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Matrix Metalloproteinase Inhibition Lowers Mortality and Brain
Injury in Experimental Pneumococcal Meningitis
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Pneumococcal meningitis (PM) results in high mortality rates and long-lasting neurological deficits. Hippocampal apoptosis
and cortical necrosis are histopathological correlates of neurofunctional sequelae in rodent models and are frequently observed
in autopsy studies of patients who die of PM. In experimental PM, inhibition of matrix metalloproteinases (MMPs) and/or tu-
mor necrosis factor (TNF)-converting enzyme (TACE) has been shown to reduce brain injury and the associated impairment of
neurocognitive function. However, none of the compounds evaluated in these studies entered clinical development. Here, we
evaluated two second-generation MMP and TACE inhibitors with higher selectivity and improved oral availability. Ro 32-3555
(Trocade, cipemastat) preferentially inhibits collagenases (MMP-1, -8, and -13) and gelatinase B (MMP-9), while Ro 32-7315 is
an efficient inhibitor of TACE. PM was induced in infant rats by the intracisternal injection of live Streptococcus pneumoniae. Ro
32-3555 and Ro 32-7315 were injected intraperitoneally, starting at 3 h postinfection. Antibiotic (ceftriaxone) therapy was initi-
ated at 18 h postinfection, and clinical parameters (weight, clinical score, mortality rate) were recorded. Myeloperoxidase activi-
ties, concentrations of cytokines and chemokines, concentrations of MMP-2 and MMP-9, and collagen concentrations

were measured in the cerebrospinal fluid. Animals were sacrificed at 42 h postinfection, and their brains were assessed by histo-
morphometry for hippocampal apoptosis and cortical necrosis. Both compounds, while exhibiting disparate MMP and TACE
inhibitory profiles, decreased hippocampal apoptosis and cortical injury. Ro 32-3555 reduced mortality rates and cerebrospinal

fluid TNF, interleukin-1f3 (IL-1B) and collagen levels, while Ro 32-7315 reduced weight loss and cerebrospinal fluid TNF and

IL-6 levels.

Pneumococcal meningitis (PM) is characterized by a consider-
ably high mortality rate and leads to long-lasting neurofunc-
tional deficits such as epilepsy, hearing loss, and cerebral palsy, as
well as behavioral problems and cognitive deficits (1-4). Neuronal
apoptosis in the dentate gyrus (DG) of the hippocampus, a region
critical for memory acquisition, and cortical necrosis are the neu-
ropathological correlates of these functional symptoms of PM in
both experimental models and human disease (5-7). The invad-
ing pathogens trigger an excessive inflammatory immune re-
sponse with high levels of cytokine and chemokine release into the
cerebrospinal fluid (CSF) space acting as the primary driver of
the pathophysiology of PM (1). Tumor necrosis factor (TNF) is
the most prominent of the early-response cytokines, which also
include interleukin-1B (IL-1B) and IL-6, and triggers a cascade of
proinflammatory mediators that are elevated in PM (8, 9). TNF
is released by a metalloproteinase (TNF-converting enzyme
[TACE], ADAM-17) closely related to the family of matrix metal-
loproteinases (MMPs) (10). MMPs are proteolytic enzymes and
play a crucial role in inflammation and tissue degradation and
remodeling. Moreover, they release and activate soluble cytokines
and their receptors (11-13). In PM, these processes also occur at
the level of the brain microvasculature, where MMPs promote
blood-brain barrier (BBB) breakdown, enable leukocyte extrava-
sation (1, 14, 15), and thereby contribute to the development of
brain edema, hydrocephalus, vasculitis, intracranial bleeding,
brain ischemia, and other major complications of PM (16). An
imbalance of MMP and TACE activity, compared to that of their
endogenous inhibitor (tissue inhibitor of metalloproteinase), is a
molecular factor contributing to tissue damage (17, 18). Impor-
tant in the clinical context is the finding that MMP-8 and MMP-9
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are elevated in the CSF of children with bacterial meningitis, and a
high concentration of MMP-9 has been identified as a risk factor
for the development of neurological sequelae (19). MMP-9 is re-
garded as an inflammatory marker that correlates with the CSF
cell count but not with BBB impairment (20). MMP-9 is also
increased in other inflammatory diseases, including multiple scle-
rosis, while it is usually below the limit of detection in the CSF of
healthy subjects (20, 21).

Originally, MMP inhibitors were developed for the treatment
of cancer and chronic inflammatory diseases, mainly arthritis
(22). Lack of oral bioavailability; long-term adverse effects, i.e.,
arthralgia and myalgia; and efficacy in human disease vis-a-vis
animal models that remains below expectation have led the indus-
try to halt virtually all development programs (23, 24). Part of the
issues were addressed with the development of compounds with
more selective activity profiles (25). Furthermore, long-term ad-
verse effects would not occur during short-term use against acute
diseases such as PM. There, MMP inhibitors, particularly in com-
bination with TACE inhibitors (e.g., BB 1101, GM 6001, TNF 484,
doxycycline), have been successful against pathophysiological as-
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TABLE 1 Bacterial titers, clinical scores, weight changes, CSF MPO activity levels, and MMP-9 concentrations of infant rats with acute PM treated

with ceftriaxone and Ro 32-3555, Ro 32-7315, or the vehicle

Mean value *+ SD (no. of animals)

