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Interferon-y controls aquaporin 4-specific
Th17 and B cells in neuromyelitis optica
spectrum disorder

Gabriel Arellano,”' Eileah Loda,*' Yanan Chen,® Tobias Neef,! Andrew C. Cogswell,*
Grant Primer,’ Godwin Joy,* Kevin Kaschke,?® Samantha Wills,? Joseph R. Podojil,**
Brian Popko,? Roumen Balabanov? and @®Stephen D. Miller®

TThese authors contributed equally to this work.

Neuromyelitis optica spectrum disorder (NMOSD) is a CNS autoimmune inflammatory disease mediated by T helper 17
(Th17) and antibody responses to the water channel protein, aquaporin 4 (AQP4), and associated with astrocytopathy, de-
myelination and axonal loss. Knowledge about disease pathogenesis is limited and the search for new therapies impeded
by the absence of a reliable animal model. In our work, we determined that NMOSD is characterized by decreased IFN-y
receptor signalling and that IFN-y depletion in AQP4,0;-220-immunized C57BL/6 mice results in severe clinical disease
resembling human NMOSD. Pathologically, the disease causes autoimmune astrocytic and CNS injury secondary to cel-
lular and humoral inflammation. Immunologically, the absence of IFN-y allows for increased expression of IL-6 in B cells
and activation of Th17 cells, and generation of a robust autoimmune inflammatory response. Consistent with NMOSD,
the experimental disease is exacerbated by administration of IFN-f, whereas repletion of IFN-v, as well as therapeutic tar-
geting of IL-17A, IL-6R and B cells, ameliorates it. We also demonstrate thatimmune tolerization with AQP4,0;_200-coupled
poly(lactic-co-glycolic acid) nanoparticles could both prevent and effectively treat the disease. Our findings enhance the
understanding of NMOSD pathogenesis and provide a platform for the development of immune tolerance-based therap-
ies, avoiding the limitations of the current immunosuppressive therapies.
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Interferon-y regulation of NMOSD

Introduction

Neuromyelitis optica spectrum disorder (NMOSD) is an autoimmune
inflammatory disease of the CNS, affecting predominantly the optic
nerves and spinal cord, and to a lesser extent the brain.” The disease
is mediated by self-reactive T helper 17 (Th17) cells and an antibody di-
rected against the astrocytic water channel protein aquaporin 4
(AQP4).%* 1t is believed that autoimmune inflammation arises in the
peripheral immune organs and evolves in a cascade-like fashion, in-
volving several cytokines and effector molecules, including IL-6,
IL-17, the complement system, as well as mononuclear and poly-
morphonuclear cells.*® Pathologically, the disease is a result of the
convergence of the multiple effector arms of the immune system,
leading to direct astrocyte injury and bystander demyelination, oligo-
dendrocyte loss and neuronal damage.*®°*? Immunotherapy of
NMOSD is founded on disease pathogenesis and targets the B cells,
IL-6R and complement, but despite its immunosuppressive effect, it
possesses limited potential to eradicate autoimmune clones.**®

Immune tolerization is an experimental and clinical therapeutic
approach of major interest to the field of NMOSD." This interest is fos-
tered by the fact that the AQP4 autoantigen targeted in the NMOSD is
well characterized and that anti-AQP4 immune responses are quanti-
fiable and correlate with disease activity. However, research on im-
mune tolerance and other immunotherapies is impeded by the very
low incidence of NMOSD, which is about 14 per 100 000 population,
and the limited availability of human specimens for extensive stud-
ies.! Moreover, current animal models of the disease have failed to re-
capitulate its clinicopathological characteristics fully, in terms of
immune mechanisms, natural course and clinical relevance, or they
require elaborate manipulation, making them suboptimal or inaccess-
ible for NMOSD research.?>?*

Interferons (IFNs) play an important role in the pathogenesis of
CNS-autoimmune diseases by altering and modulating the balance
between the disease-specific Th1 and Th17 responses.?>° IFN-f
(type I IFN), a common therapy for multiple sclerosis due to its in-
hibitory effects on Th1 cells, worsens symptoms in NMOSD.?>2?
Disease symptoms and severity positively correlate with the degree
of Th17 immune dominant responses, IL-6 levels and anti-AQP4
antibody titres.”%3* Alternatively, IFN-y (type II IFN) plays a
pro-inflammatory role in the pathogenesis of multiple sclerosis by
stimulating Th1 responses,®* while its role in NMOSD is uncertain,
as reports have described both up- and downregulation of its ex-
pression and/or associated genes.?>***3 This pattern of functional
opposition between type I and II IFNs is of major interest given its
clinical implications for NMOSD. It is conceivable that IFN-y might
be involved in the pathogenesis of the disease as a negative regula-
tor of autoreactive immune responses and CNS inflammation.

In the present report, we describe the role of IFN-y in NMOSD and
AQP4,01-220-induced experimental disease. Our study demonstrates
for the first time that IFN-y is essential for maintaining natural im-
mune tolerance to AQP4 and that its absence allows the generation
of a significant autoimmune inflammation, and a severe clinical dis-
ease resembling NMOSD. The results of this study are novel and pro-
vide an experimental paradigm for testing new therapies for NMOSD.

Materials and methods

Male or female C57BL/6 wild-type (WT), IFN-y-receptor-knockout
(IFNGRKO),** IFN-y-knockout (IFNGKO),*> type 1 IFN-receptor-
knockout (IFNARKO),* FoxP3 diptheria toxin receptor (FOXP3P™)*
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and IghelMD4* mice 8-12 weeks old were purchased from the
Jackson Laboratories. AQP4 knockout (AQP4KO) mice* were acquired
from Riken BRC, Japan. Mice were immunized with the immunodomi-
nant AQP4 peptide 201-220 (AQP4501_220; Genemed Synthesis)*® using
various concentrations of the peptide. Complete Freund’s adjuvant
(CFA) and pertussis toxin (PTx) administration was as previously de-
scribed (Supplementary Fig. 1).°°? Disease signs were scored as fol-
lows: 0 =no symptoms; 1 =1loss of tail tone; 2 = flaccid tail; 3 = partial
paralysis of lower extremities; 4 = complete paralysis of lower extrem-
ities; 5 = moribund/death.

Treatment antibodies/isotype controls (BioXcell) were administered
intraperitoneally (i.p.) in 200 pl/PBS at predetermined days post-
immunization (p.i.): anti-IFN-y (500 pg, clone XMG1.2) at Days 0, 7,
14 and 21; anti-IL-6R (1 mg, clone 15A7) at Days 0 and 7; anti-CD20
(200 mg, clone MB20-11) at Days 0, 7 and 14; anti-CD25 (500 mg, clone
PC-61.5.3) at Days 0 and 2; anti-IL-17A (500 mg, clone 17F3) weekly
from Day O or at Days 6, 10 and 14; and mouse IFN-y (2 pg; Gibco) or
IFN-B (10000 U; BioLegend) from Day O for 10 days or at the peak of
the disease daily for 7 days. AQP4,01-220-coupled or OVAgsps 330-
coupled poly(lactic-co-glycolic acid) (PLGA) nanoparticles (1.28 mg/
200 pl) were given intravenously (i.v.)-one injection at Day 7 prior to
immunization or two therapeutic injections at symptom onset. T
regulatory cell (Tye,) depletion in FOXP3"™-mice was induced by ad-
ministering 2.5 pg of diphtheria toxin (DTx; Sigma-Aldrich) at Days 8
and 10.

