1duasnue Joyiny vd-HIN 1duasnue Joyiny vd-HIN

wduosnue Joyiny vd-HIN

"% NIH Public Access

a8 & Author Manuscript
st

NATIG,
fly

Published in final edited form as:
Ann Neurol. 2012 March ; 71(3): 323-333. doi:10.1002/ana.22686.

Neutrophil Protease Inhibition Reduces Neuromyelitis Optica—
Immunoglobulin G-Induced Damage in Mouse Brain

Samira Saadoun, PhD?, Patrick Waters, PhD?, Claire MacDonald, BScl, B. Anthony Bell,
MD1, Angela Vincent, PhD, FRCPath?, A.S. Verkman, MD, PhD34, and Marios C.
Papadopoulos, MD?

1Academic Neurosurgery Unit, St. George’s, University of London, London, UK
°Nuffield Department of Clinical Neurosciences, University of Oxford, UK
3Department of Physiology, University of California at San Francisco, San Francisco, CA

“Department of Medicine, University of California at San Francisco, San Francisco, CA

Abstract

Objective—Neuromyelitis optica (NMO) is an inflammatory demyelinating disease of the
central nervous system associated with pathogenic autoantibodies against the astrocyte water
channel protein aquaporin-4 (AQP4). The presence of neutrophils is a characteristic feature in
NMO lesions in humans. Neutrophils are not generally found in multiple sclerosis lesions. We
evaluated the role of neutrophils in a mouse NMO model.

Methods—NMO lesions were produced in mice by intracerebral injection of immunoglobulin G
(1gG) isolated from NMO patient serum and human complement. We previously reported that this
mouse model produces the characteristic histological features of NMO, including perivascular
complement activation, inflammatory cell infiltration, and loss of myelin, AQP4, and glial
fibrillary acidic protein. Lesions are absent when AQP4 null mice are used or when IgG from non-
NMO patients is injected.

Results—We found remarkably reduced neuroinflammation, myelin loss, and AQP4 loss in
brains of neutropenic mice at 24 hours and 7 days, and increased severity of NMO lesions in mice
made neutrophilic by granulocyte colony stimulating factor. NMO lesions were greatly reduced by
intracerebral administration of the neutrophil protease inhibitors Sivelestat and cathepsin G
inhibitor | or by intraperitoneal injection of Sivelestat alone. Immunostaining of human NMO
lesions for neutrophil elastase revealed many degranulating perivascular neutrophils, with no
equivalent perivascular neutrophils in human multiple sclerosis lesions.

Interpretation—Our data implicate a central role of neutrophils in the pathogenesis of early
NMO lesions and suggest the potential utility of neutrophil protease inhibitors such as Sivelestat
in NMO therapy.
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Neuromyelitis optica (NMO) is an inflammatory demyelinating disease of the central
nervous system (CNS).12 The presence of circulating autoantibodies, termed NMO-IgG,
directed against extracellular epitopes of the astrocytic water channel protein aquaporin-4
(AQP4), is a characteristic feature of NMO3 that distinguishes it from other inflammatory
demyelinating diseases.1#> There is clinical, histological, animal, and cell culture evidence
that NMO-immunoglobulin G (1gG) is pathogenic. Clinically, NMO-IgG is specific to
NMOL4 and often correlates with disease activity.6.” Reducing serum NMO-IgG levels by
plasmapheresis or B-cell depletion reduces clinical disease severity.8:9 Human NMO lesions
show perivascular deposition of 1gG and activated complement, loss of AQP4 and glial
fibrillary acidic protein (GFAP) expression, and myelin loss.10-12 It is thought that NMO-
IgG binding to AQP4 on astrocytes activates complement deposition, 1114 leading to
astrocyte damagel® and an inflammatory reaction with leukocyte infiltration13 and cytokine
release.1® In mice, intracerebral injection of 1gG from NMO patients (IgGnmo) With human
complement (hC) produces each of the characteristic histological features seen in human
NMOllgesions, which are absent with control (hon-NMO) IgG (IgGcon) or in AQP4 null
mice.