Parameter Vehicle

Ro 32-3555 Ro 32-7315

CSF bacterial titer (log,, CFU/ml), 18 hpi 8.73 = 9.13 (91)

Clinical score at:

18 hpi 4.18 + 0.37 (92)
27 hpi 3.60 = 0.91 (69)
42 hpi 4.39 + 0.78 (57)

Weight change (g), 0—42 hpi

MPO activity (OD,s,)" at:

18 hpi 7.35 = 9.94 (28)
27 hpi 13.7 * 19.2 (18)
42 hpi 6.60 + 10.5 (13)

—1.12 = 1.49 (52)

8.83 + 9.17 (55) 8.16 + 8.16 (41)

4.10 + 0.32 (56)
3.92 % 0.6 (51)
4.34 + 0.79 (47)

4.21 + 0.46 (41)
3.48 + 1.01 (22)
4.69 + 0.48 (13)

—1.01 = 1.06 (43) —0.04 = 1.86 (13)"

7.79 *+ 6.65 (22)
20.1 + 22.4 (24)
5.04 + 7.28 (22)

2.67 + 2.68 (9)
4.87 + 7.83 (3)
4.97 + 5.43 (4)

“ Significantly different (P < 0.05) from the value for vehicle-treated animals.
b Arbitrary units.

pects that are outside the reach of standard therapies and have
attenuated at least one form of brain injury (14, 26-28).

Ro 32-3555 (Trocade, cipemastat) is an inhibitor of collage-
nases (MMP-1, -8, and -13) and gelatinase B (MMP-9) but is
weakly active against TACE (29). In a rodent model of rheumatoid
arthritis, Ro 32-3555 prevented articular cartilage and bone de-
struction (30). Tolerability of oral Ro 32-3555 application has
been proven in a clinical phase II trial in patients with rheumatoid
arthritis; however, further clinical development for the treatment
of arthritis was not pursued because long-term progression of
joint damage could not be altered (25, 30-32). Ro 32-7315 is a
potent inhibitor of TACE (50% inhibitory concentration [ICs,], 5
nM) with inhibitory activity against MMPs 5 to 10 times less than
that of Ro 32-3555 (29, 33). Its clinical safety has been evaluated in
a phase I trial with healthy human subjects (33). Because of their
more selective activity profile and improved bioavailability than
earlier compounds, in the present study, Ro 32-3555 and Ro 32-
7315 were evaluated head to head in the infant rat model of PM
with regard to their potential beneficial effects on structural brain
damage and clinical and inflammatory parameters. The dosage
used was adapted from earlier rodent studies (Roche Pharma, per-
sonal communication; 33-35).

MATERIALS AND METHODS

Infecting organism. A clinical isolate of S. pneumoniae (serotype 3) was
cultured overnight in brain heart infusion medium, diluted in fresh me-
dium, and grown for 5 h to logarithmic phase as reported earlier (14). The
culture broth was centrifuged for 10 min at 1,600 X g, pelleted, and resus-
pended in sterile, pyrogen-free saline to an optical density at 570 nm
(ODs,,) 0£0.013 t0 0.015. The accuracy of the inoculum size was routinely
confirmed by quantitative culture on sheep blood agar plates.

Infant rat model of PM. All animal studies were approved by the
Animal Care and Experimentation Committee of the Canton of Bern,
Switzerland (license BE 100/11), and followed the Swiss national guide-
lines for the performance of animal experiments. A well-established infant
rat model of PM was used as previously described (14). Litters of 12 nurs-
ing Wistar rats with their dams were obtained from Charles River (Sul-
zfeld, Germany) and acclimatized for 5 days prior to infection on day 11
by the intracisternal (i.c.) injection of 10 .l 0f 0.85% NaCl containing live
S. pneumoniae bacteria at log,, 6.05 = 5.98 CFU/ml.

The effects of Ro 32-3555 at 2 X 75 mgkg ' day ' (n = 56) and Ro
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32-7315at2 X 25mgkg ™' day~ ' onrats (n = 41) were compared to those
of treatment with the vehicle alone, i.e., succinylated gelatin (Physiogel;
Spitalpharmazie Inselspital, Bern University Hospital, Bern, Switzerland)
on littermates (n = 92). Therefore, animals were randomly assigned to the
treatment groups. The compounds were resuspended in the vehicle di-
rectly before use and administered by intraperitoneal injection at 3 h
postinfection (hpi) to maximize their effect and then at 18 and 27 hpi (15
min before the injection of ceftriaxone). Vehicle-treated littermates
served as controls (n = 92). PM was confirmed by quantitative analysis of
bacterial titers in CSF samples when animals developed symptomatic dis-
ease at 18 hpi. These titers did not vary significantly between the treatment
groups (Table 1).

