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ENZYMATIC MOBIFICATION OF ANTI-AQP4 AUTOANTIBODY FOR
MODULATING NEUROMYELITIS OPTICA

CROSS REFERENCE TO RELATED APPLICATIONS

This application claims the priority benefit of U8, Provisional Patent Application

Serial No. 61/649,541 filed on May 21, 2012,

STATEMENT REGARDING FEDERALLY  SPONSOREDR RESEARCH OR
DEVELOPMENT

This fovertion was made with Government support under condracts EY 13574,
DK35124, EBQ0415, DKB612S and DK72517 from the National Institutes of Health, The

U5, Government has cortain rights in this invention.

TECHNICAL FIELD

The present disclosure 15 generally related to methods of generating modified anti-

AQP4 antibodies and their use in therapeutic treatment of neuromyelitis optica.

BACKGROUND

MNeuromyelitis optica (NMO) is an inflammatory demyehinating discase primarily
affecting spinal cord and optic nerve, producing paralysis and bhindness (Jarius ef af, 2008)
Nat. Ciin, Pract. Newrel, 4: 202-214 ; Wingerchulk ef ¢f., (2007) Lancet Neuroi. 6: 805-815).
Most NMQO paticnts are scropositive for 1gQ autcantibodies (NMO-IgG) (Lemnon ef al,
(2005) J. Exp. Med. 202: 473-477; Jarius & Wildemann (2010) Nat. Rev. Neurel. 6: 383-392)
against aguaporin-4 (AQP4), a plasma membrane water transporting protein expressed on

astrocyies throughout the central nervous systern {(Manley ef af, (2000 Nai. Med. 6: 159-
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163; Nielsen ef of, (1997} 1. Neurosci. 17: 171-180}. It is believed that NMO-IgG binding to
AP4 initiates complement- and cell-mediated cytotoxicity, resulting in inflammation, local
disruption of the blood-brain barrier, and damage to oligodendrocyies and neurons, Current
NMOQO therapies have Iimited efficacy and potential long-term side effects, which include
wmmonosuppression, plasma  exchange, and  B-cell-depleting  monoclonal  antibodies
{(Collongues & de Scze (2011} Ther, ddv. Neurol Disord. 4: 111-121; Cree B. (2008) Curr,
Newrol. Neurosci. Rep. 8 427-433). An open label clivical trial of an anti-conplement

antibody therapy (ecolimimab) is in progress.

One therapeutic strategy for NMO has focused on prevention of the initiating
pathogenic event of NMG-IgG binding to AQP4. In one approach, a tight-binding
recombinant monocional antibody, derived from clonally expanded plasma blasts in NMQO
cerebrospinal floid, was mutated to inhibit Us offector functions for cormaplement-dependent
cytotoxictty (CDC) and antibody-dependent celi-mediated cytotoxicity (ADCC) (Tradtrantip
et al, (2012) Amn. Newreol 7T1: 314-322). The mutated, nowo-pathogenic antibody
{("aquaporumab’) competes with pathogenic NMO-1gG for AQP4 binding, preventing CDC,
ADCC, and the development of NMO lesions in mouse models. n a second approach, high-
throughput screening identified small-molecule blockers that bind to AQP4 and sterically

prevent NMO-Ig(G binding to the extracelular surface of AQP4.

SUMMARY

Briefly described, embodiments of this disclosure, among others, encompass
compositions, methods of manufacture thereof, and methods of using the compositions for
reducing the binding of an autcantibody to astrocytes in the central nervous system that
would otherwise result n a veduction in the viability of astrocytes, neurcns, and other ccll

types, and the pathology in nearomyelitis optica.

Neuromyelitis optica (NMO) is a demyelinating disease of the central nervous system
caused by binding of pathogenic awtoantibodies (NMO-IgG) to aguaporin-d (AQP4} on
astrocytes, which ipitiates compliement-dependent cytotoxicity (CDC) and inflamymation.
The compositions and methods of the disclosure provide an aliernative strategy mvolving
neptralization of NMO-IgG effector function by selective heavy-chain 1gQ deglycosylation

with Endoglycosidase S (EndoS). EndoS treatment of NMO-IgG from NMO patient sera

| £]
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reduced by greater than 95 % CDC and antibody-dependent cell-mediated cytotoxicity
{ADC(C), without impairment of binding to AQP4. Cyiotoxicity was also prevented by
addition of Endo§ after NMO-IgG binding to AQP4. The EndoS-treated, neutratized NMO-
1gG competitively displaced AQP4-bound pathogenic NMO-Ig(G, and reduced NMO
pathology W ex vive spinal cord culture and /n vive mouse models of NMQG. EndoS
deglycosylation thus converts paticut NMO-1gG from a pathogenic entity to a therapeutic
non-pathogenic antibody, providing autologous or heterclogous aduunistration of EodoS-

reated plasma to a patient as therapy of NMO.

One aspect of the present disclosure encompasses embodiments of a method of
generating a therapeutic antibody effective in modulating neuromyelitis optica (NMO) when
administered to an antmal or human subject, the method comprising contacting an anti-AQP4
autoantibody glycosylated at the amino acid position Asn297 thereof with Endoglveosidase S
ander conditions whereby the Endoglycosidase S deglycosylates the autoantibody, thereby
providing a therapeutic antibody capable of specificaily binding to AQP4 but not capable of
activating complement-dependent cytotoxicity (CDC) or antibedy-dependent cell-mediated

cytotoxicity (ADCC) in an animal or human subject.
BRIEF DESCRIPTION OF THE DRAWINGS

Figures 1A-1D itlustrate that EndoS deglycosylation of NMO-IgG prevents CDC and
ADCC. Fig. 1A schematically (left) shows IgG Fe glycosylation at Asn-297, and Fab
binding to AQP4. The sugar moiety at Asn-297 with EndoS cleavage site is shown to the
right. Asn, asparagine; Fuc, fucose; GlcNac, N-acetylglucosamine; Man, mannose; Gal,
galactose; Sial, sialic acid. Fig. 1B 15 2 digital image showing Coomassic blue SDS-PAGE
and Lens culinaris agghutimin (LCA} lectin blot of control and EndoS-treated NMO-1gG and
purified IgG from NMQO sera. Fig. 1C {top) is a graph showing CDC in AQP4-expressing
CHO cells incubated with NMO-1gG or NMO-—EgGGL* and 2% human complement, as
qguantified by LDH release (S.E., n=4). At bottom is a digital image showing live/dead
staining of AQP4-expressing CHO cells incabated with § pg/mL NMO-1gG or NMO-IgG™
and 2% human complement. Fig. 1D (top) is a graph showing ADCC in AQP4-cxpressing
CHO cells incubated with NK-cells and 20 pg/mi NMO-1gG or NMO-1gGY™, as quantified
by percentage dead cells (S.E., n=4). At bottom 15 a digital image showing Hve/dead

{green/red) staining.
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Figures 2A-2C illasirate that EndoS deglycosylation of NMO serum prevents CDC
and ADCC. Fig. 2A (left, top) is a graph showing CDC in AQP4-cxpressing CHO cells
incubated with NMO serum or NMO serum™ and 2% human complersent, as quantified by
LDH release. At left, bottom, is a digial image showing hive/dead staining. At right is a
graph showing a summary of data from three NMQO sera (S8.E., n=6, P < (.001). Fig. 2B (top)
is a graph iliustrating ADCC in AQP4-expressing CHO cells incubated with NK-cells and
control or EndoS-treated 1gG fromm NMO sera (1 mg/mlb.}, as quantified by percentage dead
cells (S.E, n=5, P < 0.001). At bottom 13 a digital image showing live/dead (green/red)
statning. Fig. 2C (top) schematically illusiraies that EndoS addition in sty after NMO-1gG
binding to AQP4 reduces CDC. At bottom is a graph illustrating that CDC wag measured by
LDH release in AQP4-cxpressing CHO cells incubated with NMO serum for 30 minutes,
then treated with EndoS for 30 minutes, followed by 2% human complement for 1 hour,

(S.E., n=4, * P <0.01).

Figures 3A-3C illustrate that EndoS-treated NMO-igG binds to AQP4 and competes
with binding of pathogenic NMO-igG. Fig. 3A (left) is a scries of digital images showing the
binding of NMO-IgG to AQP4 i CHO cells.  Fluorescence micrographs show AQP4-
expressing CHO cells stained for NMO-IgG or NMO-1gG™ (red) and AQP4 (green). At
right is a graph showing the binding of NMO-IgG and NMO-1gG™" showing red-to-green
fluorescence ratio (R/G) as a function of NMO-Ig( concentration (8.H,, n=3). Fig. 3B is a
series of digital images showing the binding of control and EndoS-treated NMQO patient
serum to AQP4 on CHO cells. Fig. 3C (top) schematically shows that EndoS-treated NMO-
1gG protects against CDC caused by (undreated) NMO-1gG. The graph shows LDH release
assaved in CHO cells after 1 hour incubation with indicated concentrations of NMQO-IgG and

NMO-IgG®" together with 2% human complement,
g g {

Figures 4A-4D illustrate that EndoS treatment prevents lesions in an ex vivo spinal
cord slice cultore model of NMO. Fig. 4A is a series of digital images showing spinal cord
stice cultures exposed to 5 pg/mL NMO-IgG or NMO-1gG™ and 5% human complement
(HC). Representative GFAP and AQP4 immumofhugrescence is shown after 24 hours. Fig.
4B 15 a bar graph showing a summary of lesion scores from experiments as in Fig. 4A (8E., 6
slices per group, * P < {L.01). Fig. 4C is 8 series of digital images showing shce cultures

ncubated with 5 png/mi NMO-IgG, and then 30 minutes later with 20 U/mb EodoS, and 5 %
He &
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HC added 60 minutes later. Fig. 4D is 2 graph showing lesion scores (3.E., 6 slices per group,

*P<(.01).

Figures SA-SC illustrate that HEodoS treatment prevents lesions in an in vive mouse
model of NMO. Fig. 5A is a series of digital images showing the brains of live mice mjected
with 0.6 pg NMO-1gG or NMO-1gG™ together with 3 pl human complement (HO).
Representative GFAP, AQP4 and myeln (MBP) immumofluorescence shown at 3 days after
imjection. Ycllow line represents needle tract. White line delimits the lesion with loss of
AQP4, GFAP and myelin. Fig. 5B 15 a series of digital images showing higher magnification
of brains mjected with NMO-1gG and HC., White dashed hne delimits the lesion (top).
Contralateral hemispheres (non-injected) are shown (right). Fig. 5C is a series of graphs
showing a summary of lesion size from cxperiments as in A (S.E., 4 mice per group, * P <

(.01 by the non-parametric Mann-Whitney test).

Figures G6A-68 illustrate that 1deS cleavage of human NMO-1gG. Fig 6A is a
photograph of a Coomassie blue SDS-PAGE of control and TdeS-treated NMO-1gG (vAb-33,
S pg, 60 mimste incubation with S U IdeS at 37 °C). Fig. 6B is a photograph of a Coomassie
blue SDS5-PAGE of control and IdeS-treated antibodies (I ug purified buman antibodies

incubated with § U 1deS for 30 nuoutes at 37 °C),

Figures 7A-7G illustrate that 1deS treatment of NMO-1gG prevents CDC and ADCC.
Figares 7A and 7B are graphs showing CDC in AQP4-cxpressing CHO cells meubated for 60
minutes with control and IdeS-treated monoclonal recombinant NMO-TIgGs (rAb-53, rAB-93;
cach 0.2-20 ug/mb) (Fig. 7A) and NMO sera (5-200ug/ml) (Fig. 7B), each together with 2%
huroan complement. Cytotoxicity quantified by Alamar Blue assay. (Fig. 7B jusety CDC for 3
concentration-dependence of IdeS action. In Fig. 7C, CDC was measured as in Fig. 7A for
NMO-IgG rAb-93 {1 and 3 pg/mi), which was incubated for 30 minutes with mdicaied
concentrations of IdeS prior to addition to cells. In Fig. 7D, CDC measurement was one in
which NMG-IgG rAb-53 (1 and 3 pg/ml) was tncubated with 1.68 U/ml IdeS for indicated
times prior to addition to celis (S.E., n=4). Figures 7E and 7F arc graphs showing that 1deS
treatment of AQP4-bound NMO-1gG prevents CDC. Cells were incubated with NMO-1gGs
or NMO serum for 30 min, then treated with 1deS for 30 minutes, followed by 2% human

complement for | hour {SE., n=4). Figore 70 is a graph showing ADCC in AQP4-

93]
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expressing CHO cells incubated with 100,000 NK cells and 0.25-10 pg/ml untreated or IdeS-
reated NMO-1gG (5.E., o=4).