Optic nerves, spinal cord and brain were fixed and processed as pre-
viously described.>® Primary antibodies included: rabbit anti-AQP4
(1:200; Sigma), rabbit anti-Sox9 (1:500; Invitrogen), mouse anti-Sox9
(1:500; Novus), chicken anti-GFAP (1:200; Millipore) chicken anti-
neurofilament (1:500; Millipore), rat anti-CD3 (1:200; Santa Cruz), rat
anti-MBP (1:250; Bio-Rad), mouse anti-CD19 (1:50; ThermoFisher),
mouse anti-C5b-9 (1:50; Santa Cruz), goat anti-mouse IgG (heavy +
light) (1:2000; Invitrogen) and goat anti-TPPP (1:100; ThermoFisher).
The nuclei were counterstained with DAPIL. Images were acquired
and analysed using a fluorescent confocal microscope (Zeiss-LSD
880) (Supplementary material).

Single-cell suspensions of CNS-mononuclear cells, lymph nodes and
spleens were obtained as previously described.*>*** Flow cytometry
cell analysis was performed using a FACSCelesta™ (BD Bioscience)
and analysed with FlowJo X v10.7 software (Tree Star).>? T-cell cyto-
kine expression was assessed following stimulation with phorbol
myristate acetate (PMA)/ionomycin (BioLegend) and Brefeldin A (BD
Bioscience). The immunostaining used in the experiments consisted
of the following immunophenotyping panels. White blood cells:
CD45, CD3, CD19, NK1.1, CD11b, F4/80 and Ly6G; T cells: CD45, CD3,
CD4, y8TCR, IL-17A, IFN-y; B cells: CD19, CD138, CD40, CD80, CD86,
MHC-II, IL-6; Th17-cell differentiation: CD4, IL-17A, granulocyte-
macrophage colony-stimulating factor (GM-CSF), CD25, RAR-related
receptor-gamma (RORyt), FOXP3; astrocytes: GLAST, AQP4, CD45
(Supplementary Fig. 2 and Supplementary material).

Data for differentially expressed genes (DEGs) from whole blood
of NMOSD patients versus healthy controls were obtained from
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publicly accessible data published by Agasing et al.” The Interferome
database® was used to determine type I or type Il IFN-regulated genes.
Reactome software® analysis was performed to obtain the most sig-
nificant enriched pathways. Mouse total RNA was analysed with a
Nanostring® autoimmune profiling panel. Rosalind® software was
used to complete mRNA DEG analysis. Gene set analysis (GSA) was per-
formed with a fold-change of 1.5 for up- and downregulated genes and
adjusted P-value of 0.05.

B cells were purified using negative magnetic selection (Stemcell
Technologies), cultured at 2.5 x 10° cells/ml and stimulated for 24
or 72 h with 40 pg/ml AQP4,01-200 peptide or 1 pg/ml of plate bound
anti-CD40 antibody. WT and IFNGKO B cells were also stimulated
with 0, 1, 25 and 100 ng/ml of IFN-y. For Th17 induction, B cells
were stimulated with either AQP4,0120> Or anti-CD40 antibody
for 24h and replated in the presence of 20 pg/ml AQP4,01-220
together with purified CD4" cells from primed IFNGRKO mice
(2.5x10° cells/ml) in a 1:1 ratio for 72 h. Cells were analysed by
flow cytometry and multiplex cytokine assay.

Splenocyte ex vivo recall assays were performed by culturing cells
at 37°C with 20, 40 and 80 pg/ml of AQP4,01-220 peptide or 1 pg/ml
of anti-CD3 antibody for 72 h. The Multiplex cytokine assay and
Luminex® 200™ system were used to quantitate cytokines IL-1p,
IL-4, IL-6, IL-10, IL-17A, IL-23, GM-CSF, IFN-y and TNF-o. These cy-
tokines plus chemokines CXCL1, CXCL2, CXCL9, CCL2, CCL3, CCL4
and CCL5 were also quantitated in mouse sera (Millipore). Serum
AQP4,01-200-specific antibodies were quantitated using ELISAs. A
96-well high-binding plate (Fischer Scientific) was coated with
1 pg/ml of AQP4201-220 O recombinant human AQP4 protein (pro-
vided by Dr Robert Stroud, UCSF), and mouse serum was added
to a final dilution of 1:50. Horseradish peroxidase-labelled de-
tection antibodies (1:4000) and tetramethylbenzidine substrate
(SurModics) were used to develop the plates, and the product’s op-
tical density (OD) was measured on a SpectraMax-M2 plate reader.
The immunoreactivity of anti-AQP4 IgG was also tested in a cell-
based assay (Supplementary material).

Statistical analyses were performed using the Mann-Whitney non-
parametric test or Kruskal-Wallis one-way ANOVA with GraphPad
Prism v.9.5 software. Differences with P-values of <0.05 were con-
sidered significant.

Results

To investigate the roles of type I (IFN-B) and II (IFN-y) IFNs in NMOSD,
we analysed the 87 DEGs previously identified in whole blood of
untreated NMOSD patients versus healthy controls.” Using the
Interferome database, we identified 69/87 DEGs strictly regulated
by IFNs (Fig. 1A). DEGs controlled by only type I or type II IFNs
were predominantly downregulated (2/2 and 13/14 genes, respect-
ively), whereas those controlled by both IFNs were mostly upregu-
lated (41/53 genes). Biologically, the 16 DEGs controlled by only
type I or type II IFNs appeared to be pleiotropic in their function.
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Alternatively, DEGs regulated by both IFNs displayed more uniform
and recognizable patterns, such as IFN-inducible, anti-viral and im-
mune response-related genes. Analysis using the Reactome soft-
ware of the 87 DEGs demonstrated that the most common
signalling pathways associated with NMOSD were those of IFN,
IFN-0/B, IFN-y, cytokine and antiviral responses (Fig. 1B). Most of
the DEGs associated with NMOSD (67/87) were either strictly de-
pendent or co-dependent on IFN-y receptor signalling.

As previously reported, immunization of C57BL/6 mice with animmu-
nodominant AQP4,0:-2,0 peptide emulsified in CFA, although effective
in inducing an autoimmune response, was insufficient to induce
robust inflammation and a paralytic experimental disease.”® We at-
tempted, first, to increase the disease severity to a clinically relevant
level using common experimental strategies. Our results revealed
thatimmunization with higher concentrations of AQP4,0;1-220 peptide
(200 ng) and CFA [500 pg of Mycobacterium tuberculosis (Mtb)] than pre-
viously employed yielded only minimal enhancement of symptoms
(Supplementary Fig. 1 and Supplementary Table 1). Similarly, Treg
cell blockade/depletion using anti-CD25 neutralizing antibodies in
WT and DTx-induced depletion in FOXP3P™ mice failed to increase
disease incidence and severity significantly (Supplementary Fig. 3).>
Next, we immunized WT, IFNARKO, IFNGRKO and IFNGKO mice
with AQP450;-200 peptide as specified above. IFNARKO mice exhibited
alow incidence (40%) and mean clinical score (MCS = 1.0), lower than
WT mice (67% incidence, MCS = 1.77). Significantly more severe dis-
ease was seen in mice lacking either IFN-y or its receptor (IFNGKO:
80% incidence, MCS=3.1; IFNGRKO: 80% incidence, MCS=3.3)
(Fig. 1C and D and Supplementary Video 1). These mice exhibited a
slightly delayed mean day of onset (MDO) of 17.8 and 20.8, respect-
ively, compared with the WT and IFNARKO mice (MDO=13.6 and
17, respectively) (Supplementary Table 2A). However, their disease
was severe and persisted chronically without remission compared
with the WT and IFNARKO mice (Fig. 1C). The effect of anti-IFN-y
neutralization in AQP4,91_s00-immunized WT mice was dose-
dependent. While no clinical effects were observed following the ad-
ministration of two doses, a slight enhancement of the disease was
noted after three doses, and significantly more severe outcomes
were observed with four doses, amongst increased disease incidence
(20%, 40% and 90%, respectively) and MCS (0.55, 1.15, and 3.65, re-
spectively) (Fig. 1E and F and Supplementary Table 2B). The number
of doses also determined the disease chronicity and recovery (im-
provement >1 score), as mice developing disease after two or three
doses of anti-IFN-y recovered over time (100% and 50% recovery
rate per dose, respectively) compared with the group that received
four doses (11% recovery). Thus, IFN-y controls the clinical course
of AQP4,0;-200-induced disease, and its depletion/neutralization is
required for the induction of clinically relevant symptomology.