To assess disease severity, animals were weighed and examined clini-
cally at 0, 18, and 27 hpi and at the time of sacrifice (42 hpi). The severity
of disease was scored as previously described, on the following scale: 1,
coma; 2, does not stand upright after being turned on the back; 3, stands
upright within 30 s; 4, minimal ambulatory activity, stands upright in <5
s; 5, normal (14). Animals reaching a score of =2 were sacrificed by an
overdose of pentobarbital (Esconarkon; Streuli, Uznach, Switzerland; 100
mgkg ™! day ' intraperitoneally) for ethical reasons; spontaneous deaths
were documented. Antibiotic therapy with ceftriaxone (Rocephine; 2 X
100 mg kg of body weight ™" day ™! intraperitoneally; Roche Pharma, Ba-
sel, Switzerland) was started at 18 hpi. Punctures of the cisterna magna
with a 30-gauge needle were performed to obtain CSF samples at 18, 27,
and 42 hpi. CSF samples not used for bacterial titer determination or
myeloperoxidase (MPO) assays were centrifuged (16,000 X gat 4°C for 10
min), and the supernatants were frozen at —80°C until further use for
gelatin gel zymography (MMP-2 and MMP-9) or determination of cyto-
kine or collagen concentrations. Animals were sacrificed with an overdose
of pentobarbital at 42 hpi and perfused with 4% paraformaldehyde (PFA)
in phosphate-buffered saline (PBS) before their brains were removed and
fixed in PFA for histological analysis.

Assessment of MPO activity. MPO activity in CSF samples was
measured as a parameter of inflammation and leukocyte pleocytosis as
described earlier (9). Five microliters of noncentrifuged CSF was re-
suspended in 200 pl of HETAB solution (0.5% hexadecyltrimethylam-
monium bromide in 100 mM potassium phosphate buffer) and repeat-
edly submitted to three cycles of freeze-thawing, and sonication, followed
by centrifugation for 5 min at 16,000 X gat 4°C. Supernatants were stored
at 80°C until use. Assays were performed in triplicate by mixing 155 p.l of
HETAB bulffer with 10 pl of sample and 10 pl of O-dianisidine dihydro-
chloride (20 mg/ml in H,O) in a 96-well plate. The reaction was initiated
by the addition of 25 pl of 2 mM H,O,. Absorbance at 450 nm was
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measured every 30 s for 10 min at 37°C with a Thermomax microplate
reader (Molecular Devices Inc., Sunnyvale, CA). The linear portion of the
curve was used to determine the increase in absorbance. MPO activity was
expressed as a change in OD per unit of time corresponding to V.. as
determined with SOFTmax PRO software version 3.1.2 (Molecular De-
vices Inc., Sunnyvale, CA).

Quantification of MMP-2 and MMP-9 by gelatin gel zymography.
MMP-9 and MMP-2 were quantified by gelatin gel zymography as de-
scribed in detail previously (14). In brief, samples of 1.8 to 2.5 pl of CSF
were diluted to a loading volume of 20 wl and electrophoresed in gels
containing 10% polyacrylamide—0.1% sodium dodecyl sulfate (SDS) plus
1 mg/ml gelatin; purified human neutrophil MMP-9 and MMP-2 (Calbi-
ochem, Darmstadt, Germany) were used as standards on each gel. After
electrophoresis for 2 h at 100 V, MMPs were renatured by immersing the
gel for 1 h in Triton X-100 (2% [vol/vol]) to remove SDS. The gels were
then incubated in zymography buffer (10 mM CaCl,, 50 mM Tris, 50 mM
NaCl [pH 7.65]) for 18 h at 37°C to allow proteolysis of the gelatin sub-
strate and stained with Coomassie blue. Gels were scanned, and densities
of substrate lysis zones at 86 kDa (active MMP-9) or 62 kDa (active
MMP-2) were measured with the Image] software (NIH). The gelatino-
Iytic activities of MMP-9 (gelatinase B, 92 kDa) and MMP-2 (gelatinase A,
72 kDa) were determined by quantification of gelatin lysis zones and ex-
pressed as absolute values for each sample (29).

CSF collagen content. The collagen concentrations in CSF samples
were assessed as an index of gelatinase and collagenase activity in the
central nervous system (CNS) with the QuickZyme Total Collagen Assay
(QuickZyme Biosciences, Leiden, Netherlands) according to the manu-
facturer’s protocol with minor modifications. Samples of 10 or 20 .l CSF
supernatant were diluted with HCI to a final concentration of 4 M HCl
and a final volume of 50 pl. Hydrolysis was performed in screw-cap tubes
for 20 h at 95°C with constant shaking. A 35-l volume of the centrifuged,
undiluted supernatant (16,000 X g for 10 min) was used for analysis and
compared to a standard curve of hydrolyzed collagen (hydroxyproline)
provided in the kit (1,200 pg/ml in 0.02 M acetic acid, dilution with 4 M
HCI). A 75-pl volume of assay buffer was added to each well of the plate,
and samples were incubated for 60 min at 60°C while shaking. Absorbance
at 550 nm was measured after the plate cooled to room temperature.

