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Purpose:

Materials and
Methods:

Results:

Conclusion:

To evaluate myeloperoxidase (MPO) as a newer therapeu-
tic target and bis-5-hydroxytryptamide-diethylenetriamine-
pentaacetate-gadolinium (Gd) (MPO-Gd) as an imaging
biomarker for demyelinating diseases such as multiple
sclerosis (MS) by using experimental autoimmune enceph-
alomyelitis (EAE), a murine model of MS.

Animal experiments were approved by the institutional
animal care committee. EAE was induced in SJL mice by
using proteolipid protein (PLP), and mice were treated
with either 4-aminobenzoic acid hydrazide (ABAH),
40 mg/kg injected intraperitoneally, an irreversible in-
hibitor of MPO, or saline as control, and followed up to
day 40 after induction. In another group of SJL mice, in-
duction was performed without PLP as shams. The mice
were imaged by using MPO-Gd to track changes in MPO
activity noninvasively. Imaging results were corroborated
by enzymatic assays, flow cytometry, and histopathologic
analyses. Significance was computed by using the t test or
Mann-Whitney U test.

There was a 2.5-fold increase in myeloid cell infiltration in
the brain (P = .026), with a concomitant increase in brain
MPO level (P = .0087). Inhibiting MPO activity with ABAH
resulted in decrease in MPO-Gd-positive lesion volume (P
= .012), number (P = .009), and enhancement intensity
(P = .03) at MR imaging, reflecting lower local MPO ac-
tivity (P = .03), compared with controls. MPO inhibition
was accompanied by decreased demyelination (P = .01)
and lower inflammatory cell recruitment in the brain (P
< .0001), suggesting a central MPO role in inflammatory
demyelination. Clinically, MPO inhibition significantly re-
duced the severity of clinical symptoms (P = .0001) and
improved survival (P = .0051) in mice with EAE.

MPO may be a key mediator of myeloid inflammation and
tissue damage in EAE. Therefore, MPO could represent
a promising therapeutic target, as well as an imaging bio-
marker, for demyelinating diseases and potentially for
other diseases in which MPO is implicated.

©RSNA, 2012
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ctivated circulating monocytes,

macrophages, and microglia in

the central nervous system can
secrete a variety of enzymes and fac-
tors that result in breakdown of myelin
proteins, presentation of antigens to T
and B lymphocytes, and generation of
high oxidative stress, all of which may
contribute to myelin and axonal dam-
age (1-6). Furthermore, while lympho-
cytes are most abundant during acute
disease, microglial activation is present
both in the acute and chronic phases
(7) and can cause tissue damage de-
spite a paucity of T cells in plaques in
the chronic phase (7-9). Nonetheless,
the currently approved immunomodu-
latory therapies for multiple sclerosis
(MS) primarily target the lymphocytic
response (10-15). The innate immune
axis of inflammation remains mostly un-
affected or only indirectly affected by
currently available drugs. Therefore,
modulation of potentially deleterious in-
flammatory enzymes secreted by recruit-
ed macrophages and tissue resident
microglia is a relatively unexplored area
for treatment of demyelinating diseases
such as MS.

Myeloperoxidase (MPO) is one of
the most abundant enzymes secreted
by activated inflammatory cells (16)
and is produced by monocytes, macro-
phages, microglia, and neutrophils. It is

Advances in Knowledge

B [nhibiting myeloperoxidase
(MPO) activity resulted in
decreased immune cell recruit-
ment and demyelination in a
mouse model of multiple sclero-
sis (MS).

B Blocking MPO activity improved
symptoms and decreased mor-
tality in a mouse model of MS,
suggesting that MPO may repre-
sent a useful therapeutic target
for MS.

B Changes in MPO can be accu-
rately tracked with molecular
imaging as a potential imaging
biomarker for
neuroinflammation.

found at high levels in active human MS
plaques (1,17). MPO generates highly
reactive molecular moieties such as
hypochlorite, tyrosyl radicals, and alde-
hydes that can covalently modify lipids,
causing further local tissue damage and
further perpetuating the inflammatory
cascade (18,19). MPO can also promote
endothelial dysfunction (20), upregu-
late inducible nitric oxide synthase that
can exacerbate inflammation (21), and
result in carbamylation of lipoproteins,
leading to functional impairment (22).
Thus, MPO may be an attractive target
for both understanding and treating
MS. However, although researchers in
a number of investigations have tried
to elucidate the role of MPO in MS, as
well as in animal models of demyelinat-
ing disease, the role of MPO in inflam-
matory demyelination or as a potential
therapeutic target remains unclear
(17,23-27).

