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Targeting IFN-A Signaling Promotes Recovery from Central

Nervous System Autoimmunity
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Type III IFNs (IFNLs) are newly discovered cytokines, acting at epithelial and other barriers, that exert immunomodulatory
functions in addition to their primary roles in antiviral defense. In this study, we define a role for IFNLs in maintaining
autoreactive T cell effector function and limiting recovery in a murine model of multiple sclerosis (MS), experimental autoimmune
encephalomyelitis. Genetic or Ab-based neutralization of the IFNL receptor (IFNLR) resulted in lack of disease maintenance
during experimental autoimmune encephalomyelitis, with loss of CNS Thl effector responses and limited axonal injury.
Phenotypic effects of IFNLR signaling were traced to increased APC function, with associated increase in T cell production of
IFN-y and GM-CSF. Consistent with this, IFNL levels within lesions of CNS tissues derived from patients with MS were elevated
compared with MS normal-appearing white matter. Furthermore, expression of IFNLR was selectively elevated in MS active
lesions compared with inactive lesions or normal-appearing white matter. These findings suggest IFNL signaling as a potential

therapeutic target to prevent chronic autoimmune neuroinflammation.

ultiple sclerosis (MS) is a debilitating T cell-mediated,

demyelinating autoimmune disease of the CNS (1) that

progresses to severe disability in 90% of cases (2). Most
patients with MS initially present with relapsing-remitting MS
(RRMS), in which episodes of neurologic dysfunction are followed
by partial or complete remission. Within 25 years, the majority of
untreated patients with RRMS progress to secondary progressive
MS (SPMS) and experience increasing neurologic deterioration (3).
The Thl cytokine IFN-y and the Th17 cytokine IL-17 have demon-
strated pathogenic roles in MS, whereas Th2 and regulatory T cells
may limit disease activity (4, 5). Furthermore, Th cells producing
GM-CSF have been recently identified to be expanded in the periph-
eral blood and cerebrospinal fluid of patients with RRMS (6). The
strong role of T cells in MS is further underscored by the number of
T cell-modulating therapies that have been successful for RRMS
(7). However, currently approved immunomodulatory therapies are
unable to prevent disease progression or promote recovery (8).
Therefore, for patients with progressive disease, there are no treat-
ments that prevent the chronic emergence of new disabilities or
reverse deficits that previously developed. Studies indicate a critical
role for CNS APCs, including dendritic cells (DCs), in disease
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progression via the initiation and maintenance of T cell autoreactiv-
ity (9-12). These studies used the established murine model for
MS, experimental autoimmune encephalomyelitis (EAE), to define
roles for classical CD11c"MHC™ DCs in Ag presentation and epi-
tope spreading to myelin-specific CD4™ T cells, which maintain dis-
ease. However, there are no therapies that specifically target these
cell types or their cell-specific receptors.

Type III IFNs (IFNLs) or IFN-As generate and sustain antiviral T
cell responses via activation of its receptor, IFNLR, which is
expressed by macrophages (13), subsets of DCs (14—17), and certain
epithelial and endothelial barriers, including the blood—brain barrier
(18). Type I and type III IFNs are closely related, signaling through
common JAK-STAT signaling pathways that lead to transcription of
IFN-stimulated genes (19-21). Specifically, type I IFN binds to the
IFN-a3 receptor (IFNAR), and type III IFN binds to the heterodi-
meric receptor (IFNLR), which is comprised of two subunits,
IFNLRI1 and IL-10RB (22). As IFNAR is ubiquitously expressed,
type I IFN inhibition of viral replication occurs in many cell types.
In contrast, IFNLR-mediated antiviral responses exhibit specificity
for viruses that replicate at barrier surfaces due to its cell-specific
expression (21, 23). Studies in animal models of viral infections
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show that IFNL may act on DCs to modulate and augment down-
stream T cell polarization and effector function (15—-17). Studies in tis-
sues derived from patients with inflammatory disease or in murine
models of these diseases indicate that IFNL contributes to inflamma-
tion and expansion of myeloid and T cell populations (24, 25), down-
regulates Th2 cytokines, and sustains Thl activation (15, 26-28),
including IFN-y production (29). However, the cellular targets of
IFNL and mechanisms for regulation of CD4" Thl cell responses,
especially in CNS autoimmune diseases, have not been defined.

In this study, we demonstrate that IFNL signaling sustains neuro-
inflammation in mice with EAE, a model of the human disease MS.
Induction of CNS autoimmunity in EAE relies on peripheral prim-
ing of CD4" T cells, followed by local reactivation of effector mye-
lin-specific T cells by CNS-resident and infiltrating APCs, including
monocyte- and plasmacytoid-derived DCs (30-32) and B cells (33).
Using murine models of EAE, we show that IFNL promotes disease
maintenance and axonal injury through maintenance of effector Thl
cells within the CNS. Using global and cell-specific deletion strate-
gies, we demonstrate that, in the presence of IFNL, APCs maintain
costimulatory molecules that participate in CD4" T cell activation,
with continued inflammatory cytokine production and disease main-
tenance. IFNL ligand and receptor levels are increased in lesions
from patients with MS compared with MS normal-appearing white
matter (NAWM) and non-MS CNS tissues. Importantly, targeting
IFNL with a single-dose neutralizing strategy is sufficient to reverse
clinical effects and prevent axonal injury, identifying a potential
new therapeutic target to treat MS.

