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Blocking TLR2 in vivo protects against
accumulation of inflammatory cells and
neuronal injury in experimental stroke
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Reduced infarct volume in TLR2-knockout mice compared with C57BI/6 wild-type mice has recently
been shown in experimental stroke and confirmed in this study. We now also show a significant
decrease of CD11b-positive cell counts and decreased neuronal death in the ischemic hemispheres
of TLR2-deficient mice compared with C57BI/6wt mice 2 days after transient focal cerebral ischemia.
To examine the potential benefit of intravascular TLR2 inhibition, C57Bl/6wt mice were treated
intraarterially with TLR2-blocking anti-TLR2 antibody (clone T2.5) after 45 minutes of cerebral
ischemia and compared with control antibody (isotype) treated wild-type mice. Whereas T2.5-treated
mice had no reduction in infarct volumes at 48 hours after reperfusion, they did have decreased
numbers of CD11b-positive inflammatory cells and decreased neuronal death compared with
isotype-treated control mice. Comparison of the isotype antibody treatment to control (saline)
treatment showed no effects on infarct volumes or neuronal survival. However, mice treated with
the control isotype antibody had increased numbers of CD11b-positive inflammatory cells compared
with saline-treated animals. Thus, antibody treatment itself (i.e., control isotype antibody, but
potentially of any antibody) may have adverse effects and limit therapeutic benefit of anti-TLR2-
antibody therapy. We conclude that TLR2 mediates leukocyte and microglial infiltration and
neuronal death, which can be attenuated by TLR2 inhibition. The TLR2 inhibition in vivo improves
neuronal survival and may represent a future stroke therapy.
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Introduction

Ischemic brain injury after focal cerebral ischemia
results from a complex pattern of pathophysiological
events including exitotoxicity, periinfarct depolar-
izations, inflammation, and apoptosis (Dirnagl et al,
1999; Kariko et al, 2004; Hossmann, 2006; McColl
et al, 2009). The contribution of the inflammatory
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mechanisms to the postischemic neuronal damage
is well known (Dirnagl, 1999; Hossmann, 2006;
Trendelenburg, 2008). Toll-like receptors (TLRs)
were recently shown to have an important role for
the postischemic inflammatory response after tran-
sient focal cerebral ischemia (Babcock et al, 2006;
Cao et al, 2007; Caso et al, 2008; Ziegler et al, 2007).

The TLRs represent a family of pattern-recognition
transmembrane receptors, which recognize a large
number of conserved structural motifs, called patho-
gen-associated molecular patterns. Although TLRs
have a crucial role in the innate immune response to
invading pathogens and infection, recent findings
also suggest an important role in neurodegenerative
disorders: TLRs are thought to be activated by
endogenous ‘danger signals’ released from injured
or necrotic cells and contribute to the initiation of
the inflammatory response as well as apoptotic
cell death (Asea et al, 2002; Kariko et al, 2004;
Aliprantis et al, 2000; Park et al, 2004; O’Neill et al,
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2009; Kielian, 2006; Matzinger, 2002; Trendelenburg,
2008; Yao et al, 2009).

It was shown that activation of TLR signaling
mediates ischemic preconditioning (Pradillo et al,
2009; Marsh et al, 2009; Stevens and Stenzel-Poore,
2006; Stevens et al, 2008; Kariko et al, 2004).
Moreover, TLR2 and TLR4 were recently shown
to contribute to ischemic brain damage in mice,
potentially by activating proapoptotic pathways and
the release of proinflammatory cytokines (Caso et al,
2008; Cao et al, 2007; Marsh et al, 2009; Kilic et al,
2008; Kariko et al, 2004; McColl et al, 2009; Tang
et al, 2007; Ziegler et al, 2007). Furthermore, an
association of TLR4 gene polymorphisms with
ischemic stroke was found in human patients (Lin
et al, 2005). The TLR2 is mainly expressed in
microglia, but also in selected neurons (Babcock
et al, 2006; Ziegler et al, 2007; Tang et al, 2007;
Lalancette-Hébert et al, 2009). The TLR2 is activated
by endogenous ‘danger signals,” such as HMGB1,
apolipoprotein(apo)CIII, or heat shock proteins
HSP70 and GP96 (Asea et al, 2002; Vabulas et al,
2002; Kawakami et al, 2008; Curtin et al, 2009)
and was shown to contribute to neuroinflamma-
tion and neuronal death (Tang et al, 2007; Hoffmann
et al, 2007).