Quantitative analysis of cytokines in CSF. A panel of cytokines and
chemokines known to be involved in the pathophysiology of bacterial
meningitis was selected to document the inflammatory response in the
infant rat model of PM (8): TNF-a, IL-6, IL-1f3, IL-10, monocyte che-
moattractant protein 1 (MCP-1), MIP-la, and gamma interferon
(IFN-vy) (36). The concentrations of these analytes in CSF were deter-
mined with microsphere-based multiplex assays (MILLIPLEX MAP
kit, Rat Cytokine/Chemokine Magnetic Bead Panel, catalog number
RECYTMAG-65K; Millipore Corporation, Billerica, MA). A 5-pl sample
of CSF supernatant was diluted to a final volume of 25 .l with the assay
buffer provided. A minimum of 50 beads per analyte were measured with
a Bio-Plex 200 station (Bio-Rad Laboratories, Hercules, CA). Calibration
curves from recombinant standards were calculated with Bio-Plex Man-
ager software version 4.1.1 by five-parameter logistic curve fitting. If the
sample concentration was below the limit of detection, the limit of detec-
tion provided by the manufacturer multiplied by the dilution factor was
used for statistical analysis, i.e., TNF-a, 9.5 pg/ml; IL-6, 153.5 pg/ml;
IL-1PB, 14 pg/ml; IL-10, 13.5 pg/ml; MCP-1, 45 pg/ml; MIP-1a, 4.0 pg/ml;
IFN-v, 31 pg/ml. Interassay variations were corrected by normalization to
an internal control with a known concentration.

Histomorphometric analysis. Brain damage was quantified as previ-
ously described in animals sacrificed at 42 hpi (37). Brains were fixed in
PFA and cryopreserved in 18% sucrose in PBS at 4°C overnight. Coronal
brain cryosections (45 pwm thick) obtained by systematic uniform random
sampling were stained for Nissl substance with cresyl violet. Cortical dam-
age was defined as areas of decreased neuronal density or frank cortical
necrosis by simultaneous bright-field microscopy and scanned digitized
images with the software Image] 1.45] (National Institutes of Health,
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http://imagej.nih.gov/ij). The volume of cortical brain damage was ex-
pressed as a percentage of the total cortical volume determined by the
Cavalieri principle by investigating at least 16 brain sections per animal as
described in detail previously (38).

Histological features of apoptosis (condensed, fragmented, dark nu-
clei, apoptotic bodies) were counted in four different slices spanning the
hippocampus of both hemispheres by a person blinded to the experimen-
tal grouping. Cells were counted in three visual fields in each of the two
blades of the DG, and a mean value per animal (a total of 48 fields) was
calculated.

Statistical analyses. Statistical analyses were performed with Graph-
Pad Prism software (Prism 6 for Windows; GraphPad Software Inc., San
Diego, CA). If not stated otherwise, results are presented as mean values =
standard deviations. The D’Agostino-Pearson omnibus normality test
was used to discriminate between parametric and nonparametric values.
To compare data between two groups, an unpaired Student # test was used
for parametric data; otherwise, the Mann-Whitney test was used. To com-
pare three groups, one-way analysis of variance was used for parametric
data and the Kruskal-Wallis test was used for nonparametric data together
with Dunn’s multiple-comparison test. Mortality rates were calculated by
using the log rank (Mantel-Cox) test for significance based on all infected
animals and numbers of animals sacrificed for ethical reasons (clinical
score of =2) or dying spontaneously. A cutoff finder using the R statistical
engine was used as previously described (http://molpath.charite.de/cutoff
/load.jsp) (39). A chi-square test was used to compare animals with clin-
ical scores of <4 (but not in a coma or dead) with those with scores of 4 to
5. A two-tailed P value of <0.05 was considered statistically significant.

RESULTS

Clinical scores and mortality rates. A total of 194 animals weigh-
ing 25.0 * 2.9 g were infected. All animals had meningitis, as
indicated by positive bacterial titers in CSF samples and disease
symptoms (weight loss, a clinical score of <5), except for five
animals, which were consequently excluded from all analyses.
Clinical scores and weights were recorded at infection and 18, 27,
and 42 hpi.

Ro 32-3555 improved the clinical status at 27 hpi, where only 9
(17.6%) of 51 animals had scores of <4 compared to 28 (40.6%)
of 69 vehicle-treated animals that had a low score (P = 0.0269).
Conversely, the influence of Ro 32-7315 was weak (11 [50%] of 22
animals had scores of <4 [P = 0.7392]). The lowest clinical score
in the control group was recorded at 27 hpi (Table 1). Compara-
bly, the mortality rate was highest during the acute disease phase,
between 21 and 29 hpi (Fig. 1A). Adjunctive treatment (in addi-
tion to antibiotics) with Ro 32-3555 improved survival signifi-
cantly from 62.9% (vehicle; n = 92) to 85.5% (n = 56; P = 0.0043;
Fig. 1A), while the survival rate of animals treated with Ro 32-7315
tended to be lower; however, this effect remained below the level
of statistical significance (43.7%; n = 41, P = 0.0533).

Weight loss. The comparison of weight changes at the time of
infection versus 42 hpi showed less weight loss in animals treated
with Ro 32-7315 than in animals treated with the vehicle (P =
0.0106, but not versus Ro 32-3555) (Table 1).

MPO activity in CSF samples. MPO activity measured as an
index of the leukocyte concentration peaked at 27 hpi in the con-
trol group (Table 1). None of the compounds had a significant
effect on MPO activity.