Figures 8A-8D illustratc that IdeS-treated NMO-igG binds to AQP4. Figure 8A
provides fluorescence micrographs showing Flab'), binding (red) to AQP4 {green). Figure 8B
is a graph showing binding of NMG-IgG and NMO-1gG " where the red-to-green
fluorescence ratio (R/G)Y is a function of NMO-IgG concentration (S.E., n=3}, Figure 8C
provides fhucrescence micrographs showing F(ab'y, binding (red) to AQP4 (green). Figure 8D
is a graph showing RAG at igG concentrations of 200 and 50 pg/ml for serom 1 and 2,

respectively (3.E., n=3).

o

Figures 9A-9FE illustrate that IdeS-treated NMO-IgG counpetitively displaces
pathogenic NMO-1gG, reducing cytotoxicity. Figure 9A is a graph showing. F(ab")2
fragments produced by IdeS cleavage of NMG-IgG competitively displace NMO-IzG.
{(Binding of NMO-F(ab), fragment on AQP4-expressing CHO cells incubated with NMO-
1gG (1 pg/ml rAb-93) and NMO-1gG® or control-1gGh®, followed by horseradish
peroxidase (HRP)-conjugated anti-hnnman [gG (Fe-specific) secondary antibody, as quantified
by HRP activity assay). Figures 9B and 9C ilustrate that IdeS-treated NMO-IgG protects
against CDC caused by (untreated) NMO-Ig(G. Cytotoxicity was measured by Alamar Blue
assay after 60 minugte incubation with NMO-IgG (2 pg/ml rAb-53; Tulg/mi vAb-93) or NMO
sera and 2% HC in AQP4-expressing cells, together with indicated concentrations of NMO-

~Jde8

196G or NMO sermn™®® (S.E., n=4). Figures 9C and 9D illustrate that Fo fragmenis
generated by IdeS cleavage reduce CDC. AQP4-expressing CHO cells were incubated for 60
minutes with NMQO-1gG (3 pg/ml rAb-53) and 1% homan complement with different
concentration of human IglG Fo fragments. Figure 9E illustrates that Fe fragments reduce
ADCC, Human {gG Fo fragments were pre-incubated with NK cells for 30 minutes at 37 °C,
then added together with NMO-1gG (3 pg/ml rAb-53) to AQP4-expressing CHO cells and

mcebated for T hour (8B, n=4).

Figures 10A-10D illostrate that IdeS treatment of NMQO-1gG prevents lesions i a
mouse model of NMO. in Figure 10A, brains of live mice were injected with 0.6 ug NMG-
1eG or NMO-1gG™* together with 3 pl hursan complement (HC). Representative GFAP,
AQP4 and myelin (MBP) imoumothiorescence at 3 days after mjection. Yellow lme
represents needle tract. White line delimits the lesion with loss of AQP4, GFAP and myelin,

The right side of Figure 10A shows a higher magnification of brains injected with NMO-1gG
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and HC, where the white dashed line delimits the lesion {top). Contralateral henispheres
{non-injected) are shown (far right). Figurce 10B shows a somumary of lesion size from
experimernts as o Figure 10A (S.E., 4 mice per group,™ p < 0.01 by nov-parametric Mamn-
Whitney test). In Figure 10C, brains were ingected with 12 pg of purified 1gG from NMO

serum and 48 pg of IdeS-treated IgG purified from the same NMO patient (NMO serum®®)

ideS
)

or a2 non-NMO control (control seruny ), together with 3 pb HC. (left) Representative
GFAP, AQP4 and MBP immunofivorescence at 3 days after injection. Yellow line shows the
needle tract and white Hne delimits the lesion. Figure 10D shows a summary of lesion size

{S.E., 4 mice per group, ** p <0.01 ).

Figures 11A and 1B illustrate that EndoS efficiently cleaves NMO-1gG in mice in
vivo, Mice were injected with 0.6 pg NMO-Ig(G and 15 minutes later at the same site with 3
pl. human complement (HC) without or with 16.75 U IdeS. In Figure 11A, representative
GFAP, AQP4 and myelin (MBP) wmmotloorescence is shown at 3 days after injection.
Yellow line represents needic tract. White line delimits the lesion with loss of AQP4, GFAP
and myelin. Figure 118 provides & sonvmary of lesion size from experiments as in Figure

HA {8.E., 4 mice per group,¥* p < (.01 by non-parametric Mann-Whitney test).

DETAILED DESCRIPTION

Provided herein is a method of ircating neuromyelitis optica (NMQO) in an apimal or
huraan subject comprising administering to the subject a composition comprising a
therapeutically effective amount of an Fo region modified anti-AQP4 antibody, thereby
treating the NMO in the sobject. In some embodiments, the Fe region modified anti-AQP4
antibody is an anti-AQP4 antibody deglycosylated at the amino acid position Asn297. In
other embodiments, the Fe region modified anti-AQP4 antibody s an anti-AQP4 antibody
F(ab"), fragment. Term definitions and abbreviations used in the specification and claims are

as follows.
Abbreviations

NMO, Newromyelitis optica; AQP4 aquaporin-4; CDC, complement-dependent
cytotoxicity; antibody-dependent cell-mediated cyiotoxicity, ADCC; asparagine, Asn;,

fucose, Fuc; N-acetylglucosamine, GlcNac, mannose, Man; galactose, Gal; sialic acid, Sial,;
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LCA, Lens culinaris agglotinin, EndoS, Endoglycosidase 5; NMO-IgG, NMGQG-associated
autoantibody immunoglobulin G; IgG, mmunoglobulin G; NMO-1gG™", deglycosylated

NMO-associated autoantibody immunogiobuiin G.

Definitions

E2)

As used in the specification and the appended claims, the singular forms “a,” “an,
and “the” inchude plural referents unless the context clearly dictates otherwise. Thus, for
example, reference to “a support” includes a plurality of sapports. In this specification and in
the claims that follow, reference will be made to a number of terms that shall be defined o

have the foliowing meanings unless a contrary intention is apparent.

The term "administering” refers to a method of delivering a composition of the
disclosure {c.g., a deglycosylated anti-AQP4 antibody) to a patient.  Such methods are well
known to those skilled in the art and include, but are not hmated to, oral, nasal, intravenous,
ntramuscelar,  intraperitoncal,  subcutaneous, intrathecal, intradermal, or  topical
administration.  Preferably, the therapeutic antibody of the present disclosure may be
administered to an optic nerve, a ventricle of the brain, or the cerebrospinal fluid either
mtracranially or directly mto the fluid enveloping the spinal cord. Another preferred route of
administration is intravenocusly by such as after plasmapharesis. The route of adminisiration
can depend on a variety of factors, such as the therapeutic goals. Compositions of the
disclosure may be administered on a continuous or an intermitient basis.  Methods for
formulating and subsequently administering therapeutic compositions are well known to
those skifled in the art. Sge, for example, Remington, 2000, The Science and Practice of
Pharmacy, 20th Ed., Genvaro & Genuaro, eds., Lippincott, Williams & Wilkins. The dose
administered will depend on many factors, including the mode of administration and the
formulation. Typically, the amount in a single dose is an amount that effectively reduces the
level of binding of a glycosylated anti-AQP4 avtoantibody to its corresponding target protein

m an individual without exacerbating the disease symptoms.

The term “antibody” as used hevein refers to a glycoprotein comprising at least two
heavy (H) chains and two hght (L) chains mter-comnected by disulfide bonds, or an antigen
binding portion thereof. Each heavy chain s comprised of a heavy chain variable region
{abbreviated herein as VH) and a heavy chain constant region. Each Hght chain is comprised

of a light chain variable region and a light chain counstant region. The VH and VL regions
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retain the binding specificity to the antigen and can be further subdivided into regions of
hypervariability, tormed complementanity detormining regions {CDR).  The CDRs are
interspersed with regions that are more conserved, termed framework regions (FR). Bach VH
and VL is composed of three CDRs and fouwr framework regions, arranged from amino-
terminus to carboxy-terminus in the following order: FR1, CDRI, FRZ, CORZ, FR3, CDR3,
and FR4. The variable regions of the heavy and light chains contain a binding domain that

wmteracts with an antigen.

-1t

The term "antibody” s used in the broadest sense, and specitically covers monoclonal
antibodies (inchuding full length movnoclonal antibodies), polyclonal antibodies, and
multispecific antibodies {e.g., bispecific antibodies). Antibodics (Abs) and immumoglobuling
(igs) arc glycoproteins having the same structural characteristics. While antibodies exhibit
binding specificity to a specific target, immunoglobuling include both antibodies and other
antibody-hike molecules  which  lack  target  specificity.  Native antibodies and
mmunoglobuling are wsually heterotetrameric glycoproteins of about 150,000 daltons,
composed of two identical light (1) chains and two identical heavy (H) chains. Each heavy
chain has at one end a variable domain (Vy) followed by a number of constant domains. Fach

light chain has a variable domain at onc end (V) and a constant domain at its other end.

The term "antibody fragment” refers to a portion of a full-length antibody, generally
the target binding or variable region. Examples of antibody fragments mclude Fab, Fab',
Flab'y, and Fv fragments. The phrase "functional fragment or analog” of an antibody is &
compound having qualitative biological activity in common with a full-length antibody. For
example, a fonctional fragment or analog of an anti-IgE antibody is one which can bind to an
1gE immunogiobulin in such a manner so as to prevent or substantially reduce the ability of
such molecule from having the ability to bind to the high affinity receptor, FeeRIL As used
hervein, "functional fragment” with respect to antibodics, refers to Fv, F(ab) and F(ab)
fragments. An "Fv" fragment is the minimum antibody fragment which contains a complete
target recognition and binding site. This region consists of a dimer of one heavy and one light
chain variable domain in a tight, non-covalent association {(Vy-Vp dimer). It is in this
configeration that the three CDRs of each variable domain tnteract to define an target binding
sitc on the surface of the Vg-Vy dimer. Collectively, the six CDRs confer target binding
specificity fo the antibody. However, even a single variable domain {or half of an Fv

comprising only threc CDRs specific for a target) has the ability to recognize and bind target,
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although at a lower affimity than the entire binding site. "Single-chain Fv™ or "sFv" antibody
fragmenis comprise the Vy and V. domains of an antibody, wherein these domains are
present in a single polypeptide chain. Generally, the Fv polypeptide further comprises a
polypeptide Hnker between the Vy and Vi domains which enables the sFv to form the desired

structure for target binding,

As used herein the term “anti-AQP4 antibody F(ab'), fragment” refers to an Flab'),
fragment of an anti-AQP4 antibody. In some embodimenis, the F(ab"y, fragment is an IgG
fragment.  The ant-AQP4 antibody F(ab'), fragment F(ab'), fragoents of the present
mvention are functional in the sense that they bind 1o AQP4, however, these fragments do not
mitiate CDC or ADCC immune reactions i a host or subject. In some embodiments, the

anti-A(3P4 antibody F(ab'); fragment is created using an IdeS

The term “antibody-dependent cell-mediated cytotoxicity” as used herein refers to the
cell-killing ability of effector cells, in particular fymphocytes, which preferably require the
target cell being marked by an antibody. ADCC can oceur when antibodies bind to antigens
on cells and the antibody Fe domains engage Fe receptors (FeR) on the surface of immune
effector cells. Several familics of Fc receptors have been identified, and specific cell

populations characteristically express defined Fe receptors.