In this study, we hypothesize that
blocking MPO activity in demyelinating
diseases could be beneficial, resulting
in decreased neuroinflammation and
demyelination, and that the changes
can be tracked in vivo by the activatable
molecular magnetic resonance (MR)
imaging agent bis-5-hydroxytryptamide-
diethylenetriaminepentaacetate-gadolin-
ium (Gd) (MPO-Gd) (28,29) that targets
MPO activity. By using experimental au-
toimmune encephalomyelitis (EAE), a
murine model of MS, we aimed to eval-
uate MPO-Gd as an imaging biomarker
and MPO as a newer therapeutic target
for demyelinating diseases such as MS.

Materials and Methods

EAE Induction, Treatment Protocol, and
Clinical Scoring

The protocol for animal experiments
was approved by the institutional ani-
mal care committee. EAE was induced
in female SJL mice 6-10 weeks old
(National Cancer Institute, Frederick,
Md) with synthetic proteolipid protein
(PLP139-151; Axxora, San Diego, Ca-
lif), as previously described (28) and
described in additional detail in Appen-
dix E1 (online). A total of 118 SJL mice
were used for this study. We induced

EAE in a total of 106 SJL mice and di-
vided them into saline control (n = 47)
and treated (n = 59) groups. Twelve ad-
ditional sham mice were induced with
identical steps except that proteolipid
protein was not used.

4-Aminobenzoic  acid  hydrazide
(ABAH) (Sigma-Aldrich, St Louis,
Mo) is a specific irreversible (suicide)
inhibitor for MPO (30,31). ABAH in-
hibits both the chlorination and per-
oxidation activities of MPO but does
not inhibit other enzymes involved in
H,0, metabolism such as catalase or
glutathione peroxidase and does not
affect neutrophil degranulation (30,31).
ABAH becomes more potent under in-
flammatory conditions where oxygen is
rapidly consumed to generate hydro-
gen peroxide by nicotinamide adenine
dinucleotide phosphate oxidase (31).
ABAH is currently the most potent and
specific inhibitor for MPO (32). To con-
firm the inhibitory effect of ABAH on
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MPO activity, we performed in vitro
titration assays with different amounts
of human MPO (Lee Biosolutions,
St Louis, Mo) at fixed doses of ABAH
(Fig E1 [online]). The resultant data
were fitted to the following equation:
Y=B+ (T - B)/{1+10"[(X — log
IC,))]}, where B is bottom, T is top,
and IC, is 50% inhibitory concentra-
tion, to obtain the 50% inhibitory con-
centration of ABAH against MPO activ-
ity, using software (GraphPad Prism;
GraphPad Software, La Jolla, Calif).
Under our conditions, we found a 50%
inhibitory concentration of 1.6 wmol/L
+ 0.03 (standard error), which is simi-
lar to the literature value of 2.2 wmol/L
(30).

To determine an effective treatment
dose in vivo, we designed the trials to
use doses of 20 mg/kg (n = 3), 40 mg/kg
(n = 10 initially, with additional mice
tested at this dosage later for a total of
43, as described below), and 80 mg/kg
(n =9) injected intraperitoneally (Appen-
dix E1 [online]). Because ABAH is a
small molecule with likely a short blood
half-life, we treated mice twice a day.
The 40 mg/kg regimen was found to be
most clinically effective, whereas the
20 mg/kg dose was found to be ineffec-
tive and the 80 mg/kg regimen did not
confer additional benefit compared with
the 40 mg/kg dose (Fig E2 [online]).
After establishing the treatment dos-
age, all mice were treated with 400 pL
of saline (controls, n = 47) or 400 pL of
ABAH at a dose of 40 mg/kg (n = 45),
twice daily. Subsets of these mice were
also used for imaging, biochemical, and
histopathologic experiments, described
below. Clinical assessment for disease
activity was performed by using the
standard five-point staging system for
EAE. Additional detail is provided in
Appendix E1 (online).