Materials and Methods

Animals

C57BL/6 (The Jackson Laboratory) and Ifulri™~ mice (Bristol-Myers
Squibb) (18, 34) were maintained in specific pathogen-free conditions at
Washington University in St. Louis. Littermate Ifinlri ™", Ifulrl™", Ifnlrl™~
cohoused animals were bred and maintained in specific pathogen-free
conditions at Washington University in St. Louis. Ifinlr##" CD11c-Cre and
Ifnlr "' LysM-Cre lines were obtained from Dr. Megan Baldridge at Wash-
ington University in St. Louis) (35). All animal studies were performed in
accordance with the Animal Care and Use Committee guidelines of the
National Institutes of Health (NIH) and were conducted under protocols
approved by the Animal Care and Use Committee of Washington University
School of Medicine.

EAE induction

Active EAE was induced in 8-10-wk-old male and female mice by s.c.
immunization with murine myelin oligodendrocyte glycoprotein (MOG)3s.s5
peptide (GenScript) and CFA, as previously described (36). Pertussis toxin
(400 ng/mouse; List Biological Laboratories) was administered i.p. on days
0 and 2 following immunization. Animals were monitored blindly for weight
loss and clinical scores based on the following EAE scale: 1, tail weakness;
2, difficulty righting; 3, one hindlimb paralysis; 4, two hindlimb paralysis;
and 5, moribund or dead. For adoptive transfer experiments, spleens from
immunized animals were used to generated wild-type (WT) or Ifnlri™~
MOGs;s.ss—specific Thl clones, as previously described (37), and 107 cells
were transferred to naive recipients via retro-orbital injection. The group size
for EAE studies was determined on the basis of previous study reports and
our past experience using this model.

Murine CNS tissue immunofluorescence

Frozen section preparation and detection of cell markers were accomplished as
previously described (38). Briefly, mice were anesthetized and perfused with
ice-cold Dulbecco’s PBS, followed by 4% paraformaldehyde. Spinal cords
were fixed overnight in 4% paraformaldehyde and then cryoprotected in 30%
sucrose at 4°C for 72 h; sucrose was exchanged every 24 h during that time.
Tissues were frozen in OCT (Thermo Fisher Scientific) and sectioned into 10-
wm sections. Tissue sections were blocked with goat or donkey serum and
0.1% Triton X-100 (Sigma-Aldrich) for 1 h at room temperature. They were
next exposed to anti-CD3 (1:200; catalog number 555273; BD Biosciences),
—ionized calcium binding adaptor molecule 1 (Ibal) (1:250; catalog number
019-19741; Wako Chemicals), -MOG (1:80; AF2439; R&D Systems),
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—myelin basic protein (MBP) (1:100; ab40390; Abcam), —damaged MBP
(dMBP) (1:2000; catalog number AB5864; Millipore), — nonphosphorylated
neurofilament H (SMI-32) (1:1000; catalog number 801702; BioLegend), or
-CD68 (1:500; catalog number MCA1957; Bio-Rad Laboratories) overnight at
4°C. Secondary Abs conjugated to Alexa Fluor 488, Alexa Fluor 555, or Alexa
Fluor 647 (1:400; Invitrogen) were applied for 1 h at room temperature. Nuclei
were counterstained with DAPI (Invitrogen). Coverslips were applied with
ProLong Gold Antifade Mountant (Thermo Fisher Scientific).

TUNEL was performed on sections using the In Situ Cell Death Detec-
tion Kit, TMR Red (Millipore Sigma), according to the manufacturer’s pro-
tocol. Immunofluorescent (IF) images were acquired using the X20 or x40
objective of a Zeiss LSM 880 confocal laser scanning microscope. The
mean positive area was determined using appropriate isotype control Abs
and quantified using Volocity (PerkinElmer) and Fiji (NIH) (39) image anal-
ysis software. Colocalization analysis was performed using Just Another
Colocalization Plugin (JACoP) in Fiji.

In situ hybridization

Frozen sections were prepared as described under the murine CNS tissue IF
section. Following sectioning of tissue, RNAscope 2.5 HD Duplex Assay
(Advanced Cell Diagnostics) and RNAscope 2.5 HD Assay — Red
(Advanced Cell Diagnostics) were performed as per the manufacturer’s
instructions. Probes (Advanced Cell Diagnostics) against Ifilrl and CD1lc
(Itgax) were used. Following in situ hybridization, tissues were counter-
stained with 50% hematoxylin in water. Images were acquired using the
%20, x40, or X63 objective of a Zeiss Cell Observer Inverted Microscope.

