T cells, spleen and lymph
nodes of C57BL/6 mice were strained through a 40-um mesh. Isolation was per-
formed using the magnetic cell separation system (MACS) for CD4* selection
(Miltenyi Biotech) according to the manufacturer’s protocol. We cultured 2 x 10°
CD4" cells in RPMI1640 containing 10% fetal calf serum (vol/vol, Gibco),
100 U ml™! penicillin and 100 pg ml™! streptomycin (Invitrogen). T cells were
subsequently activated with soluble antibodies to CD3 (4 pg ml~!) and CD28
(30 ng ml~!) and polarized in the presence of cytokines for 120 h to achieve either
Ty0 (no additional cytokines), Ty;1 (6 ng ml~! rIL-12) or T3 17 (20 ng ml~* rIL-6,
5ng ml~! rthTGF-B, 10 ng mI~! rIL.23 and 10 g ml~! antibody to IFN-y) cells. All
cytokines were purchased from R&D Systems.

For co-incubation experiments, triplicates of each T-cell subset were
stimulated with either medium, 100 U ml~! IEN-B, 200 ng ml~! lipofectamine-
transfected poly(I:C) or 200 ng ml~! lipofectamine-transfected 5'-triphosphate
RNA starting at the beginning of differentiation. Replacement of media was
performed after 48 h. Flow cytometric analysis for IFN-yand IL-17 was carried
out after 120 h.

For naive T-cell differentiation with BMDC-derived supernatant, 10° BMDCs
per well were treated with indicated ligands 24 h before T-cell differentiation.
T cells were then polarized with T(;0-, T;1- or Ty;17-inducing conditions (ratio
of supernatant to cytokine cocktail was 1:1).

Detection of injected RNA ex vivo using flow cytometry analysis. Diseased
mice were injected intravenously with FITC-labeled RNA (25 ug) complexed
with jetPEI (25 pg) or PBS as a control. After 12 h, spleens and spinal cords
were taken and single cell suspensions were prepared. Cells were surface stained
with antibodies to CD4, CD11b and CD11c¢, and FITC-labeled RNA uptake was
analyzed by flow cytometry.

Real-time PCR. Tissue was dissected and flushed with ice-cold Hanks balanced
salt solution. RNA was isolated using the RNeasy Mini Kit (Qiagen) following the
manufacturer’s instructions. Samples were treated with DNasel (Roche) and 1 ug
of RNA was transcribed into cDNA using oligo-dT primers and the SuperScript
IIRT kit (Invitrogen). 2.5 ul cDNA were transferred into a 96-well Multiply PCR
plate (Sarstedt) and 12.5 pl ABsolute QPCR SYBR Green master mix (Thermo
Fisher) plus 19.6 ul ddH,O were added. RT-PCR reactions were performed as
described recently“C.

Media and reagents. RPMI 1640 (Invitrogen) and Dulbecco’s modified Eagle’s
medium (Invitrogen) each supplemented with 10% fetal calf serum, 3 mM
L-glutamine, 100 U ml™! penicillin and 100 pug ml~! streptomycin (all from
Sigma-Aldrich) were used. Poly(I:C) was obtained from Invivogen. Chemically
synthesized RNA oligonucleotides were purchased at MWG-BIOTECH AG.
Double-stranded in vitro transcribed 3pRNA was generated as described
previously?. Synthetic RNA (PolyA5’—3" AAAAAAAAAAAAAAAAAAA
or synRNA sense strand 5'—3" GCAUGCGACCUCUGUUUGA; Fig. 4) and
3pRNA (sense strand 5'—3 GCAUGCGACCUCUGUUUGAC) were used in
most experiments.

Cells and cytokine measurements. BMDCs and BMDMs were generated and
grown as described previously?. In vitro experiments with cells including
T cells, dendritic cells, splenocytes were stimulated with 200 ng ml~! 3pRNA
or poly(I:C) transfected with Lipofectamine 2000 (Invitrogen) for 24 h, respec-
tively. Transfection was performed according to the manufacturer’s instruc-
tions. For some experiments, cells were isolated from spleens or lymph nodes
of wild-type mice by MACS using the mouse B cell isolation kit and CD19
microbeads or the CD4* selection kit (Milteny Biotec) for T cells. Untouched
NK cells and CD8 T cells were sorted from spleens using the NK cell isola-
tion and the CD8 T cell isolation kit (Milteny Biotec). The viability of all
cells was above 95%, as determined by trypan blue exclusion, and purity was
>90%, as analyzed by FACS. Cell supernatants and sera were analyzed for
cytokine secretion by ELISA for IFN-f, IL-17 and IFN-y (R&D Systems or PBL
Biomedical Laboratories).

Statistical analysis. Statistical differences of clinical scores were evaluated
using a nonpaired Student’s ¢ test. Differences were considered to be significant
when P < 0.05.
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Suppl. Fig. 1: Unaltered induction of CD3*y8T cells in Ips-1" animals.