Isolation of Brain Inflammatory Cells and
Flow Cytometry

Flow cytometry was used to evalu-
ate for inflammatory cell infiltration
of the brain in sham mice (n = 7) and
in ABAH-treated (n = 10) and control
(n = 17) mice with EAE. The data
were evaluated by three authors (Y.Z.,
C.S.R., and FK.S., each with more

than 3 years of experience in immuno-
logic analyses) in consensus. For isola-
tion of inflammatory cells, mice were
transcardially perfused with ice-cold
phosphate-buffered saline (PBS) until
colorless fluid appeared from the infe-
rior cava. Extracted brains were stored
in ice-cold Hanks’ balanced salt solu-
tion, containing 15 mmol/I. HEPES (N-
2-hydroxyethylpiperazine-N'-2-ethane-
sulfonic acid) and 0.5% glucose. Brain
tissue was mechanically ground in a
glass tissue homogenizer in 3 mL of ice-
cold Hanks” balanced salt solution. After
homogenization, the cell suspension was
filtered through a 40-pm cell strainer
(BD Biosciences, San Jose, Calif) into
50-mL conical tubes and washed with
17 mL Hanks’ balanced salt solution in
a glass homogenizer. Finally, cells were
formed into pellets at 1000g for 10
minutes at 4°C and resuspended in 4
mL ice-cold 75% Percoll (17-0891-01;
GE Healthcare, Boston, Mass) (33). The
resultant cell suspension was trans-
ferred to a 15-mL conical tube, gently
layered with 5 mL ice-cold 25% Percoll
and 4 mL ice-cold PBS. The density
gradient was centrifuged in a swinging
bucket rotor (Centrifuge S8I0R; Ep-
pendorf, Hamburg, Germany) at 800g
for 25 minutes at 4°C. After centrifu-
gation, a thick myelin-containing layer
at the 0/25 Percoll-PBS interface was
removed, and the cells at the 25/75 in-
terface were collected. The suspension
was then diluted at least threefold with
ice-cold PBS, centrifuged at 1000g for
10 minutes at 4°C, and resuspended
by using 1 mL staining buffer (1% fetal
bovine serum and 0.5% bovine serum
albumin in Dulbecco’s PBS). The cells
were then counted and stained for flow
cytometry.

The following antibodies were used
for flow cytometry: anti-CD90-PE,
53-2.1 (BD Biosciences); anti-NK1.1-
PE, PK136 (BD Biosciences); anti
B220-PE, RA3-6B2 (BD Biosciences);
anti-CD49b-PE, DX5 (BD Biosciences);
anti-Ly-6G-PE, IA8 (BD Biosciences);
anti-CD45.2-APC, 104 (BD Biosci-
ences); anti-CD11b-APC-Cy7, M1/70
(BD  Biosciences); anti-Ly-6C-FITC,
AL-21 (BD Biosciences); anti-F4/80-Bi-
otin, C1:A3-1 (BiolLegend, San Diego,

Calif); anti-IAP-Biotin, AF6-120.1 (BD
Biosciences); and anti-CD1lc-Biotin,
HL3 (BD Biosciences).
Streptavidin-peridininchlorophyll
protein (Streptavidin-PerCP; BD Bio-
sciences) was used to label biotinylated
antibodies. All myeloid cells were iden-
tified as CD45.1 + CD11b + cells. Mono-
cytes and macrophages were identi-
fied as CD11b"e"(B220/CD9Y0/CD49b/
NK1.1/Ly-6G)"*¥. Neutrophils were iden-
tified as CD11b"e" (B220/CD90/CD49h/
NK1.1/Ly-6G)"ieh(F4/80/TAP/CD11¢)'ow
Ly-6C"t. The cell numbers of different
cell populations were calculated as to-
tal cells multiplied by the percentage
within the respective cell population
gate. Data were acquired on a flow cy-
tometer (LSR II; BD Biosciences) and
analyzed with software (FlowJo 887;
Tree Star, Ashland, Ore). To evaluate
the inflammatory cell infiltration spe-
cific to EAE, mice with EAE were com-
pared with sham mice. The effects of
ABAH inhibition on cell recruitment
were evaluated by comparing ABAH-
treated mice with EAE with control
(saline-treated) mice with EAE.