To determine the differential roles of type I and type II IFNs on dis-
ease modulation, we treated IFNARKO or IFNGRKO mice for 10 days
with IFN-y and IFN-B, respectively. Although WT mice developed a
mild/low severity disease, IFN-y treatment of WT mice still reduced
the incidence (30% to 20%) and maximal MCS (0.8-0.25) and delayed
the MDO (from Day 13 to Day 17) compared with the controls (Fig. 1G
and Supplementary Table 2C). This treatment had no effect on
IFNARKO mice (Fig. 1H). In WT mice, IFN-B treatment displayed
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Figure 1 Opposing roles of type I and type II interferons in the regulation of neuromyelitis optica spectrum disorder and AQP4,¢1-220-induced disease.
(A) Venn diagram and differentially expressed genes (DEGs) following Interferome analysis for type I and type II IFN-regulated genes (a total of 69 of 87
genes regulated by IFNs) from whole blood of untreated neuromyelitis optica spectrum disorder (NMOSD) patients versus healthy donors obtained
from publicly available RNA sequencing data (see ‘Materials and methods’ section). (B) Reactome pathway enrichment analysis of DEGs (total of 87
DEGs). Mean clinical score (C) and maximal clinical score (D) were evaluated in AQP4,01-200-immunized wild-type (WT) (black, n=15), IFN-y-knockout
(IFNGKO; red, n=5), IFN-y-receptor knockout (IFNGRKO; blue, n=5) and type I IFN-receptor knockout (IFNARKO; green, n=>5) mice. Mean clinical scores
(E) and maximal clinical scores (F) were recorded in AQP4,01-220-immunized WT mice treated with two (red, n=10), 3 (blue, n=10) or four (green, n=10)
weekly doses starting from Day 0 of anti-IFN-y, or isotype control antibodies (filled circles, total of four doses, n=10). Administration of IFN-y to WT
(G) and IFNARKO (H), or IFN-B to WT (I) and IFNGRKO (J) mice was performed for 10 days beginning on the day of immunization (n = 10). All data are pre-
sented as mean + standard error of the mean (SEM). Statistical analyses were performed using the Mann-Whitney test. *P < 0.05, **P < 0.01, **P < 0.001.

the opposite effects, increasing disease incidence (30% to 50%) and
the maximal MCS (0.7 to 1.4), while the MDO was moderately delayed
(from Day 14 to Day 16) (Fig. 1I and Supplementary Table 2D). The
treatment led to significantly more severe disease in IFNGRKO
mice, with higher incidence (63% to 90%), maximal MCS (2.682
to 3.6) and earlier MDO (from Day 19 to Day 16) (Fig. 1J and
Supplementary Table 2D).

AQP4,0,-200-induced disease is characterized by
specific astrocytic and bystander CNS cell injury

Pathological examination of anti-IFN-y-treated mice at Day 22 p.i.
demonstrated a significantly reduced number of cells expressing

SOX9 (astrocyte-specific nuclear transcription factor)*® in the

spinal cord (51% reduction) and AQP4 loss in optic nerve and
spinal cord (49% and 48%, respectively) compared with the con-
trols, indicating the antigen and cell specificity of the auto-
immune response. GFAP staining revealed a morphology of
reactive astrocytes in both structures (Fig. 2A and B).*° Flow cyto-
metry analysis further demonstrated that GLAST (EAAT1),
another astrocyte marker, was also reduced in the spinal cord
of anti-IFN-y-treated mice (47% reduction), indicating inflamma-
tory cell injury (Supplementary Fig. 4).* Additionally, we noticed
in the optic nerves and spinal cord, significant bystander loss of
myelin [38.7% reduction in MBP mean fluorescence intensity (MFI)
and 5.3-fold increase in demyelination area, respectively],
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Figure 2 AQP4,01-220-induced disease is characterized by loss of astrocytes, oligodendrocytes, myelin and axons. Optic nerve (A, C and E) and lumbar
spinal cord (B, D and F) sections were obtained from isotype control- and anti-IFN-y-treated mice at Day 22 post-immunization (p.i.) and immunos-
tained for astrocyte (Sox9-AQP4-GFAP-DAPI) (A and B), myelin (MBP-DAPI), neurofilament (NF-DAPI) (C and D) and oligodendrocyte (TPPP-DAPI) mar-
kers (E and F). The immunofluorescent images were accompanied by a statistical comparison of the markers’ mean fluorescence intensity (MFI)
between the isotype control- and anti-IFN-y-treated groups. Luxol fast blue (LFB) staining was performed to examine optic nerve (G) and lumbar spinal
cord (H) for evidence of demyelination. The rectangle delineates an area of the anterior spinal columns that demonstrates loss of LFB staining depicted
atlow and high magnifications. Scale bars of 20, 50, 100 and 200 pm are indicated on the images. All data are presented as mean + SEM (n =5). Statistical
analyses were performed using the Mann-Whitney test. *P < 0.05, *P < 0.01.

oligodendrocytes (25% and 43.1% TPPP* cell reduction, respectively)
and neurofilaments/axons (45.15% and 43.9% NF MFI reduction, re-
spectively) was observed (Fig. 2C-F and Supplementary Fig. 5).
Myelin loss was independently confirmed by using Luxol fast blue Immunopathological examination of AQP4,0;-200-induced disease de-
(LFB) staining (Fig. 2G and H). monstrated that optic nerve and spinal cords of anti-IFN-y-treated WT
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mice were significantly more inflamed and infiltrated with CD3* T
cells and CD19" B cells compared with the isotype control group
(Fig. 3A-D). The T cells appeared to be localized within the tissue
parenchyma, whereas the B cells were distributed predominantly
along the meninges. IFN-y-depleted mice also displayed deposits
of C5b, indicating activation of the complement system, which
colocalized with IgG (Fig. 3E and F). CD3, CD19, C5b and IgG staining
was also observed in brains of the anti-IFN-y-treated group
(Supplementary Fig. 6). Anti-AQP4,01-290 antibodies were detected
in both anti-IFN-y antibody- and isotype control-treated mice fol-
lowing immunization. Autoantibody levels in both groups dis-
played comparable levels and patterns of isotype class-switching,
with a rise and subsequent decrease in anti-AQP4,01-290 IgM, fol-
lowed by a significant increase in anti-AQP4;01-200 IgG levels,
from Days 14 to 28 p.i. (Fig. 3G). There was significantly less IgG
in the anti-IFN-y-treated group on Day 14 [OD (mean) = 1.409] ver-
sus the isotype control group [OD (mean)=2.364], correlating
with the delayed disease onset observed. This difference was tran-
sient and at Day 28 p.i. both groups demonstrated similar levels of
anti-AQP4,01-200 IgG levels [OD (mean) = 3.171 versus 3.490 for anti-
IFN-y-treated and control groups, respectively]. We detected an IgG
response against the full recombinant human AQP4 (thAQP4) pro-
tein, which was enhanced in the anti-IFN-y-treated group at Day 28
p.i. compared with the controls [OD (mean)=0.592 versus 0.32,
respectively] (Fig. 3H). The presence of this anti-AQP4 IgG was con-
firmed independently by showing post-immunization serum,
collected from either anti-IFN-y-treated WT or IFNGRKO mice,
stained live CNS cells isolated from WT (1.3- and 1.5-fold-increase
in IgG* anti-AQP4, respectively compared with pre-immunization
controls) but not from AQP4KO mice (Supplementary Fig. 7).