CNS leukocyte isolation and flow cytometric analysis

Following cardiac perfusion with PBS, cells were isolated from the spleen,
lymph nodes (LN), and spinal cords of WT or IfinlrI™"~ mice. Spleen and LN
were pushed through a 70-uM strainer to create a single-cell suspension, fol-
lowing which cells from the spleen were incubated with ACK lysing buffer
(Thermo Fisher Scientific). CNS tissue was digested in HBSS (Life Technolo-
gies) containing 0.05% collagenase D (Sigma-Aldrich), 0.1 pwg/ml TLCK tryp-
sin inhibitor (Sigma-Aldrich), 10 wg/ml Dnasel (Sigma-Aldrich) and 10 mM
HEPES, pH 7.4 (Life Technologies) for 1 h at 37°C. Tissue was pushed
through a 70-uM strainer to create a single-cell suspension and then centri-
fuged at 500 X g for 10 min. Cell pellets were resuspended in 37% Percoll (GE
Healthcare) and centrifuged at 1200 X g for 30 min with deceleration set to 0 to
remove myelin debris. Cell pellet was resuspended in PBS, counted using a
hemocytometer, and stained at a concentration of 1:200 with fluorescently con-
jugated Abs. The following Abs were used: CD4 (clone RM4-5, catalog num-
ber 100527; BioLegend), GM-CSF (clone MP1-22E9, catalog number 505403;
BioLegend), IFN-y (clone XMG1.2, catalog number 505829; BioLegend), IL-
17 (clone TC11-18H10.1, catalog number 506915; BioLegend), Tbet (clone
4B10, catalog number 561265; BD Biosciences), retinoic acid—related orphan
receptor yt (ROR+yt) (clone Q31-378, catalog number 562683; BD Bioscien-
ces), CD44 (clone IM7, catalog number 103025; BioLegend), CD69 (clone
H1.2F3, catalog number 104512; BioLegend), CD11b (clone M1/70, catalog
number 557397; BD Biosciences), CD45 (clone 30-F11, catalog number
103113; BioLegend), CD11c (clone N418, catalog number 117333; BioLe-
gend), CD86 (clone GL-1, catalog number 105026; BioLegend), and CD8
(clone 53-6.7, catalog number 100729; BioLegend) as previously described
(40). The LIVE/DEAD Fixable Aqua Dead Cell Stain Kit (Thermo Fisher Sci-
entific) was used to identify live cell populations. Data were collected using a
Fortessa X-20 flow cytometer (BD Biosciences) or LSR-1I flow cytometer (BD
Biosciences) and analyzed using FlowJo software. Percentage data from flow
cytometer were multiplied with hemocytometer cell counts to obtain a total
number of cells per tissue.

In vivo administration of anti-IFNL2/3 neutralizing Ab

Mice used in the neutralization studies were randomly assigned to a treatment
group on day 10 or day 14 post—Thl1 cell transfer, anesthetized with 2% isoflur-
ane, and administered either 100 pg of neutralizing mAb that targets murine
IFNL2 and IFNL3 (anti-mIFNL2/3) or 100 g mouse mAb specific for Escher-
ichia coli B-galactosidase (InvivoGen) in 250 .l sterile PBS via retro-orbital
injection. Clinical scores and weight loss were monitored blindly.

Postmortem human tissue IF analysis

Postmortem CNS tissue from non-MS controls and patients with clinically
defined MS were obtained from the Neuroinflammatory Disease Tissue
Repository at Washington University in St. Louis. Frozen sections were
hydrated and blocked in 0.1% Triton X-100 and 10% donkey serum, fol-
lowed by incubation with mouse anti-human CD31 (1:20; catalog number
550389; BD Biosciences) and goat anti-human IFNL (1:25; catalog number
AF1587, R&D Systems) Abs. Secondary Abs conjugated to Alexa Fluor
488 or Alexa Fluor 555 (1:400; Molecular Probes) were applied for 1 h at
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room temperature. Nuclei were counterstained with DAPI (Molecular
Probes). IF images were acquired in a blinded manner using the X20 or x40
objective of a Zeiss LSM 880 confocal laser scanning microscope. The
mean positive area was determined using appropriate isotype control Abs
and quantified using Fiji (NTH) (39) image analysis software.

Quantitative RT-PCR

RNA was extracted using the RNeasy Micro Kit (Qiagen). RNA was treated
with DNase, and cDNA was synthesized using MultiScribe reverse transcrip-
tase (Applied Biosystems). Quantitative RT-PCR (qRT-PCR) was performed
using Power SYBR Green PCR Master Mix (Thermo Fisher Scientific), pri-
mers [human [filr! (41), human Gapdh, murine Cxcll, murine Cxcl9, murine
Cxcl10, and murine Gapdh], and CFX384 Touch Real-Time PCR Detection
System (Bio-Rad Laboratories). Threshold cycle values >40 were not detected
and therefore not quantified. The AA threshold cycle method was applied to
determine differences in gene expression levels after normalization to Gapdh.

Statistical analyses

Data were analyzed using Prism 7.0 software (GraphPad). Clinical EAE data
were analyzed by Mann—Whitney U test. Other experiments were analyzed
with parametric tests (two-tailed Student 7 test or one- or two-way ANOVA),
with correction for multiple comparisons where appropriate. Colocalization
analysis was analyzed with Mander coefficients (M1 and M2) using Fiji soft-
ware (NIH). A p value <0.05 was considered statistically significant. Sam-
ples were excluded only if determined to be a significant outlier, using
Grubbs test with a significance level of @ = 0.01 (GraphPad). Data are
expressed as means = SEM. Sample sizes are indicated in the figure legends.