Western Blot and Peroxidase Assays

Freshly dissected brain tissue extracts
were used for Western blot analysis and
peroxidase assays (34). Western blots
were performed and evaluated by one
author (D.S., with 10 years of experience
interpreting Western blots) to confirm
the presence of MPO protein in the brain
and to obtain a semiquantitative compar-
ison of MPO protein in sham mice (n =
5) and mice with EAE (n = 6). Peroxi-
dase activity assays were performed and
evaluated in consensus by two authors
(R.F. and Y.Z., each with more than 3
years of experience in enzyme analyses)
to confirm enzymatic activity and corrob-
orate imaging findings in ABAH-treated
mice (n =9) and saline control mice (n =
11) with EAE. Because we were primar-
ily interested in secreted, active MPO,
separate intracellular and extracellular
extracts were obtained for peroxidase
activity assays, modifying methods that
were originally developed for goldfish
(35). Additional information on tissue
preparation and assays is described in
detail in Appendix E1 (online).
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MPO-Gd Molecular MR Imaging

To confirm the presence of MPO
activity within inflammatory brain
plaques in vivo and to evaluate the ef-
fects of MPO inhibition noninvasively
in living animals, we performed MPO-
Gd  (bis-5-hydroxytryptamide-diethyl-
enetriaminepentaacetate-gadolinium)
molecular MR imaging in mice with
EAE on day 10 after induction, at the
time of early acute disease onset, with
and without ABAH (n = 10 per group).
MPO-Gd is an activatable MR imag-
ing agent that reports extracellular
MPO activity in vivo with high spec-
ificity and sensitivity (28,36). We
did not delay imaging to the time of
peak clinical illness between days 13
and 15 because lesion load at imaging
can precede clinical illness (28), and
at the time of peak clinical illness the
blood-brain barrier breakdown and
detectable lesion load may already be
on the decline and potentially misrep-
resentative. Furthermore, not all mice
survive to days 13-15, particularly in
the control group, which would intro-
duce a bias toward healthier mice in
that group if evaluated at a time when
sicker mice have died. In addition to
revealing the burden of MPO-positive
plaques, the degree of MPO-Gd en-
hancement is also a marker for oxida-
tive stress in vivo (37), since the cat-
alytic activation of the MPO-Gd agent
results in oxidation of 5-hydroxytryp-
tamide moieties.

The MPO-sensing MR imaging agent
MPO-Gd was synthesized in our labora-
tory as previously described (29) and as
described in Appendix E1 (online). Addi-
tional information about MPO-Gd, in-
cluding mechanism of activation, phar-
macokinetics, blood half-life, specificity,
and cytotoxicity are also provided in
Appendix E1 (online). MR imaging was
performed by using an animal 4.7-T MR
imaging unit (Bruker, Billerica, Mass)
consisting of mouse coronal T2-weighted
images and T1-weighted images obtained
before and after intravenous adminis-
tration of MPO-Gd (0.3 mmol/kg). In
vivo MPO activation was determined
by calculating the lesion activation ra-
tio (LAR) on the basis of contrast-to-
noise ratios of lesions on delayed (60

minutes) and early (6 minutes) contrast
material-enhanced images, because early
enhancement (6 minutes after contrast
agent injection) represents mostly leak-
age through blood-brain barrier break-
down, whereas delayed enhancement is
derived mostly from agent retention
caused by MPO activation. An LAR of
1.8 or greater was considered to repre-
sent MPO-specific activity (28,29). MR
images were independently evaluated
by two authors (R.F. and J.W.C., each
with more than 10 years of experience
in interpreting MR images). Total lesion
volume, total lesion count,
lesion enhancement intensity, as well
as the total lesion enhancement inten-
sity—area product (the sum total of the
LAR of each lesion multiplied by the
cross-sectional area of that lesion) were
calculated. Additional detail on these
calculations is provided in Appendix E1
(online).

average

Histopathologic Analysis

Histopathologic analysis was performed
to assess for demyelination and inflam-
matory cell infiltration of the brains
of control (saline-treated) and ABAH-
treated mice with EAE. Fresh-frozen
S-pm brain sections were used. De-
myelination was detected by using the
Luxol fast blue-cresyl echt violet stain
kit (DBS, Pleasanton, Calif). Sections
were also examined for the presence of
MPO by using MPO Ab-1 (NeoMarkers,
Fremont, Calif) and for CD11b-positive
cells by using a rat antimouse CD11b
antibody (BD Biosciences). Analyses
were independently performed by two
authors (W.L.A. and A.R.M., each with
more than 3 years of experience in in-
terpreting these images). Details on the
protocol and quantification are in Ap-
pendix E1 (online).