We also analysed the serum levels of various cytokines and che-
mokines during the disease course. Comparatively, only IL-17A levels
were significantly elevated with anti-IFN-y treatment, with a peak at
Day 14 p.i., 4-fold increase compared with isotype controls, indicating
that depletion of IFN-y favours a Th17 immune bias (Fig. 3I).%%7:62
Levels of IL-6*2%° were increased at Day 14 p.i. in both groups but high-
erin the anti-IFN-y-treated group (1.8-fold increase). Interestingly, ser-
um IFN-y levels were significantly higher at Day 28 p.i. in the
anti-IFN-y-treated group (2.42-fold increase) (Supplementary Fig.
8A). We also observed a significant increase of the neutrophil che-
moattractants CCL3 at Day 14 p.i. (2.14-fold increase) and CXCL2 at
Day 28 p.i. (3.08-fold increase) (Fig. 3]). Monocyte and macrophage che-
moattractants CCL2 (1.83-fold increase) and CCL4 (12.2-fold increase)
were also significantly elevated at Day 28 p.i. compared with the con-
trol group (Supplementary Fig. 8B). Ex vivo recall analysis of splenic
cells stimulated with AQP4,0;1-220 Or anti-CD3 at Day 18 p.i. demon-
strated significantly elevated levels of secreted GM-CSF, IL-6 and
IL-1B (fold increases of 1.72, 2.09 and 1.82, respectively) (Fig. 3K and L
and Supplementary Fig. 8C), while anti-CD3 stimulation only dis-
played a significant decrease in IL-4 secretion (73% reduction).

We next isolated mononuclear cells from the spinal cord of
anti-IFN-y- and isotype control-treated groups at Day 22 p.i. and
performed flow cytometry and mRNA expression analyses
(Fig. 4A). Globally, the total number of isolated cells (2.65-fold in-
crease) and CD45" immune cells (5.77-fold increase) were signifi-
cantly more abundant in the anti-IFN-y-treated group than in the
control group (Fig. 4B). A microarray analysis of 750 genes asso-
ciated with autoimmune responses was performed, identifying a
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total of 18 DEGs, 6/18 upregulated and 12/18 downregulated
(Fig. 4C). Some of the upregulated genes were directly related to
the Th17-signalling pathway (ll17a, Rorc, Cd4 and I1rl), which is
consistent with our earlier observations of increased serum levels
of IL-17 and expression of IL-1B by splenic T cells in the ex vivo recall
experiments (Fig. 31 and Supplementary Fig. 8C). MHC class II
(MHC-II) DEGs were downregulated (H2-eb1, H2-aa and Cd74) as
well as the regulatory cytokine IL-10 DEGs.** Significantly, GSA
examination indicated that upregulation of Th17 differentiation
and complement system genes are the two principal processes as-
sociated with the experimental disease, while MHC gene expres-
sion was found to be downregulated (Fig. 4D and E). Simultaneous
analysis performed on the spleen cells from the same groups
showed a total of 30 DEGs (20 upregulated and 10 downregulated).
Notably, Th17-mediated processes and B-cell receptor signalling
were significantly upregulated (Supplementary Fig. 9). In the
spleen, the IL-6RB gene (Il6st) was also upregulated, whereas the
complement system genes were downregulated. The latter finding
may indicate that local complement secretion and deposition
(Fig. 3E and F) by mononuclear cells occurs mainly within the CNS.%*

Although resident non-activated microglia (CD45°CD11b")
numbers did not change, there was a significant reduction in their
frequency (64% reduced), indicating higher activation of this popu-
lation in diseased anti-IFN-y-treated mice (Fig. 4B).>* This correlates
with a higher number and frequency of activated macrophages/
microglia (CD45MCD11b*) (6.6- and 2.1-fold increases, respectively)
and F4/80" macrophages/microglia (8.58- and 2.7-fold increases, re-
spectively) (Fig. 4F). Significant increases in the numbers of neutro-
phils, B cells, NK cells and T cells were also observed (4.43-, 3.57-,
2.2- and 9.52-fold increases, respectively) (Fig. 4G and H). Total
CD4*, CD4"'IL-17A", ydTCR" and ySTCR'IL-17A* cell numbers were
significantly increased (4.53-, 4.52-, 3.65- and 5.96-fold increases,
respectively) in the CNS of the anti-IFN-y-treated group (Fig. 4l
and J). Only the frequency of total CD4" cells (2.1-fold increase)
was significantly upregulated, while the frequency of IL-17A was
significantly higher in both CD4" (2.08-fold increase) and y§TCR* T
cells (2.71-fold increase) (Fig. 4 and J and Supplementary Fig.
10A). The frequencies of IFN-y CD4* and y8TCR T cells were also sig-
nificantly higher in the spinal cord (4.7- and 4.1-fold increases, re-
spectively). Similar infiltration patterns were also detected in the
brain (Supplementary Fig. 10B-D). In the secondary immune or-
gans, the absence of IFN-y was associated with significantly in-
creased frequencies of CD4'IL-17A* and y3TCR'IFN-y* T cells
(1.44- and 1.26-fold increases, respectively) in lymph nodes and re-
duced B-cell numbers (30% reduction) in the spleen
(Supplementary Figs 9E and 10E). To confirm the pathogenic role
of IL-17A, we treated IFNGRKO mice weekly (Fig. 4K) or with three
doses (Fig. 4L) spanning the peak of serum IL-17A (Fig. 3I).
Neutralization of anti-IL-17A led to a significantly lower disease in-
cidence (weekly treatment: 42% versus 66%,; three doses: 66% ver-
sus 100%) and severity (weekly treatment: MCS 1.21 versus 2.83;
three doses: MCS 1.58 versus 4.17) compared with the isotype
control-treated mice.