There is growing interest in pharmacological
modulation of TLR signaling due to the TLR-
mediated effects in stroke and various other diseases.
However, whereas specific TLR4 inhibitors were
already tested in human patients, there is only
limited information with regard to the use of TLR2
inhibitors in vivo (O’Neill et al, 2009): administration
of anti-TLR2 antibody in vivo was shown to attenuate
the proatherogenic effect of apoClIll-rich very low-
density lipoprotein (Kawakami et al, 2008; O’Neill
etal, 2009) and was shown to reduce myocardial
ischemia/reperfusion injury (Arslan et al, 2010).
4,4'-Diisothio-cyanostilbene-2,2’-disulfonic acid pro-
tects against neuronal injury in vitro by blocking
TLR2 activation (Yao et al, 2009). The monoclonal
anti-TLR2 antibody T2.5 was shown to antagonize
TLR2-specific activation of mouse and human
macrophages both in vitro and in vivo (Zhang et al,
2006). Meng et al (2004, 2005) showed that admin-
istration of T2.5 in vivo prevents TLR2-driven lethal
shock-like syndrome. The same antibody was used to
block TLR2-mediated activation of monocytes by
Pneumocystis murina in vitro (Zhang et al, 2006).
Recently, it was shown that intravascular applied
monoclonal antibodies permeate rodent brain after
induction of focal cerebral ischemia (Chekhonin
et al, 2004). However, there is no information about
therapeutical use of TLR2 inhibitors in cerebral
ischemia in vivo up to now.

This study was designed to address the question
whether the application of anti-TLR2 antibody
after transient focal ischemia in vivo protects
against ischemic brain injury measured by infarct
volume, inflammatory cell accumulation, or neuro-
nal death.
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Materials and methods

Animals

Adult 10-12 weeks old male TLR2~/~ mice (Takeuchi
et al, 1999) were generously provided by Dr S Akira
(Department of Host Defense, Osaka University,
Osaka, Japan). The TLR2/~ mice had been back-
crossed to the original C57B1/6] background for >10
generations. Thus, male C57Bl/6] mice (Charles
River, Sulzfeld, Germany) were used as wild-type
(control) mice, as well as for TLR2-inhibition studies.
During surgery and ischemia, body temperature was
measured in all animals and maintained between
37.0°C and 37.5°C, with a heating pad. All animal
handling and surgery were performed in accordance
with the Guidelines for the Use of Animals
in Neuroscience Research (Society for Neuroscience)
and approved by local and state authorities (LAGeSo
No. G0382/05). Mice were housed under diurnal
lighting conditions and allowed access to food and
water ad libitum. All experiments were performed in a
randomized manner: surgery, neurologic grading, and
determination of infarct volume were performed by
investigators masked to the groups.

Induction of Focal Cerebral Ischemia

Middle cerebral artery occlusion (MCAO) was induced
by inserting a silicone-coated filament (Xantopren M
Mucosa and Activator NF Optosil Xantopren, Heraeus
Kulzer, Wehrheim, Germany) via the internal carotid
artery as described by Hara et al (1996). For sham
control, the operation was performed without inserting
the filament. Mice were anesthetized with 2.5%
isofluran for induction of surgery and maintained
1.5% isofluran in 70% N,O and 30% O, during surgery
via a face mask. Anesthesia did not exceed 10 minutes.
The animals were reanesthetized for 1minute after
induction of MCAO (occlusion time: 60 minutes in the
experiments with the TLR2-knockout mice, 45 minutes
in the experiments with the in vivo application of
TLR2 inhibitor), and the filament was removed to
permit reperfusion, if not stated otherwise. Animals
were killed 48 hours after the start of reperfusion for
determination of infarct volumes, neuronal count, and
leukocyte accumulation. Body weight of C57B1/6 mice
before surgery was 25.5+1.3g compared with
25.4+1.5gin TLR2™/~ mice. After 48 hours of reperfu-
sion, wild-type mice weighed 20.9+1.2g compared
with 21.5+1.5g in TLR2™'~ mice.