Statistical Analysis

Results were reported as mean * stan-
dard error of measurement. The data
were tested for normality by using the
D’Agostino-Pearson normality test and
for equality of variances by using the F
test. If normality and equality of vari-
ances were not rejected at the .05 sig-
nificance level, the group means were

compared by using the t test. Other-
wise, for nonnormally distributed data
and/or the data with unequal variances,
we used the nonparametric Mann-
Whitney U test (flow cytometry com-
paring sham mice with mice with EAE,
Western blot, and Luxol fast blue his-
topathologic quantification analyses).
For survival analysis, the log-rank test
was used. A P value less than .05 was
considered to indicate a significant dif-
ference. When multiple samples were
used for each animal, we first averaged
all the samples for each animal to gen-
erate a single value before pooling the
data for analysis. We used software for
statistical analysis (GraphPad Prism 3;
GraphPad Software).

EAE Increases Myeloid Gell Recruitment
and MPO Activity in the Brain

During acute active disease (day 10 af-
ter induction), by using flow cytometry,
we found elevated myeloid cells (CD11b
positive) in the brains of mice with
EAE (Fig la). Compared with sham
mice, there was a 2.5-fold increase in
myeloid cells (5.3 = 2.0, sham mice,
n=7;13.4 = 2.2, mice with EAE, n
= 17; P = .026). Histologically, the cel-
lular infiltrate appeared similar to that
in human disease, with macrophages
and microglia (CD11b positive) pre-
sent (Fig 1b). Concomitant with the in-
crease in brain myeloid cell infiltration
on day 10, there was increased MPO
protein in brains of mice with EAE
compared with sham mice with West-
ern blot analysis (100.0 * 33.8, sham
mice, n = 5; 741.3 = 207.4, mice with
EAE, n = 6; P = .0087) (Fig E3 [on-
line]). There were widespread MPO-
specific enhancing lesions in the brains
of saline-treated mice with EAE at the
time of acute active disease (Fig 2),
whereas no such lesions were detectable
in healthy or sham mice (28). Further-
more, MPO-specific enhancing lesions
were also seen during relapses in
mice with EAE (Fig E4 [online]), con-
firming continued elevated MPO activity
during the chronic relapsing phase of
the disease.
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MPO-positive Plaques, Oxidative Stress,
and Brain Leukocyte Infiltration Are
Reduced after MPO Inhibition

Compared with saline-treated control
mice with EAE, there was significantly
reduced MPO-specific enhancing lesion
volume (14.6 mm?® *= 6.5, treated mice,
n=10;41.8 mm® *+ 9.1, controls, n = 10;
P =.012) and lesion number (7.1 £ 2.1,
treated mice; 19.0 = 4.0, controls;
P =.009) in mice given the irreversible
MPO inhibitor ABAH (Fig 2a, 2c, 2d;
Fig E1 [online]), consistent with a de-
crease in disease burden. Appendix E1
(online) provides the dose information.
In addition, lesion enhancement inten-
sity was lower in treated mice both at
gross inspection (Fig 2b) and quantita-
tively by measuring MPO-specific LAR
(2.9 £ 0.6, treated mice; 4.9 = 0.9,
controls; P=.03) (Fig 2e), revealing de-
creased oxidative activation of the mo-
lecular imaging agent. This represents
a reduction of 41% in the activation
of MPO-Gd with treatment. Because
measurements of lesion enhancement
intensity in isolation do not take into
account lesion size, the total intensity-
area product was also calculated and
was likewise significantly lower in the
ABAH-treated group (92 units -
41.0, treated mice; 292 units - mm? *
73.1, controls; P = .01) (Fig 2f).

Similar to the imaging findings,
there was a 36% reduction in extracel-
lular peroxidase activity in treated mice
compared with controls (normalized
activity, 100 = 16, treated mice, n =
11; 64 = 7, controls, n = 9; P = .03)
(Fig 3a), but no significant difference
was found in the intracellular fractions
between the two groups (normalized
activity, 100 = 10, treated mice; 98 *
12, controls; P = .44) (Fig 3b).