The term “Aquaporin 47 {AQP4) as used herein refers to 2 water-specific member of
the Aquaporin family of water and water/glycerol transporters (Hasegawa et af., (1994} J
Biol. Chem, 269: 5497). The aquaporing are a structurally unique class of transmembrane
transporter proteins where the active channel is formed at the nexus of four or more protein
monomers. The aguaporing are characterized by the formation of a protein homotetramer,
where each protein monomer contains a channel that is virtually independent from that of the
other protein monomers (Hiroaki et al., (2006) .0 Mol Bis. 355: 628). The nexus of the AQP
protein monomers is not believed to form an active chanoe! or pore. The AQP4 water
transporter 15 widely distributed m the human body, with particularly high concentrations in
the brain, eyes, ears, muscles, lungs and kidneys (Yung ef af., (1994} Proc. Nat, Acad. Sci,,
USA 91: 13052-13056). 1t is highly conserved among mammalian species, typically showing
greater than 95% identity, and also has a similar biclogical distribution (Zardoya er af.,
(2000 J Mol Evol. 2001, 52, 391). The main role of AQP4 1s generally regarded to be the

regulatory water balance of the tissues in which # is localized.
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The terms “astrocyte” and “oligodendrocyte” as used herein refer to a glial cell or
"glial-like" cell, which mmcludes a cell that has one or more glial-specific features, associated
with a glial cell type, including a morphological, physiological and/or immunological feature
specific to a ghal cell {e.g. astrocytes or oligodendrocytes). For example, expression of the

astroghial marker fibrillary acidic protein {GFAP) or the oligodendroglial marker 04,

The term “autoantibody” as used herein rvefers to an antibody manufachwed by the
mmune system that is directed against one or more of an individual's own antigens such as
an epitope of a protein, a peptide, or & non-protoin epitope.  Many amtoimmune discascs,
notably lupus erythramatosus, scleroderma, and polymyositis/dermatomyositis associated
with aotoantibodies, The autoantibodies of the present disclosure are directed to an epitope
of the aquaporind (AQP4) protein located in the astrocytes swrrounding the optic and

neuronal cells.

The torm "complerent dependent cytotoxicity” or "CDC" refers to the ability of a
molecule to lyse a target in the presence of complement. The complement activation
pathway is initiated by the binding of the first component of the complement system (Clg) to
s molecule {c.g. an antibody) complexed with a cognate antigen. To asscss complement
activation, a8 CDC assay, e.g. as described in Gazzano-Santoro ef al, J. Immunol. Methods
202:163 {1996), may be performed. CDC is a cell-killing method that can be directed by
antibodies. IgM is the most effective isotype for complement activation. IgG1 and 1gG3 are
also both very effective at dirccting CDC via the classical complement-activation pathway.
Preferably, in this cascade, the formation of antigen-antibody complexes results in the
wncloaking of mubiple Clg binding sites in close proximity on the CH2 domains of
participating antibody molecules such as g molecules {Clg is one of three subcomponents
of complement C1). Preferably these unclosked Clg binding sites convert the previousty
low-atfinity Clg-IgG interaction to one of high avidity, which triggers a cascade of events
mvolving a series of other complement proteins and leads to the proteclytic release of the
ctfector-cell chemotactic/activating agents C3a and CSa. Preferably, the complement cascade
ends i the formation of 2 membrane attack complex, which creates pores in the ccll

membrane that facilitate frec passage of water and solutes into and out of the cell.

n
5

In this disclosure, "comprises,” "comprising,” "containing” and "having” and the Hke

n

can have the meaning ascribed to them in U.S. Patent law and can mean " inclodes”

"tocluding,” and the like. "Consisting essentiaily of” or "consists essentially” or the like,
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when applied to methods and compositions encompassed by the present disclosure refers to
compositions like those disclosed herein, but which may contain additional siractural groups,
composition components or method steps (or analogs or derivatives thercof as discussed
above). Such additional structural groups, composition components or method steps, ete.,
however, do not materially affect the basic and novel characteristic(s) of the compositions or

methods, compared to those of the corresponding compaositions or methods disclosed herein.

The term "effective amount” as used herein refers to that amount of a composition of
pharmeaceutical agent that will clicit the biological or medical response of a tissue, system,
animal or human that is being sought, for instance, by a researcher or chinician. Furthermore,
the term "therapeutically effective amount” means any smount which, as compared to a
corresponding subject who has not received such amount, results in improved treatment,
healing, prevention, or amelioration of a disease, disorder, or side effect, or a decrease in the
rate of advancement of a disgase or disorder. The term also inclodes within its scope
amounts cffective o enhance normal physiological function.  Administration of 3
therapeutically effective amount can be achicved with a single administration/dose or

multiple administrations/dosages.

The term “endoglyvcosidase™ as used herein cspecially refers to Endoglycosidase S
{EndoS), a bactenial product of Streptococcus pvogenes that selectively digests asparagine-
linked glycans on the heavy chain of all 1gQG subclasses, withowt action on other
immmmoglobulin classes or other glycoproteins,  EndoS bhas been used 1o neutralize
pathogenic TgQ in experimental animal models of amtoimmunity, inchuding collagen-induced
arthritis  (Nandakumar KS, et al, Eur [} Immumel 2007.37:2973-2982), immunc
thrombocytopenic purpura (Alberi, H., et al, Proc Natl Acad Sci USA 2008;105:1500S-
1506093, lupus crythematosus, and andi-neutrophil cyioplasmic autosntibody (ANCA)-
mediated glomerulonephritis.  Although EndoS has not been used in humans, a different
glycosidase is in phase H chinical trials to neuiralize blood group antigens to generate, ex
vive, universal blood for donation. The present disclosure provides for EndoS treatment of
NMO patient serunm that neutralizes the autoantibody pathogenicity without affecting AQP4

binding, and demonstrates its utility in preventing NMO pathology in cell and mouse models.

As used heremn, the term “Fe region modified anti-AQP4 antibody” refers to an
antibody that selectively binds to an AQP4 moiety and contains a modified or deleted Fe

egion, which modification renders the antibody with a reduced ability to activate or initiate
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CDC and/or ADCC mediated immune reactions {sach as CDC and/or ADCC mediated
immune reactions against astrocyies). In some embodiments, the Fo region modified anti-
AQP4 anttbody 15 deglycosylated at the amino acid position Asn297. In other embodiments,
the Fe region modified anti-AQP4 antibody is an anti-AQP4 antibody F(ab'), fragment. In
preferred embodiments, the Fe region modified anti-AQP4 antibody competes with an un-
modified anti-AQP4 antibody for binding to an AQP4 moiety, and thereby reduces the

binding of the un-modified anti-AQP4 antibody to AQP4.

The term “glycosylation” as used herein refers to the attachment of glycans at specific
locations along the polypeptide backbone and 15 usually of two types: O-linked
sligosaccharides are attached to serine or threonine residoes while N-Hnked oligosaccharides
arc attached to asparagine residues when they are part of the sequence Asn-X-Ser/Thr, where
X can be any amine acid except prohine.  The structures of N-linked and O-linked
oligosaccharides and the sugar residues found in each type are different. One type of sugar
that is commonly found on both is N-acetyloeuraminic acid (hercafter referred to as sialic
acidy.  Sialic acid s usually the terminal residue of both A-linked and O-linked
oligosaccharides and, by virtue of its negative charge, may confer acidic properties to the

glycoprotein.

The term “glycosylation site” as used hercin vefers to a location on a polypeptide that
has a glycan chain attached thereto, such as, but not himited to, the AsnZ97 position of the Fe
region of an immunoglobulin G, The “site” may be an amino acid side-chain, or a plurality
of side-chains (either contigaous in the amino acid sequence or in cooperative vicinity to one
another to define a specific site assoctated with at least one glycosylation chain). The term
“glycosylation site” as used hercin further refers to a combination of a region of a

polypeptide, and a region of a glycan chain attached 1o the polypeptide.

The term “IdeS” refers herein an 1gG-degrading enzyme of Strepiococcus pyogenes,
also called Mac 1, which efficiently cleaves human 1gGs of all subclasses without effect on
other antibody classes or proteins. Compared to EndoS, 1deS: (i) has greater rate of 1gG
cleavage compared to the rate of EndoS deglycosylation; (ii) produces antibody fragments
with zero vesidual effector function; and (Ui} generates free Fe fragmonts that block Fe
receptors on phagoeytes. IdeS has shown efficacy in rodent models of experimental arthritis

caused by anti-collagen antibodies (Nandakumar et al,, 2007), idiopathic thrombocytopenic
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purpura caused by anti-piaielet antibodies (Johansson et al., 2008}, and glomerulonephritis

caused by anti-glomerular basement membrane antibodies (Yang et al., 2010).

The torm “immobilized on a solid support” as used hercin refers to such as an
Endoglycosidase S, an antibody, an antigen-binding fragment, and the like attached to a
substance at a particular location in such a mamer that the system containing the
immobilized entity may be subjected to washing or other physical or chemical manipulation
without being dislodged from that location. A number of solid supports and means of
immobilizing pelypeptide-containing molecules 1o them are known io the art.  For example,
and not intended to be Hmiting, immobilization onto a solid support may be by directly
chemically cross-linking a molecular species t¢ an  underlying support material,
Alternatively, and especially useful for linking an moumnoglobulin to a solid support as used
m the methods of the disclosure, an inwouroglobulin-binding agent such as an anti-
immunoglobulin antibody may be attached thereto. 1t is understood that a solid support can
be such as, but not limited to, beads, plastic surfaces, or any other surface to which an
immmmoglobulin-binding agent can be bound such as, but not intended to be limiting,
SEPHAROSE RTM, agarose, polyacrylamide and the like. Of particular usefulness in the
methods of the disclosure is an Endoglvcosidase S attached to a solid support that may be
contacted in a batch-wise or continuous flow system with a composition containing the

antibody species to be deglycosylated.

The torm "isolated” antibody as used beremn refers to an antibody identified and
separated and/or recovered from a component of its natural enviromment.  Contaminant
components of its nataral environment are materials which would interfere with diagnostic or
therapeutic uses for the antibody, and may include ecnzymes, hormones, and other
proteinacecus or nou-proteinaceous soluies. o advantageous embodiments, the antibedy will

¢ purified (1) to greater than 95% by weight of antibody as determined by the Lowry
method, and most preferably more than 59% by weight, (2) to a degree safficient to obtain at
least 15 residues of N-terminal or internal aming acid sequence by use of a spinning cup
sequenator, o {3) to homogeneity by SDS-PAGE under reducing or non-reducing conditions
using Coomassie blue or, preferably, silver stain, Isolated antibody mcludes the antibody in
sitt within recombinant cclls since at least one compounent of the antibody's natural
environment will not be present. Ordinarily, however, isolated antibody will be prepared by

at least one purification step.
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The term “modulates”™ as used herein refers to a change in the lovel of activity, or the
amount of, a constituent of an animal or human, an organ, thereof, or a cell or isolated cell
thercof. For example, but not intended to be limiting, “modulate” may refer to an decrease i
the binding of an antibody such as glyecosylated anti-AQP4 antibody due to competition for
the specific target epitope by deglveosylated antibody according to the present disclosure.
Aliernatively, “modulate” may refer to a decrease in the extent of loss of neuronal activity or
viability due to the binding of the glycosylated autoantibody to AQP4.  As used herein,
“modulating” a neurological disorder can vefer to reducing the severity of one or more
symptoms, climinating alf symptoms, any level of symptoms there between, or inhibiting the

onset of the neurological disorder,

The term “neuromyelitis optica™ (NMO) as used herein refers to a neurclogical
disorder also known as Devie's syndrome in Western countries and as opticopinal nuultiple
sclerosis in Asia. NMQO is regarded as a severe variant of multiple sclerosis (MS), and
accounts for 30% of MS cases occurring in Asians. In North America, non-Caucasians
represent & higher frequency of pationts with NMO than the frequency of those with classical
MS5.  The characteristic inflammmatory demyelinating lesions of NMO selectively and
repeatedly affoct the optic nerves and the spimal cord, thereby causing both blindness and

paralysis.