In Vivo Application of T2.5 and TLR2 Isotype
Control Antibody

C57Bl6 wild-type mice were treated with TLR2-
blocking antibody T2.5 or isotype control antibody,
respectively, after 45 minutes MCAO. In all, 45 minutes
MCAO was chosen to compensate for increased infarct
sizes observed in the in vivo-treated mice when



compared with the mice used in the TLR2/~ versus
TLR2*/* experiments, which were performed with
60 minutes occlusion time. Antibody was applied
intraarterially instead of intraperitoneally (Meng
et al, 2004) to reduce the necessary antibody amount
per animal: after induction of cerebral ischemia
and removal of the filament, 0.05ug of antibody
solution was applied via flexible tube directly into
the internal carotid artery. During surgery, ischemia,
and drug application, body temperature was mea-
sured and maintained between 37.0°C and 37.5°C by
using a heating pad. In all, 11- to 12 week-old-male
mice were used with a body weight of 23.9+0.8g
(T2.5 anti-TLR2 antibody-treated group), respectively
24.1+0.5g (isotype control antibody-treated group).
For examination of potential toxicity of antibody
application into the cerebral arteries, 11- to 12-week-
old male C57B1/6] wild-type mice treated with 60 uL
(equals 0.05 pg) isotype control antibody were com-
pared with mice treated with 60uL 1 x phosphate-
buffered saline (PBS), injected as described above.

Assessment of Infarct Volume

At 48 hours after the induction of ischemia, mice were
deeply anesthetized and killed. The brains were removed
rapidly from the skull and snap frozen in 2-methylbutane
on dry ice. Brains were sectioned (12 ym) on a micro-
tome, dried, and stained with hematoxylin (Merck,
Darmstadt, Germany). The sections were digitized,
the area of infarction (‘direct infarct volume’) was
quantified on a PC using Sigma Scan Pro Software
(Jandel Scientific, San Rafael, CA, USA; Sigma, St
Louis, MO, USA) and infarct volumes were calcu-
lated. A correction for edema was applied by
calculating the ‘indirect’ infarct volume as the
volume of the contralateral hemisphere minus the
noninfarcted volume of the ipsilateral hemisphere.
The difference between ‘direct’ and ‘indirect’ infarct
volumes represents brain swelling.

Statistical Analysis

For comparison of infarct volumes, inflammatory
cell count, and neuronal survival between the treated
groups analysis of variance (P<0.005), followed by
Tukey honestly significant difference (HSD) test was
used, and for pairwise comparisons one-tailed
Mann—-Whitney U-test, if not stated otherwise.
P values below 0.05 were considered statistically
significant. Power calculation was performed using
simple interactive statistical analysis (SISA)-Binom-
inal (Uitenbroek, 1997). On the basis of the known
variance of previous experiments, the MCAQO experi-
ments were powered (z=0.05; f=0.8) to detect effect
sizes d (Cohen, 1988) of at least 1, i.e., of 1 s.d.

Immunohistochemistry

Staining was performed on 12pum coronal cryo-
sections at interaural positions 6.6, 5.3, 3.9, 1.9,
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and Omm from mice after 48 hours of reperfusion.
The cryosections were thawmounted onto glass slides.
Sections were used to determine stroke volume
(see above). Slides were air dried for 30 minutes
and fixed for 5minutes in —20°C methanol and
acetone (1:1). For counting leukocyte and activated
microglia, sections were blocked using a solution
containing 3% normal goat serum and 0.3% Triton
X-100 (Sigma) in PBS for 60minutes. The slides
were incubated over night at 4°C with rat anti-
CD11b antibody (Santa Cruz Biotechnology Inc.,
Santa Cruz, CA, USA) at a dilution of 1:200. Neuron
staining was performed according to the manufac-
ture’s instructions using M.O.M. Vector Kit (Vector,
Burlingame, CA, USA) as well as mouse anti-NeuN
(Chemicon, Temecula, CA, USA) at a dilution of
1:200. For detection of primary antibody Cy3-
conjugated goat anti-mouse and goat anti-rat were
used for secondary antibody (Molecular Probes,
Leiden, The Netherlands). Omission of the primary
antibody was used to ensure specificity of the
secondary antibodies.