A key histological feature of NMO is perivascular inflammatory cell infiltration.10-12 The
types of leukocytes seen within NMO lesions are different from those typically found in
lesions of multiple sclerosis (MS), acute disseminated encephalomyelitis (ADEM), and
progressive multifocal leukoencephalopathy (PML). NMO lesions contain neutrophils,
eosinophils, and macrophages, with relatively few T-lymphocytes.10-12 Granulocytes are
also abundant in the cerebrospinal fluid of NMO patients.1”-18 Here, we utilize our mouse
model of NMO lesion pathogenesis to test the involvement of neutrophils in the evolution of
early and late NMO lesions. We show major effects of neutropenia and neutrophilia on the
severity of NMO lesions, and remarkable protection by a small-molecule inhibitor of
neutrophil elastase (NE).

Subjects and Methods

Mice

Experiments were done at St. George’s, University of London, and the University of
California at San Francisco using sex- and weight-matched wild-type and AQP4 nulll® CD1
mice (30-350), 8 to 12 weeks old. Protocols were approved by the British Home Office and
the University of California at San Francisco Committee on Animal Research, as
appropriate. Investigators were unaware of mouse genotype or whether 1IgG from NMO
patients or non-NMO subjects was used during the experiments.

Human IgG and hC

Serum from 5 patients with NMO and strong AQP4 autoantibody serum positivity (details in
Supplementary Table i), from 3 patients with anti-NMDA receptor encephalitis and from 3
healthy volunteers was processed to obtain the 1gG fraction, termed IgGnmo, 19GNMDAR,
and 1gGcon; respectively. The IgG concentration was 6 to 38mg/ml. hC was collected from
healthy volunteers. Details are given elsewhere 13:20.21

Brain Injections

Injections were done as described.13:21 We microinfused (1I/min) in the right hemisphere
168/1' |9GNMO + 112,&' hC, 168/,L| IgGCON + 112ILL| hC, 168#' IgGNMDAR + 112,&' hC,
or 16.8ul 1gGnmo + 11.2ul hC + 5ug cathepsin G inhibitor | + 5ug Sivelestat (ONO-5046;
Tocris Bioscience, Bristol, UK). In 1 experiment mice were administered intraperitoneal
(i.p.) boluses of 0.2ug/g Sivelestat or 25u9/g methylprednisolone just before and 12 hours
after the brain infusion. In some experiments we infused NE (5ul, 0.4mg/ml) and cathepsin
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G (5ul, 0.4mg/ml) from Sigma (Poole, UK). Rectal temperature was kept at 37 to 38°C. The
effect of intracerebral infusion was studied at 24 hours. In 1 set of experiments the
intracerebral infusion was repeated at 3 days and 5 days, and mice were Killed at 7 days.

Neutropenia and Neutrophilia

To induce neutropenia mice received 2mg/kg i.p. 1A8 (rat anti-neutrophil) or isotype-
matched control I1gG (eBioscience, Hatfield, UK) at 24 hours before each intracerebral
injection of IgGnmo and hC. 1A8 binds Ly6G, a major antigen on mature neutrophils, and
selectively depletes neutrophils for 2 to 3 days after each injection.22 To induce neutrophilia
mouse granulocyte colony stimulating factor (G-CSF; eBioscience, Hatfield, UK) or equal
volume phosphate buffered saline (PBS) was injected daily subcutaneously (s.c.) at 200.9/g
body weight for a week before intracerebral IgGnmo and hC injection.

Peripheral Leukocyte Count

We used tail vein blood. Total leukocyte count was determined in a hemacytometer and
differential counts from blood smears after Wright’s stain.13.21

Mouse Brain Histology

Myelin Loss

Mice were killed, the brains were removed, fixed in 4% formaldehyde, dehydrated,
immersed in Histoclear (Fisher Scientific, Loughborough, UK), and processed into
paraffin.13:21 Seven adjacent coronal tissue sections 7um thick were cut starting at 1.6mm
from the frontal pole. Sections were stained with hematoxylin/eosin, Luxol Fast Blue, or
immunostained as described (Table). Processed slides were mounted in VVectaMount (Vector
Labs, Peterborough, UK), coverslipped, and visualized using an Olympus BX-51
microscope.