The terms "organism,” "host,” and "subject” as used hercin refers to any living entity
comprised of at least one cell. A Hiving organism can be as simple as, for example, a single
1solated eukaryotic cell or cultured cell or cell Hne, or as complex as & mammal, nclading a
human being, and amimals {e.g., vertebrates, amphibians, fish, mammals, e.g., cats, dogs,
horses, pigs, cows, sheep, rodents, rabbits, squirrels, bears, primates {e.g., chimpanzecs,
gorillas, and humans). "Subject” may also be a cell, a population of cells, a tissue, an organ,

or an organism, preferably human, and constituents thercof.

The term "pharmaceutically acceptable carrier” as used herein refers to a diluvent,
adjuvant, excipient, or vehicle with which a heterodimeric probe of the disclosure is
administered and which is approved by a regulatory agency of the Federal or a state
government or listed in the U.S. Pharmacopeia or other generally recognized pharmacopeia
for use in animals, and more particularly in humans. Such pharmaceutical carriers can be
hquids, such as water and oils, including those of petroleum, amimal, vegetable or synthetic

origin, such as peanut oil, soybean o¢il, mineral oil, sesame ol and the Hke. The
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pharmaceutical carriers can be saline, gumn acacia, gelatin, starch paste, tale, keratin, colloidal
silica, ures, and the hke. When administered to a patieni, the heierodimeric probe and
pharmaceutically acceptable carriers can be sterile.  Water is 2 useful carrier when the
heterodimeric probe is administered intravenously.  Saline solutions and agueous dextrose
and glycerol solutions can also be emploved as lguid carriers, particularly for injectable
solutions. Suitable pharmaceutical carriers also include excipients such as glucose, lactose,
sucrose, ghycerol monostearate, sodiam chloride, glycerol, propylene, glycol, water, ethanol
and the like. The present compositions, if desired, can also contain minor amounts of wetting
or enwdsifying agents, or pH buffering agents. The present compositions advantageousiy
may take the form of solutions, emulsion, sustained-release formulations, or any other form

suitable for use.

The term “plasmapbaresis” as used hercin refors to methods and extracorporeal
systems for apheresis {i.e., the process of withdrawing blood from an individual, removing
components from the blood, and retming the biood, or blood depleted of one or more
components such as, but not limited to, antibodics, to the individual., Antibodies removed can
be of any class, e.g., 1gG (such as IgQGl, 1gG2, 1gG3, and IgG4), 1gM, IgD, IgA, or Igh
antibodies as are known in the art (see, for example, U.S. Pat. Nos. 4,708,713, 5,258,503;

5,386,734; and 6,409.696).

The term “protein” as used herein refers to a large molecule composed of onc or more
chains of amino acids in a specific order. The order is determined by the base sequence of
nucleotides in the gene coding for the protein.  Proteins are required for the structure,

function, and regulation of the body’s cells, tissues, and grgans.

The term substantially pure” as used herein means an object species is the
predominant species present (i.e., on 3 molar basis it is more abondant than any other
individual specics in the composition), and preferably a subsiantially purified fraction is a
composition wherein the object species comprises at least about 50 percent of all specics
present.  (enerally, a substantially pure composition will comprise more than about 80
percent of all species present in the composition, more preferably more than about 5%, 90%,
95%, and 99%. Most preferably, the object species is purified to essential homogencity
{contaminant species camnot be detected in the composition by conventional detection

methods) wherein the composition consists essentially of a single specics.

16



10

—
j%)]

20

3]
431

30

WO 2013/177116 PCT/US2013/041955

The terms "treating” and "treatment” as used herein refer generally to obtaining a
desired pharmacological and/or physiological effect. The effect may be prophylactic in terms
of prevemting or partially preventing a discase, symptom or condition thercot such as
neuromyelitis optica, and/or may be therapeutic in terms of a partial or complete cure of a
disease, condition, symptom or adverse gffect attributed to the disease. The term "treatment”
as used herein covers any treatment of neuromyelitis optica in a mammal, particularly a
hurean, and includes: {a) preventing the disease from occurring in a subject which may be
predisposed to the disease but has not yet been diagnosed as having it; (b) inhibiting the
discase, i.c., arresting its devclopment; or (¢} relieving the discase, ie., mitigating of

amehorating the discase and/or #ts synmptoms or conditions.

The term ™reatment” as used hercin particularly refers to the administration of a
compound in an amount sufficient to, alleviate, ameliorate, or delay the progress of one or
more symptoms or condifions associated with negromyelitis optica (NMO).  In some
cmbodiments, treating a subject having NMO with an Fe modified anti-AQP4 antibody of the
present invention results in a decrease in the amount of NMO jnduced lesions in the subject
as compared t0 a control subject.  In these embodiments, the lesions can be reduced by

approximately 95%, 80-80%, 50-60%, 30-40%, 10-20% or 5%.

The term "treatment” as used herein refers fo both therapeutic wreatment and
prophylactic or preventative measures. Those in need of treatment include those already with

the disorder as well as those in which the disorder 15 to be provented.

Dgscription

Provided herein is a method of treating nouromyelitis optica (NMO) in an animal or
buman subject comprising administering to the subject a composition comprising s
therapeutically effective amount of an Fe region modified anti-AQP4 antibody, thereby
treating the NMO in the subject. In some embodiments, the Fe region modified anti-AQP4
antibody is an anti-AQP4 antibody deglycosylated at the aming acid position AsnZ97. In
other embodiments, the Fo region modified anti-AQP4 antibody is an anti-AQP4 antibody

F(ab'), fragment.

The present disclosure cncompasses embodiments of methods for reducing the onset
or intensity of autolmmmme neuropathy mediated by antibodies directed to the protein

aquaporin-4 {(AQP4). This membranc-bound polypeptide is found in the membranes of
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astrocyte cells that surround nevronal cells. An anti-AQP4 1g( autoantibody, when bound to
its target AQP4 initiates complement and cell-mediated cytotoxicity and progressive
destruction of the neuronal cells. This will result in deteriovation of the optic and spinal

nerves, leading to blindness and paralysis.

It has now been surprisingly demonstrated that either removal of a glycan moiety
attached to the anti-AQP4 autoantibody or removal of the Fo region of the auti-AQP4
autoantibody climinates the ability of the IgG to trigger complement and cell-mediated
cytotoxicity while retaining the affinity for the target membrane-bound protein AQP4. The
deglycosylated and Fe region anti-AQP4 autoantibody deletion products are collectively
referred to herein as an Fo region modified anti-AQP4 antibody. Accordingly, the Fe region
modified anti-AQP4 antibody can compete with the glycosylated form for the target stic and,

once bound 1o the AQP4, prevents the cytoxicity that would otherwise be induced.

The methed of the disclosure, therefore, provides an Fe region modified anti-AQP4
antibody by either removing the glycan at the Asn297 position within the Fe region of the
antibody wsing Endoglycosidase S or removing the Fe region using an IdeS enzyme. It is
contemplated that several different routes may be taken for modification of the anti-AQP4
antibody. In some embodiments of the disclosure, scrom from 2 patient known to be
producing the anti-AQP4 autoantibodics may be contacted with the EndoS and/or ldeS,
which is then allowed to cleave off the glycan or the Fe region from the IgG pelypepiide. In
one crabodiment, the EndoS and/or 1deS may be mixed in solution with the serum and, after a
suitable reaction time; the EndoS and/or IdeS may be removed from the serum by a method
such as passage through an anti- EndoS and/or IdeS affinity column.  The serum now
comprising an Fe region modified anti-AQP4 antibody, including an IgG Fe region modified
anti-A QP4 antibody, but with the EndoS and/or IdeS substantially or completely separated
therefrom, may be returned to the patient as a source of autologous an Fe region modified
anti-AQP4 antibody which will not induce an tmune response thereto. The newly modified
antibody may then compete with the glycosylated/Fe containing form of the autoantibody,
displacing the latter, and therefore blocking the mduction of complement and cell-mediated

cytotoxicity events.

While it is possible to remove serum from the patient to be treated, it is also
contemplated that the serum may be continuounsly depleted of unmodified (i.c., natoral} anti-

AP4 antibody by treating the patient with plasmapharesis, passing the plasma through a
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column of EndoS and/or IdeS attached (o a beaded solid support or through an EndoS and/or
- paeg

IdeS-bound membrane sysiem.

Plasma or scrum from the animal or human subject to be treated can be uscfully
returned to the patient by an intravenous route. If returned 1o the same subject that served as
the source of the serum, the method provides autologous antibodies that will not induce an
adverse immme response, especially if the treatment is applied over a prolonged period. An
acute application of the treated scrum or plasma o a heterologous subject may offer
immediate advantages in the reduction of wwmedified (o, vatural) anti-AQP4 antibody
binding, but its use in such a context 15 Imited due to undesirable immune reactions being

triggered.

In other embodiments of the methods for preparing a Fe region modified anti-AQP4
antibody of the disclosure, it is contemplated that the 1gG fraction of 2 serum may be isolated
by such as an affinity colunm specific for 1gG, or more specifically, that the anti-AQP4
autpantibody fraction be solated by AQP4-specific affinity chromatography, followed by
reacting the EndoS and/or IdeS with the isolated IgG fraction, and subsequently
administering the Fc region modified anti-AQP4 antibody to an animal or human subject in
need thereof.  The treated Fe region modified anti-AQP4 antibody fraction may be
administered to the recipient subject by means other than intravenous, ncluding, but not
Himited to, subdural delivery, directly to an optic nerve, directly to the brain tissue or the
veniricles thereof, lumbar punctire, to the cercbral-spinal fluid and the like, providing =

focalized site of admimistration.

While 1t 18 recognized that there are advantages to providing autologous Fe region
modified anti-AQP4 antibody to the recipient subject, it is further recogmized that a
therapentic composition comprising an isoclated Fe region modified anti-AQP4 antibody is
advantageous for administering heierologously to a recipient animal or human subjoct.
Accordingly, the present disclosure provides methods for substantially purifying an antibody
from a source such as serum using such methods as affinity chromatography, wherein, for
example, an IgG fraction may be isolated by such as a Protein-A colomn preceding an
affinity columu selectively binding to tmmobilized AQP4. It 1s then possible to wash the
antibody bound to the immobilized AQP4 with a solution comprising Endod and/or HdeS fo
modify the antibody before it is eluted from the AQP4 affimity cohwmn. It is further

considered that one of skifl in the art will be able o apply any technique that can provide s
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substantially purified anti-AQP4 antibody that may be treated with EndoS and/or Ide5. After
reatment with the BEndoS and/or IdeS, the EndoS and/or IdeS and the Fo region modified
anti-AQP4 antibody may be fractionated to remove the EndoS and/or IdeS bhefore
administration to an animal or human subject. Removal of the EndoS and/or [deS is desirable
to avgid deglycosylation and/or Fo removal and fimctional mactivation of antibodies other

than the ani-A(JP4 autoantibody species.