Cell Counting

A measure of 12um coronal cryosections were
immunostained with anti-NeuN and anti-Cd11b
antibodies. Labeled cells were counted in the whole
affected ischemic hemisphere at interaural position
3.9 using a microscope and Stereo Investigator
7 Software (MicroBrightField Bioscience, San Diego,
CA, USA) to reduce bias caused by different assign-
ments of specific brain structures or different infarct
localizations despite loosing regional information in
contrast to cell number measurements in specific
areas (Collins et al, 2010; Harhausen et al, 2010;
Ziegler et al, 2009). The neuronal survival was
determined by the ratio, which was calculated by
the number of NeuN-positive cells in the ischemic
hemisphere divided by the number of NeuN-
positive cells in the nonischemic/contralateral
hemisphere.

In Vitro Assays

Murine macrophage RAW 264.7 cells were grown
in high-glucose DMEM (Biochrom KG, Berlin,
Germany) supplemented with 10% FCS (Biochrom
KG) and seeded at a density of 25,000 cells/cm?®. After
2 days, cells were preincubated with 50 pg/mL anti-
TLR2 antibody T2.5 (eBioscience Inc., San Diego,
CA, USA) for 30 minutes and then stimulated with
0.1 pg/mL pam;Cys-SKKK (EMC Microcollections
GmbH, Tiibingen, Germany). Six hours after stimula-
tion, 90 uL. of supernatants were harvested for tumor
necrosis factor bioassay and after 24 hours, the nitrite
concentration was measured by Griess reaction.
Tumor necrosis factor-o Bioassay and Griess reaction
was performed as described previously (Freyer
et al, 1999).
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Results

TLR2 Deficiency Reduces Direct Infarct Volume,
Neuroinflammation, and Preserves Neuronal
Survival in the Ischemic Hemisphere

As it is known that TLR2-deficient mice had reduced
infarct volumes at 48 hours of reperfusion compared
with wild-type mice (Ziegler et al, 2007), we now
tested whether TLR2-deficient mice also have re-
duced inflammatory cell accumulation, as measured
by the CD11b-positive cell counts (CD11b stains
inflammatory cells such as macrophages/monocytes
and activated microglia) in the infarcted brain at
48 hours reperfusion after 1 hour MCAO compared
with wild-type control mice. As shown in Figure 1A
and reported before (Ziegler et al, 2007), TLR2-
deficient mice had significant reduced (direct)
infarct volume compared with wild-type mice.
Moreover, there were less CD11b-positive cells in
the ischemic hemisphere in TLR2-deficient mice
(mean value +s.d. 614 £140) compared with wild-
type control mice (meants.d. 918+ 112; P<0.05)
(Figure 1B).

In parallel to the decreased cell accumulation of
CD11b-positive cells, there was an attenuated loss of
neuronal cells in the ischemic hemispheres of TLR2-
deficient mice compared with that of wild-type mice.
It was measured as the relative survival of neurons
(neuronal survival ratio: 0.46 +0.06 versus 0.36 *
0.06; given as mean +s.d.; P<0.05;) at 48 hours of
reperfusion and induction of MCAO for 1hour
(Figures 1C and 1D).

TLR2 Antibody Blocks TLR2-Mediated Signaling
In Vitro

To evaluate whether the monoclonal anti-TLR2
antibody clone T2.5 (Meng et al, 2004) blocks
TLR2 activation in vitro, murine macrophage RAW
264.7 cells were stimulated with the TLR2-agonist
pam3Cys-SKKK (0.1 ug/mL) with or without pre-
vious incubation with 50 pg/mL anti-TLR2 antibody
(T2.5). The primary reaction product of NO, nitrite,
was measured 24 hours after stimulation. Nitrite
concentration in the supernatant of TLR2.5-preincu-
bated and pam,-Cys-SKKK-stimulated cells dropped
to values of control cells (no preincubation with
TLR2.5 or stimulation with pams;-Cys-SKKK),
whereas supernatant of not T2.5 preincubated but
pam;-Cys-SKKK-stimulated cells displayed high val-
ues of nitrite concentration. Thus, T2.5 efficiently
blocks TLR2-mediated NO release in vitro (Figure 2A).
Next, tumor necrosis factor-o concentration was mea-
sured after stimulation with the TLR2-agonist pam,-
Cys-SKKK and with (and without, respectively) previous
incubation with the anti-TLR2 antibody T2.5: tumor
necrosis factor-o concentration was significantly
(A=83.4% +6.7%; P<0.001) attenuated in cells incu-
bated with the anti-TLR2 antibody (T2.5) after stimula-
tion with pam;-Cys-SKKK compared with untreated
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cells (Figure 2B). Thus, T2.5 anti-TLR2 antibody
efficiently inhibits TLR2-mediated proinflammatory
signaling in vitro.