Brain sections were stained using the myelin-specific dye Luxol Fast Blue (LFB) as
described.13:21 |_oss of myelin was quantified as the area without LFB staining divided by
the ipsilateral hemispheric area.

Quantification of Loss of AQP4

After immunostaining, loss of AQP4 was expressed as the ratio of the AQP4
immunonegative area/ipsilateral hemispheric area.

Quantification of Brain Inflammation

At 24 hours we observed predominantly neutrophils adherent to vascular endothelium and
perivascularly. To quantify this pattern of inflammation, we graded each vessel as: Nil (no
neutrophils), Lumen (luminal neutrophils adherent to or migrating through the endothelium),
or perivascular (“Periv,” neutrophils within 20m around the vessel). We counted the
number of Nil, Lumen, and Periv vessels/mm? in a region 1.5x0.5mm, lateral to the
injection site in coronal sections at 1.6mm from the frontal pole. The numbers of neutrophils
adherent to, migrating through or around each vessel were also counted. We quantified
leukocyte infiltration at 7 days as the ratio of the CD45 immunopositive area/ipsilateral
hemispheric area.

Human Brain and Spinal Cord Analysis

We used postmortem tissue from 3 patients with NMO and 3 with MS, diagnosed according
to clinical criteria. Tissue sections (7xm thick) were stained with hematoxylin/eosin, LFB,
or immunostained as described (see Table). Vessels were termed inflamed if they had
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inflammatory cells within 50.zm around them. To quantify brain neutrophil inflammation we
examined 20 inflamed vessels per patient and calculated the percentage of inflamed vessels
with surrounding neutrophils. Neutrophils were classed as “inactive” vs “active,” based on
their morphology. Round-shaped neutrophils with NE only visible intracellularly were
termed “inactive.” Degranulated neutrophils (with NE adjacent to the neutrophil) or
elongated neutrophils (indicating cell migration, a NE-dependent process) were termed
“active.” The investigators were unaware of the clinical diagnosis when they examined the
samples.

Peripheral Leukocyte Count in NMO Patients

Statistics

Results

We identified 12 NMO patients positive for anti-AQP4 antibody, by searching through the
database of St. George’s Hospital, and used data from 5 patients. For each of these 5 patients
we included a pair of blood results, 1 taken during an acute exacerbation and 1 during
remission. For each patient, blood results were only included if the medication used for
NMO treatment was the same when the 2 blood samples were taken and there was no
associated infection.

Data are presented as mean + standard error. Statistical comparisons were made using the
Student #test or analysis of variance (ANOVA) with Student Newman-Keuls post hoc
analysis. Significance is *p < 0.05, **p < 0.01, #p < 0.005, and #p < 0.0005.

Neutropenia Reduces Brain Lesions at 24 Hours

Injection of anti-neutrophil 1gG caused neutropenia (Fig 1A) without significantly altering
the peripheral lymphocyte, monocyte, and eosinophil counts (Supplementary Fig. i). In non-
neutropenic mice intracerebral injection of IgGymo + hC increased the peripheral neutrophil
count. This is part of the NMO disease process, rather than a stress response to anesthesia
and surgery or a non-specific reaction to a CNS autoantibody, because intracerebral
injection of IgGcon + hC (see Fig 1A) or IgGnmpar + hC (Supplementary Fig ii) did not
increase the neutrophil count. Many neutrophils were seen in the injected hemisphere of
non-neutropenic mice adherent to the vascular endothelium and the injected hemisphere
appeared damaged with extensive myelin loss (see Fig 1B, upper). Neutrophils were absent
in brains of neutropenic mice and their injected hemisphere had mostly intact myelinated
tracts (see Fig 1B, lower). To prove that neutrophil infiltration is detrimental, we quantified
cerebrovascular inflammation, as well as loss of myelin and AQP4. Non-neutropenic mice
had many inflamed vessels, with neutrophils adherent to their endothelium on the luminal
side (Lum), and/or perivascularly (Periv) (see Fig 1C, Supplementary Fig. iii). Compared
with the non-neutropenic mice, the neutropenic mice had reduced loss of myelin (see Fig
1D) and AQP4 (see Fig 1E). Neutropenia thus abolishes vascular inflammation and reduces
the loss of myelin and AQP4 at least for 24 hours.