Cytokines and chemokines in CSF samples. Cytokine and
chemokine levels in CSF were measured at 18, 27, and 42 hpi
(Table 2). TNF expression was most accentuated at 18 hpi, less
accentuated at 27 hpi, and close to the limit of detection at 42 hpi
(Ro 32-3555, 12.8 + 5.9 pg/ml, n = 7; vehicle, 11.5 * 1.9 pg/ml,
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FIG 1 (A) Kaplan-Meier curves showing the survival proportions of animals with PM treated with antibiotics and MMP and/or TACE inhibitors or the vehicle
(succinylated gelatin). Results represent spontaneous deaths and killing for ethical reasons (severe disease with a clinical score of <2). Ro 32-3555 reduced the
mortality rate significantly (**, P < 0.005) to 14.5% compared to that of control littermates (37.1%), while Ro 32-7315 did not alter the mortality rate significantly
(56.3%, P < 0.05). (B) Ro 32-3555 reduced the concentrations of TNF in CSF significantly at 18 hpi, while Ro 32-7315 reduced TNF levels at 18 and 27 hpi
compared to those of littermates treated with the vehicle. At 42 hpi TNF values were close to the limit of detection (*, P < 0.05).

n =9 [no statistically significant difference] ). IL-6, IL-13, MCP-1,
and MIP-1a peaked at 18 hpi; IFN-vy and IL-10 peaked at 27 hpi
(Table 2). TNF was significantly reduced by both MMP and TACE
inhibitors at 18 hpi and by Ro 32-7315 at 27 hpi (Table 2; Fig. 1B).
Concentrations of TNF in CSF correlated with MMP-9 levels (P =
0.0212, r = 0.32, n = 52 [Spearman correlation coefficient]). An-
imals with a low TNF concentration in their CSF (<128 pg/ml),
independently of treatment, showed significantly increased sur-
vival rates compared to those of littermates with high TNF con-
centrations (Fisher’s exact test, P = 0.0121). IL-1 concentration
was reduced by Ro 32-3555 but not by Ro 32-7315 compared to
that in control littermates at 18 hpi, while Ro 32-7315 reduced
IL-6 at 27 hpi. A nonsignificant trend toward decreased levels of
IFN-y was observed at 27 hpi for Ro 32-3555 and Ro 32-7315 (P =
0.4371 and P = 0.8653; Table 2).

Quantification of MMP-9 and MMP-2 in CSF samples. Levels
of MMP-9 and MMP-2 in CSF samples were measured at 18, 27,
and 42 hpi. In the control group, the highest values were measured
at 18 hpi (Table 3). Neither Ro 32-3555 nor Ro 32-7315 signifi-
cantly influenced the amount of MMP-9. Accordingly, MMP-2
was not altered by either treatment and remained stable at differ-
ent time points (no statistically significant difference; data not
shown). Consequently, the ratio of MMP-9 to MMP-2 was
changed only marginally over time (Table 3; Fig. 2A).

Collagen contents of CSF samples. The concentration of col-
lagen was assessed as an index of gelatinase and collagenase activ-

ity in the CNS. CSF samples obtained at 18 and 27 hpi were hy-
drolyzed, and the substrate hydroxyproline was quantified by
spectrophotometry. At 18 hpi, the collagen concentration in the
CSF of animals treated with the collagenase and gelatinase inhib-
itor Ro 32-3555 was significantly lower than that in control rat
CSF (P = 0.0312), while the TACE inhibitor Ro 32-7315 had no
effect (no statistically significant difference; Table 3; Fig. 2B).

Hippocampal injury and cortical damage. Histomorphomet-
ric analysis of the brains of animals sacrificed at 42 hpi was per-
formed. The two forms of brain injury characteristic of PM, i.e.,
hippocampal apoptosis and cortical injury, were found in the in-
fected animals and were quantified (Fig. 3). Treatment with the
collagenase and gelatinase inhibitor Ro 32-3555 resulted in signif-
icantly less apoptotic brain injury in the DG of the hippocampus
than treatment with the vehicle (Ro 32-3555, 3.63 * 7.89 apop-
totic cells per visual field [c/f], n = 43; vehicle, 6.10 = 8.05 ¢/f, n =
52 [P =0.0455]) (Fig.4A). Treatment with the TACE inhibitor Ro
32-7315led to an even more pronounced reduction of hippocam-
pal apoptosis (to 0.92 * 1.47 ¢/f [n = 13, P = 0.0041]) compared
to that of controls.