TLR2-Blocking Antibody and Influence on the
Infarct Volume

To evaluate a potential therapeutical effect of TLR2
inhibition, 0.05 ug TLR2-blocking antibody T2.5 was
applied via flexible tube into the internal carotid
artery of C57Bl/6 wild-type mice directly at the
begin of reperfusion after induction of cerebral ische-
mia. Infarct volumes of wild-type mice treated with
anti-TLR2 antibody were compared with those of
wild-type mice treated with the same amount of iso-
type control antibody, which does not block TLR2
signaling. As shown in Figure 3A, there is no signi-
ficant reduction of infarct volume in T2.5-treated
mice compared with isotype-treated mice (mean +
s.d. 88 £25mm® versus 109+ 34mm?®). For type II
error considerations, see Materials and methods
(Statistics).

TLR2 Inhibition Reduces Postischemic
Inflammatory Response In Vivo

Further, we tested whether TLR2-blocking anti-
body applied in vivo reduces the postischemic
response: CD11b-positive cells were counted at
48hours reperfusion after 45 minutes MCAO in
C57Bl/6 wild-type mice treated with either 0.05 ug
TLR2-blocking antibody T2.5, or with the same
amount of isotype control antibody. As shown in
Figure 3B, there is a significant reduction of CD11b-
positive cells in T2.5-treated mice compared with
isotype-treated mice (mean*s.d. 986+ 177 versus
1,970 £ 288; P=0.001). Thus, TLR2 inhibition in vivo
inhibits the accumulation of inflammatory CD11b-
positive cells.

TLR2 Inhibition In Vivo Protects Against
Postischemic Neuronal Death

To test whether inhibition of TLR2 signaling by
intraaterial application of TLR2-blocking antibody
T2.5 after induction of MCAO preserves neuronal
survival in the ischemic brain hemisphere, NeuN-
positive cells were counted at 48 hours of reperfusion
after MCAO for 45minutes in C57Bl/6 wild-type
mice. The animals were treated with either 0.05 pug
TLR2-blocking antibody T2.5, or with the same
amount of isotype control antibody. There were
significantly more NeuN-positive cells in the ische-
mic hemisphere of T2.5-treated mice compared
with the ischemic hemisphere of isotype-treated
mice (mean*s.d. 8,677 +2,340 versus 2,831+ 554;
P<0.05) (data not shown). As shown in Figure 3C,
there was a significant improvement of the ‘neuronal
survival’ (calculated as the number of NeuN-positive
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Figure 1 The TLR2 deficiency is associated with attenuated infarct volume, inflammatory cell accumulation, and with improved
neuronal survival. (A) Infarct volume (‘direct infarct volume’) is reduced in TLR2-deficient mice (TLR2~~) at 48 hours of reperfusion
after 1 hour middle cerebral artery occlusion (MCAQO) compared with wild-type mice (TLR2*/*) (nyg, = 12; Nyg, = 10;
P < 0.05). (B) CD11b-positive cells were counted in the ipsilateral (ischemic) brain hemisphere (at interaural position 3.9) 48 hours
of reperfusion after 1 hour MCAO in C57BI/6 wild-type (TLR2 */*) and TLR2-deficient mice (TLR277) (nyyp,-~ = 3; Nypypo++ = 3;
P < 0.05). (C) Survival ratio of neurons was calculated as the number of NeuN-positive cell count in the ischemic hemisphere
(at interaural position 3.9) divided by the number of NeuN-positive cells in the nonischemic (contralateral) hemisphere in C57BIl/6
wild-type (TLR2 */+) and TLR2-deficient mice (TLR277) (nyyg, - = 6; g = 5; P < 0.05). Cell counts are visualized as box-
and-whisker plots. Statistical analysis was performed using the Mann—-Whitney U-test. In all box plots, the top of the box represents
the 75th percentile, the bottom of the box represents the 25th percentile, and the line in the middle represents the 50th percentile.
The whiskers (the lines that extend out the top and bottom of the box) represent the highest and lowest values that are not outliers or
extreme values. (D) Number of NeuN-positive cells (neurons) in the whole hemisphere (at interaural position 3.9) of untreated,
sham-operated (mice that underwent anesthesia and surgery, but no MCAQ), and MCAO-treated wild-type (TLR2*/*) mice
(48 hours of reperfusion after 1 hour MCAQO) and comparison of the left (ipsi) and right (contra) hemisphere (nqeated ipsi = 2, Nuntreated
contra = 21 Nsham ipsi — 21 Nvcao ipsi — 51 Nucao contra = 5) *P < 005