Lastly, treatment of IFNGKO mice with recombinant IFN-y for
7 days, starting at the peak of the disease, rapidly suppressed dis-
ease progression with a sustained reduction of clinical symp-
toms compared with PBS-treated controls (pretreatment MCS:
2.92 and 3.07; post-treatment MCS: 2.5 and 3.92; for the IFN-y
and PBS groups, respectively) (Fig. 5A). Notably, once the treat-
ment was discontinued, IFN-y-treated mice relapsed to an MCS
of 3.38 (Supplementary Fig. 11A), indicating, together with the
dose-dependent enhanced clinical responses upon anti-IFN-y
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Figure 3 IFN-y regulates peripheral immune responses and CNS infiltration of inflammatory cells in AQP4501-220-induced disease. Optic nerve (A, C
and E) and spinal cord (B, D and F) sections from wild-type (WT) mice treated with either anti-IFN-y or isotype control antibodies were analysed at
Day 22 post-immunization (p.i.) using haematoxylin and eosin staining (A and B), and Sox9-CD3-CD19-DAPI (C and D), Sox9-C5b-IgG-DAPI (E and F)
immunostaining. Scale bars for 20, 50 and 100 um are indicated on the images. Optical densities of total serum levels of anti-AQP4,0;_520-specific
IgM (circles) and IgG (squares) in peptide-immunized mice treated with anti-IFN-y (open circles, n = 9) or isotype control (filled circles, n = 11) antibodies
were determined by ELISA before immunization at Day 0 and at Days 14 and 28 p.i. (G). Serum IgG antibody levels against recombinant human AQP4
(rhAQP4) or rOVA (control protein) were also determined (H). Serum levels of GM-CSF, IL-6 and IL-17 cytokines (I), and CXCL2, CCL2 and CCL3 chemo-
kines (J) from AQP4,01-220-immunized mice treated with anti-IFN-y (n =6) or isotype control (n = 6) antibodies were determined by multiplex cytokine
assay prior immunization at Day 0 and at Days 14 and 28 p.i. Ex vivo recall analysis was performed using supernatants (multiplex cytokine analysis of
GM-CSF, IL-6 and IL-17A) from splenocytes of anti-IFN-y-treated (n = 5) or isotype control-treated (n = 5) groups obtained at Day 18 p.i. and following cell
culture for 72 h in the presence of 40 pg/ml AQP4,01-200 peptide (K) or 1 pg/ml of soluble anti-CD3 antibody (L). All data are presented as mean + SEM.
Statistical analyses were performed using the Mann-Whitney test: *P < 0.05, **P < 0.01; **statistically significant difference between Days 0-14 or 14-28
p.i. in anti-IFN-y- or isotype control-treated groups, respectively.
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Figure 4 Anti-IFN-y enhancement of AQP4,01-220-induced disease is driven by Th17 cells. Mean clinical scores of AQP4,01_250-immunized wild-type
(WT) mice treated with anti-IFN-y (four doses, open circles, n = 8) or isotype control (four doses, filled circles, n=11) until Day 22 post-immunization
(p.i.) (A). Absolute cell number of mononuclear cells obtained from the spinal cords of anti-IFN-y-treated (n=8) and isotype control-treated (n=7)
groups (B). CD45* and CD45'°CD11b* cell number and frequency were analysed by flow cytometry. Total RNA from mononuclear cells obtained
from the spinal cord of anti-IFN-y-treated (n=6) and isotype control-treated (n=6) groups were analysed, and a hierarchical heatmap clustering
was created based on the most differentially expressed genes (C). A Volcano plot of RNA profiles comparing anti-IFN-y versus isotype control treat-
ments, and pathway enrichment analysis of the most differentially expressed gene sets (D and E). Absolute cell number and frequencies of mono-
cytes/macrophages (MC)/activated microglia (MG; CD45M), MC/MG F4/80*, Neutrophils Ly6G*, NK (NK1.1*), CD3*, CD4*, CD4*17A*, y6TCR",
ySTCR'IL-17A%, CD19* cells were determined by flow cytometry analyses (F-J). Administration of anti-IL-17A (open circles) or isotype control (filled cir-
cles) antibodies to IFNGRKO mice, as weekly doses beginning at Day O (K) or three doses beginning at Days 6, 10 and 14 p.i. (n=6) (L). All data are pre-
sented as mean + SEM. Statistical analyses were performed using the Mann-Whitney test. *P <0.05, **P < 0.01" and ***P < 0.001.
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treatment of WT mice (Fig. 1E), that disease chronicity and re-
lapses are regulated by IFN-y. Clinical improvement was asso-
ciated with significantly reduced numbers of mononuclear cells
(70% reduction), CD45* cells (74.8% reduction), macrophages/
microglia (80% reduction), F4/80* macrophages/microglia (87.2%
reduction), CD3" T cells (78.3% reduction), CD4* T cells (53.8%
reduction) and a trend toward Th17 reduction (44% reduction;
P=0.0823) in the spinal cords compared with the controls
(Fig. 5A-C). Administration of IFN-y also significantly decreased
the CD4" frequencies in the spinal cord and spleen (8% and
13.5% reduction, respectively) but without numeric population
changesin spleen (Supplementary Fig. 11B). Overall, IFN-y can in-
hibit clinical symptoms of AQP4,01-220-induced disease through
suppression of the CNS-inflammation and by modulation of
pathogenic Th17 cell response.”20-32

As GSA showed significantly upregulated B-cell receptor signalling in
anti-IFN-y-treated mice (Supplementary Fig. 9C), we examined the in-
volvement of B cells in the experimental disease. We first tested if IFN-y
affected the expression of B-cell activation markers (IL-6, CD40, CD80,
CD86 and MHC-II). Notably, at Day 22 p.i., only IL-6 expression by CD19*
cells was significantly greater in terms of cell frequency (1.77-fold in-
crease) and expression level (6.91-fold increase in MFI) in the spleens
of IFNGKO compared with WT mice, corresponding with increased
ilest DEG expression in anti-IFN-y-treated mice (Fig. 5D and
Supplementary Fig. 11C). No significant differences in the expression
of the other Th17-driving cytokines, IL-1p and IL-23, was observed
(Supplementary Fig. 11D). CD19" cells from IFNGKO also expressed
less CD40 (30% reduction) compared with the WT group at Day 10 p.i.
(Fig. 5D). The in vitro expression of IL-6 by purified splenic IFNGKO-B
cells (Day 22 p.i.) was found to be upregulated following stimulation
with either AQP4,01-220 and plate-bound anti-CD40 antibody for 72 h
compared with WT B cells. Importantly, adding 25 and 100 ng/ml of
IFN-y to the cultures had suppressive effects on IL-6 production (80%
and 73% reduction, respectively) only upon B-cell stimulation with
AQP4,0;-920 but not upon non-specific anti-CD40 stimulation (Fig. SE
and Supplementary Fig. 11E). These results demonstrate a direct regu-
latory role of IFN-y in the activation of pathogenic AQP4,0;220-B cells.
Treatment with anti-CD20 antibody on Days 0, 7 and 14 p.i. signifi-
cantly ameliorated the incidence of the disease in IFNGRKO mice (31%
anti-CD20-treated versus 92% isotype control) and the MCS (2.3 versus
3.14) (Fig. 6A). B-cell depletion significantly lowered the serum
anti-AQP4201-200 IgM antibody levels at Day 14 p.i. [OD (mean) = 1.305
versus 2.384 for anti-CD20-treated and control groups, respectively]
and at 28 p.i. [OD (mean)=0.513 versus 1.421], as well as the
anti-AQP4;01-200 1gG levels at Day 28 p.i. [OD (mean)=1.725 versus
2.979 for anti-CD20-treated and control groups, respectively] (Fig. 6B).
Anti-CD20 treatment also significantly decreased ex vivo spleen recall
production of IL-17A (75.9% reduction) and GM-CSF (65.5% reduction)
(Fig. 6C). It also significantly reduced the numbers of infiltrating mono-
nuclear cells (62% reduction), total CD45" cells (64.5% reduction), CD4*
T cells (51.1% reduction) and CD4*GM-CSF* T cells (62.1% reduction) in
the CNS, with significantly decreased numbers of CD4*IL-17A* T cells
in the spleen (44.1% reduction) at Day 28 p.i. (Fig. 6D and E). Lastly, we
demonstrated that AQP40; 220 immunization of anti-IFN-y-treated
IghelMD4 mice, in which the B cell receptor is specific for a hen egg
white lysozyme, completely failed to induce clinical disease and pro-
duction of anti-AQP4,01-220 IgG. Remarkably, the ex vivo splenic recall
to AQP4,01220 displayed dramatically lower levels of GM-CSF and
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IL-6 (90 and 88% less secretion, respectively), while remaining fully re-
sponsive to non-specific stimulation with anti-CD3 antibody, with an
upregulation of IL-17A (Fig. 6F-H). Thus, B cells and their activation are
strictly required for the initiation of AQP4,0;-200-induced disease and
Th17 bias, both directly modulated by IFN-y.