Data availability

The data from this study are tabulated in the main article and supplemental
material. All reagents are available from R.S.K. under a material transfer
agreement with Washington University. The data that support the findings of
this study are also available from the corresponding author upon request.

Study approval

All animal experiments followed the guidelines approved by the Animal
Care and Use Committee of Washington University School of Medicine.
The use of the deidentified postmortem tissues obtained from a preexisting
repository was not classified as human studies research, per Washington Uni-
versity’s Institutional Review Board guidelines.

Results
Loss of I[FNL signaling reduces severity of CNS autoimmune disease

To determine whether IFNL signaling impacts the induction of CNS
autoimmunity, we induced EAE in WT and Ifilrl™~ mice via
active immunization with MOGs;s.ss peptide. Although the day of
EAE onset was similar (Supplemental Fig. 1A), IfnlrI™"~ animals
developed significantly less severe EAE compared with WT animals
at peak disease and subsequently maintained lower clinical activity
scores during recovery (Fig. 1A, Supplemental Fig. 1B). Consistent
with the observed alterations in clinical disease course, areas con-
taining Ibal-expressing myeloid cells within lumbar spinal cord
lesions were significantly decreased in Ifinlri™~ compared with WT
mice at a chronic disease time point (day 27 postimmunization)
(Fig. 1B). Importantly, IfilrI™~ animals also exhibited decreased
area of axonal injury compared with WT animals, as assessed by IF
detection of SMI-32 (Fig. 1B). No differences in levels of MBP, a
protein found on the myelin sheath, or in damaged myelin basic pro-
tein (MBPgo.g5, dMBP) (Supplemental Fig. 1C) were observed at
this time point. These results are consistent with published studies
demonstrating that axonal damage may not require prior demyelin-
ation (42) and suggest a critical role for IFNL in promoting inflam-
mation and axonal injury during CNS autoimmune disease.

IFNL signaling does not alter peripheral immune responses after
MOGs;s.ss peptide immunization

As baseline differences in peripheral immunity of WT and Ifalri ™~
animals could underlie differences in disease expression within the
CNS, we examined percentages and phenotypes of lymphoid cells
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FIGURE 1. Loss of IFNL signaling reduces severity of CNS autoimmune
disease. (A) EAE clinical course and area under the curve (AUC) analysis
following active immunization with MOGss_ss peptide of WT and Ifilri ™~
mice. Data are pooled from two independent experiments; » = 11 WT and
n = 14 Ifnlr]™"~ animals shown. (B) IF analysis of lesions within the ven-
tral lumbar spinal cord of WT and IfnlrI™~ mice during EAE at chronic
time point indicated in (A). Ibal* and SMI-32" areas were quantified. Data
are pooled from two independent experiments; n = 10 WT and n = 14
Ifnlr1™" animals shown. Scale bar, 20 wm. Data are presented as means =
SEM. *p < 0.05, **p < 0.01, ***p < 0.001 by Mann-Whitney U test (A)
and two-tailed Student 7 test (A and B).

derived from the spleens and LN of naive WT and Ifinlr] ™~ mice (Fig.
2A). Naive animals showed similar percentages of splenic and LN
CD4%,CD8", and CD19™ cells in both genotypes (Fig. 2B). Analysis
of peripheral lymphoid tissues 11 d following immunization with
MOG;s_ss also revealed no differences in percentages of CD4%,
CD8™, and B220" cells nor in percentages of CD4™ T cells express-
ing inflammatory cytokines or Th transcription factors (Fig. 2C).
Upon in vitro restimulation with MOGss.ss, WT and Ifnlrl ™~ CD4™
Thl-polarized splenocytes and LN cells expressed similar levels of
IFN-y and GM-CSF (Fig. 2D), and induced EAE to a similar extent
following adoptive transfer to naive WT recipients (Fig. 2E).
Together, these data suggest that loss of IFNL signaling does not sig-
nificantly alter the initial peripheral immune response to MOGg;s._ss
immunization or the encephalitogenic capability of MOGss.55—
specific T cells during EAE induction.