cells in the ischemic hemisphere divided by the
number of NeuN-positive cells in the nonischemic/
contralateral hemisphere) in the T2.5-treated mice
compared with the isotype control antibody-treated
group, which shows that TLR2 inhibition in vivo
highly efficiently reduces postischemic neuronal
death (Figures 3C and 3G).

Isotype Control Antibody Application and Its Influence
on Postischemic Outcome in Wild-Type Mice

To test whether antibody application by itself
influences postischemic tissue damage, infarct
volumes at 48 hours of reperfusion after induction
of MCAO for 45 minutes were compared between
wild-type mice treated with isotype control antibody

and mice treated with only PBS. Treatment with
0.05 pg isotype control antibody did not lead to a
significant increase of infarct volumes (mean ts.d.
121+39mm?® versus 79+27mm?® P>0.05) at
48 hours of reperfusion after induction of cerebral
ischemia compared with the sole application of PBS
(Figure 3D). CD11b staining was performed to test
whether the antibody application influences post-
ischemic inflammation. Interestingly, there was a
significant increase (mean+s.d. 1,478 £ 182 versus
825+121; n=8, P=0.02) with regard to the number
of CD11b-positive cells (myelomonocytic cells/
macrophages and activated mircoglia) in wild-type
mice at 48 hours after MCAQO treated with 0.05 pug
isotype control antibody compared with PBS-treated
animals (Figure 3E). Moreover, there was a tendency
without significance toward reduced numbers of
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Figure 2 The TLR2-mediated inflammatory response can be blocked by anti-TLR2 antibody in vitro. The primary reaction product of
NO, nitrite, was measured in the supernatant at 24 hours after stimulation of RAW 247.7 murine macrophage cells with the TLR2-
agonist pams-Cys-SKKK (0.1 ug/mL) with (or without) previous incubation with the anti-TLR2 antibody T2.5 (50 ug/mL) (A). Nitrite
concentration after TLR2 stimulation in the supernatant of cells, which were preincubated with the blocking antibody (T2.5) drops to
values obtained in the control experiment (without TLR2 stimulation), thus demonstrating that T2.5 efficiently blocks TLR2-
mediated NO release (Ncontrol = 45 Mpamacys = D3 Npamseys + 12.5 = 3; P < 0.05). (B) Tumor necrosis factor (TNF)-a concentration was
measured after stimulation with the TLR2-agonist pam;-Cys-SKKK with (and without, respectively) previous incubation with the
anti-TLR2 antibody T2.5. The TNF-a concentration was significantly (P < 0.001) attenuated in cells incubated with the anti-TLR2
antibody (T2.5) after stimulation with pams-Cys-SKKK compared with untreated cells (Ncontrot = 4; Npam3eys = D5 Mpamacys + 12.5 = 3;

P <0.05). *P < 0.05.

NeuN-positive cells (mean + s.d. 3,342 + 1,612 versus
5,451+ 1,075) at 48 hours after induction of MCAO
in isotype control antibody-treated mice compared
with PBS-treated mice, which also corresponds to a
nonsignificant change of the neuronal survival ratio
(calculated as the number of NeuN-positive cells in
the ischemic hemisphere divided by the number of
NeuN-positive cells in the nonischemic/contralateral
hemisphere) (Figures 3F and 3G).