In control experiments no NMO lesion was produced after intracerebral injection of 1IgGcon
+ hC (see Fig 1), 1I9Gnmo + hC + complement inhibitor (C1inh),13 IgGymo + hC in AQP4
null mice (see Fig 1), IgGnmpar + hC (Supplementary Fig ii), or IgGymo + hC after
depleting the anti-AQP4 1gG (Supplementary Fig iv). Injecting recombinant monoclonal
anti-AQP4 19G4 (rAb-53)23 + hC produced inflammation, myelin, and AQP4 loss
(Supplementary Fig v). We conclude that the AQP4 protein, the anti-AQP4 IgG within
19GNMmo, and the hC are necessary and sufficient to produce the NMO lesion.
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Because infiltration of neutrophils in brain occurs after NMO-IgG-induced hC activation,
we hypothesized that neutropenia would have little effect on hC activation. Qualitatively,
there was comparable perivascular deposition of the membrane attack complex (C5b-9) in
the injected hemisphere of 3 non-neutropenic vs 3 neutropenic mice that had received
IgGNmo + hC (see Fig 1F). There was no C5b-9 immunoreactivity in 2 mice injected with
1gGcon + hC or 2 AQP4 null mice injected with IgGymo + hC (not shown).

Neutrophilia Exacerbates Brain Lesions at 24 Hours

NMO lesions were compared in control mice vs mice pretreated with G-CSF, which
increased peripheral neutrophil count fivefold at the time of IgGymo + hC injection (Fig
2A). Neutrophilia remarkably increased the number of inflamed cerebral vessels at 24 hours
after injecting IgGnmo + hC (see Fig 2B, Supplementary Fig iii). The inflammation around
each vessel appeared more marked in neutrophilic vs. non-neutrophilic mice (see Fig 2B,
left vs Fig 1D, inset). Neutrophilic mice had significantly larger areas of myelin loss (see Fig
2C) and loss of AQP4 (see Fig 2D). Neutrophilia thus increases the severity of NMO lesions
after IgGnymo + hC injection.

Neutropenia Reduces NMO Lesions at 7 Days

We compared NMO-IgG-induced brain injury at 7 days in non-neutropenic vs neutropenic
mice. Injecting antineutrophil 19gG produced neutropenia (Fig 3A) without affecting the
peripheral lymphocyte, monocyte, or eosinophil counts (Supplementary Fig i).

The injected hemisphere was infiltrated with inflammatory cells in non-neutropenic and
neutropenic mice (see Fig 3B). Inflammatory cells, primarily macrophages, were abundant
within the brain parenchyma. Inflammatory cells were also seen around blood vessels. In the
non-neutropenic mice the perivascular cells were thinly scattered macrophages with some
neutrophils and eosinophils. Interestingly, in the neutropenic mice, the perivascular cells
were densely packed eosinophils with relatively few macrophages. There was a significantly
smaller CD45* area in the neutropenic vs non-neutropenic mice (see Fig 3C). Compared
with non-neutropenic mice, the neutropenic mice had markedly reduced area of loss of
myelin (see Fig 3D) and AQP4 (see Fig 3E). Therefore, the protective effect of neutropenia
persists for at least 7 days after NMO-1gG-induced hC activation in the brain.