The volume of injured cortex was significantly reduced by Ro
32-3555 from 3.16% = 5.89% (n = 52) to 0.78% = 2.09% (n =
43, P = 0.0050, Fig. 4B), and Ro 32-7315 significantly reduced the
volume of injured cortex to 0.37% =+ 1.34% (n = 13, P = 0.0032).
In the control group, 28 (46.2%) of 52 animals showed relevant
injury of the cortex, as defined by damage to >1% of the total

TABLE 2 Cyto- and chemokine levels in CSF samples of infant rats with acute PM at 18 and 27 hpi

Mean concn (pg/ml) in CSF * SD after treatment with:

Cyto- or Vehicle, Ro 32-3555, Ro 32-7315, Vehicle, Ro 32-3555, Ro 32-7315,
chemokine 18 hpi (n = 30) 18 hpi (n = 13) 18 hpi (n = 18) 27 hpi (n = 18) 27 hpi (n = 14) 27 hpi (n = 6)
TNF 382.7 £ 246.9 190.1 = 118.3" 242.9 * 161.7° 101.7 = 109.7 85.86 = 61.99 29.54 * 21.25°
IL-6 61,183 = 32,192 53,491 £ 24,250 51,725 £ 32,281 41,295 *= 31,248 38,401 £ 23,327 17,605 * 23,004"
IL-1B 1,363 + 967.5 678.3 = 416.7° 1,338 = 969.0 692.4 * 636.1 347.7 = 208.1 500.2 = 598.9
MIP-1a 2,081 = 1,683 1,270 = 771.7 2,297 £ 2,137 1,000 = 931.1 1,355 *= 1,298 528.9 * 839.9
MCP 85,276 = 38,771 61,103 £ 23,455 151,935 = 244,055 52,478 £ 45,868 70,716 * 72,173 24,588 * 14,139
IL-10 432.3 = 236.5 273.5 + 178.1 425.1 £275.4 624.5 * 376.9 868.4 * 776.2 411.4 * 360.4
IFN-y 7,776 £ 7,095 3,426 * 3,313 8,386 £ 7,272 8,933 £ 7,421 4,887 = 2,703 4,867 = 2,144

“ Significantly different (P < 0.05) from the value for vehicle-treated animals.
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TABLE 3 Concentrations of MMP-2 and MMP-9 in CSF samples from
infant rats treated with MMP and/or TACE inhibitors during the acute
phase of PM

Mean value *+ SD (no. of animals)

Parameter Vehicle Ro 32-3555 Ro 32-7315
MMP-9 concn
(ng/ml) at:
18 hpi 1,468 = 2,689 (32) 778 = 1,168 (20) 262 = 280 (20)
27 hpi 377 * 334 (20) 200 = 112 (21) 235 * 155 (4)
42 hpi 238 =+ 225 (7) 352 420 (12)  39.2 + 13 (4)

MMP-9/MMP-2

ratio at:
18 hpi 2.80 = 1.70 (32) 2.19 = 1.41 (20) 2.98 = 1.96 (20)
27 hpi 1.07 = 0.47 (25) 0.84 = 0.41 (21) 1.06 = 0.49 (7)
42 hpi 0.54 + 0.19 (7) 0.55 + 0.33 (12) 033 = 0.08 (4)

Collagen concn

(pg/ml) at:
18 hpi 409+ 12.5(27)  33.1%5.0(12)° 44.1 = 8.7 (22)
27 hpi 60.1 + 17.3 (7) 587 +173(5) n=0

“ Significantly different (P < 0.05) from the value for vehicle-treated animals.

cortical volume. The percentage of animals with cortical injury
was significantly lowered by treatment with Ro 32-3555 (18.6%, 8
of 43 brains [P = 0.0183]) or Ro 32-7315 (7.7%,1 of 13 brains
[P = 0.0388]).

DISCUSSION

In the present study, Ro 32-3555 and Ro 32-7315 were evaluated
for their effectiveness in reducing brain injury and inflammatory
parameters and improving clinical outcome. This is the first head-
to-head comparison of two MMP and/or TACE inhibitors with
distinct inhibitory profiles that target different pathogenetic path-
ways of PM. Ro 32-3555 is an inhibitor of collagenases with no
effect on TACE, while Ro 32-7315 is a potent TACE inhibitor (29,
33). Therefore, we hypothesized that they might differ in their
impact on neuropathological and clinical outcomes.

Brain injury in PM develops during an overshooting immune
response. It involves an increase in MMP activity, even though the
detailed mechanisms may be dissimilar in different forms of brain
injury (40). Foci of cortical necrosis formation start appearing at
18 hpi; are probably a consequence of focal ischemia, vasculitis,

and venous thrombosis; and are associated with brain edema and
increased intracranial pressure (1, 41, 42). A marked increase in
the number of apoptotic cells in the hippocampal DG, caused by
an overwhelming immune response and bacterial toxins without
direct exposure of the DG to pneumococci, is first observed be-
tween 18 and 24 hpi (37, 40, 43). In experimental PM, the mortal-
ity rate is highest between 21 and 29 hpi, when inflammation
peaks because of bacteriolysis after the application of ceftriaxone,
among other factors (28, 44). Therefore, potential pharmacologic
interventions, including MMP and TACE inhibition, have to fall
before or within this time window to be effective. In the present
proof-of-concept study, this issue was addressed by maximizing
the treatment effect by starting the adjunctive treatment at 3 hpi.