With the use of flow cytometry, we
found a 35% decrease in the number
of leukocytes recruited to the brain in
ABAH-treated mice with EAE com-
pared with saline-treated control mice
with EAE (4.2 X 10° = 0.23, treated
mice, n = 10; 6.5 X 10% = 0.37, con-
trols, n = 10; P < .0001) (Fig 3c). Both
myeloid (1.9 X 10% = 0.13, treated mice;
3.3 X 10 = 0.35, controls; P = .0016)
and lymphoid (0.69 X 105 = 0.11, treated

mm? *

CD90/
NK1.1/
CD49/
B220/
Ly-6G

Figure 1:

mice; 1.1 X 10 = 0.059, controls; P =
.0081) cells were reduced by a simi-
lar amount (Fig 3c), consistent with
a general reduction in inflammation by
blocking MPO activity.

MPO Inhibition Decreases Tissue Damage
and Demyelination in Mice with EAE and
Improves Clinical Outcome

There was significantly less demyelin-
ation in ABAH-treated mice with EAE
compared with saline-treated control
mice with EAE (3.8 = 0.7, ABAH-treat-
ed mice, n = 3; 8.0 = 0.9, controls, n =
3; total sections evaluated, 27; P = .01)
(Fig 4). Despite the presence of MPO-
positive cells, in many areas there was
much less demyelination in the ABAH-
treated mice with EAE (Fig 4a, 4b), as
evidenced by comparing top with bot-
tom images.

We performed trials using 20 mg/kg,
40 mg/kg, and 80 mg/kg doses (Fig E2
[online], Appendix E1 [online]). We
found 40 mg/kg to be the lowest effec-
tive dose. Therefore, we treated mice

Increase in myeloid cells in brains of mice with EAE. (a) Left: Analysis from flow cytometry data
shows a greater than twofold increase in myeloid cells in the brains of mice with EAE (n = 17) induced with
proteolipid protein compared with sham control mice (n = 7). Right: Representative flow cytometry plots.
* = P < .05. Error bars = standard error. (b) Representative immunohistochemical sections demonstrate
markedly increased number of CD11b-positive cells in the brain of mice with EAE but not in the brain of
sham control mice. Bar = 50 wm. (CD11b stain; original magnification, X<400.)

with either saline (control) or ABAH
at a dose of 40 mg/kg administered
intraperitoneally twice a day, and we
followed up the mice to day 40 after
induction. In the saline-treated group,
clinical symptoms typically became
apparent between days 9 and 11 and
peaked between days 13 and 15 (acute
exacerbation), with a relapse (first re-
lapse) between days 20 and 30 after
induction (Fig 5a, Sb, Fig E2 [online]).
ABAH treatment significantly reduced
the maximal clinical score during the
acute  exacerbation (ABAH-treated
mice, 1.1 = 0.4, n = 10; controls, 2.9
+ 0.4, n = 10; P = .0023) and first re-
lapse (ABAH-treated mice, 1.2 = 0.5,
n = 10; controls, 3.5 = 0.5, n = §;
P = .0025). Similarly, when the clinical
data from additional mice with EAE
from the above experiments were in-
cluded, the total pooled clinical score
during the first exacerbation was again
significantly higher in controls com-
pared with treated mice (controls, 2.1
+ 0.2, n = 45; ABAH-treated mice,
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0.8 = 0.2, n =45; P=.0001) (Fig 5¢).
When we examined the mortality out-
come of the treatment, ABAH treat-
ment increased survival of mice with
EAE, with only 30% (three of 10) of
saline-treated control mice surviving to
day 40, compared with 90% (nine of
10) of ABAH-treated mice surviving to
day 40 (P = .0051) (Fig 5d). None of
the ABAH-treated mice, regardless of
Saline ABAH dose, experienced adverse events not
expected for mice with EAE.

Lesion Volume (mm?’)

SALINE

.1),'_’ C.
‘¥ 25 =
£ 20] 1 | Discussion |
g Despite emerging evidence suggesting
- O 15 - that macrophages and microglia can di-
s 10 - *% rectly contribute to tissue damage, the
4 g’, role of myeloid effector molecules and
g = 5- enzymes such as MPO in tissue damage
0 i and demyelination so far has not been
well examined. In this study, we found
4 atne ARAN that the MPO-specific inhibitor ABAH
' does not enter cells and that it inhibited
6 - only secreted extracellular MPO. We
5 | also confirm that changes in extracellu-
4- % lar MPO activity can be accurately mon-