Neutrophil Protease Inhibition Reduces NMO Lesions at 24 Hours

We determined whether selective inhibition of the major neutrophil proteases, NE (with
Sivelestat) and cathepsin G (with cathepsin G inhibitor I), protects mice from NMO-IgG-
initiated brain injury. Compared with the mice that received IgGnmo + hC, the mice that
also received Sivelestat + cathepsin G inhibitor I intracerebrally had remarkably less loss of
myelin (Fig 4A) and AQP4 (see Fig 4B). Intraperitoneal (i.p.) administration of Sivelestat
(without cathepsin G inhibitor I) or methylprednisolone also reduced NMO-IgG-initiated
brain injury (see Figs 4A, B, far right). These findings suggest that the detrimental effect of
neutrophils in NMO lesions is NE-dependent and can be treated systemically.

Possible mechanisms for the protection by NE inhibition include reduced neutrophil
protease-dependent brain injury or reduced neutrophil entry into the brain. In Figure 4C,
intracerebral Sivelestat and cathepsin G inhibitor | (top) or i.p. Sivelestat (bottom) markedly
reduced neutrophil entry into the brain, as evidenced by fewer vessels with perivascular
neutrophils (Periv) in the proteasetreated mice. Neutrophil protease inhibition did not inhibit
neutrophil adhesion to the endothelium (ie, number of “Lum” vessels) after IgGymo + hC
injection. Direct intracerebral injection of NE and cathepsin G did not produce myelin or
AQP4 loss at 24 hours in 3 mice (see Fig 4D) or 4 days in 3 other mice (not shown). Our
data suggest that NE facilitates neutrophil entry into the NMO lesion.
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Neutrophil Elastase Is Abundant Within Human NMO But Not MS Lesions

Hematoxylin-eosin staining (Fig 5A, top row) revealed perivascular inflammation in all
NMO and MS samples. In NMO, the inflammatory cells were neutrophils, eosinophils, and
mononuclear cells, but the MS tissues only had mononuclear cells. There was loss of AQP4
immunoreactivity in NMO, with strong AQP4 expression in MS (see Fig 5A second and
third rows). About 40% to 60% of the inflamed vessels in NMO were surrounded by NE*
cells, compared with 0% to 15% in MS (see Fig 5A bottom row and B). The percentage of
inflamed vessels with NE* cells within their lumen was comparable (40-50%) in NMO vs
MS, suggesting neutrophil transmigration in NMO but not MS. We classed neutrophils as
“inactive” or “active” based on their morphology (see Fig 5C, top). Round neutrophils with
intracellular NE were termed “inactive’ (see Fig 5C, i). “Active” neutrophils were
degranulated, ie, with extracellular NE (see Fig 5C, ii), or elongated, indicating cell
migration, a NE-dependent process (see Fig 5C, iii). About one-half of the perivascular
neutrophils in NMO were “active,” with only 15% “active” neutrophils observed
intraluminally in NMO and MS (see Fig 5C, bottom). These results support the conclusion
that neutrophil activation is unique to NMO lesions. Further histological characterization is
provided in Supplementary Table ii.

Peripheral Leukocyte Counts in NMO Patients

The cell counts (x10%liter, mean + standard error of the mean [SEM]) for an acute
exacerbation vs baseline for the 5 NMO patients were as follows: 8.9 + 0.6 vs 4.6 £ 0.8, p=
0.04 (neutrophils); 0.1 £0.1vs 0.1 £ 0.1, p=1.00 (eosinophils); 0.7 £0.1vs 0.4 £ 0.1, p=
0.07 (monocytes); and 1.8 + 0.3 vs 2.2 £ 0.5, p=0.41 (lymphocytes). These data support a
rise in the peripheral neutrophil count during acute NMO exacerbations.

Discussion

Our data support a major role for neutrophils in the pathogenesis of NMO lesions. hC
activation by NMO-1gG leads to a significant increase in the number of circulating
neutrophils in mice and humans. The mechanism may involve the release of factors by
injured astrocytes into the bloodstream that stimulate neutrophil production by the bone
marrow. Injured or activated rodent astrocytes secrete G-CSF and GM-CSF in vitro2425 and
reactive human astrocytes immunostain strongly for these factors in vivo.2426 Within hours,
circulating neutrophils enter the CNS and exacerbate the injury initiated by hC activation.
Because neutrophils produce CNS damage largely through a NE-dependent mechanism, we
propose, based on the experimental data here, that selective NE inhibitors such as Sivelestat
may be useful in treating the acute phase of NMO.