The present disclosure, therefore, provides methods for the selective enzymatic
deglycosylation or Fe removal of patient NMO-Ig(G to geutralize its effector function without
affecting 1ts binding to AQP4, thus converting a pathogemic antibody to a therapeutic
blocking antibody. Glycosylation of a conserved asparaging (Asn-297) on the CH2 domain
of 1g(G heavy chains is cssential for antibody ecffector functions (Jefferis ef al, (2008}
fmmunol Rev. 163: 59-76). Modification of the Fe glycan can alter 1gG conformation and
reduces the Fe affinity for binding of complement protein Clg and effector cell receptor FeR.

Complete removal of the Fe glycan also abolishes CDC and ADCC.

The results of the present disclosure show that EndoS and/or 1deS treatment abolished
NMO-1gG cffector functions, preventing complement- and cell-mediated cytotoxicity without
affecting binding to AQP4.  Pathogenic NMO autcantibodics were thus converted
enzymatically nto non-pathogenic blocking antibodies, as Fe region modified anti-AQP4
NMO-Ig(G antibody competes with pathogenic NMO-1gG for binding to AQP4. EndoS
and/or IdeS neutralized NMO-IgG effector function in multiple NMO sera, preventing CDC
and ADCC n cell cultures, and the development of NMO pathology in mouse models of
NMO. EndoS and/or 1deS was effective as well in neutralizing AQP4-bound NMO-IgG i
situ, as cytotoxicity and NMO pathology were prevented when EndoS and/or 1deS was added
after NMO-1g(G was fully bound 1o cell surface AQP4. Corgpetition of EndoS and/or IdeS-
treated NMO-1gQG with untreated, pathogenic NMO-IgG was also shown, similar to when
anrelated monoclonal recombinant NMO antibodies compete for binding to AQP4 with
polyclonai NMO-1gG in NMO patient scra (Tradtrantip L, et al, Aun Neurol 2012;71:314-
322). The large size of NMO-IgG compared to AQP4 is the molecular basis of this steric
competition. The findings of the present disclosare support the usefiiness of IgG-selective
endoglycosidases and proteinases, and in particular Endoglycosidase S and 1deS, for NMO

therapy.
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EndoS is the only known endoglycosidase that selectively hydrolyzes glycans on 1gG,
without affecting IgA, IgM or other glycoproteins (Collin M, and Olsen A., EMBO
2001;20:3046-3055).  Other endoglycosidases, such as EndoF.s from FElizabethkingia
meningoseptica, or EndoE from Enferococcus faecalis, have broad spectra of activity and can
cleave glycans on many glycoproteins.  Intravenous inmjection of 10 pg EndeS in mice
prevented the development of lupus-Hke disease in a model of spontancous lupus without
ohserved toxicity (Nendakumar KS, et al, Fur J Immunel 2007;37:2973-2982).  Repeated
mjections of EndoS in rabbits prodaced an anti-EndoS antibody response, but did not alter
EndoS pharmacokinetics or endoglycosidase activity. {d. “1deS” is an Ig5-degrading enzyme
of Sreptococcus pyogenes, also called Mac |, which efficiently cleaves human 1gGs of all
subclasses without effect on other antibody classes or proteins. Compared to HEndo3, IdeS: (1)
has greater rate of 1g0 cleavage compared to the rate of EndoS deglycosylation; (i) produces
antibody fragments with zero residual effector function; and (itd) generates free Fe fragments
that block Fe receptors on phagocytes. IdeS has shown cfficacy in rodent models of
experimental arthritic caused by anti-collagen antibodies {(Mandakumar et al, 2007),
idiopathic thrombocytopenic purpura caused by anti-platelet antibodies (Johansson et al,
2008), and glomerulonephritis caused by anti-glomerular basement membrane antibodies

(Yang et al., 2010).

Intravenous EndoS and/or IdeS adounistration in Jumans is predicted to neutralize
12G globally, but hkely cause an inunune response, prechiding chronic admimistration, but
potentially allowing its use in acute discase cxacerbations. Intrathecal or retro-orbital
administration of Endo’ and/or IdeS can minimize these concerns, targeting EndoS and/or

IdeS to NMO lesions in spinal cord and optic nerve.

One aspect of the present disclosure encompasses embodiments of a method of
generating a therapeutic antibody effective in modulating neoromyelitis optica (NMO) when
administered to an animal or human subject, the method comprising contacting an auti-AQP4
autoantibody glycosylated at the amino acid position Asn297 thercot with Endogiycosidase S
wunder conditions wheveby the Endoglycosidase S deglveosylates the autoantibody, thereby
providing a therapeutic antibody capable of specifically binding to AQP4 but not capable of
activating complement-dependent cyiotoxicity {(CDC) or antibody-dependent cell-mediated

cytotoxicity {ADCC) in an animal or human subject.
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In embodiments of this aspect of the disclosure, the anti-AQP4 autoantibody

glycosylated at the amino acid position Asn297 thereof can be an isclated mmunoglobulin G

In embodiments of this aspect of the disclosure, the method can further comprise
solating the anti-AQP4 autoantibody glycosylated at the amino acid posttion Asn297 thereof

from the serum of an animal or human subject.

In embodiments of this aspect of the disclosure, the step of 1solating the anti-AQP4
autgantibody from the serum of an animal or human subject can comprise fractionating the
seram with an affinity column capable of specifically binding immunoglobolin G or an anti-

AQP4 autoantibody, and eluting the anti-AQP4 avtoantibody therefrom.

In embodiments of this aspeet of the disclosure, the step of contacting the anti-AQP4
autoandibody glvcosylated at the amino acid position Asn297 thercot with the
Endoglvcosidase 5 can comprise contacting a composition comprising the glycosylated
autoantibody with Endoglycosidase S attached to a solid support. In some embodiments of

this aspect of the disclosure, the solid support can be a beaded material or a membrane.

In some embodiments of this aspect of the disclosure, the Endoglycosidase S can be

attached to the solid support material of a chromatography column,

In embodiments of this aspect of the disclosure, the method can further comprise the
steps of subjecting the serum isclated from the animal or human subject to plasmapharesis,
whereby the anti-AQP4 autoantibody is contacted with the Endoglycosidase S resulting in
deglycosylation of the autoaniibedy at the amino acid position Asu297 thercof; and returning

the serum to the animal or human subject.

In cmbodimenis of this aspect of the disclosure, the method can comprise the steps of
administering o a subject animal or human an amount of Endoglycosidase S effective in
deglycosylating an anti-AQP4 autoantibody in the subject animal or homan.  In these
embodiments, the Endoglycosidase S can be debivered to the sabject animal or human subject
imtrathecally, ntravenously, subdurally, directly to an optic nerve, or to the cercbrospinal

flaid

Still another aspect of the present disclosure encompasses erbodiments of a method

of reducing the binding of an anti-AQP4 autcantibody to AQP4 of a cell of an animal or
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human subject, the method comprising administering to the subject an amount of an anti-
AP4 autoantibody deglycosylated at the amino acid position Asn297 thercof, therehy
competitively inhibiting the binding of a glycosylated anti-AQP4 autoardibody to the AQP4

of the cell.

Another aspect of the present disclosure encompasses embodiments of a method of
modolating newromyelitis optica (NMO) In an animal or human subject comprising
administering o the subject a therapeutically cffective amount of an anti-AQP4 autoantibody
deglycosylated at the amino acid position Asn297 thereof, whereby the deglveosylated
autoantibody competes with a glycosylated variant of anti-AQP4 autcantibody of the amimal
or human subject for binding to the target AQP4 protein of astrocytes, thereby redocing the
onset or extent of a complement-dependent cytotoxicity (CDC) and antibody-dependent cell-

mediated cytotoxicity {ADCC) response directed against the astrocytes.

In embodiments of this aspect of the disclosure, the deglycosyiated sutoantibody can

be generated by any of the aforementioned methods of the disclosure.

In some embodiments of this aspect of the disclosure, the deglycosylaied
autoantibody can be obtained by administering to the subject an amount of Endoglycosidase
S effective in deglycosylating the anti-AQP4 autoantibody at the amino acid position Asn297
thereof. In these embodiments, the Endoglycosidase S can be administered fo an animal o
humen subject intratheeally, intravenously, subdurally, dircctly o an optic nerve, to the

cerebrospinal fluid, or during plasmapharesis.

In embodiments of this aspect of the disclosure, the deglycosylated autoantibody can
be a component of a pharmaceutically acceptable composition administered to the animal or

human subject.

In embodiments of this aspect of the disclosure, the deglycosylated autoantibody can

be an autologous antibody or a heterologous antibody of the antreal or human subject.

In embodiments of this aspect of the disclosure, the deglycosyiated autoantibody can
be provided to the animal or human subject by deglyeosylating the anti-AQP4 autoantibody

during plasmapharesis treatment of the animal or human subject.
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In embodiments of this aspeet of the disclosure, the therapeotically effective amount
of the anti-AQP4 autoantibody deglycosylated at the amino acid position Asn297 thercof can
¢ adounistered to an animal or human subject imtrathecally, imtravenously, subdurally,

directly to an optic nerve, to the cercbrospinal fhitd, or during plasmapharesis.

Still another aspect, therefore, of the present disclosure encompasses embodiments of
an isolated therapeutic antibody cffective in modulating neuromyelitis optica (NMO), where
the therapeutic antibody can be an anti-AQP4 immunoglobulin G deglycosylated at the amino

acid position Asn297 thereof.

Aunother aspect of the present disclosure encompasses embodiments of a
pharmaceutically acceptable composition comprising a therapeutically effective amount of an
isolated therapeutic antibody effective in modulating neuromyeclitis optica (NMO), wherein
said therapeutic antibody is an anti-AQP4 mmunoglobulin G deglycosyiated at the amino

acid position Asn297 thereof.

Yet another aspoct of the present disclosure oncompasses cmbodiments of a
composition comprising an  isolated therapewtic  antibody  effective in modulating
neuromyehitis  optica  (NMO), where the therapeutic antibody s an  anti-AQP4
mmumnoglobulin G deglycosylated at the amino acid position Asn297 thereof, and wherein

the antibody is non-pathogenic.

In embodiments of this aspect of the disclosure, the composition can be an isolated

SCTU.

In embodiments of this aspect of the disclosure, the composition can further comprise

a pharmaceutically acceptable carrier.

Another aspect of the present disclosure encompasses embodiments of a method of
generating a therapeutic antibody effective in modulating neoromyelitis optica (NMO) when
administered to an animal or human subject, the method comprising contacting an auti-AQP4
autoantibody with IdeS under conditions wherebhy the 1deS removes the Fe region of the
autoantibody, thereby providing a therapeutic antibody capable of specifically binding to
AQP4 but not capable of activating complement-dependent cytotoxicity (CDC) or antibody-

dependent cell-mediated cytotoxicity (ADCC) in an animal or human subject.
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Data provided below in the Examples indicates that IdeS neotralized NMO-IgG
pathogenicity, abolishing CDC and ADCC cffector functions, and yiciding therapeutic
Fabh2 and Fo fragments that blocked NMO-1gG binding to AQP4 and Foy receptors,
respoctively. 1deS efficiently cleaved both free and AQP4-bound NMO-IgG, without effect
on AQP4 binding of the product NMO-F{ab"2 fragment. It was further determined that
efficient cleavage of AQP4-bound NMO-IgG was accomplished when administered by
mtracerebral injoction. 1deS cleavage of NMO-1gG was sufficiently rapid to prevent NMO
lesions in mouse brain after NMO-1gG was already bound to AQP4, in which 1deS and

complement were coadministered 15 mingtes after NMO-1gG.