IFNL signaling is required for the maintenance of autoimmune
neuroinflammation

Because peripheral T cell activation did not differ between WT and
Ifnilrl ~'~ animals, we examined whether IFNL signaling within the
CNS differentially impacts T cell reactivation. Adoptive transfer of
activated MOGss_ss—specific, Thl-polarized WT CD4" T cells into
naive WT and Ifinlr] ™~ recipients revealed no differences in time of
EAE induction and peak clinical scores between the genotypes
(Supplemental Fig. 2A). However, recovery of neurologic function
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FIGURE 2. IFNL signaling does not
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to baseline status occurred only in [filrl™~ recipients (Fig. 3A).
Correspondingly, lesion areas and axonal injury, assessed as in Fig.
1, were decreased, whereas levels of detection of MOG and dMBP
were unaffected in Ifnlri™~ compared with WT animals at a
chronic disease time point (day 22 posttransfer) (Fig. 3B-D,
Supplemental Fig. 2B). Analysis of infiltrating and activated resident
myeloid cells via detection of Ibal, which participates in membrane
ruffling and phagocytosis (43), revealed decreased expression of the
phagocytic marker CD68 in Ifnlrl ™~ spinal cords compared with
WT at the same time point (Fig. 3C, 3D). To determine whether
this decrease in Ibal™ cells was due to baseline differences, we
examined naive spinal cords and saw no differences in expression
of Ibal between WT and [fnlri ™~ animals (Supplemental Fig. 3A).
TUNEL assay analysis also demonstrated minimal colocalization
with Ibal™ cells in all groups (Supplemental Fig. 3B), suggesting
differences in Ibal™ expression and activation are not due to cell
death. Overall, these data support the notion that IFNL signaling
maintains inflammation in CNS lesions during autoimmunity.

To evaluate the therapeutic potential of targeting IFNL, we deter-
mined whether Ab neutralization recapitulates results observed in
IfnlrI™ mice. Administration of neutralizing mAb that targets
murine IFNL2 and IFNL3 (anti-mIFNL2/3) versus nonspecific 1gG1
on day 10 following induction of EAE via adoptive transfer of
MOG;s.ss—specific CD4™ T cells resulted in amelioration of peak
EAE scores compared with controls (Fig. 3E). Similarly, single

administration of anti-mIFNA2/3 following peak EAE disease on
day 14 post—cell transfer resulted in improved recovery from EAE
(Fig. 3F) and decreased axonal injury (Fig. 3G). These studies not
only validated data obtained through genetic approaches (Fig. 3A),
but also suggest IFNL neutralization may be a therapeutic approach
for reducing chronic neuroinflammation.

IFNL signaling promotes effector function of Thl autoreactive cells
within the inflamed CNS

The cytokines IFN-y, GM-CSF, and IL-17, produced by effector
CD4™ T cells within the inflamed spinal cord, are strongly implicated
in the induction and maintenance of EAE (44—46) and are elevated
in postmortem brain samples from human patients with MS (47).
Based on the crucial role of CD4™ T cell cytokine production in dis-
ease expression, we determined whether IFNLR signaling im-
pacts the effector function of infiltrating spinal cord CD4" T cells
(Supplemental Fig. 4A). Despite transfer of equal numbers of
MOGs;s.ss—specific WT Thl cells, Ifnlrl = recipients exhibited
reduced numbers of CD4™" T cells within the spinal cord at peak dis-
ease compared with their WT counterparts (Fig. 4A, 4B). TUNEL
assay analysis of spinal cords revealed increased CD3™ T cell death in
Ifulr]™~ animals compared with WT animals (Fig. 4C), indicating
IFNLR signaling may underlie T cell survival, and suggests a possible
explanation for decreased T cell numbers. Examination of cytokine
expression by spinal cord—infiltrating CD4™ T cells at peak disease
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revealed that the majority expressed GM-CSF and IFN-y, but not
IL-17 (Fig. 4D, 4E). There were significantly fewer GM-CSF™
IFN-y*IL-17", GM-CSFIFN-y*IL-17", and GM-CSF IFN-y"
IL-177CD4" T cells in the spinal cords of IfnlrI™'~ compared with
WT animals (Fig. 4E). Evaluation of CNS-derived CD4™ cells for
expression of T cell transcription factors during peak EAE revealed
decreased numbers of Tbet " RORyt"CD4™" cells in Ifinlri ™'~ versus
WT animals. Analysis of other populations showed an increase in
Tbet " RORyt" CD4" cells and a decrease in Tbet"RORyt™ CD4" T
cells in IfnlrI ™"~ versus WT animals (Fig. 4F). Analysis of T cell acti-
vation markers revealed decreased numbers of CD44" and
CD69"CD4™ T cells derived from spinal cords of IfilrI ™'~ mice with
EAE compared with similarly affected WT animals, suggesting

IFNLR signaling is required for complete T cell effector function dur-
ing EAE (Fig. 4G, Supplemental Fig. 4B). Overall, these data indicate
that loss of IFNL signaling significantly diminishes numbers of acti-
vated, autoreactive Thl cells, consistent with reduced disease expres-
sion observed in [finlr1™'~ mice.

IFNL signaling promotes myeloid cell activation and chemokine
expression within the CNS

As intrinsic IFNLR signaling did not affect T cell encephalitogenic-
ity, we next examined the impact of I[FNLR deficiency on the phe-
notypes and functions of CNS myeloid subsets during EAE
(Supplemental Fig. 4A). We found that numbers of CD11b" and
CDl1lc* cells derived from spinal cords of Ifulrl™~ animals
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compared with WT controls were significantly decreased (Fig. SA).
Within these populations, numbers of cells expressing costimulatory
molecule CD86, which is required for effective local CD4™ T cell
reactivation during EAE, were also significantly decreased in
IfnlrI™~ versus WT mice (Fig. 5B). Furthermore, analysis of
median fluorescence intensity of CD86 per cell revealed diminished
expression in Jfinlr1 ™~ compared with WT in CD11b*CD11c* and