Human NMO lesions contain neutrophils, macrophages, and eosinophils, with relatively few
lymphocytes. 1011 The mouse model here allowed us to determine the order of leukocyte
entry into the CNS and the contribution of different types of leukocytes in NMO
pathogenesis. Within 12 hours there is perivascular complement activation, with loss of
AQP4 and early myelin loss.13:21 By 24 hours neutrophils enter the lesion and accumulate
around small vessels,13:21 where AQP4 is highly expressed. Here, we showed that these
neutrophils exacerbate the CNS damage. By 7 days few neutrophils remain in the lesions,
whereas macrophages predominate and infiltrate extensively into the white matter.1321
Perivascular eosinophils are also seen at 7 days and become more abundant in neutropenia.
The role of macrophages and eosinophils in NMO lesions is unclear. The few scattered T
cells found within the lesions do not play a major role in our mouse model, since T-cell
ablation did not reduce the inflammation, myelin breakdown, or AQP4 loss at 24 hours or 5
days.2!
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The human data support our finding in mice that neutrophils are detrimental in NMO. NE
immunostaining revealed perivascular neutrophil infiltration in NMO with evidence of NE-
dependent neutrophil activity in the lesions including degranulation and cell migration.27:28
The associated morphological changes in perivascular neutrophils—elastase release and cell
elongation—are part of the NMO disease process, not a postmortem artifact, because they
were not seen in circulating neutrophils.

The detrimental effect of neutrophil recruitment and activation, as shown here in NMO, is
seen in several other diseases. Neutrophils infiltrate into mouse CNS in the preclinical
(acute) phase of experimental autoimmune encephalomyelitis??:3% and in vivo depletion of
neutrophils prevents acute experimental autoimmune encephalomyelitis. 31 Neutrophils
exacerbate brain damage during brain ischemia-reperfusion in mice,32 lung damage in acute
respiratory distress syndrome,33 cartilage damage in inflammatory arthritis,3* as well as
liver damage during ischemia, alcoholism, and cholestasis.3> Neutrophils damage tissues by
releasing proteases (including elastase and cathepsin G) and free radicals (including
superoxide) that may injure cells directly and degrade the extracellular matrix.

In NMO the astrocytes and reactive astrocytes are specifically targeted by hC and
neutrophils. It is well established that reactive astrocytes are essential for preserving the
integrity of oligodendrocytes. Eliminating reactive astrocytes using genetic manipulation
caused profound myelin loss after brain3® or spinal cord3 injury. We propose that by
destroying the reactive astrocytes, IgGymo + hC secondarily produces extensive
demyelination. In other CNS conditions associated with neutrophil infiltration the reactive
astrocytes are preserved and therefore extensive demyelination does not occur.

A clinically important finding is the remarkable attenuation in NMO lesion generation with
Sivelestat. Sivelestat is a potent, substrate-competitive, and highly specific inhibitor of
neutrophil elastase with one-half maximal inhibitory concentration (ICsg) of 19 to 49nM for
rat, rabbit, hamster, human, and mouse NE.38 Sivelestat is cell-permeable3839 and should
thus inhibit NE intracellularly in circulating neutrophils before their entry into the CNS.
Sivelestat is used in Japan to treat acute respiratory distress syndrome and is well tolerated
with no major side effects.33 Although neutrophils secrete several proteolytic enzymes,
selective NE inhibition impairs neutrophil migration and phagocytosis and abolishes the
formation of neutrophil extracellular traps.27:28:40 We showed that by inhibiting NE,
Sivelestat inhibits the entry of neutrophils into the NMO lesion. The half-life of activated
human“! and mouse*? neutrophils is short (~8 hours); therefore, inhibition of NE may be
therapeutic even after some neutrophils have entered the CNS, by preventing further
neutrophil entry. Sivelestat might be useful as a corticosteroid-sparing agent because its
therapeutic benefit is comparable to that of methylprednisolone.