Treatment with anti-IL-6R antibody on Days 0 and 7 p.i. led to a stat-
istically significant reduction of disease severity and incidence
in IFNGRKO mice (from 75% to 50%) and to a decrease in CD4" cell
frequency in the CNS (21% reduction, Day 28 p.i.) (Fig. 7A and
Supplementary Fig. 12A). The levels of anti-AQP4,01-220 IgM and
IgG were like the isotype controls, despite a trend towards lowered
IgM levels at Day 14 p.i. (Fig. 7B). Analysis of antibody-secreting cells
at Day 8 p.i., after the second dose of anti-IL-6R, showed a signifi-
cantly reduced frequency of splenic CD19*CD138" plasma cells in
anti-IL-6R- versus control-treated mice (36% reduction) (Fig. 7C),
with no significant changes in the expression of CD80", CD86" and
MHC-II in CD19"CD138~ or CD19*CD138" cells (Supplementary
Fig. 12B). Therefore, we tested whether anti-IL6R treatment inter-
fered with the ability of purified B cells (from Day 8 p.i.) to be acti-
vated upon in vitro stimulation with AQP4,01 900 Or anti-CD40
antibody. Interestingly, while AQP4,01-220 did not elicit any signifi-
cant changes in the expression of B-cell activation markers or IL-6
secretion, B cells from the anti-IL6R-treated group were less respon-
sive to anti-CD40 stimulation compared with controls. At 24 and
72 h, these B cells exhibited significantly reduced expression of
CD80 (24.3% and 16.4% reduction, respectively), CD86 (22.8% and
22.6% reduction, respectively) and MHC-II (27.3% and 57.3% reduc-
tion, respectively) and secreted significantly lower levels of IL-6 at
72 h (45% reduction) (Fig. 7D and E and Supplementary Fig. 12C).
Consequently, IL-6 signalling is required for sustained activation
of B cells and their differentiation into plasma cells.®%¢¢

Finally, we addressed the importance of B cells in controlling
Th17 differentiation via IL-6R signalling. B cells purified from
anti-IL6R-treated IFNGRKO mice (Day 8 p.i.) were also relatively
less potent in inducing Th17 differentiation if co-cultured with
CD4" T cells in the presence of AQP450;1-220-peptide (29% lower Th17
frequency) (Fig. 7F). Administration of IL-6 to these co-cultures failed
to increase the Th17 frequencies, which contrasted with the re-
sponses of the control B cells (1.49-fold increase). This apparent hy-
poactive state of B cells following in vivo anti-IL-6R treatment was
restored only after polyclonal B-cell stimulation with anti-CD40 anti-
body (Fig. 7G). Similarly, CD4*RORy" T cell induction was suppressed
in the same B-cell cultures (23.4% lower frequency) and failed to re-
cover upon IL-6 administration, while CD4"GM-CSF* T-cell and Treg
frequencies were not significantly affected (Supplementary Fig. 12D).

Lastly, we tested if AQP4;01-220-induced disease was susceptible
to tolerogenic immunotherapy using antigen-coupled PLGA
nanoparticles.®”’ 7% AQP401_220- O OVAsp3 339-coupled PLGA nano-
particles were administered prophylactically at Day —7 p.i. or thera-
peutically at symptom onset to AQP4,01-220-immunized WT (also
treated with anti-IFN-y antibody) and IFNGRKO mice (Fig. 8A, D, H
andI). Prophylactic administration of PLGA-AQP4,01-220 almost com-
pletely prevented the disease in both immunized groups. Clinical
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Figure 5 IFN-y treatment reduces clinical severity and CNS inflammatory cell infiltration in IFN-y knockout (IFNGKO) mice with AQP4501-220-induced
disease. Mean clinical scores of AQP4,0;.220-immunized IFNGKO mice treated daily with recombinant IFN-y (open circles, n = 5) or PBS (filled circles,
n = 6) starting at the peak of the disease (Day 21) (A). Absolute cell numbers of total CNS mononuclear cells, CD45* cells and CD45°CD11b* cells
(analysed by flow cytometry) for IFN-y-treated (open circles) (n = 6) or PBS-treated (filled circles) (n = 5) mice (B). Absolute cell number and frequencies
of monocytes/macrophages (MC)/activated microglia (MG;CD45"™), MC/MGF4/80*, Neutrophils Ly6G*, NK (NK1.1*), CD3*, CD4*, CD4*17A*, ySTCR",
ySTCR'IL-17A* and CD19" cells were determined by flowcytometry analyses (C). Flow cytometry frequency analysis of expression of activation markers
(CD40, CD80, CD86, MHC-II and IL-6) on CD19" cells at Days 10 and 22 post-immunization (p.i.) in wild-type (WT) (n = 5) and IFNGKO (n = 5) AQP4201-220-
immunized mice (D). Pan-B cells purified from spleens of IFNGKO mice stimulated with 40 ug/ml AQP4501.220 peptide or 1 ug/ml of coated anti-CD40
antibody for 72 h, with 0, 1, 25 and 100 ng/ml of IFN-y. Frequencies of CD19*IL-6" B cells were determined (E).WT pan-B cells were used as controls.
All data are presented as mean + SEM. Statistical analyses were performed using the Mann-Whitney test: *P < 0.05, **P < 0.01.
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Figure 6 AQP4,01-220-induced disease is strictly dependent on B-cell activation. Mean clinical scores of AQP4,01-_200-immunized IFN-y-receptor knock-
out (IFNGRKO) mice treated with three weekly doses of anti-CD20 (open circles, n = 16) or isotype control (filled circles, n = 14) antibodies starting at Day
0 (A). Optical density of total serum AQP4,01-200-specific IgM and IgG of mice treated with anti-CD20 (open circles, n = 8) or isotype control (filled circles,
n=6) antibodies were determined by ELISA at Days 0, 14 and 28 post-immunization (p.i.) (B). Ex vivo recall analysis (multiplex cytokine analysis) for
GM-CSF, IL-6 and IL-17 of supernatants of splenocytes obtained from anti-CD20-treated (n = 6) and isotype control-treated (n=6) mice at Day 28 p.i.
and cultured for 72 h with 20 pg/ml AQP4,01-200 peptide (C). Flow cytometry analysis of the absolute cell numbers and frequency of CD4*,
CD4*GM-CSF* and CD4"IL-17A" T cells from the CNS (D) and spleen (E) of anti-CD20-treated (n = 6) or isotype control-treated (n = 6) mice. Mean clinical
score of IghelMD4 (n = 10) and wild-type (WT) (n = 12) mice immunized and treated with weakly doses of anti-IFN-y (F). Optical density of ELISA of total
serum AQP4,01220-specific IgG for IghelMD4 (n = 6) and WT (n = 10) mice at Days 0, 14 and 28 p.i (G). Ex vivo recall analysis (multiplex cytokine analysis)
for GM-CSF, IL-6, and IL-17A of supernatants of splenocytes obtained from IghelMD4 (n =5) and WT (n=5) mice at Day 28 p.i. and cultured for 72 h with
40 pg/ml AQP4;01-20 peptide or 1 pg/ml of soluble anti-CD3 antibody (H). All data are presented as mean + SEM. Statistical analyses were performed
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Figure 7 IL-6 signalling regulates severity of AQP4,01-220-induced disease and modulates B-cell activation and induction of Th17 cells. Mean clinical
scores of AQP4501-200-immunized IFN-y-receptor knockout (IFNGRKO) mice treated with two weekly doses of anti-IL-6R (open circles, n = 10) or isotype
control antibody (filled circles, n=13) starting at Day 0 (A). Optical density of total serum anti-AQP40;1_20-specific IgM and IgG of mice treated with
anti-IL6R (open circles, n=6) or isotype control (filled circles, n=_8) antibodies were determined by ELISA at Days 0, 14 and 28 post-immunization
(p.i.) (B). Flow cytometry frequency analysis of spleen CD19*CD138" and CD19*CD138" cells at Day 8 p.i. from mice treated with anti-IL6R (open circles,
n=10) and isotype control (filled circles, n = 12) antibodies (C). Flow cytometry frequency analysis of total CD19* pan-B cells purified at Day 8 p.i. from
spleens of anti-IL6R (n=6)- or isotype control (n = 6)-treated mice stimulated with 40 ug/ml of AQP4,01-220 peptide or 1 ug/ml of coated anti-CD40 for
72 h. Frequencies of CD80" and CD86" B cells, and MFI of MHC-II (D), as well as supernatant levels of IL-6 (measured by multiplex cytokine assay) (E)
were determined. B cells stimulated for 24 h with either AQP4,01-5,0 peptide (F) or anti-CD40 (G) were washed and replated with untouched purified
CD4* T cells from IFNGRKO mice at Day 9 p.i. at 1:1 ratio, with 0 or 10 ng/ml of recombinant IL-6 and cultured for 72 h, and the frequency of Th17 cells
was assessed. All data are presented as mean + SEM. Statistical analyses were performed using the Mann-Whitney test. *P < 0.05, **P < 0.01.