A) Flow cytometry analysis of splenic y3T cells at peak of disease reveal normal percentages
of this T-cell subset in the absence of IPS-1. Representative dot plots are shown. B)
Comparison of the percentages of y5T cells among CD45" cells in Jps-1""and Ips-1"" animals
at peak of disease. Symbols indicate individual animals in each group (n = 3-4). Mean + SEM
per group are depicted. One representative experiment out of two is shown. There were no

statistically significant differences. n.s. = not significant.

Suppl. Fig. 2: Attenuated recruitment of myeloid and lymphocyte subsets to the CNS
following RLH activation.

Infiltration of myeloid cells (A) or lymphocytes (B) into the diseased CNS. Animals were
sacrificed 24h after third ligand application and immune cell infiltration in the CNS was
assessed by flow cytometry and compared to 25.000 CD45°CD11b* endogenous microglia
as described previously **. One symbol indicates one animal. Data are represented as mean
+ SEM of 3-4 mice per group. One representative experiment out of two is shown.

Statistically significant differences are marked with asterisks (p<0.05)

Suppl. Fig. 3: Uptake of FITC-labeled RNA by CD11¢c*CD11b” and CD11c*CD11b* cells.
Flow cytometry analysis of spleen and spinal cord 12 h after i.v. injection of FITC-labelled
RNA (100 pg) into diseased animals. Representative dot plots are shown left and
quantification is depicted right. Quantitative data are expressed as mean + SEM and
summarized from two independent experiments. Statistically significant differences are

marked with asterisks (p<0.05).

Suppl. Fig. 4: Reduced CNS inflammation and diminished myelin loss and axonal
damage upon RLH activation in mice lacking IFNAR selectively on myeloid cells.
Neuropathological examination of spinal cords in /fnar”” LysMCre mice on 35 dpi treated with
immunstimulatory RNAs. Each symbol indicates one mouse. Data are expressed as mean %
SEM. There were no significant differences (p<0.05). Scale bars: left = 500 um, middle = 200
pm, right = 50 pm.

Suppl. Fig. 5: Normal IFN-B levels in Ifnar”™ CD11cCre mice.

Kinetics of IFN-B serum levels at indicated time points in /fnar” CD11cCre animals after
injections of PBS (filled circles), complexed poly(l:C) (MDA5, open circles) or complexed
3pRNA (RIG-I, open diamonds). Each data point represents the mean + SEM of at least

three animals. There were no significant differences (p<0.05).
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Suppl. Fig. 6: RLH engagement induces apoptosis of antigen-specific TH1/TH17 cells.
Flow cytometry of active caspase-3 in gated TH1 and TH17 splenic cells from EAE mice
treated with either PBS, or RLH ligands 24 h before. Only CD4" cells were considered. Data

are representative of two independent experiments with at least three mice in each group.

Suppl. Fig. 7: Mitigation of TH17-mediated inflammation by RIG-I/MDAS5 activation
without altering Treg cell generation.

CD4" T cells were analyzed in immunized animals by FACS for intracellular Foxp3 staining
24 h after poly(I:C) (MDAS5), 5'-triphosphate RNA (RIG-I) or PBS injection and untreated non-
immunized as control at the indicated time points after immunization. Quantitative data are
expressed as mean + SEM. There were no statistically significant differences. One

representative experiment out of two similar is shown.

Suppl. Fig. 8: Functional genes are unaffected in Treg cells after RLH activation.

CD47CD25" Treg cells from diseased animals were FACS-sorted 24 h after third i.v. injection
of PBS (white bars), complexed poly(l:C) (MDAS5, grey bars) or complexed 3pRNA (RIG-I,
black bars). Expression of Foxp3, Gitr, ICOS. IL-10 and Kirg mRNA was determined and
expressed as mean + SEM. At least three spleens from different animals were used per

group. No significant differences were found. n.s. = not significant.

Suppl. Fig. 9: Induction of TH1/TH17 cytokines in vitro.

Quantitative assessment of IFN-y and IL-17 production in the supernatant of polarized CD4"
T cells by ELISA. MACS-sorted CD4" T cells were activated with soluble anti-CD3 and anti-
CD28 and polarized by cytokine treatment to achieve THO, TH1 or TH17 differentiation. Data

represent mean £ SEM. One representative experiment out of three similar is shown.

Suppl. Fig. 10: Proposed mechanisms of RLH-mediated modulation of pathogenic
TH1 and TH17 cells during CNS autoimmunity.

APCs such as macrophages (M®) and dendritic cells (DCs) recognize complexed RNA by
their cognate cytoplasmatic receptors RIG-I (3pRNA) and MDAS5 [poly(l:C)], respectively.
Engagement of RLHs induces a strong type | IFN induction (e.g. IFN-B) by APCs. RLH-
mediated IFN- is released and induces type | interferon receptor (IFNAR)-mediated
signalling mainly on DCs. Subsequently, TH1 and TH17 expansion and survival are

repressed.
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