In rodent models of PM, MMPs contribute to brain injury via
different mechanisms, including those located in the brain micro-
vasculature. MMP-9 levels can be detected as early as 15 min after
infection and peak at 12 hpi, which indicates a release from pre-
formed stores by resident brain parenchymal cells (26). MMP-9
exerts direct effects on the BBB by degrading collagen, a main
component of the basal lamina (11, 14). Thus, MMP-9 facilitates
leukocyte extravasation and BBB leakage, which eventually lead to
edema formation and a rise in intracranial pressure (18). Further-
more, MMPs activate cytokines and chemokines and their recep-
tors by acting as sheddases and convertases and by initiating and
sustaining a vicious circle of proinflammatory mechanisms that
eventually contribute to the development of cortical necrosis, as
well as of hippocampal apoptosis (15). Therefore, pharmacologi-
cal inhibition of MMPs may indirectly downregulate inflamma-
tory mediators, including TNF (1, 15, 45). No significant changes
in MMP-2 concentrations were observed, since MMP-2 is consti-
tutively expressed (26, 33), while MMP-9 is upregulated during
the acute phase of PM (18).

Ro 32-3555 had a beneficial effect on the mortality rate and was
neuroprotective by reducing hippocampal apoptosis and cortical
necrosis, although this effect was less pronounced than that of Ro
32-7315, especially regarding hippocampal apoptosis (discussed
below). To have comparable time points, we used only animals that
survived until the end of the experiment (42 hpi) for histomorpho-
metric analyses. This could have led to a selection bias for a popula-
tion of healthier animals, especially in the control group, which is
characterized by a higher mortality rate. Therefore, the effective brain
injury level might have been higher in this group, leading to an un-
derestimation of the neuroprotective effect of Ro 32-3555.
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FIG 2 (A) The effect of MMP and/or TACE inhibition on MMP-9/MMP-2 ratios measured in samples of CSF at 18 hpi remained below the level of statistical
significance. (B) The collagen content of samples of CSF at 18 hpi was reduced by treatment with the collagenase and gelatinase inhibitor Ro 32-3555 but not by

treatment with the TACE inhibitor Ro 32-7315 (*, P < 0.05).
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FIG 3 Representative images (Nissl staining) of cryosections prepared 42 h after the induction of PM in infant rats. (A) Apoptotic neurons (selected cells are
marked with arrowheads; inset) were found throughout the hippocampal DG of animals treated with the vehicle and ceftriaxone, whereas apoptotic cells were
found only sporadically in animals treated with Ro 32-7315 and ceftriaxone (B). (C) A sharply demarcated necrotic zone in the cortex (arrows) with meningeal
leukocyte infiltration (asterisks) is visible in an animal treated with the vehicle and ceftriaxone, as opposed to the intact cortex with slight meningeal leukocyte

infiltration (asterisks) in an animal treated with Ro 32-7315 (D).

Concentrations of MMP-9 and MMP-2 in CSF were measured
by gel zymography. MMP-9 was elevated at 18 hpi, while MMP-2
was stable over time and only the ratio of MMP-9 to MMP-2 was
lowered by treatment with Ro 32-3555, without reaching signifi-
cance. However, the determination of MMP levels in CSF by gel
zymography does not reflect in vivo collagenolytic activity (46),
which might explain why MMP-9 levels were not significantly
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affected by MMP and TACE inhibition in the present study. The
concentration of collagen in CSF was measured as an index of
MMP-mediated collagenolysis in the brain compartment. The
concentrations of collagen and its constituent hydroxyproline in
CSF are strongly increased during PM as a biomarker of extracel-
lular matrix catabolism (18, 27). Ro 32-3555 reduced the collagen
concentration at 18 hpi. As it has only a weak impact on the intra-
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FIG 4 Histomorphometric analysis of the two characteristic forms of brain damage due to PM in cryosections of animals sacrificed at 42 hpi. (A) Rats treated
with Ro 32-3555 or Ro 32-7315 showed significantly less hippocampal apoptosis than vehicle-treated littermates (*, P < 0.05; **, P < 0.01). (B) Infant rats treated
with Ro 32-3555 or Ro 32-7315 showed significantly less cortical necrosis than vehicle-treated littermates (**, P < 0.01).
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thecal MMP-9 concentration, it effectively inhibits its enzymatic
activity and likely that of other MMPs in the CNS. In contrast, the
TACE inhibitor Ro 32-7315, which has only limited inhibitory
activity on gelatinases and collagenases, had no effect on collagen
turnover (see below).

Concentrations of MMP-9 and TNF in CSF correlated in the
present study, as described previously (14, 26). We hypothesize
that early inhibition of collagenase and gelatinase activities by Ro
32-3555 impairs BBB breakdown and reduces proinflammatory
processes; this is reflected by the decreased production and release
of TNF and IL-1B by activated immune cells. These cytokines are
known as markers of acute inflammatory processes and inflam-
mation-related complications of PM (8). Ro 32-3555 reduced
IFN-+v as a proinflammatory cytokine and IL-10 as an anti-inflam-
matory cytokine inhibiting TNF production (47, 48), indicating
lower inflammatory activity than in vehicle-treated animals, al-
though this effect did not reach statistical significance. In contrast,
IFN-v and IL-10 were not influenced by TACE inhibition. Thus,
reduced cytokine and chemokine production and release could
indirectly protect vulnerable neurons in the DG from apoptosis
and reduce cerebrovascular complications that lead to necrosis in
the cortex (40, 49). In summary, Ro 32-3555 may indirectly re-
duce the inflammatory reaction during the acute phase of PM
without altering the CSF cell count and MMP-9 concentration by
reducing the sheddase and convertase activities of MMPs and
hence protecting the integrity of the BBB.