disease was observed in only 2/16 (12.5%) of the anti-IFN-y-treated
mice versus 13/16 (81.3%) of those that received PLGA-OVAg33_330.
No clinical disease was observed in the IFNGRKO mice (0/5 affected)
receiving PLGA-AQP4,01-220 prophylactically compared with the
PLGA-OVAs,;3 330-treated controls (4/5 affected). Immunopathological
analysis on WT and IFNGRKO treated mice demonstrated that disease
prevention was associated with a significant reduction of serum
AQP4,01220 1gG levels (60 and 35% reduction, respectively), IL-17A

secretion by splenocytes in ex vivo recall experiments (93% and 19%
reduction, respectively) and inhibition of CNS inflammation
(Fig. 8A-G and Supplementary Table 3A). Therapeutic treatment with
PLGA-AQP4,01-220 also significantly decreased disease incidence (28%)
and symptom severity (MCS=0.5 at Day 31) in anti-IFN-y-treated
mice compared with PLGA-OVA3y3 339 controls (57% incidence, MCS
=2.38) (Fig. 8H and I and Supplementary Table 3B). Similarly, adminis-
tration of PLGA-AQP4,0:-220 significantly reduced disease incidence in


http://academic.oup.com/brainj/article-lookup/doi/10.1093/brain/awad373#supplementary-data
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Figure 8 Immune tolerization by AQP4,¢1-220-coupled PLGA nanoparticles both prevents and ameliorates established AQP4,1-220-induced disease.
Mean clinical scores of AQP4,01-220-immunized IFN-y-receptor knockout (IFNGRKO) (A and H) and anti-IFN-y-treated wild-type (WT) (D and I) mice re-
ceiving prophylactic intravenous infusion of either PLGA-AQP4501-220 (PLGA-AQP4) or PLGA-OVAs3j3 339 (PLGA-OVA) nanoparticles 7 days prior to
AQP4501-720 immunization (Day -7) (A and D), or two therapeutic doses of nanoparticles at disease onset [Days 17-18 and Days 19-22 post-
immunization (p.i.)] (H and I). See Supplementary Table 3 for the number of mice in each treatment group. Representative images of haematoxylin
and eosin staining of lumbar spinal cord of isotype control- and anti-IFN-y-treated WT mice that have received a prophylactic treatment with either
PLGA-AQP4,01-220 0F PLGA-OVA3,3 339 7 days prior to immunization (G). Serum anti-AQP4,01-200 IgG Was measured by ELISA (B and E) and IL-17A secre-
tion by splenocytes in ex vivo recall experiments quantitated by using multiplex cytokine assays (C and F). All data presented as mean + SEM. Statistical
analyses were performed using the Mann-Whitney test. **P < 0.001, ***P < 0.0001. PLGA = poly(lactic-co-glycolic acid).


http://academic.oup.com/brainj/article-lookup/doi/10.1093/brain/awad373#supplementary-data

Interferon-y regulation of NMOSD

IFNGRKO mice (20% versus 60%) and the MCS at Day 31 p.i. (2.0 versus
3.83) compared to PLGA-OVA3;3 339 treatment.

Discussion

Despite the recent advancements in understanding NMOSD, much
remains unknown regarding the disease aetiology, pathogenesis
and the mechanisms governing immune tolerance to AQP4. The
need for novel non-immunosuppressive and curative treatments
is still unmet. The objective barriers for further research are related
to the fact that NMOSD is a rare idiopathic disorder, providing only
limited opportunities for specimen collection, systematic inves-
tigation and clinical trials. Identifying the immunodominant
epitopes of AQP4 that can elicit autoimmune responses in experi-
mental animals raises the possibility of creating models based on
active immunization and targeted manipulation of immune
pathways.?’ However, the experimental strategies described
thus far have failed to induce significant disease or trigger robust
and sustained autoimmune inflammation of the CNS.%2021.20.71

The goal of the present study was to examine the potential role of
IFN-yin NMOSD and AQP4,0;_»20-induced disease. The principal result
of the study is that NMOSD is characterized by decreased DEGs regu-
lated by IFN-y and that depletion of IFN-y in AQP4,0;-220-immunized
C57BL/6 mice results in severe disease pathologically resembling
NMOSD. Similar to NMOSD, IFN-B exacerbates the experimental dis-
ease.?>?? The results further demonstrated that IFN-y maintains nat-
ural immune tolerance to AQP4 by downregulating antigen-specific
B-cell production of IL-6, induction of Th17 cells and by suppressing
the transition of the initial autoimmune response into CNS inflamma-
tion and clinical disease. The effect of IFN-y, although associated with
the mechanisms of peripheral immune tolerance, appears to be
Teg-independent and related to controlling the expansion of self-
reactive B and T cells. The study was a continuation of our prior
work on the pleiotropic biological effects of IFN-y and its role in CNS
autoimmunity as well as on our earlier attempts to study NMOSD in
animal models.'??627°171-74

Our initial hypothesis was based on an analysis of publicly
available data on DEGs from whole blood of untreated NMOSD pa-
tients versus healthy controls.” Most of the identified DEGs were
either dependent or co-dependent on IFN-y, and those strictly
linked to IFN-y were predominantly downregulated. Recent re-
ports have shown that ifngrl, ifngr2 and ifng are downregulated
DEGs, while expression of genes related to the Th17- and B-cell
pathways are upregulated.?* We found that disruption of IFN-y,
but not type I IFN, signalling led to significant CNS inflammation
and severe paralytic disease in C57BL/6 mice. The clinical course
of the disease was directly regulated by IFN-y, controlling its inci-
dence, severity and recovery. The inflammatory process involved
the spinal cord and optic nerves and was characterized by T- and
B-cell infiltration, antibody and complement deposition, as well
as by significant loss of astrocytes and bystander injury to myelin,
oligodendrocytes and neuronal axons. The process itself was dri-
ven by activated AQP4,01-200-specific B and Th17 cells and in-
creased serum levels of AQP4 peptide- and AQP4 protein-specific
autoantibodies. Overall, the AQP4,9,_520-induced disease demon-
strated significant immunological and clinicopathological similar-
ities with NMOSD."