Analysis of Brain Swelling (Edema) After Treatment

Brain swelling (which was calculated as the differ-
ence between ‘indirect’ and ‘direct’ infarct volumes)
was compared at 48 hours after induction of MCAO
in TLR-deficient, wild-type mice, as well as in
T2.5-, isotype-, and PBS-treated wild-type mice
(Figures 4A—4C). There was no significant difference
observed between each group when using Mann—
Whitney U-test for statistical analysis.

Discussion

Our data show a reduced postischemic neuronal
death in vivo by TLR2 inhibition in a standard
experimental stroke model. We applied TLR2-block-
ing antibody after MCAO to mimic a potential

Journal of Cerebral Blood Flow & Metabolism (2011) 31, 757-766

therapeutical use and because of speculated post-
ischemic breakdown of the blood-brain barrier
(Belayev et al, 1996), which should improve the
ability of the antibodies to reach their target cells
(most probably macrophages/monocytes and micro-
glia), as shown in a rat MCAO model (Chekhonin
et al, 2004). The relative large variability in the stroke
volumes obtained in knockout mice compared with
wild-type mice (Figure 1A) suits similar findings
in other knockout mice (Harhausen et al, 2010;
Trendelenburg et al, 2002; Ziegler et al, 2009).
Although there was only a tendency to reduced
infarct volumes and brain swelling in mice treated
with TLR2-blocking antibody, neuronal death as well
as postischemic accumulation of inflammatory cells
were significantly attenuated in T2.5-treated mice at
48hours of reperfusion, which represents a time
point at which infarct volumes were thought to be
already consolidated and which was used for the
analysis of TLR2-deficient mice in stroke (Ziegler
et al, 2007). Our current findings are in good
agreement with the recent data, which show a
protection of TLR2-knockout mice against focal
cerebral ischemia (Ziegler et al, 2007; Tang et al,
2007; Marsh et al, 2009). Moreover, the protective
effect (as measured by the preservation of neurons as
well as by the reduction of inflammatory cell
accumulation in the ischemic hemisphere) observed
by the application of the T2.5 antibody reaches a



degree, which is comparable to that observed when
TLR2-deficient mice were compared with wild-type
mice (Figure 1).

However, it remains to be noted, that the isotype
treatment itself has a detrimental effect compared
with a pure PBS vehicle control, despite a significant
benefit of the T2.5 treatment compared with control
animals. Thus, the point of the right control (isotype
versus vehicle) needs to be considered carefully.
Whereas the application of the isotype was chosen
in our study to detect TLR2-specific effects, the
results of the experiments with PBS itself have
demonstrated that an additional vehicle control is
recommended in future studies using antibody
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treatment to control for unspecific or opposite effects
of the antibodies.

Interestingly, a very recent study using systemic
application of another TLR2-blocking antibody (OP301),
which was applied 5 minutes before reperfusion in
an animal model of myocard ischemia, revealed a
similar protection against ischemic heart injury
(Arslan et al, 2010). However, great therapeutical
enthusiasm about stroke treatment with blocking
antibodies seems to be premature with regard to
the effects observed with the isotype control anti-
body, which show that isotype control antibody
leads to an increased inflammatory response com-
pared with sham-treated (PBS-treated) animals
(Figures 3D-3G).