Accordingly, in these embodiments, a method of treating neuromyelitis optica (NMO)
in an animal or homan subject is provided that comprises administering to the subject a
composition comprising a therapeutically cffective amount of an Fe region modified anti-
AQP4 antibody, therchy treating the NMO in the subject, wherein the Fe region modified
anti-AQP4 antibody is an anti-AQP4 antibody F(ab'): fragment. In some embodiments, the
anti-AQP4  antibody, and thus the anii-AQP4 antibody Flab'y, fragment, 8 an
mmunoglobulin G antibody. The anti-AQP4 antibody F(ab"), fragment can be created by

treatment of an anti-AQP4 antibody with an IdeS enzyme.

It should be understood that the anti-AQP4 antibody F(ab'), fragment or the TdeS can
be administered to the subject via any method known to those of ordinary skill inthe art. In
some embodiments, the anti-AQP4 antibody F(ab'); fragment or the 1deS are administered to
the subject intrathecally, intravenously, subdurally, directly to an optic nerve, to the
cerebrospinal fluid, or during plasmapharesis. Preferably, in these embodiments, the 1deS is
administered to the subject in an amount effective to ereate the Fe region modified anti-AQP4

antibody i vivo.

As mentioned above, IdeS cleavage may be accomplished by therapeutic apheresis in
which patient blood is passed over surface-inunobilized IdeS. Aliernatively, notwithstanding
potential concerns about fnuvunogenicity, 1deS might be administered by intravenous
imjection, or by intrathecal or retro-orbital routes to target NMO lesions with minimal

Systemic exposure.

It should be noted that ratios, concentrations, amounts, and other numerical data may

be expressed herein in 8 range format. It is (o be understood that such a range format is used
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for convenience and brevity, and thus, should be interpreted in a flexible maomer to mclode
not only the numerical valoes explicitly recited as the limits of the range, but alse o include
all the individual numerical values or sub-ranges encompassed within that range as if cach
numerical value and sub-range 15 explicitly recited. To illustrate, a concentration range of
“about 0.1% to about 5% should be interpreted to include not only the explicitly recited
concentration of about (.1 wi® to about 5 wi%, but also include individual concentrations
{e.g., 1%, 2%, 3%, and 4%) and the sub-ranges {(e.g., 0.5%, 1.1%, 2.2%, 3.3%, and 4.4%)
within the indicated range. The term “about” can include 1%, +2%, 4:3%, +4%, +35%, :6%,
7%, =8%, £9%, or =10%, or more of the numerical value(s) being modified. Unless
ndicated otherwise, parts are parts by weight, temperature is in °C, and pressure is at or noar

atmospheric. Standard temperature and pressure are defined as 20 °C and 1 atmosphere.

1t should also be understood that the foregoing relates to preferred embodiments of
the present invention and that numerous changes may be made therein without departing
from the scope of the invention. The imvention is further illustrated by the following
examples, which arc not to be construed in any way as imposing Hmitations upon the scope
thereof. On the contrary, it is to be clearly understood that resort may be had to various other
embodiments, moedifications, and equivalents thercof, which, after reading the description
herein, may suggest themselves to those skilled in the art without departing from the spirit of
the present imvention and/or the scope of the appended clatms. Al patents, patent
applications, and publications referenced herein are incorporated by reference in their entirety

for all purposes.

EXAMPLES
Example 1
Cell culture and antibodies for EndoS treatment

Chinese hamster ovary (CHQO) cells stably expressing human M23-AQP4 were
generated as described in Crane ef al., (2011} .1 Biol Chem. 286: 16516-16524, incorporated
herein by reference in its entirety, and cultured at 37 °C in 5% CO» / 95% air in F-12 Ham's
Nutrient mix medium supplemented with 1096 fetal bovine serum, 200 pg/ml gencticin

(sclection markery, 100 units/mi penicillin and 100 ug/mlb streptomycin.  Recombinant
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monoclonal NMO antibody rAb-53 (referred to as NMO-IgQ) was generated from a clonally
expanded plasma blast population from cerchrospinal fluid (CS8F) of an NMO paticut, as
described and previously characterized {Crane ef @f, (2011} J. Biol Chem. 286: 16516-

16524; Bennett et af., (2009) Ann. Neurcl 66: 617-629).

NMO serom was obtained from NMO-g(3 seropositive individuals who met the
revised diagnostic criteria for chnical disease (Wingerchuk ef al, (2006} Neurology. 66:
1485-1489). Non-NMO homan serum was used as control.  For some studies {gG was
purified from NMO or control serom using a Mclon Gel 1gG Purification Kit (Thermo Fisher
Scientific, Rockford, 1) and concenirated using Amicon Ultra Centrifugal Filter Units

(Millipore, Billerica, MA).

Example 2
FndoS treatment

EndoS was purchased from Bulldog Bio Inc. (Rochester, NY). NMO-1gG or NMO
serum {or conirol IgG/sevum) was incubated with EndoS {1 unit per 1-10 ug 1gG) forup to

houor at 37 °C. Treated antibody is referred to as NMO-IgGoY

Treated NMO serom is
referred to as NMO serum™ . EndoS treatment efficiency was assessed by 10% sodium
dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) followed by staiming with
Coomassie Blue or Lens culingris agglutinin (LCA}-lectin blot analysis, as described in

Albert ef al., (2008) Proc. Nail. Acad. Sci. US4 105: 15005-15009.

Example 3
NMO-IgG binding

Celis were grown on glass coverslips for 24 bours.  After blocking with 1% BSA in
PBS, cells were incubated with NMO-1gG or NMO serum {control or EndoS-treated) for |
hour at room temperature. Cells were washed with PBS and incubated with Alexa-Floor 555
goat anti-human {gG secondary antibody (1:200, Invitrogen). For AQP4-immunostaining,

cells were fixed n 4% paraformaldehyde (PFA) and pormeabilized with 0.2% Trton-X.
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Rabbit anti-AQP4 antibody (1:200, Santa Cruz Biotech) was added followed by Alexa Fhior-
488 goat anti-rabbit [gG secondary antibody (1200, Invitrogen) for quaniitative ratio image

analysis, as described in Crane ef af,, (2011} J. Biol Chem. 286: 16516-16524,

Example 4
Testing of complement- and cell-mediated cytotoxicity mediated by NMQO-1gG

For assay of UDC, cells were incubated for 60 mimiutes at 37 °C with NMO-IgQG or
NMO serum {control or EndoS-treated) with 2% human complement (Innovative Resecarch,
Novi, M} In some experiments NMO-igQG was added 30 ndoutes before EndoS addition,
followed 60 mimstes later by complement. Cytotoxicity was measured by LDH release assay
(Promega, Madison, W1} or live/dead cell staining, as described in Phaun ef ¢f, (2012} J
Biol. Chem. 287: 13829-13839. (Calcein-AM and cthidium-homodimer (Jnvitrogen) were
added to stain live cells green and dead celis red.  For assay of ADCC, NK-92 cells
expressing CD 16 (Conkwest, San Dicgo, CA) were used as the effector cells. The AQP4-
expressing CHO cells were incobated for 2 howrs at 37 °C with NMG-1g(G and effector cells

at an effectortarget cell ratio of 2011, followed by live-dead cell staining.

Example §
EndoS deglycosylation of NMO-1gG prevents cytotoxicity

Fig. 1A diagrams N-linked glycosylation on asparagine-297 on the CH2 domaimn of
both IgG heavy chains. EndoS selectively cleaves the Bi-4 linkage between two N-
acetylglucosamines located in the conserved core of the N-linked glycan of IgG. Fig. 1B
shows SDS-PAGE stained with Coomassie blue (top) and lectin blot (bottom) of control and
EndoS-treated NMGO-IgG or IgG from NMO patient scra. Lectin blot analysis using Lens
cufinaris agglutinin (LCA) recoguizes a—linked mannose residucs, showing loss of reactivity
with removal of the glycan moiety. EndoS treatment resulted in 1gG deglycosylation as seen
by reduced molecular size by approximately 3 kDa of the heavy chains and loss of LCA

signal. Deglycosylation was near complete by 60 minutes with 10 units EndoS per | ug IgG.
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The major effector functions of NMO-IgQ were abolished by EndoS treatment. Fig.
1C shows loss of CBC in AQP4-expressing cells by LDH release (top) and live/dead staining
{botton} assays. CDC was compared in cells exposed to control or EndoS-treated NMO-
1g(, together with homan complement.  EndoS treatment prevented CDC even at high
antibody concentration. Fig., 1D shows loss of ADCC in AQP4-expressing cells by live/dead
staining. ADCC was compared in cells exposed to control or EndoS-treated NMGO-1gG

together with human NK-cells,

Cytotoxiclty measurements were alse done using NMO sera, which comtain a
complex, polyclonal mixture of NMO antibodics. Fig. 24 (left) shows prevention of CDC by
EndoS treatment in a NMO serum specimen, as revealed by LUH releass (top) and bive/dead
staining (bottom). Data for three additional sera from differcnt NMO patients are
summarized 1o Fig. ZA (right). EndoS treatment (1 untt per pg 1gG for 60 minutes) greatly
reduced CBC. Fig. 2C shows that EndoS treatment prevented ADCC I two NMO sera

tested.

Having demounstrated that pre-treatment of NMO-IgG and NMO sera with EndoS
prevents cytotoxicity, we tested whether posi-treatment, after antibody binding to AQP4, is
effective.  For these studies AQP4-expressing cells were pre-incubated for 30 moirurtes with
MNMO-1g(, then EndoS was added, followed 30 minutes later by complement. Fig. 2C shows
that post-treatment with EndoS was cffective, indicating EndoS deglycosylation of AQP4-

bound NMO antibody can occur in situ.

Example 6
EndoS deglycosylated NMO-IgG competes with binding of pathogenic NMO-1gG to AQP4

Quantitative measurements were done to determine whether EndoS wreatment alters
NMO-IgG binding to AQP4, which iz expected to depend on the Fab rather than the Fe
portion of the antibody. Binding was measured by two-color ratio imaging in which the
NMO antibody was stained green {with Alexa-Flowr 555-conjugated anti-human secondary
antibody) and AQP4 stained red (with anti-C-terminus rabbit primary antibody and Alexa
Fluor-488-conjugated anti-rabbit secondary antibody). Fluoresconce micrographs in Fig, 3A

(left) show saturable antibody binding, with comparable red fhuorescence for the countrol and
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EndoS-treated antibody. Fig. 3A (right} shows single-site binding curves for control and
EndoS-treated NMG-1gG. Auntibody binding was not significantly altecred by EndoS. Similar
measurements in Fig. 3B show that Endod treatment did not affect AQP4 binding of IgG

from serum of two NMO patients.

CDC was measured in AQP4-expressing cells treated with 2 or 5 pg/mb. NMO-1gG
together with complement and different concentrations of EndoS-treated NMGQG-IgG. CDC
was greatly reduced in a concentration-dependent manner when NMO-1gG was supplemented
with cxcess EndoS-treated NMO-1gG.  EndoS-treated NMQO antibodics thus function as
therapeutic antibodies. As a control, 40 pg/ml EndoS-treated control (non-NMO} antibody

did not protect against CDC produced by 2 or 5 pg/mb NMO-1gG,

Example 7
Ex vive spinal cord slice model of NMO

Wild type and AQP4 null mice in a CD genetic background were used, as generated
and characterized previously (Manley o af, (2000) Nat. Med. 6: 159-163). Transverse shices
of cervical spinal cord of thickness 300 um were cut from 7-day oid mice using g vibratome

and placed in ice-cold Hank’s balanced salt solution (HBSS, pH 7.2).