We conclude that neutrophil entry into the CNS is an early event in the evolution of NMO
lesions and that the development of the early lesion is NE-dependent. Our results provide
proof of concept for the use of the NE inhibitor Sivelestat for NMO treatment to reduce
CNS damage in acute exacerbations.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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FIGURE 1.

Neutropenia reduces brain damage at 24 hours after IgGnmot hC injection. (A) Peripheral
neutrophil count. Antineutrophil (ye/low) or isotype control (red and green) IgG was
injected at day —1. Mice received IgGnmo+hC (red, yellow) or 1gGcon+hC (green) at day 0
and were killed after 24 hours. (B) (Left) H&E: 0.5mm lateral to needle, non-neutropenic vs
neutropenic (+anti-ng) brain. (Inset) Perivascular neutrophil. * = lumen, arrowheads =
perivascular inflammation, grey outline = intact white matter. (Right) LFB. (C) Neutrophil
immunostain: Nil = no neutrophils, Lum = luminal neutrophils adherent to endothelium
(pink arrowheads), Periv = perivascular neutrophils (black arrowheads) within 20.m radius
(brown lin€), or Lum and Periv. Number of Nil, Lum, and Periv vessels/mm?2. (D) (Left)
LFB: Non-neutropenic vs neutropenic (+anti-ng) brain. (Right) % loss of myelin (area-a/
area-f). (E) (Left) AQP4 immunostain: non-neutropenic vs neutropenic (+anti-ng) brain.
(Right) % loss of AQP4 (area-a/area-g). (F) C5b-9 immunostain: 0.5mm lateral to needle,
non-neutropenic vs neutropenic (+anti-ng) brain. * = lumen, arrowheads = C5b-9. (Inset)
C5b-9 (magnified). We injected 8 non-neutropenic (read), 8 neutropenic (yellow), and 5 non-
neutropenic AQP4 null (b/ue) mice with IgGnmo+hC; 5 non-neutropenic mice received
IgGcon+hC (green). Mean + standard error. *p < 0.05, #p < 0.005, #p < 0.0005 (vs
lgGnmothC+anti-ng). Bars = 2um (B inset), 50um (C inset, F inset), 100um (B, F), 2mm
(D, E).
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FIGURE 2.

Neutrophilia increases brain damage at 24 hours after IgGynmo + hC injection. (A)

Peripheral neutrophil count. GCSF (b/ue) or PBS (red) was injected daily. All mice received

IgGnmo+hC at day 0 and were killed after 24 hours. (B) Neutrophil immunostain

(arrowheads): vessels from +G-CSF brain. Lu = lumen. Bottom picture: neutrophils occlude
lumen. Number of Nil, Lum, and Periv vessels/mm? in +PBS (red) vs +G-CSF (b/ue) mice.
(C) (Left) LFB: +PBS vs +G-CSF brain. (Right) % loss of myelin (area-a/area-f). (D)
(Left) AQP4 immunostain: +PBS vs +G-CSF brain. (Right) Loss of AQP4 (area-a/area-f).
We used 4 +PBS vs 4 +G-CSF mice. Mean + standard error. *p < 0.05, #p < 0.005, #p <

0.0005 for +PBS vs +G-CSF. Bar = 50um (B); 2mm (C, D).
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FIGURE 3.