Ro 32-7315 prevented cortical injury and showed a profound
antiapoptotic effect. The combined MMP and TACE inhibitor
BB-1101 showed similar protective effects on cortical necrosis and
hippocampal apoptosis in a previous study (26). As opposed to the
effect of Ro 32-3555, which may limit brain injury by acting on the
BBB and a generalized reduction of inflammatory activities, we
propose that the neuroprotective effect of the TACE inhibitor Ro
32-7315 is mediated primarily by direct TNF reduction in the
CNS. Here, the MMP-9/MMP-2 ratio and collagenase concentra-
tions in CSF were not altered by TACE inhibition. The decreased
TNF concentration at 18 and 27 hpi in animals treated with Ro
32-7315 indicates activity of the compound in the brain compart-
ment. In accordance, no relevant changes in other cytokines were
observed in CSF at 18 hpi. At 27 hpi, only IL-6, which is synthe-
sized in response to TNF (8), was less upregulated than in vehicle-
treated animals.

Ro 32-7315 inhibits TACE more efficiently and more selec-
tively than BB-1101 (ICs,, 5 nM versus 550 nM) and shows im-
proved in vivo availability (29, 33). By inhibiting TNF release, Ro
32-7315 might contribute to the reduction of cortical injury indi-
rectly. Earlier reports showed that i.c. TNF administration re-
sulted in CSF leukocytosis, MMP activation, and BBB disruption
(50, 51). Cortical injury has been prevented by different com-
pounds that inhibit gelatinases and collagenases to various degrees
(i.e., BB 1101, GM 6001, TNF 484), a concept confirmed in this
study (14, 26, 27). Hippocampal apoptosis was reduced mainly by
compounds that inhibit TACE (Ro 32-7315, TNF 484), and was
only slightly reduced by Ro 32-3555, which is inactive against
TACE (26). Similarly, a monoclonal antibody against TNF re-
duced hippocampal damage but had no effect on cortical injury
and CSF inflammation earlier (52). In contrast, no antiapoptotic
effect of GM 6001, which is inactive against TACE, was observed
or of doxycycline, which inhibits TACE and MMPs at micromolar
concentrations rather than the nanomolar concentrations of
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other MMP inhibitors (14, 28). In a previous study, a low dose of
TNF 484, an inhibitor that targets TACE and other MMPs, re-
duced cortical injury, but not hippocampal apoptosis (27, 53).
Altogether, this adds to the concept that inhibition of MMPs and
TACE might be required for attenuation of hippocampal apopto-
sis (54). On the other side, the TACE inhibitor evaluated here
showed a trend toward reduced survival. Increased mortality rates
after TACE inhibition have already been observed earlier in mod-
els of PM when high doses of TNF 484 or TNF-deficient mice were
used (27, 55). We hypothesize that inhibition of TNF release may
reduce brain injury but also regulates other processes relevant to
survival. Systemic effects, e.g., sepsis, may be associated more di-
rectly with the mortality rate, while brain injury predisposes to
sequelae such as hearing loss, cognitive difficulties, and epilepsy,
as there is no clear association of death and brain injury in the
present study and in earlier studies of experimental bacterial men-
ingitis (1, 40). Ro 32-7315 reduced weight loss, which is influ-
enced by systemic effects, including capillary leakage, which leads
to tissue edema. Further investigation of the influence of systemic
processes, e.g., systemic TNF levels, was not the aim of this study
but should be done.

MPO activity was used as an index of the leukocyte concen-
tration in CSF samples (9, 56). MMP and/or TACE inhibition
had little effect on the levels of MPO and the chemoattractants
MIP-1a and MCP-1, which contribute to leukocyte extravasa-
tion and were detected in patients with bacterial meningitis in
earlier studies (1, 57). Thus, the effect of MMP and/or TACE
inhibition was probably too weak to influence neutrophil in-
vasion significantly. Accordingly, the broad-spectrum MMP
inhibitor batimastat (BB-94), which is inactive against TACE,
reduced BBB disruption but not CSF white blood cell counts
after intracranial injection of heat-killed meningococci (13). In
summary, TACE inhibition by Ro 32-7315 may be sufficient to
reduce brain injury but may increase the mortality rate because
systemic inflammation is not reduced sufficiently by this selec-
tive approach.

Conclusion. A better knowledge of how the timing and in-
volvement of the different MMPs contribute to the different forms
of brain damage is necessary for the development and evaluation
of new metalloproteinase inhibitors that selectively target disease-
relevant MMPs and TACE. An alternative approach is the combi-
nation of the two compounds presented in this study to create an
optimal inhibition profile. Thereby, studies evaluating pharmaco-
kinetics, including the mode of application, dosage, and intrace-
rebral concentrations, should be performed. Beyond infectious
brain diseases, this approach may be applicable as well to other
neuroimmunological diseases such as neuromyelitis optica and
optic neuritis, where excessive metalloproteinase activity is in-
volved in neuronal injury (58).
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