Shees were placed on transparent membrane inserts {Millipore, Millicel-CM 0.4 um
pores, 30 mm diameter) in 6-well plates containing 1 mb culture mediom, with a thin film of
cultere medium covering the slices. Slices were cultured in 5% C0» at 37 °C for 7 days in
50% MEM, 25% HBSS, 25% borse scrom, 1% penicillin-streptomycein, 0.65% glucose and
25 mM HEPES. On day 7, NMGO-IgG (5 gg/mL control or EndoS-treated) and human
complement (5 %) were added to the culiure medium on both sides of the slices. In some
experiments NMO-IgG was fust added, followed 30 minmes later by EndoS, and 60 minutes
thereafter by complement.  Slices were cultured for an additional 24 hours, and
wmmonostained for AQP4 and ghial fibrillary acid protein (GFAP). Sections were scored as
follows: 0, mtact slice with normal GFAP and AQP4 staiming; 1, mild astrocyte swelling
and/or AQP4 staining; 2, at least one lesion with loss of GFAP and AQP4 staining: 3,

multiple lesions affecting > 30 % of shice area; 4, lesions affecting > 80 % of shice avea.
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Example 8
EndoS treatment prevents lesions in an ex vivo spinal cord shice model of NMO

The efficacy of EndoS treatraent was tested in a spinal cord slice culture model of
NMQO, in which NMGO-IgG and complement produce lesions with loss of GFAP, AQP4 and
myclin, deposition of activated complement, and activation of microghia (Saadown ef af,
(2010 Brain 133 349-361). Spinal cord slices were cultured for 7 days, after which NMG-
1gG (control or HodoS-treated) and human complement was added to the culture medivm on
both sides of the shices. Following an additional 24 howrs in colture, slices were
immunostained for GFAP and AQP4, and scored for lesion severity. epresontative
fluoresconce micrographs in Fig. 4A and fesion scores in Fig. 4B show marked loss of GFAP
and AQP4 in NMO-Ig( and complement-treated spinal cord shices, but little loss of GFAP
and AQP4 when NMO-IgG was replaced by NMO-1gG™. To test the efficacy of EndoS
treatment i sifu after NMO-IgG binding to AQP4, NMGO-IgG was first added o the slices,
following by 20 U/ral. EndeS 30 minutes later, and then by complement 60 ounutes later.
Representative fluorescence micrographs in Fig. 4C and lesion scores in Fig. 4D show that
EndoS addition post-NMO-1gG prevented lesion development. EndoS alone did not cause

damage to the slice cultures.

Examplc 9
In vivo moose brain injection model of NMO

Adult wild type mice (30-35 g) were anesthetized with 2,2,2-tribromoethano] (125
mg/kg 1p.) and mounted in a stereotactic frame. Following a midline scalp incision, a buy
hole of diameter 1 mm was made in the skall 2 mm to the right of bregma. A 30-gauge
needle attached to 50-pl. gas-tight glass syringe (Hamilton) was inserted 3-mm deep to infuse
0.6 ug NMO-IeG (control or EndoS-treated) and 3 pL of homan complement in a total
volume of 8 pbl (at 2 ul/min), as described in Ssadoun ef of,, (2010} Brain 133 349-361.
After 3 days mice were anesthetized and perfused through the left cardiac ventricle with §

ml. PBS and then 20 mL of PBS containing 4% PFA. Brains were post-fixed for 2 hours in
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4% PFA. Five-um-thick paraffin sections were immunostained at room temperature for 1
hour with: rabbit anti-AQP4 (1:200, Santa Cruz Bictechnology, Santa Cruz, CA), mouse anti-
GFAP (1:100, Millipore, Temecula, CA}, and goat anti-rayelin basic protein (MBP) (1:200,
Santa Cruz Biotechnology) followed by the appropriate floorescent secondary antibody
(1:200, Invitrogen}. Tissue sections were examined with a Leica DM 4000 B microscope at
25x magnification. AQP4, GFAP and MBP immunoncgative arcas weore defined by hand and

guantified using Imagel.

Examplc 10
EndoS treatment provents fesions in an in vive mouse model of NMO

The efficacy of EndoS treatment was also tested in an /7 vivo mouse model of NMO
produced by intracerebral injection of NMO-IgG and human complement (Saadoun ef af,
(2010) Brain 133: 349-361). Fig. 5A shows marked loss of AQP4, GFAP and myclin in
brains of mice injected with NMO-IgG and human complement, in agreement with prior
results (Saadoun ef ¢f, (2010) Brain 133 349-361; Saadoun ef 4l (2012} Ann. Newurol 71:
323-333). Fig 5B shows z higher magnification of the lesion with loss of AQP4, GFAP and
myclin compared to non-injected contralateral hemisphere.  Lesions are surrounded by
reactive astrocyies that overexpress the astrocyte marker GFAP (Fig. SB). Replacement of
NMO-IgG with the same concenteation of NMO-1gG™ produced little loss of AQP4, GFAP
and myelin (Fig. 5A). Quantification of lesion size showed near absence of astrocyte and

ohigodendrocyte injury with the EndoS-treated NMO-1gG (Fig. SC).

Example 1
IdeS cleavage of NMO-1gG prevents CDC and ADCC

1deS treatment was performed as follows. IdeS (FabRICATOR®) and IdeS microspin
colmmn (FragiTTM Microspin) were purchased from Bulldog Bio Inc. (Rochester, NY).
MNMO-1gG or NMO serum (or control {gl/sennm} was treated by incubation with IdeS (1-3
anit per | ug IgG) for up to 1 howr at 37 °C; NMO serom was digested with 1deS osing a

microspin column confaining IdeS covalently coupled to agarose beads. Treated antibody is
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referred to as NMO-IgGldeS. Treated NMO serum is referred to as NMO serumideS. 1deS
reatment was assessed by 10% sodivm dodecyl sulfate polyacrylamide gel electrophboresis

(SDS-PAGE) followed by staining with Coomassic Blue.

1deS cleavage of NMO-IgG occurs at the lower hinge/CH; (heavy chain coustant
region 2) region of TgG-class antibody to produce an F{ab'); fragment and two Fe fragments.
SDS-PAGE with Coomassic blue staining shows loss of the antibody heavy chain and
appearance of smaller fragments following 1deS cleavage of NMG-1gG (Fig. 6A). Figure 68
verifies the IgG-sclective action of IdeS. Purified buman I1gG, IgM, IgH and IgA were treated
with a high concentration of [deS (5 U IdeS/1 pg inmmunoglobuling, Whereas cleavage of IgG
was essentially complete ander these conditions, showing bands at the expected molecular
sizes of heavy chain fragments (31 kDa) and light chains (25 kDa), no cleavage was seen for

1gM, IgE and lgA.

Because {deS separates Flab'), from Fe, it was anticipated that Fe-dependent effector
fumctions of NMO-1g( should be abolished following IdeS cleavage. To accomplish NMO-
1gGldeS binding to cells and subsequent testing of CBC and ADCC effector functions, the

following materials and methods were used.

Chinese hamster ovary {CHO) cells stably expressing human M23-AQP4 (Phuan ot
al, 2012} were cultured at 37 °C in 5% CO2/95% air in F-12 Ham's Nutrient mix medium
supplemented with 10% fetal bovine serum, 200 pg/ml geneticin (selection marker), 100
vnits/mL penicillin and 100 yg/mL streptomyein. Recombinant monoclonal NMO antibodics
rAb-53 and rAb-93 was generated from a clonally expanded plasma blast population from
cercbrospinal fluid (CS5F) of an NMO patient (Bennett ot al, 2009; Crane et al., 2011). NMO
serum was obtained from NMO-IgG seropositive individuals who met the revised diagnostic
criteria for clinical disease (Wingerchuk et al, 2006). Non-NMO {(seroncgative) human
serum was used as control. For some studies, IgG was purified from NMO or control serum
using a protein A resin (GenScript, Piscataway, NY) and concentrated using Amicon Ultra
Centrifugal Filter Units (Millipore, Billerica, MA). Purified human IgM and IgA were
purchased from Calbiochem {San Diego, CA), IgE from Abcam (Cambridge, MA)Y, and [gG

from Thermo Scientific Pierce (Rockford, 1L}

For NMO-1g(GIdeS binding, cells were grown on glass coverstips for 24 hours, After

blocking with 1% BSA in PBS, cells were incubated with NMO-1gG or NMO serum (condrol
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or IdeS-treated) for 30 minutes at room temperature. Cells were washed with PBS and
incubated with Cy3-conjugated AffiniPure goat anti-human 1gG, F(ab'), fragment-specific,
secondary antibody (1:200, Jackson lmmumoResearch, West Grove, PA). For AQP4
mmunostaining, cells were fixed in 4% paraformaldehyde (PFA) and permeabilized with
.2% Triton-X. Rabbit anti-AQP4 antibody (1:200, Santa Cruz Biotech, Dallas, TX) was
added followed by Alexa Fluor-488 goat anti-rabbit 1g0 sccondary antibody (1:204,

Invitrogen, Grand Island, NY) for quantitative ratio tmage analysis.

To test whether the F(ab'), fragments produced by IdeS cleavage conpete with NMO-
1g(G for binding to AQP4, CHO-M23 cells were plated in black 96-well plates with clear
plastic bottom (Coming-Costar} at a density of 23,000 cells per well for 24 hours. After
blocking with 1% BSA in PBS, cells were incubated with NMO-IgG and NMO-1gGldeS or
control-1gGldeS for 30 udnutes at room temperature. Cells were washed with PBS and
mcobated with HRP-conjugated goat anti-lumman IgQG, Fo fragment-specific, secondary
antibody (1:5300, Invitrogen) for 30 minutes. After washing cach well three times with PBS,
30 ul Amplex red substrate (106 pM, Sigma) and 2 oM Hol, were added for measurement of
HRP activity, Fluorescence was measured after 45 minutes {(excitation 540 nm, emission 590

T},

For assay of CDC, cells were incubated for 60 mimates at 37 *C with NMO-IgG or
NMO scrum (control or IdeS-treated) with 2% huoman complement {(Innovative Rescarch,
Novi, Mb. In some experiments NMO-1gG was added 30 wunutes before IdeS addition,
followed 60 minutes later by complement. Cytotoxicity was measured by the Alamar Blue
assay {(Imvitrogen}. For assay of ADCC, NK-82 cells expressing D16 (Conkwest, San
Drego, CA) were used as the effector colls. The AQP4-expressing CHO cells were incubated
for 1 hour at 37 °C with NMO-1gG and effector cells at an effectoritarget cell ratio of 4:1. To
test the effect of Fe fragments generated by IdeS cleavage on CDC, AQP4-expressing CHO
cells were incubated for 1 howr with homan IgG Fe fragments (Calbiochem), NMO-1gG (3
pgimd rAb-53) and 1% buman complement. To test the effect on ADCC, human 1gG Fe
fragments {Calbiochem) were pre-incubated with NK cells for 30 minutes at 37 °C, then
added together with NMOQOIgG (3 pg/ml rAb-53) to AQP4-expressing CHO cells and

incubated for 1 hour.