itored in vivo with MPO-Gd molecular
MR imaging. We found that inhibition
2 4 of MPO activity resulted in decreased
demyelination and tissue damage and
inflammatory cell infiltration, with an
0 improvement in clinical symptoms and
Saline ABAH mortality in EAE, a commonly used an-
imal model for MS. Given the known
association of inflammatory cell infil-
400 - tration and demyelinating disease bur-
I den (2,3,7), this further suggests that
MPO is an important mediator of tissue
damage in inflammatory brain plaques.
200 A These observations reveal that MPO
activity and associated oxidative stress
100 - are deleterious and constitute an im-
portant biochemical pathway underly-
ing tissue damage in EAE.
Our current and other findings sug-
b. gest that MPO activity is a potential bio-
Figure 2:  In vivo molecular MR imaging in mice with EAE. (a) Representative brain images demonstrate marker for active inflammation and the
variable but extensive MPO-specific enhancing areas in the brains of mice with EAE that are decreased with consequent demyelination (28). As such,
MPQ inhibition by using ABAH. (b) Images illustrate the changes to lesion enhancement intensity and were
selected on the basis of similar lesion areas to compare the intensity of lesion enhancement, which is also
markedly reduced in ABAH-treated mice with EAE compared with saline-treated mice with EAE. Each image
represents the brain of a different mouse. Graphs show that the qualitative observations were confirmed
quantitatively (n = 10 per group) with a significantly reduced MPO-specific (c) total lesion volume, (d) total
lesion count, (e) LAR, and (f) total LAR-area product. * = P < .05, #* = P < .01, error bars = standard
error.
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accurate, specific, and sensitive depic-
tion of the in vivo MPO activity could
be essential for evaluating the degree of
active inflammation to monitor disease
activity and guide therapy in demyelin-
ating diseases. We previously demon-
strated the in vitro and in vivo specificity
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Figure 3:  Biochemical analyses in mice

with EAE. (a) Graph shows reduced extra-
cellular peroxidase activity in ABAH-treated
mice with EAE (n = 9) compared with
saline-treated control mice with EAE (n =
11). (b) Graph shows no significant change
in the activity from the intracellular fraction,
indicating that only secreted extracellular
MPO was inhibited by ABAH. Absolute
value of the intracellular peroxidase spe-
cific activity was approximately 10 times
lower than that of the extracellular fraction,
because most of the stored nonsecreted
MPQ was in the inactive form. (c) Top:
Representative flow cytometry plots. Bot-
tom: Analysis from flow cytometry shows
decrease in total number of leukocytes,
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including monocytes (Mono.) and macrophages and microglia (Mac.), and lymphocytes in brains of ABAH-treated mice with EAE compared with
saline-treated control mice with EAE (7= 10 per group). /= lymphocytes, /= neutrophils, /il = monocytes/macrophages/microglia, * = P << .05,
wk = P < 01, =%+ = P < ,001, error bars = standard error.

(36-39) and sensitivity (28,29,38,40) of
MPO-Gd imaging in mouse and rabbit
disease models, in MPO-deficient ani-
mals, and by comparing MPO-Gd with
nonfunctional analogs and conventional
gadolinium-based imaging agents (Ap-
pendix E1 [online]). In this study, by
using a competitive irreversible inhibitor
against MPO, we further showed that
MPO-Gd molecular imaging could ac-
curately depict the changes in MPO ac-
tivity in vivo after treatment, matching
in vitro tissue assay results. Therefore,
MPO-Gd imaging could be used as an
imaging biomarker to assess and follow

disease activity in animal models of in-
flammatory demyelination, and poten-
tially in human MS.

Our findings are concordant with
multiple lines of evidence implicating
macrophages and microglia and in-
directly MPO activity as mediators of
tissue damage in MS (1,3,7,17,41,42).
However, it was previously observed
that MPO-deficient mice with EAE
had higher morbidity and mortality
compared with their wild-type coun-
terparts (23). While the cause of this
difference is likely complex, in ani-
mals completely devoid of MPO there

is likely developmental upregulation of
compensatory inflammatory molecules
with distinct biological functions from
MPO that may explain the observed
exacerbation in those mice. This con-
cept is supported by increased prolif-
eration of antigen-specific T cells in
MPO-deficient mice with EAE (23).
Furthermore, heterozygous MPO-defi-
cient mice with EAE actually exhibited
slightly improved symptoms compared
with wild-type mice and did not dem-
onstrate the deterioration in symptoms
seen with homozygotes completely
lacking MPO (23). These findings thus
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Figure 4