Neutropenia reduces brain damage at 7 days after IgGymot hC injection. (A) (Left)
Peripheral neutrophil count. Antineutrophil (ye/low) or isotype control (red) 19G was
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injected at days —1, 2, and 4. All mice received IgGypmo+hC at days 0, 3, and 5 and were

killed on day 7. (B) H&E: non-neutropenic vs neutropenic (+anti-ng) brain. (i) Brain
parenchyma, inset = macrophage immunostain. (ii) Perivascular leukocytes, black

arrowheads = mononuclear cells, red arrowheads = eosinophils, L = lumen. (C) (Left) CD45
immunostain: non-neutropenic vs neutropenic (+anti-ng) brain. (Right) % inflammation
(area-alarea-p). (D) (Left) LFB: non-neutropenic vs neutropenic (+anti-ng) brain. (Right) %

loss of myelin (area-a/area-g). (E) (Left) AQP4 immunostain: non-neutropenic vs

neutropenic (+anti-ng) brain. (Right) % loss of AQP4 (area-a/area-g). We injected 6 non-
neutropenic (read), 6 neutropenic (yellow), and 5 non-neutropenic AQP4 null (b/ue) mice
with IlgGymo+hC; 5 non-neutropenic mice received 1gGcon+hC (green). Mean + standard
error. *p< 0.05, **p < 0.01, #p < 0.0005 vs IgGymo+hC-+anti-ng. Bar = 20 um (B), 2 mm

(C-E).
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FIGURE 4.

Neutrophil protease inhibitors reduce brain damage at 24 hours after IgGymo+hC injection.
(A) LFB, and (B) AQP4 immunostain. (Left) Brain injected with IgGymo+hC alone
(1gGnmo*hC) or with Sivelestat and cathepsin G inhibitor | (IgGnmo+hC+Siv/CGinh).
(Right) % area-a/area-g (A) loss of myelin and (B) loss of AQP4 after IgGymo+hC (6
mice, red), lgGnymo+thC+Siv/CGinh (6 mice, orange), 19Gnmo+hC (5 AQP4 null mice,
blue), or 19Gcon+hC (5 mice, green). (Far Right) % area-a/area-8 (A) loss of myelin and
(B) loss of AQP4 after injecting IlgGnmo+hC without (6 mice, red) vs with i.p. Sivelestat (6
mice, orange) vs with i.p. methylprednisolone (5 mice, black). (C) Number of Nil, Lum, and
Periv vessels/mm2. (Top) IgGnmo+hC (6 mice, red), 19Gnmo+hC+Siv/ICGinh (6 mice,
orange), 1IgGnmo+hC (5 AQP4 null mice, blue), or 1IgGcon+hC (5 mice, green). (Bottom)
IgGNnmo+hC without (6 mice, red) vs with i.p. Sivelestat (6 mice, orange) vs. with i.p.
methylprednisolone (5 mice, black). (D) Brain at 24 hours after intracerebral injection of NE
and Cath G: H&E (top), LFB (middle), AQP4 immunostain (bottom). Mean + standard
error. *p< 0.05, **p < 0.01, #p< 0.005 vs IgGnmo+hC+Siv/ICGinh or +Sivijp. Bar = 2mm
(A, B, D).
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FIGURE 5.

Abundant neutrophil elastase within human NMO but not MS lesions. (A) NMO vs MS
brain lesions. H&E: Arrows = neutrophils (b/ack), eosinophils (b/ue), mononuclear cells
(orange). AQP4 immunostain: (Top) Lesion and perilesion, (Bottom) Vessel in lesion. Lu =
lumen. NE immunostain: Perivascular region. Arrows = NE* (b/ack) and NE~ (orange)
leukocytes. (Inset) NE* cell. (B) (Top) Vessel with perivascular (no intraluminal) and 1 with
intraluminal (no perivascular) neutrophils. (Bottom) % inflamed vessels with perivascular
NE* cells and % With circulating (Iuminal) NE* ceIIs in 3 NMO (green) vs 3 MS (purple)
(red arrows). (ii) Extracellular NE. (iii) Elongated neutrophll (black arrows). (Bottom)
Number of perivascular and luminal active neutrophils in 3 NMO (green) and 3 MS (purplé)
samples. Bar = 20um (A: H&E), 0.5mm (A: AQP4 top), 100zm (A: AQP4 bottom), 50zm
(A: Elastase, B), 5um (A: Elastase inset, C).
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