FIGURE 5. [IFNL signaling maintains
myeloid cells and CXCL10 expression
in the CNS during acute EAE. (A) Live,
single cells were gated on CD45, fol-
lowed by CDI1b and CDllc gating.
Numbers of these populations were
quantified. Each of these populations
was analyzed for numbers of cells
expressing CD86 (B) and median fluo-
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peak, and chronic. Expression of Cxcll
(D), Cxcl9 (E), and Cxcl10 (F) was quan-
tified by qRT-PCR. Values shown as
fold change (272%“) compared with
WT naive samples. Data are presented
as means £ SEM. *p < 0.05, **p <
0.01, ***p < 0.001 by two-tailed Stu-
dent 7 test (A—C) comparing WT versus
IfnlrI™" and two-way ANOVA (D-F).
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CD11b"CD11c¢™ populations (Fig. 5C). These data suggest that in
the absence of IFNLRI, there are fewer activated APCs to provide
the costimulatory signals necessary for proper T cell reactivation
within the inflamed CNS.

In addition to providing costimulatory signals to T cells, myeloid
cells may produce chemokines that influence recruitment of T cells
to the CNS. We, therefore, examined whether presence of IFNL
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FIGURE 6. CDIlc" cells are critical
targets of IFNL during EAE. (A) Repre-
sentative images of dual in situ hybridi-
zation for Ifnlrl and CD1lc RNA on
WT spinal cords collected at peak EAE.
Black arrowheads demonstrate colocali-
zation of Ifnlrl and CDIIc. Red arrow-
heads depict Ifiulrl"CDIlc™ cells.
Images on right are magnified images
of the field of view shown on the left.
(B) Ifulr""CD11c-Cre™ and Ifnlr ™"
CD11c-Cre” mice were monitored for
EAE disease course following active
immunization. Data are pooled from
three independent experiments; n = 9
IfnlrP"CD11c-Cre™ and n = 15
IfalrP""CD11c-Cre”  animals shown.
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signaling altered expression of chemokines CXCL1, CXCL9, and
CXCL10 that have been implicated in EAE pathogenesis (48, 49).
We found increased spinal cord expression of CXCL10 during peak
EAE in WT animals compared with Ifinlr/ ™"~ animals, but no differ-
ences in CXCL1 and CXCL9 (Fig. SD-F). These data suggest that
IFNL may promote CXCL10-mediated recruitment of T cells to the
CNS during EAE.

IFNL signals through CD11c™ cells to maintain neuroinflammation

Consistent with prior studies detecting IFNLR expression by DCs
(15, 17), Ifnlrl mRNA within spinal cords at peak EAE colocalized
with CD11c mRNA within cells in perivascular lesions, as well as
in the parenchyma (Fig. 6A). As shown previously (18), Ifnlrl
mRNA expression was also detected in microvascular endothelial
cells (Fig. 6A). Based on observed alterations in myeloid cell num-
bers in WT and Ifnlrl™~ animals (Fig. 5) and prior studies demon-
strating both macrophages (13) and DCs (17) are IFNL targets, we
determined the cell-specific effects of IFNL signaling in EAE via
MOGss.ss peptide immunization of IfnlrI™CD11c-Cre (targeting
DCs) (50) and IfnlrI"LysM-Cre (targeting neutrophils and macro-
phages) (51) animals. Ifinlr1"CD11c-Cre* animals exhibited signif-
icant improvement of EAE scores in the chronic disease phase
compared with [finlriVCD11c-Cre™ animals (Fig. 6B), whereas no
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differences were observed between IfinlrIV"LysM-Cre* and Ifnlr1™"
LysM-Cre™ animals (Supplemental Fig. 4E). Ifulri"CD11c-Cre™
animals also exhibited significant decreases in axonal injury, but lim-
ited differences in Ibal™ or MBP™" cells compared with Ifnlr?""
CD11c-Cre™ animals (Fig. 6C, 6D, Supplemental Fig. 4F). These data
suggest that IFNLR1 expression by CD11c™ cells influences EAE dis-
ease course and neuropathology.

IFNL ligand and receptor levels are elevated in MS lesions

Given that IFNL signaling is critical for the maintenance of encepha-
lomyelitis in mice, we wondered if IFNL expression differed within
inflammatory demyelinating lesions versus NAWM within CNS tis-
sues of patients with MS. Immunohistochemical detection of IFNL in
human postmortem specimens derived from the brains of patients
with no neurologic diseases (non-MS) and those with RRMS and
SPMS (Fig. 7A, Table I) revealed similar levels in the NAWM of
patients with MS and controls without MS. However, CNS lesions in
tissues derived from patients with SPMS exhibited increased expres-
sion of IFNL compared with NAWM of patients with SPMS. There
were no significant differences in level of IFNL expression between
lesions of patients with RRMS and SPMS (Fig. 7B). In patients
with RRMS, IFNL was localized to vessels, whereas in patients
with SPMS, IFNL was also observed in parenchymal cells (Fig. 7A).
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gRT-PCR detection of Ifialrl mRNA, within human postmortem
CNS specimens derived from patients without MS and with MS
(Table 1II), revealed significantly increased levels of Ifnlrl mRNA in
active MS lesions, compared with non-MS tissue, MS NAWM, and

Table I. Demographics of postmortem human samples for IF analysis

MS-inactive lesions (Fig. 7C). These data, in conjunction with our
murine findings, suggest IFNL signaling plays a critical role in pro-
moting and maintaining inflammation within demyelinating lesions
during CNS autoimmune disease.