This model shares additional immunopathologic and mechan-
istic features with NMOSD. For instance, we observed elevated
numbers of neutrophils in the CNS and elevated levels of the neu-
trophil and monocyte/macrophage chemoattractants, all consist-
ent with NMOSD pathology.®’® Similarly to NMOSD, we found IL-6
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and IL-17 levels to be significantly increased following AQP4501-220
immunization in the absence of IFN-y.”30:32:6276 e also observed
significant upregulation of Th17-related genes (il17a, rorc and cd4)
and increased numbers of total CD4" and Th17 cells in the CNS.
Moreover, the receptor genes for IL-113 (il1r1) and IL-6 (il6st) needed
for Th17 differentiation were also upregulated.”’’® Finally, the
regulatory role of IFN-y in AQP4,0,-220-induced disease was sup-
ported by its ability to significantly ameliorate the disease and to
reduce the numbers of CNS-infiltrating T cells upon administra-
tion to IFNGKO mice.

B cells promote NMOSD pathogenesis by differentiating into
antibody-producing plasma cells, as well as via secretion of
pro-inflammatory cytokines and by serving as antigen-presenting
cells, facilitating Th17 differentiation.’® The importance of the im-
munoregulatory functions of B cells in NMOSD is reflected in the
success of anti-CD20 immunotherapy.?®8! We found that priming
with AQP4501-220 in the absence of IFN-y increased peripheral
B-cell receptor signalling and the numbers of CD19 B cells infiltrat-
ing the CNS. Anti-CD20 treatment significantly ameliorated
AQP4,01_290-induced disease, an effect associated with lower serum
levels of anti-AQP4,01-200-specific antibodies and with reduction of
total Th17 cells in the spleen, and CD4" and GM-CSF-expressing T
cells in the CNS. Recall cultures demonstrated a decreased ability
to produce IL-17 and GM-CSF, cytokines critical for driving experi-
mental autoimmune encephalitis (EAE).2®? The ameliorative ef-
fective of anti-IL-17A treatment on the experimental disease,
although less dramatic, provided additional support to the signifi-
cance of the B cell-Th17 cell pathway.

The role of B cells in Th17-cell activation and differentiation is still
unclear; however, it is likely to include IL-6 signalling.”#*®> Our re-
sults demonstrated that IFN-y regulates B-cell expression of IL-6 in
an antigen-specific fashion in AQP450;-200-primed mice. Notably,
anti-IFN-y-treated IghelMD4 mice failed to display symptoms asso-
ciated with lower spleen IL-6 secretion. Moreover, blockade of IL-6
signalling in AQP401-220-induced disease significantly decreased
the frequency of splenic plasma cells and serum anti-AQP4501-220
IgM titres. B cells from the anti-IL-6R-treated mice were unable to in-
duce Th17 differentiation and to upregulate activation makers. This
is also observed in NMOSD patients treated with anti-IL-6R antibody,
wherein the frequency of B and plasma cells, levels of B cell costimu-
latory molecule expression and Th17 differentiation are dimin-
ished." Collectively, our results demonstrate that in the absence of
IFN-y, disease outcomes are fully dependent on B cells and their acti-
vation, indicating that IFN-y plays a critical role in regulating the
interplay between pathogenic AQP4,0;-220-specific B and Th17 cells.

We also tested if our NMOSD model could serve as a relevant
platform for the development and testing of immune therapies.
Two of the three monoclonal antibodies currently used therapeut-
ically in NMOSD, anti-CD20 and anti-IL-6R were tested in our mod-
el. Both treatments significantly reduced the incidence and severity
of the AQP4,01-220-induced disease. We also demonstrated that
administration of recombinant IFN-y and anti-IL-17A antibody,
both with commercial analogues and currently in clinical use for
the treatment of rheumatological disorders [ACTIMMUNE®
(Horizon Pharma) and COSENTYX® (Novartis), respectively]®**” re-
duced clinical progression and re-established immune homeosta-
sis. It is conceivable that selected NMOSD patients with
decreased levels of IFN-y gene expression or elevated levels of
IL-17A might benefit from these treatments. Further research of
the IFN-y signalling pathway might identify novel therapeutic tar-
gets related to the regulation of Th17 and B cell responses, mainten-
ance of immune tolerance and CNS inflammation.
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Our laboratory has developed an immune tolerance induction
methodology using carboxylated, biodegradable nanoparticles com-
posed of the US Food and Drug Administration-approved polymer
PLGA to encapsulate proteins/peptides for the prevention and treat-
ment of myelin peptide-induced EAE and spontaneous type 1 dia-
betes, and tested these in a phase 1/2a clinical trial in coeliac
disease patients.”” %% Like coeliac disease, NMOSD may benefit
from this tolerogenic therapy, as the autoimmune response to
AQP4 is the primary immunopathologic feature. We demonstrated
in our NMOSD model that tolerization with PLGA-AQP4,01_220 Nano-
particles significantly suppressed induction (prophylactic treatment)
and progression (therapeutic treatment) of the clinical disease in
both anti-IFN-y-treated WT and IFNGRKO mice. Disease amelioration
was associated with a significant reduction of the serum levels of
anti-AQP4 antibodies, secretion of IL-17A in recall assays and inhib-
ition of CNS inflammation. Noting that PLGA-AQP4,0;_220-induced
tolerance occurs in the absence of IFN-y indicates that immune toler-
ance can overcome the type I/type II IFN disbalance of the experi-
mental disease and that the immunoregulatory effects of IFN are
likely broader in scope.®’”° Collectively, these results suggest that
AQP4-specific tolerance could be a promising treatment strategy
for NMOSD because of its novel mechanism of action, potential wide-
ranging efficacy and absence of immunosuppressive side effects.*

Limitations of our disease model should be taken into consider-
ation when interpreting our results in comparison to NMOSD. The ex-
perimental disease is based on active immunization and breakdown
of immune tolerance to AQP4 using an IFN-y signalling blockade,
which resulted in acute inflammation and significant clinical disease.
The clinicopathological characteristics of our model more closely re-
semble the acute progressive monophasic form of NMOSD; thus, it
does not fully represent the clinical spectrum of the human disease.®
CNS lesions were oedematous and dominated by cellular infiltration
that might overshadow direct and complement-mediated cytopathic
effects of anti-AQP4 antibody, creating more restricted pathological
patterns that only partially reproduce the heterogeneity of NMOSD
pathology or patterns observed in other experimental models. The ap-
pearance of anti-AQP4 IgG in our model lags behind the cellular im-
mune response which, in addition to the potential species
differences in complement activity, may also contribute to some of
the clinicopathological dissimilarities.”>** The goal of our future ex-
periments is to generate a more chronic-relapsing disease by re-
dosing the anti-IFN-y treatments to allow for longitudinal, immuno-
logical and cell-focused studies. Both IFN-y signalling regulation of
B-cell activity and immune tolerance to AQP4 need to be explored at
the single-cell level. Finally, the experiments demonstrating the
beneficial effect of PLGA-AQP4,01_200 On our disease model will be ex-
panded to include tolerance to native APQ4 protein and preclinical
trial designs.

In conclusion, this study shows for the first time the critical role
of IFN-y as a master regulator of immunopathologic AQP4-specific B
and Th17 cell responses as well as autoantibody levels and its es-
sential involvement in natural immune tolerance. Our animal mod-
el of NMOSD can serve as a clinically relevant platform to further
study pathological mechanisms of disease and to screen novel im-
munologic and cell protective therapies.
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