Fig. 7(A & B) shows loss of CDC, as measured by an Alamar Bhie cytotoxicity assay,

in AQP4-expressing cells incubated with conirol or IdeS-treated NMO-1gG, together with
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human complement. IdeS treatment prevented CDC caused by different monoclonal NMO-
1gGs (Fig. 7A) and NMO patient sera (Fig. 7B). Figure 7 (C & D) shows the time- and 1deS
concerdration-dependence for reduction of CDC for two monoclonal NMO-1gGs. Figure 7 (E
& F) shows that IdeS is effective when NMO-1gG is already bound to AQP4. AQP4-
expressing cells were pre-incubated for 30 minntes with NMO-IgG, then IdeS was added,
followed 30 minutes later by complement. IdeS treatment after NMG-1gG binding abolished
CD]C in concentration-dependerd manner. Figure 70 shows that IdeS cleavage abolished the
ADCC effector function of NMO-Ig(, as demonstrated in a cytotoxicity assay of AQP4-

expressing cells incubated with NMO-IgG and human NE-cells.

Example 12
IdeS-cleaved NMO-1g( binds to AQP4, competitively displacing pathogenic NMO-1gG

Binding of NMO-1g(G to AQP4 was comparcd with that of the NMO-F{ab'y fragment
generated by IdeS cleavage. Binding to AQP4-cxpressing cells was measwred by a ratio
fmaging assay in which NMGQO-1gG was stained red (Cy3-conjugated Flab'y2 fragment-
specific anti-human secondary antibody) and AQP4 staioed green (anti-C-terminus rabbit
primary antibody, Alexa Fhluor-488-anti-rabbit  secondary  antibody).  Fluorescence
micrographs show similar red fluorescence for control and IdeS-treated NMO-Ig(, both for a
recombinant NMO-IgG (Fig. BA) and for NMO paticnt sera (Fig. 8C). Quantitative ratio

1mage analysis showed little effect of IdeS cleavage on NMO-1gG binding (Fig. 88 and 8D).

The product NMO-Flab'y, fragments, which lack effector functions, compete with the
original MMO-IgG for binding to AQP4. NMOG-Igl binding was measured using a
horseradish peroxidase-conjogated secondary antibody that recognizes the Fe fragment of the
primary anotibody (Fig. 9A). NMO-IgG binding was greatly reduced with increasing

3

concentrations of IdeS-troated NMO-IgG (NMO-1gG™™®), but not of IdeS-treated control
antibody (control-1gG™%). Also, CDC was messured in AQP4-expressing cells treated with
different monoclonal NMO-IgGs or NMO patient sera together with complement, and
increasing concentrations of IdeS-treated NMO-IgG. Figures 9B and 9C show greatly
reduced CDC with increasing concentrations of IdeS-treated NMO-1gG. IdeS cleavage thus
converts pathogenic NMG-1gG into non-pathogenie, blocking NMO-F(ab'), fragments that

wnterfere with binding of pathogenic NMO-IgG to AQP4 and downstream cylotoxicity.
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Example 13
Fe fragments released after IdeS cleavage reduce CDC and ADCC

To test whether the Ig(G Fo fragments generated by IdeS cap protect against NMO-
IgG-induced CDC, AQP4-expressing cells were incubated with NMO-1gG, human
complement, and different concentrations of homan IgG Fo fragments. CDC was greatly
reduced with mclusion of 1g( Fe fragments (Fig. 9D). To test whether the IgG Fe fragments
protect against NMO-igG-induced ADCC, increasing concentrations of buman 1gG Fe
fragments were added, together with NMO-1gG and human NEK-cells, to AQP4-expressing
cells. Figure 9E shows that 1gG Fc fragments provented NMO-IgG-induced ADCC. The
reduced CDC and ADCC is probably related to Fo fragment binding to Clg and Fey

receptors, respectively,

Exanple 14
IdeS treatment reduces NMO pathology in mice

IdeS was also tested in a mouse model of NMO produced by intracercbral injection of
NMO-1g( and human complement (Saadoun et al, 2010; 2012). The following materials and
methods were used in these experiments.  Adult wild type mice (30-35 g) were anesthetized
with 2,2,2-tribromoethanol (125 mg/kg 1.p.) and mounted in a stereotactic frame. Following a
midline scalp incision, a burr hole of diameter 1 mm was made in the skull 2 mum to the right
of bregma. A 30-gauge needle attached to 50-ul. gas-tight glass syringe (Hamilton) was
mserted 3-mm deep to infuse (.6 pg NMG-igG (control or IdeS-treated) and 3 ul of human

complement in a total vohime of 8 uL (at 2 uL/min} (Saadoun et al, 2010).

In some experiments, purified IgG from NMQO serum (12 pg) was injected together
with an excess of IdeS-treated 1gG pwrified from NMO or conirol serum (48 pg) and 3 ul
huraan complement in a total volure of 18 pl. In some experimenis mice were injected with
0.6 ug NMO-1g( and 1S nunutes later at the same site with 3 gL human complement with or
withoot 16.75 U IdeS. After 3 days mice were anesthetized and perfused through the left

cardiac ventricle with 5 mL PBS and then 20 ml of PBS containing 4% PFA. Braius were
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post-fixed for 2 hours in 4% PFA. Five pum-thick paraffin sections were immonostained at
room temperature for 1 hour with: rabbit anti-AQP4 {1:200, Santa Cruz Biotechnology, Santa
Cruz, CA}, mouse anti-GFAP (1:100, Millipore, Temecula, CA), and goat antiyelin basic
protein (MBP)(1:200, Santa Crur Biotechnology) followed by the appropriate thworescent
secondary antibody (1:200, Invitrogen). Tissue scctions were photographed using a Leica
DM 4000 B fluorescence microscope at 25x magnification. AQP4, GFAFP and MBP
immunonegative areas were defined by hand and quantified using Imagel. Data are presented
as percentage of inmmononegative area (normalized to total area of hemi-brain slice).

Protocols were approved by the UCSF Commitice on Aunimal Rescarch

In a first set of studies mice were mjected with NMO-1gG (rAb-53), withowut or with
1deS pretreatment, together with complement. After 3 days there was marked loss of AQP4,
GFAP and myelin around the injection site in mice administored untreated NMO-1gG (Fig.
10A, left), as found previously (Saadoun ot al, 2010), with only small lesions in mice
ecciving IdeS-treated NMO-IgG. Higher maguification of the lesion in mice receiving
votreated NMO-1gG shows well-demarcated arcas of AQP4, GFAP and myelin foss in the
psilateral hemisphere, with increased expression of GFAP and AQP4 in reactive astrocytes
putside of the lesion {(Fig. 10A, right). Loss of GFAP, AQP4 and myelin immunorcactivity

was greatly reduced in the mice receiving IdeS-treated NMO-1gG (Fig. 10B).

In 2 sccond sei of experiments mice were injected with unireated NMGO-1gG (purified
1gG from NMO patiend seruny) together with complemend, without or with a 4-fold molar
excess of IdeS-reated 1gG from the same NMO patient. Figure 10C shows typical lesions in
mice receiving untreated NMQG-IgG and complement, with much reduced lesion size when
excess IdeS-treated NMO-IgG was included. Arcas of loss of immumorcactivity are
summmarized in Fig. 10D, IdeS-ircated NMO antibody can thus compete with pathogenic

MNMO antibody in mouse brain in vivo.

In a third set of in vive experiments, mice were administered NMO-IgG (rAb-53)
followed 15 minutes later by IdeS and complement at the same site. Fig. 11A shows greatly
reduced fesion size when ldeS was injected, with a summary of data in Fig. 11B. IdeS can
thus cleave NMO-Ig(G abready bound to astrocyte AQP4 in mouse brain in vive at a
sufficiently rapid rate to prevent the development of NMO lesions during exposure to

complement.
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CLAIMS

We clamu

1. A method of treating neuromyelitis optica (NMO) 1n an animal or human
subject comprising administering to the subject a composition comprising a therapestically
effective amount of an Fe region modified anti-A(QP4 antibody, thereby #reating the NMO in

the subject.

2. The method of claim 1, wherein the Fe region modified anti-AQP4 antibody

is an anti-AQP4 antibody deglvcosylated at the amino acid position Asn297.

3. The method of claim 2, wheremn the Fo region modified anti-AQP4 antibody s

an immunoglobulin G antibody.

4, The method of claim 2, wherein the Fe region modified anti-AQP4 antibody is
administered to the subject intrathecally, intravenously, subdurally, directly to an optic nerve,

to the cerebrospinal fluid, or during plasmapharesis.

5. The method of claim 2, wherein the Fe region modified anti-AQP4 antibody is
created by treatment of an anti-AQP4 antibody with an Endoglycosidase S.

6. The method of claim 5, wherein the Endoglycosidase S is administered to the
subject in an amount offective to create the Fe region modified anti-AQP4 antibody in vivo.
7. The method of claim 6, wherein the Endoglycosidase 5 is administered to the
subject intrathecally, intravencusly, subdurally, directly to an optic nerve, to the

cerebrospinal fluid, or during plasmapharesis.

8. The method of claim 2, wherein the Fe region modified auti-A(QP4 antibody is

created using an anti-AQP4 antibody obtained from the subject.
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9. The method of claim 1, wherein the Fe region modified anti-AQP4 antibody is

an anti-AQP4 antibody F(ab™), fragment.

10.  The method of claim 9, wherein the Fe region modified anti-AQP4 antibody is

an immunoglobulin G antibody.

11 The method of claim 9, wherein the Fe region modified anti-AQP4 antibody is
administered to the subject intrathecally, intravenously, subdurally, directly to an optic nerve,

i the cerebrospinal fluid, or during plasmapharesis.

12. The method of claim 9, wherein the Fe region modified anti-AQP4 antibody is

created by treatment of an anti-AQP4 antibody with an IdeS enzyme.

13, The method of claim 12, wherein the IdeS enzyme is administered to the

subject in an amount offective to create the Fe region modified anti-AQP4 antibody in vive.

t4.  The method of claim 13, wherein the IdeS enzyme s administered to the
subject intrathecally, intravencusly, subdurally, directly to an optic nerve, to the

cerebrospinal fluid, or during plasmapharesis.

15, The method of claim 9, wherein the Fe region modified anti-AQP4 antibody is

created using an anti-AQP4 antibody obtained from the subject.
16. A composition comprising an isolated therapeotic antibody effective in
treating neuromyelitis optica (NMO), wherein said therapeutic antibody 18 an anti-AQP4

wmmunoglobulin G deglycosylated at the amino acid position Asn297 thereof.

17.  The composition of claim 16, wherein the thorapeutic antibody is created by

treatment of an anti-AQP4 antibody with an Endoglycosidase S,
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18. A composition comprising an isolated therapeutic antibody effective in
reating neuromyehitis optica (NMO), wherein said therapeotic antibody is an anti-AQP4

immmumnoglobulin G Flab'y, fragment.

19, The composition of claim 18, wherein the therapeutic antibody is created by

reatment of an anti-AQP4 antibody with an IdeS enzyme.
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extent that no meaningful international search can be carried out, specifically:

3. |:| Claims Nos.:
because they are dependent claims and are not drafted in accordance with the second and third sentences of Rule 6.4(a).

Box No. III Observations where unity of invention is lacking (Continuation of item 3 of first sheet)

This International Searching Authority found multiple inventions in this international application, as follows:

1. |:| As all required addtional search fees were timely paid by the applicant, this international search report covers all searchable
claims.

2. |:| As all searchable claims could be searched without effort justitfying an additional fee, this Authority did not invite payment
of any additional fee.

3. |:| As only some of the required additional search fees were timely paid by the applicant, this international search report covers
only those claims for which fees were paid, specifically claims Nos.:

4. |:| No required additional search fees were timely paid by the applicant. Consequently, this international search report is
restricted to the invention first mentioned in the claims; it is covered by claims Nos.:

Remark on Protest |:| The additional search fees were accompanied by the applicant's protest and, where applicable, the
payment of a protest fee.
The additional search fees were accompanied by the applicant's protest but the applicable protest
fee was not paid within the time limit specified in the invitation.
|:| No protest accompanied the payment of additional search fees.
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