Sample Lesion Classification Age (y) Sex Disease Duration PMI (h) Cause of Death MS Diagnosis Tissue

1 — 69 F — 43 Sepsis — Cerebrum

2 — 41 M — 24 Cardiac arrest — Cerebrum

3 — 56 F — 18 MI — Cerebrum

4 — 73 M — 3 Cardiac arrest — Cerebrum

5 — 34 M — 12 AML — Cerebrum

6 Inactive 41 F 15 12 Diabetes complication RRMS Cerebrum (PVWM)
7 NAWM

8 Inactive 65 F 25 11 Lung cancer RRMS Cerebrum (PVWM)
9 NAWM

10 Inactive 79 F 22 17 Pulmonary edema RRMS Cerebrum (PVWM)
11 NAWM

12 Inactive Cerebrum

13 NAWM

14 Active 54 F 17 7 Pneumonia SPMS Putamen

15 NAWM

16 Active Cerebrum (cortex)
17 NAWM

18 Active 50 F 13 20 Not reported SPMS Cerebrum (cortex)
19 NAWM

20 Inactive 95 F 56 9 Pulmonary edema SPMS Cerebrum (cortex)
21 NAWM

22 Inactive 70 M 20 8 Pneumonia SPMS Cerebrum (PVWM)
23 NAWM

24 Active Cerebrum (cortex)
25 NAWM

26 NAWM 45 F 7 5 Respiratory failure SPMS Cerebrum (PVWM)
27 Active Midbrain

28 NAWM

29 Inactive 46 F 21 6 Pneumonia SPMS Midbrain

30 NAWM

31 NAWM Cerebrum

32 Inactive 50 F 12 16 PE SPMS Pons

33 NAWM

AML, acute myelogenous leukemia; F, female; M, male; MI, myocardial infarction, PE, pulmonary embolism; PMI, postmortem interval; PVWM, periventricular white

matter.
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Table II. Demographics of postmortem human samples for qRT-PCR analysis
Sample Lesion Classification Age (y) Sex Disease Duration PMI (h) Cause of Death MS Diagnosis Tissue
1 — 69 F — 43 Sepsis — Cerebrum
2 — 41 M — 24 Cardiac arrest — Spinal cord
3 — 56 F — 18 MI — Cerebrum
4 — Spinal cord
5 NAWM 41 F 15 12 Diabetes complication RRMS Pons
6 Inactive 79 F 22 17 Pulmonary edema RRMS Cerebrum
7 NAWM Spinal cord
8 Active 60 M 14 9 Respiratory failure SPMS Spinal cord
9 Active 54 F 22 8 Pneumonia SPMS Spinal cord
10 Active 50 F 13 20 Not reported SPMS Spinal cord
11 Inactive Cerebrum (cortex)
12 NAWM 95 F 56 9 Pulmonary edema SPMS Pons
13 Active 54 F 17 7 Pneumonia SPMS Spinal cord
14 Inactive Putamen
15 NAWM 77 F Unknown 16 Not reported SPMS Spinal cord
16 Inactive 35 M 12 10 Not reported PPMS Spinal cord
17 Active 45 F 16 3 Pneumonia PPMS Cerebellum
18 Active PPMS Pons
19 Active 69 F 29 5 Colon cancer PPMS Medulla
20 Active PPMS Spinal cord
21 NAWM 86 F 31 12 Cardiac arrest PPMS Pons

F, female; M, male; MI, myocardial infarction; PMI, postmortem interval.

Discussion

The identification of new therapeutic targets is essential for the devel-
opment of new drugs to prevent chronic disease in patients with MS.
Our study identifies IFNL-IFNLR expression during CNS autoimmu-
nity as a critical component in the maintenance and function of autor-
eactive T cells. Inactivation of IFNL signaling, via targeted deletion of
Ifnlrl, led to reduced axonal pathology and recovery of neurologic
function. These phenotypes correlated with reduced numbers of CNS-
infiltrating T cells and myeloid cells. The effects of IFNLRI1 signaling
were T cell extrinsic, as in vitro—restimulated Th cells from WT and
IfnlrI™" animals induced similar EAE following adoptive transfer
into WT recipients. Instead, IFNL targeted myeloid cells, as CD11¢™
cell-specific deletion of IFNLR1 improved recovery following EAE.
IFNL ligand and receptor levels are also increased in lesions of
patients with MS compared with NAWM. Importantly, neutralization
of IFNL with a single administration of anti-mIFNA2/3 Ab amelio-
rated peak disease and improved recovery when given before or after
peak EAE, respectively. Overall, our study highlights IFNL as a
potential therapeutic target to prevent chronic neuroinflammation.