% demylination

o
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Saline

Figure 4:  MPO inhibition results in decreased tissue damage and demyelination. (a) Immunohistochemical sections selected for areas with
a similar degree of MPO-positive cell infiltration in saline-treated and ABAH-treated mice with EAE (MPO stain), but (b) adjacent sections dem-
onstrate less demyelination in the ABAH-treated mice with EAE (Luxol fast blue stain). Bar = 50 wm. (Original magnification, >400.) (c) Graph
shows significantly less demyelination in ABAH-treated mice with EAE compared with saline-treated mice with EAE (six mice, three in each
group, total of 27 sections evaluated). Mann-Whitney U test was used. * = P << .05, error bars = standard error.

support our results that partial inhibi-
tion of MPO activity is beneficial.

MPO appears to be involved in
positive feedback regulation of inflam-
mation, as observed in both published
literature (43-47) and our study. In-
deed, investigators in a recent study
found that MPO can bring together
endothelial and leukocyte membranes
via electrostatic forces (44), poten-
tially acting as a positive feedback for
cell recruitment. This is consistent with
our observation of decreased inflamma-
tory cell infiltration of the brain after
MPO inhibition. The beneficial effects
of MPO inhibition in EAE are thus the
result of both directly reducing tissue-
damaging substances and free radicals
and indirectly decreasing inflammatory
cell recruitment to the brain.

Our study had several limitations.
First, while EAE is the most commonly
used autoimmune animal model for
MS, other animal models exist and
may prove to be more reflective of the
true MS pathogenesis. Cuprizone is the
most commonly used toxin to induce
demyelination in animals. The advan-
tage of this model is the high reproduc-
ibility of the lesions. The major draw-
backs of this model are that its disease
pattern is distinct from human MS and

the toxin is unrelated to MS. Theiler
murine encephalomyelitis virus is the
most commonly used infectious agent
to induce demyelination. The chronic
phase of Theiler murine encephalomy-
elitis virus is progressive rather than
relapsing and remitting, as more com-
monly seen in the autoimmune model.
Second, the high variability and a pre-
dominantly spinal cord distribution of
the lesions is different from the wide-
spread disease seen in most MS sub-
types in the brain in addition to the spi-
nal cord (41). Third, we administered
ABAH daily, aiming to prevent neuro-
inflammation. It is possible that treat-
ment after symptom onset may also be
effective. Thus, we are planning studies
with ABAH administration at different
times of EAE disease evolution in the
near future. Fourth, like all immuno-
modulatory therapies, MPO inhibition
has the potential for immunologic side
effects, particularly an increased sus-
ceptibility to infections. We did not
observe any adverse effects or evidence
of an increased susceptibility to infec-
tion, similar to the clinical experience
with MPO-deficient humans (48). In
addition to primarily targeting the my-
eloid-lineage inflammatory cells rather
than lymphocytes, another aspect of

MPO therapy is that MPO represents
a downstream effector of the inflam-
matory cascade. This may decrease un-
wanted side effects that may arise from
the more upstream inhibition of the im-
mune system.

Our study suggests that MPO may
be a key mediator of myeloid inflamma-
tion and tissue damage in EAE. There-
fore, MPO could represent a promising
therapeutic target, as well as an imag-
ing biomarker for demyelinating dis-
eases and potentially for other diseases
in which MPO is implicated. Future de-
velopment of more potent MPO inhibi-
tors thus may be an attractive strategy
for the treatment of inflammatory de-
myelinating diseases such as MS.
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Figure 5:  Graphs show that MPO inhibition improves clinical symptoms and survival of mice with EAE. (a) Average
clinical scores from 45 control saline-treated and 45 ABAH-treated mice with EAE demonstrate reduced disease
exacerbation. (b) Significantly decreased maximum average clinical score was observed in the treated group during the
first exacerbation and first relapse (10 saline-treated mice, 10 ABAH-treated mice) followed up to day 40. Error bars =
standard error. (c) Maximum average clinical score in all 90 mice is also significantly decreased in the ABAH-treated
group. Because some mice were analyzed before peak clinical disease, the average scores were slightly lower than
shown in b. Error bars = standard error. (d) Of 20 mice followed up to day 40, only three of 10 control mice survived to
day 40 compared with nine of 10 in the treated group. Additional information is provided in Figure E2 (online). = = P

< .01, ##x = P< 001,
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