<
Figure 3 (A-C) TLR2 inhibition reduces inflammatory response
and increases neuronal survival. (A) TLR2 inhibition and its
effect on the infarct volume. Direct infarct volume in male
C57Bl/6 wild-type mice at 48hours of reperfusion after
45 minutes middle cerebral artery occlusion (MCAO) treated
with 0.05ug T2.5 anti-TLR2 antibody (T2.5) and 0.05pug
isotype control (IC) antibody, respectively. Values are visualized
as box-and-whisker plots (1125 = 6; nic = 8; P> 0.05). (B) TLR2
inhibition and its effect on the inflammatory response. CD11b-
positive cells in the postischemic hemisphere at interaural
position 3.9mm at 48hours after induction of MCAO for
45 minutes in male C57Bl/6 wild-type mice (P <0.001;
N5 = 6; Nic = 8). (C) TLR2 inhibition and its effect on neuronal
survival. NeuN-positive cells in the postischemic hemisphere at
interaural position 3.9 at 48 hours after induction of MCAO for
45 minutes (P < 0.05; nt,5 = 3; nic = 3). ‘Neuronal survival’ is
shown, a ratio that was calculated as the number of NeuN-
positive cells in the ischemic hemisphere divided by the number
of NeuN-positive cells in the nonischemic (contralateral) hemi-
sphere. (D-F) Effect of isotype control antibody on the
postischemic brain injury. (D) Application of isotype antibody
and its effect on the direct infarct volume. Direct infarct volumes
in male C57BI/6 wild-type mice are shown at 48hours
reperfusion after 45 minutes MCAO treated intraarterially with
0.05 ug isotype control antibody (IC), and phosphate-buffered
saline (PBS), respectively. Cell counts are visualized as box-and-
whisker plots (P> 0.05, nc=4; negs=4). (E) Antibody
application and its effect on the inflammatory response.
CD11b-positive cells in the postischemic hemisphere at inter-
aural position 3.9 mm at 48 hours after induction of MCAO for
45 minutes in male C57BI/6 wild-type mice (P <0.05, nc=4;
negs = 4). (F) Antibody application and its effect on neuronal
survival. ‘Neuronal survival' ratio was calculated as the number
of NeuN-positive cells in the ischemic hemisphere divided by
the number of NeuN-positive cells in the nonischemic
(contralateral) hemisphere (P > 0.05, nic = 4; npgs = 4). Statis-
tical analysis between the different treatment groups of the two
separate experiments (T2.5 versus IC, and IC versus PBS) was
performed using analysis of variance (P < 0.005), followed
by pairwise comparisons using the Mann-Whitney U-test.
(G) Representative images of NeuN-specific cell stain, located
at the infarct border zone in the ischemic hemisphere
at interaural position 3.9 at 48hours of reperfusion after
induction of MCAO for 45 minutes in male C57BI/6 wild-type
mice after intraarterial injection of T2.5 anti-TLR2 antibody
(T2.5), isotype control (IC) antibody, or PBS, respectively. Scale
bar= 100 um. *P < 0.05.
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Figure 4 (A-C) Brain swelling after middle cerebral artery occlusion (MCAQ) and toll-like receptor (TLR) inhibition. The sections
were digitized, the area of infarction (‘direct infarct volume’) was quantified on a PC using Sigma Scan Pro Software (Jandel
Scientific, San Rafael, CA, USA) and infarct volumes were calculated. ‘Indirect’ infarct volume was calculated as the volume of the
contralateral hemisphere minus the noninfarcted volume of the ipsilateral hemisphere and edema (brain swelling) was calculated as
the difference between ‘direct’ and ‘indirect’ infarct volumes. (A) Brain swelling in TLR2-deficient and wild-type mice at 48 hours
reperfusion after induction of MCAO. (B, C) Brain swelling in male C57Bl/6 wild-type mice at 48hours of reperfusion
after 45 minutes MCAO treated with 0.05 ug T2.5 anti-TLR2 antibody (T2.5), 0.05 ug isotype control (IC) antibody, and phosphate-
buffered saline (PBS), respectively. Statistical analyses were performed using the Mann—-Whitney U-test.

Unfortunately, recent clinical studies regarding
antiinflammatory stroke therapies using blocking anti-
bodies have been discouraging so far. For example, the
Enlimomab (anti-intracellular adhesion molecule-1
(ICAM-1)) antibody Acute Stroke Trail was halted
following enrollment of 625 patients, because of its
impairing effect on patient outcome after treatment
compared with placebo-treated patients (Furuya et al,
2001). Whether this lack of therapeutical benefit may
be caused by adverse effects of the IgG by itself
requires further examination. Moreover, it would be
interesting to see, whether a double TLR inhibition by
the use of anti-TLR2 and anti-TLR4 antibodies, as used
recently in a sepsis model by the group of Spiller et al
(2008) would even improve the observed neuroprotec-
tive effect of single TLR2 inhibition. It also needs to be
clarified, whether systemic, and not local parenchymal
TLR2 inhibition is responsible for the neuroprotective
effect observed, as it was shown recently in myocardial
ischemia/reperfusion injury (Arslan et al, 2010).

Taken together, our data confirm high potential of
TLR inhibition in stroke therapy. As several pharma-
cological TLR inhibitors are currently under devel-
opment (O’Neill et al, 2009; Marsh et al, 2009;
McColl et al, 2009), further studies using other TLR
inhibitors in experimental stroke models are eagerly
awaited.
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