In concordance with our findings, recent studies highlight that
IFNL plays a significant role in immune-driven diseases. In a murine
model of TLR7-induced lupus, IFNL promotes immune dysregulation
through expansion of myeloid and T cell populations in the spleen and
blood and induction of chemokine production by keratinocytes (24).
Furthermore, IFNL protein levels are upregulated in patients with
rheumatoid arthritis (52—-55) and contribute to inflammation and carti-
lage degradation during osteoarthritis (25). Studies of allergic airway
disease, vaccination-induced inflammation, and in vitro models exam-
ining T cell subtypes reveal the ability of IFNL to inhibit Th2 polariza-
tion (26-28, 56) and promote IFN-y production (15, 27, 28, 57),
indicating that IFNL may enhance Th1 function (58). The mechanisms
by which IFNL alters T cell function are yet to be fully elucidated, but
our data indicate that T cells are not directly targeted. Additionally, in
corroboration with our work, studies of viral influenza suggest that
IFNL modulation of CD11c* DC responses affects the downstream
adaptive immune response (17, 59). Conventional DCs may also pro-
duce IFNL to promote antitumor immunity via promotion of a Thl
microenvironment (60). One study has also indicated that IFNL may
inhibit IL-17 responses (61), which may explain the increase in
ROR~t™ cells observed in Ifilrl™~ animals compared with WT ani-
mals in the current study (Fig. 4F). As RORvt is a prototypical Th17

transcription factor, these data suggest that IFNL may influence Th17
cell function in addition to Th1 cells. IFNL may also influence Th2 cells
in the CNS; however, we focused on Thl and Th17 cells, as they have
been strongly implicated in EAE pathogenesis (62). IFNL may also
alter macrophage (13), NK cell (63), and neutrophil (61, 64, 65) polari-
zation and cytokine production, as well as B cell differentiation (66).
IFNLs upregulate CXCL10 (24), leading to recruitment of T cells
to sites of inflammation and maintenance of Thl effector function.
This may be due to the preferential expression of the CXCL10 recep-
tor CXCR3 on Thl cells compared with Th2 cells (67-69). Further-
more, DCs are key producers of CXCL10 and thus promote CXCL10-
mediated Th1 effector function (70, 71). Taken together, this known
interplay among CXCL10, DCs, and Thl responses corroborates
strongly with the data we present in this study. During CNS autoim-
munity, I[FNL may stimulate DCs to produce CXCL10 and thus
increase numbers of Th1 effector cells within the spinal cord.
Examination of IFNL within the CNS has primarily been in the
context of neuroinvasive viral illnesses. During West Nile virus
encephalitis, IFNL substantially limits neuroinvasion by stabilizing
the blood—brain barrier (18, 72). In our present work, lack of IFNL
signaling reduces numbers of infiltrating T cells within the CNS and
ameliorates EAE. These differences are likely because T cells and
viruses use different mechanisms to enter the CNS. Although West
Nile virus peripheral infection relies on blood—brain barrier disrup-
tion to cross into the CNS (73, 74), activated leukocytes are able to
bind to adhesion molecules upregulated on the endothelium and
extravasate in a transcellular fashion across the barrier (75). Aside
from the endothelium, IFNL also acts on other CNS cell types;
IFNL treatment of in vitro culture of primary astrocytes and neurons
results in diminished replication of HSV type I within these cells
(76). These studies focused on the effect of IFNL during acute viral
infection, particularly on induction of JAK/STAT-mediated antiviral
gene transcription and control of replication. Our findings suggest
IFNL may have additional immunomodulatory roles within the
CNS, especially in the context of ongoing inflammation. The role of
IFNL in chronic neuroinvasive viral infection is unknown but may
be similar to our observations, especially because IFNL has been
shown to exert opposing effects on T cells based on viral chronicity
in a model of lymphocytic choriomeningitis virus (77).
Nonredundant roles that distinguish IFNL functions from those of
type I IFNs have undergone limited investigation. Models of
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epithelial viral infections of lung and gut have shown temporal and
spatial differences between type I and type III IFN responses (78,
79). One explanation for these differences is that whereas IFNAR is
expressed ubiquitously, IFNLR is only expressed on a limited set of
cells (80, 81). Our data also indicate that type I and type III IFN
responses are quite distinct during CNS autoimmunity. Although we
show that [fnlrI™"~ mice recover from EAE, Ifnar!™"~ mice develop
a more severe disease course, a phenotype mediated by IFNAR sig-
naling in myeloid cells (82). Furthermore, type I IFN may skew the
immune response away from Thl and toward Th2 (83-85), whereas
multiple studies, including ours, show that IFNLs promote Thl
polarization. This dichotomy demonstrates the protective function of
type I IFN and inflammation-promoting properties of IFNLs during
CNS autoimmunity.

Overall, our results highlight the important role that myeloid cells
play in Thl cell-mediated maintenance of neuroinflammation that
requires IFNL signaling (86, 87). Furthermore, our Ab-mediated
neutralization studies highlight the therapeutic potential of targeting
IFNL because neutralization, even after establishment of encephalo-
myelitis, was significantly beneficial. Further studies identifying
methods to reduce prolonged inflammation and damage in the CNS
are necessary for developing therapeutics that prevent the chronic
disease associated with MS.
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